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CHAPTER 1. SOIL HYDRAULICS ASSOCIATED WITH SOIL PHYSICAL
PROPERTIES AND THEIR EFFECTS ON NITRATE LEACHING

1.1 LITERATURE REVIEW

Soil hydraulic properties, such as the water retention curve and hydraulic conductivity, are
important due to their relationship with water flow and solute transport in the vadose
(unsaturated) zone. Therefore soil hydraulics must be separated from groundwater
hydraulics, which also cover the water conditions in deeper aquifers. This introductory
section presents a review of how soil hydraulics associated with soil physical properties
affect nitrate leaching (NL). As an overview, a flow chart for soil within a particular set of
climate conditions, including the factors and processes that determine NL in the soil, is
presented in Figure 1.1.

Nitrate

/ concentrations

Manures
Slurries
Fertiliser inputs

Saturated hydraulic
conductivity

Granulometry

\ Pore geometry: \ 4
. . diameter . . ; Nitrate
Soil physics > continuity L » Soil hydraulics }, Preferential flow | | leaching
tortuosity A

Structure

Unsaturated hydraulic
conductivity

Tillage and

management practices

Deep percolation

Figure 1.1. Flow chart for nitrate leaching (NL), considering the main soil processes and
associated factors.

1.1.1 Agricultural management and nitrogen leaching from soil

Agricultural activities such as livestock production and crop fertilisation have the potential
to contaminate surface water by runoff and groundwater by solute leaching, whereas
intensive tillage and grazing promote increased runoff and leaching. These sources of
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pollution cannot be accurately located, being dispersed across a catchment or sub-
catchment area, and are therefore considered diffuse (or non-point) sources of water
pollution (Cottingham et al., 2010).

The rapid intensification of livestock production systems has resulted in large quantities of
organic materials being produced in limited geographical areas, but without sufficient land
area to utilise these efficiently. This has led to an increasing focus on manure management.
Greater livestock numbers and use of artificial fertiliser, along with higher supplementary
feed inputs on farms, have resulted in marked changes in the volume, content and types of
excreta produced by livestock. Therefore, particularly in the swine livestock industry, there
is a need to dispose of and manage wastes safely to avoid risks to human health and derive
some benefit from the wastes, turning them into a benefit for the economy of the sector
(Mantovi et al., 2005).

Application of slurry (liquid form) and manure (solid form) to the soil not only serves to
supply nutritional crop needs, but also tends to improve physical and biological soil
properties. This turns the soil into a medium that favours air, water and nutrient exchange
between plant roots and soil, enhancing crop development (Miller et al., 2002; Thomas,
2007). However, one of the negative consequences of such applications is the high risk of
pollution associated with the chemical composition of the slurry/manure (Thompson et al.,
1987; Van Es et al., 2004; Thomas, 2007; Sorensen and Rubek, 2012).

Over recent decades, intensive use of fertilisers and manure to increase food production has
increased nitrogen (N) levels in surface water and groundwater, especially when N inputs
exceed crop uptake (Harter et al., 2002). The N in soil undergoes a number of
transformation processes (nitrification, mineralisation, denitrification, volatilisation and
others) and leaching is a mechanism of soluble N removal from the soil by percolating
waters (Smil, 1999; Steinfeld et al., 2006). In some cases, the majority of the N applied or
deposited on soil is neither incorporated into the harvested plant tissues nor stored in the
soil. It subsequently enters to a "N cascade"”, where the same N atom from atmospheric
origin (N2) has several consequences in a series of different and concatenate environmental
systems (Galloway et al., 2003).

Leaching occurs especially when N application rate exceeds crop uptake rate (Harter et al.,
2002). For most soils, N is mainly leached as nitrate (NO3"), whereas ammonium (NHy") if
is not immobilised or retained by soil colloids can be oxidised to NO3. The presence of
NOs in groundwater is a potential pollution hazard and a threshold of 10 mg N-NO; L™ for
drinking water has been defined in Chile (INN, 1984) and the USA (EPA, 1987; Bohn et
al., 2001; Sparks, 2003). Infants are especially susceptible to poisoning by nitrite (NO,") or
NOj after its conversion to NO,", and diseases such cancer, nervous system impairments
(Figure 1.2) and methaemoglobinaemia (blue baby syndrome) have also been reported
(Benjamin, 2005; Gehl et al., 2005; Powlson et al., 2008; Bryan and Loscalzo, 2011; Bryan
and van Grinsven, 2013). In addition, eutrophication of surface waters has seriously
affected the biosphere (Oviatt and Gold, 2005; Vahtera et al., 2007).
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Figure 1.2. Relationship between environmental factors and cancer incidence (Dissanayake
and Chandrajith, 2009).

Nitrate leaching to groundwater not only has negative health and environmental
consequences, but also results in economic losses to farmers if N is not used by the growing
crop (Buczko et al., 2010). Hence, the use and disposal of slurry and manure from the
livestock industry has been examined in a number of environmental and economic studies
aimed at improving welfare, human health and territorial planning, but little is known about
the impact of manure management practices on water quality in the extensive alluvial
aquifers underlying many basins (Harter et al., 2002). Climate change scenarios increase
concerns about this worrying process (George et al., 2010).

One of the simplest ways to avoid groundwater pollution by NOj3™ through leaching is to
manage and optimise the amount of nutrients applied as slurry or fertiliser by careful
evaluation of soil fertility based on previous crop rotations and other data (Harter et al.,
2002). For example, the European Union has classified the vulnerability of territorial areas
according to the NO3™ concentration and the trophic status of waters in order to introduce
action programmes in these areas, limiting the doses of slurry permitted depending on the
vulnerability category (Mantovi et al., 2005). Other studies have defined risk indices of
non-point source pollution as tools for establishing fertiliser, manure or slurry restrictions,
developing correct agricultural practices and decreasing N pollution of groundwater
(Kucharik and Brye, 2003; Studart et al., 2005; Van Es and Delgado, 2006; De Paz et al.,
2009; Buczko et al., 2010).

As can be inferred, a second factor necessary for preventing NL through percolating water
is controlled water management (Dwivedi et al., 2007). Nitrate leaches mainly through
irrigation water, and thus irrigation management (time, frequency and quantity) may help in
controlling these losses. Although it is generally expected that excessive irrigation will
result in a higher download soil water flux, and consequently a higher NL, this would be
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reduced if water and N uptake by the crop were to be improved through choosing a crop
with a high evapotranspiration rate and using an efficient irrigation method.

According to Dinnes et al. (2002), the leaching problem is not solely caused by N source
management or any other single factor, but rather by a combination of soil management
practices and by inherent physical, chemical and biological soil characteristics. Some
particular factors influencing the magnitude of NL are: (1) N fertilisation rate, time, source
and method; (2) intensity of cropping and crop N uptake; (3) soil profile characteristics that
affect percolation; and (4) quantity, pattern and time of rainfall and/or supplemental
irrigation (Beckwith et al., 1998; Havlin et al., 2005). According to Mantovi et al. (2006)
and Buczko et al. (2010), NL is associated with intrinsic soil properties, water budget
(especially deep percolation) and management practices. The risk of groundwater pollution
increases with increasing movement of water, while slower drainage rates lead to lower NL
and higher NO3™ concentrations in soils.

Considering soil properties affecting percolation and potential NO3™ pollution risks to
groundwater, Addiscott (1996) classified three general soil types affecting water and NO3
movement: sandy soils, aggregated soils and heavy clay soils. i) Sandy soils affect water
and NO3; movement due to the pore size distribution, the homogeneity of which promotes
high water movement through much of the soil matrix, posing a threat to the quality of
underlying aquifers. ii) In aggregated soils, some of the water moves easily though inter-
aggregate pores, but some moves slowly or is retained by intra-aggregate pores. In this
case, part of the NO3" inside the soil matrix, i.e. that within aggregates, remains relatively
safe, but NO3™ lying or being carried through inter-aggregate porosity bypasses the soil
matrix and is easily leached to groundwater in rainfall periods if vertical porosity
dominates. This is not a general law, because form, grade and hierarchy must be considered
in aggregated soils, as water and NOs behaviour differ depending on those soil structure
properties. iii) many heavy clay soils display shrinking and swelling behaviour. This
promotes water and NO3™ movement, mainly through preferential pathways which could
connect with the drainage system. In that case, pollutants and water can easily reach the
groundwater or the surface drainage network.

It must be emphasised that NOs in soils can move even faster than water due to the
presence of charged soil colloids, which force anions dissolved in water to remain in the
centre of pores according to the maximum microscopic velocity location (Corey et al.,
1963; Krupp et al., 1972). In addition, extensive research has shown that NO3” moves
faster in coarse than in fine-textured soils (Webster et al., 1986; Bergstrom and Johansson,
1991; Vinten et al., 1994). For instance, sandy soils generally have a high N leaching
potential (van Es and Delgado, 2006), because they need abundant N inputs to sustain
optimum crop yields, which increases the movement of solutes and leaching (Lembke and
Thorne, 1980; Gehl et al., 2005).

Knowledge of solute transport processes in soils is important to understand the problems of
natural water pollution by leaching to groundwater or redistribution within the vadose zone
(Lal and Shukla, 2004). In this context, leaching studies at field level are relevant to study
the environmental fate and behaviour of pollutants, as they provide realistic situations and
the processes that govern the transport mechanisms can be easily accommodated. Other
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advantages of field studies are the lack of disturbance of the soil structure within the soil
profile and the ability to sample on a regular basis and to monitor the natural phenomena of
rainfall and temperature, which ultimately affect the overall rate of transformation and
dissipation of solute in the soil.

Due to the dependency of NL on inherent soil characteristics, climate, irrigation and
management practices, it can be predicted through the use of pedotransfer functions (PTF)
(Shein and Arkhangel'skaya, 2006). The NL indices obtained in this way can be useful
tools in identifying risk zones and restricting fertiliser and manure applications accordingly.

Water movement in soils can occur through saturated, unsaturated and preferential flow
(Kutilek and Nielsen, 1994), which results in complex and dynamic solute transport.
During saturated flow all the pore space is occupied by water and such flows occur
predominantly below the watertable (Hillel, 1998; Radcliffe and Rasmussen, 2002). In
contrast, in unsaturated flow many pores are air-filled, the pressure head is negative and the
movement occurs predominantly in the vadose zone. Both mechanisms are well understood
and the literature abounds with research on the subject (e.g. Beven and German, 1982;
Kung, 1990; Bootlink et al., 1993). As water infiltrates into the soil, it carries with it
dissolved ions or it can dissolve solutes as it proceeds. Solute transport processes in soil
and sediments involve convection and dispersion, which spread dissolved mass in
groundwater (Leij and van Genuchten, 2002). Convection is associated with mass transport
due simply to the flow of water in which the mass is dissolved, and therefore coincides with
the direction and rate of groundwater flow. Dispersion includes processes such as
hydrodynamic diffusion and works additively, causing a zone of mixing between a fluid of
one composition adjacent to, or being displaced by, a fluid of a different composition. Thus,
some of the solutes carried by water are left behind, adsorbed, taken up by plants and
precipitated out of solution. The remainder are leached and move throughout the profile
with water flow (Hillel, 1998; Domenico and Schwartz, 1998).

1.1.2 Preferential flow

Soil hydraulic processes have been shown to be more complex than expected in former
decades, when flow theory assumed saturated, homogeneous and isotropic soil solution
movement through the matrix. Later, several studies have demonstrated that in soils the
water flow occurs in unsaturated and anisotrophic conditions, due to several soil inherent
properties (Hillel, 1998; Radcliffe and Rasmussen, 2002; Lal and Shukla, 2004). Research
in recent decades has focused on solute transport and flow through macropores (Mooney
and Morris, 2008), as saturated and unsaturated flow theories and their models are
unsatisfactory in predicting the entire behaviour.

Uneven and often rapid movement of water and solutes plays a major role in field leaching,
associated with the rapid transport of water and solutes through cracks, biopores, fractures,
funnels, wormholes and root channels in soils (Nielsen et al., 2010). Termed preferential
flow, by-pass flow or macropore flow, it is now widely recognised in many parts of the
world as one of the major causes of groundwater contamination by agro-chemicals and
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other materials (Janssen and Lennartz, 2008; Mooney and Morris, 2008; Jarvis et al.,
2012).

Preferential flow (PF) comprises all phenomena where water and solutes move along
certain pathways, while bypassing other volume fractions of the porous soil matrix,
allowing unusually rapid and deep movement of chemicals with relatively little infiltrating
amounts of water (rain or irrigation). Unfortunately, PF effectively bypasses much of the
soil profile within which pollutants are normally bound and/or degraded, because just a
partial fraction of the total cross-section is available for flow (Radcliffe and Rasmussen,
2002). The PF is more the rule than the exception and has both environmental and human
health implications, since it favours contaminant transport to groundwater without
chemical or biological breakdown in the reactive upper layer of soil (Allaire et al., 2009;
Jarvis et al., 2012). Thus, a significant fraction of the contaminants quickly reaches the
subsoil, where the natural attenuation processes are generally less effective (Burden and
Sims, 1999; Buss et al., 2004; Philippot and Germon, 2005; Gadd, 2005; Rivett et al.,
2008). In addition, PF can either enhance, or curtail, the capacity of the soil to buffer and
filter, and it can compromise, or boost, other ecosystem services (Clothiers et al., 2008).

Early studies of water flow in soils that demonstrated the existence of PF realised the
difficulty of predicting water movement in unsaturated conditions. In fact, PF was thought
to be essentially unpredictable due to the high spatial and temporal variability and the
randomness of the associated processes (Beven, 1991; Jury and Flihler, 1992). This was
seen as a problem, since PF is so prevalent in soils, but subsequent studies have suggested
that PF, and thus unsaturated flow, may be predictable to some extent (Flury et al., 1994,
Jarvis et al., 2012).

This kind of flow occurs at two different scales: via intraaggregate and interaggregate
porosity, or textural and structural porosity, respectively. The first scale is referred to as
finger, funnel or heterogeneous flow in soil matrix pores at pedon scale (intraaggregate
porosity), due to differences in macroscopic hydraulic characteristics (Kung, 1990; Jarvis et
al., 2012). In such cases, even in the absence of macropores, an unstable wetting front
develops in unstructured soils and moves preferentially between separate vertical finger
streams, especially towards the groundwater (Baker and Hillel, 1990; Lipsius and Mooney,
2006). For the development of unstable flow in soils, soil layering or entrapped air towards
the wetting front, hydrophobic conditions associated with organic compounds and very dry
soil conditions are necessary (Ritsema et al., 1993; Wang et al., 1998). The other PF at pore
scale occurs via macropores (interaggregate porosity) due to great differences in
permeability. Three types of macropores can be distinguished, those formed by plant roots
and soil macrofauna, those formed by swelling and shrinking (drying-wetting or freezing-
thawing), depending on seasonal cycles, and irregular interaggregate voids formed by
tillage (Jarvis et al., 2012). Macropore flow is highly sensitive to the presence of initial
boundary conditions and obviously depends on geometric factors of porosity (continuity,
tortuosity and diameter), which are generally unknown variables and present a high spatial
and temporal variability.

Although, there is no need to know the properties, characteristics and behaviour of isolated
macropores, for research purposes their integrated behaviour and characteristics have been
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determined through studies of flow and transport at larger scales. Measured soil properties
or soil morphology can explain macropore flow effects on solute transport at pedon level
(Flury et al., 1994; Vervoort et al., 1999; Mooney and Morris, 2008).

Many factors in aggregation and degradation processes affect PF, including initial
pedogenic factors such as climate, organisms, parent materials, time and relief (Figure 1.3).
The most important process related to PF is soil aggregation and hence the formation of
continuous networks of larger macropores. Thus, strong macropore flow can be expected in
strongly structured soils with vertical continuous macropores and a poorly developed or
degraded structure hierarchy (Jarvis et al., 2012). Processes involved in aggregate
formation are related mainly to the soil shrinkage and expansion caused by drying-wetting
seasonal cycles (Dexter, 1988; Semmel et al., 1990), as well as mechanisms based on
organic matter factors (Cheshire 1979; Chaney and Swift, 1986). Tillage increases organic
matter oxidation, with a decrease in soil friability and increased soil compaction due to
repeated traffic (Watts and Dexter, 1998). Tillage also degrades the structural hierarchy and
compresses soil aggregates in the plough layer, promoting stronger PF in arable soils
(Jarvis, 2007; Luo et al., 2010). On the other hand, the large roots of some crops can
enhance water and solute transport into the subsoil. Roots can also act as drying soil agents,
influencing macroaggregate development (Angers and Caron, 1998). Other biotic agents
that promote PF are deep burrowing by anecic earthworm species, creating conduits deep
into the subsoil (Lamandé et al., 2003). At different flow scales (intraaggregate porosity),
sandy soils without structure hierarchy show preferential finger and funnel flow, promoted
by water repellency (Deurer and Bachmann, 2007). Besides, an increase in PF can be
produced by the long-term use of organic amendments, which cause organic-rich topsoils to
become hydrophobic when dry (Wang et al., 1998; Blanco-Canqui and Lal, 2009).
Regardless of the origin, preferential flow with its hydrological influence is a highly
transient, threshold-dependent process.
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Figure 1.3. Controls on soil structure and macropore flow: a complex web of interactions
between soil-forming factors (driving forces), soil properties and land management (Jarvis
etal., 2012).
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1.1.3 Relationships between soil management and nitrate leaching

Conventional agricultural management alters soil physical properties by changing the soil
structure. Application of amendment/fertiliser and tillage are two of the most common
agricultural practices to make soil a suitable medium for growing crops.

Application of slurry at adequate doses can achieve satisfactory yields, substituting partially
or completely the mineral fertilisers (Zebarth et al., 1996; Jensen et al., 2000) and
improving soil properties (Hemmat et al., 2010; Melleck et al., 2010). However, Daudén
and Quilez (2004) reported that slurry application promoted lower NOjs leaching than
mineral fertiliser, while Thomsen (2005) observed increased NOj3 leaching losses with
increasing rates of slurry application.

Slurry application, by altering soil physical properties and soil hydraulic properties, has the
potential of alter PF and associated NL. Slurry incorporation to 0-10 cm soil depth reduces
soil bulk density and significantly increases soil organic carbon content (Hemmat et al.,
2010; Melleck et al., 2010). It has also been reported to increase macroporosity, aggregate
size and macroaggregate stability and to result in a nearly five-fold increase in saturated
hydraulic conductivity (Ks) at doses of 180 kg ha® compared with unamended soil
(Melleck et al., 2010). Ndiaye et al. (2007) found that in soils under tillage, slurry
application promoted higher Ks in the upper horizon, with no surface runoff or ponding,
and increased deep drainage flux compared with mineral fertiliser, which can promote NL
if pore connection is not altered.

Tillage disrupts soil functional macroporosity, reducing its connectivity and its continuity
in the plough layer (Kooistra et al., 1984; Cameira et al., 2003; Vanclooster et al., 2005;
Buczko et al., 2006; Jarvis, 2007; Larsbo et al., 2009), while leaving intraaggregate
porosity unaltered (Larsbo et al., 2009). Macropore space and structure depend on a
dynamic balance between constructive and destructive forces and tillage practices, but
wheel traffic promotes spatial and temporal variability of soil structure and soil pore
properties in the plough layer by compaction (Mohanty et al., 1996). These changes in the
soil pore network and structural stability result in altered hydraulic properties compared
with untilled or reduced tillage management and hence influence the pathways of water
flow and soil solute transport (Buczko et al., 2006; Turpin et al., 2007; Schwen et al.,
2011).

Several studies have demonstrated inconsistent results regarding the impact of tillage
systems on solute leaching (Logan et al., 1994; Randall and Iragavarapu, 1995; Weed and
Kanwar, 1996; Clay et al., 1998; Elliot et al., 2000; Hangen et al., 2002; Zhu et al., 2003;
Collum, 2009). For example, Besson et al. (2011) found significant differences in solute
transport between reduced and conventional tillage (CT), with CT resulting in speedier,
more homogeneous and less dispersive solute transport than reduced tillage, due to soil
structure changes generated through tillage and compaction. Those authors concluded that
the relationships between tillage management and solute transport are complex, scale- and
time-dependent and influenced by boundary conditions and tillage practices.
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Many authors report that CT can reduce NL to groundwater through soil PF and transport,
by interrupting the continuity of macropores that act as PF paths (Thomas et al., 1973;
Tyler and Thomas, 1977; Kranz and Kanwar, 1995; Elliot et al., 2000; Hangen et al., 2002;
Collum, 2009). Other studies have concluded that CT has insignificant effects on leaching
compared with no-till or minimal tillage systems (Logan et al., 1994; Clay et al., 1998; Zhu
et al., 2003). Considering this lack of agreement, NL in general must be attributed to PF
connectivity increases in untilled soils and hence greater solute transport, compared with
higher N mineralisation, lower organic matter content and lower denitrification rates under
tillage.

However, some studies suggest that although untilled soils promote higher deep
percolation, CT causes higher NL (Randall and Iragavarapu, 1995; Weed and Kanwar,
1996). This may be because, on the one hand, untilled soils have higher denitrification
rates, which result in the undesirable environmental impact of greenhouse gas (NH3; and
N,0O) emissions (Patni et al, 1998; Mkhabela et al., 2008). On the other hand, CT soils have
weaker sorption capacity due to lower soil organic carbon content or slower microbial
activity, besides increased N mineralisation (Kanwar et al., 1985; Drury et al., 1993; Ritter
etal., 1993).

Such inconsistent results regarding the effect of tillage on solute transport in soils can be
overwhelmed by the effects of climate, soil type, soil physical and chemical properties, soil
historical management, plant residues and space-time variations in soil measurement
conditions (Logsdon and Jaynes, 1996; Alletto et al., 2010; Besson et al., 2011). Jarvis
(2007) also include tillage characteristics (implement type, mechanical stress, plough speed
and depth and machinery weight) and Strudley et al. (2008) take into account the spatial
and temporal variability of tillage management practices.

1.1.4 Relationships between soil hydraulic properties, preferential flow, solute
transport and measurement methods

Soil hydraulic properties, especially hydraulic conductivity (Ks), water retention capacity
and PF, are particularly important because they regulate the movement and spatial
distribution of water and solutes in soils. Due to material stratification by the sedimentation
process (Tarbuck and Lutgens, 2005; Nichols 2009), horizonation due to pedogenetic
processes (Buol et al., 1973), preferred orientation of cracks of expansive clays (Van
Breemen and Buurman, 2003) and soil aggregation (Hillel, 1998), most soils display
hydraulic properties that are unequal in all directions. In this sense, because soil properties
have a directional dependency, it can be said that soil is an anisotrophic medium
(Domenico and Shwartz, 1998; Weight, 2004; Dorner and Horn, 2006). Moreover, some
studies that include Ks measurements have found that soils vary at very short distances
even within the same soil cartographical unit (Salgado, 1999; Radcliffe and Rasmussen,
2002). Therefore, soil as a heterogeneous medium by extrapolation can promote the same
spatial variability in solute concentration within the soil profile (Domenico and Shwartz,
1998, Weight and Sondereger, 2000).
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Despite the environmental importance of NL, its measurement is not easy. The more direct
measurement methods are based on sampling of the soil solution at a given depth,
determination of NO3™ content and measurement of downward flow of this solution. The
different methods of soil solution sampling, as well as their advantages and disadvantages,
are discussed by Ramos and Kiicke (1999). Several of the more common methods of
drainage measurement or estimation are also considered, with special attention to the water
and chloride balance methods, use of lysimeters and methods for hydraulic gradient and Ks
measurement or estimation. Examples of different methods to determine NL include
analyses of leached water obtained through soil suction cups, monolith lysimeters, N
concentrations in groundwater, measurements of NO3z  concentration in soil profile and
analyses of percolate from tile drains (Bukzco et al., 2010).

There are several methods available to assess water and solute transport and to quantify PF
directly and indirectly, in order to obtain a better understanding of NL. One of the direct
methods for measuring solute transport is to determine the breakthrough curves on columns
of undisturbed soil, without the need for PF analysis. The spread and asymmetry of these
curves are good indicators of physical non-equilibrium (Jacobsen et al., 1992), whilst
skewness of the curves is an indicator of the degree of preferential transport (Jarvis et al.,
2012). The tension infiltrometer is another in situ technique that measures and characterises
water transmission near to saturation tensions in soil macropores, which are considered to
be important for water and solute movement. These devices can be used to characterise
water flow in soils for two domain systems, soil matrix porosity and macroporosity
(Cameira et al.,, 2003). Another method which when used in combination with
breakthrough curves maximises the information obtained from column experiments is dye
staining (Mooney and Morris, 2008; Jarvis et al., 2008).

Dye tracer experiments linked to image analysis of photographic snapshots allow semi-
guantitative assessment of pathways (shape, width and length) and also allow different flow
patterns to be classified according to pathway parameters (Weiler and Fluhler, 2004). Dye
staining tests can be applied to soil monoliths, field pedons or thin sections of soils, but the
scale of measurement can obscure flow patterns, especially in reduced size samples. In this
method, dyes are used as tracers to visualise infiltration patterns and PF pathways in the
soil (Flury et al., 1994; Weiler and Flihler, 2004; Alaoui and Goetz, 2008; Nielsen et al.,
2010). The criterion for dyes in soil studies is that they stain soil particles and as long as
they display good visibility and contrast with soil matrix colours, they can be regarded as
valuable tracers even though they display moderate sorption. Other essential characteristics
of a dye tracer are low toxicity and a stable colour spectrum (Flury and Flihler, 1995). One
of the most commonly used dyes is Brilliant Blue FCF (BB) because it meets these
demands. BB has a higher contrast in soils compared with other common dye colours such
as red, is stable, insensitive to ionic strength and pH changes (German-Heins and Flury,
2000) and has low toxicity (Flury and Flihler, 1995). One of the disadvantages of BB
regarding sorption is that its front is limited compared with the water front due to non-
linear sorption on particulate clay minerals (Flury and Fluhler, 1995; Ketelsen and Meyer-
Windel, 1999). A study by Kramers et al. (2009) showed that the dye was heterogeneously
redistributed through the soil even at the relatively low irrigation intensity used, and that
this effect was stronger under dry initial conditions for two of the three soils tested. It must
be considered that dye tracer experiments allow the spatial variability in the flow process to
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be measured, and not the temporal variability, which cannot be captured by single snapshot
photographs. Other limitations of dye experiments are the 2D image produced, the
assumption that pores are isotrophic 3D features and the characteristics of dye tracers,
which are adsorbed with different intensities to different soil constituents (Kung, 1990;
Schwartz et al., 1999). The emerging technology of X-ray computed tomography allows
3D images of the macropore network to be created for samples large enough to be
representative of the typical spatial pattern of soil macropores and at high resolution, but
with access and cost difficulties (Mooney and Morris, 2008; Jarvis et al., 2012).

Studies of NL in Chilean soils are scarce and the few existing results contradictory.
Moreover, only Blume et al., (2007; 2009) mention PF and dye tracer studies, but related to
infiltration and runoff processes. Pollution of groundwater due to soil solute leaching,
especially NO3’, under fertilised and amended soils, has been studied in Chile by several
authors. Alfaro et al. (2006) found values of 66-261 kg N ha™ leached for control and 150
kg N ha fertilised lysimeters, respectively, in an Andisol receiving 1260 mm of rainfall.
Other studies (Salazar et al., 2010) reported values lower than 4.2 kg N ha™ leached for
additions of 400 kg N ha™ (slurries and fertilisers) to Andisols and attributed these mainly
to gaseous losses and retention characteristics of soils. Claret et al. (2011), on the other
hand, reported NL values lower than 7.9 kg N ha™ leached in an Alfisol under 1400 mm of
rainfall, but without statistical differences between fertilised and control soils. However,
Iriarte (2007) determined risks of NL in 27% of the soils (Mollisols, Inceptisols and
Alfisols) within a sub-basin of central Chile (Region del Libertador Bernardo O' Higgins)
and 63% of drinking water samples had higher concentrations than the threshold of 10 mg
L™* N-NOj3 prescribed by INN (1984). On the other hand, Arumi et al. (2005) observed that
aquifers in the central valley of Chile do not contain significant nitrate concentrations
associated with agricultural activity, inferring the existence of favourable conditions for the
occurrence of natural attenuating processes such as denitrification. These contradictory
pollution results across Chilean soils are mainly explained by different management
practices, soil properties and water budgets.

Many works have sought to develop integrated management strategies for sustainable
production and minimise NL (Di and Cameron, 2002; Dinnes et al., 2002; Dwivedi et al.,
2007; Agostini et al., 2010). A considerable number of these NL mitigation strategies
involve a range of management options such as reduced N application rates, improved
timing of N application at appropriate rates and according to soil/plant tests monitoring,
synchronisation of N supply with plant demands, the use of cover crops, precision
agriculture, diversification of crop rotations, irrigation management practices and also
applied techniques such as nitrification inhibitors, watertable management, biofilters and
porous treatment walls in polluted waters, bioremediation, phytoremediation, management
of riparian zones and others. However, many of these strategies are very expensive, so an
efficient and integrated management plan designed according to a holistic and
comprehensive knowledge of N dynamics is the best alternative to reduce NL and its
impact, although it must be elaborated according to cost-effectiveness and
human/environmental health.

Due to the complexity of processes governing solute and water movement in soils and its
temporal and spatial variability, as discussed above, studying the synergies between
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pedology and soil hydraulics is key to solving problems of water quality (Jarvis et al.,
2012). Besides, there is still a need for better understanding of the economic and
environmental costs of PF and the advantages generated by soil structure development and
care (Clothier et al., 2008).

Therefore the study described in this thesis was carried out in two basins of central Chile,
San Pedro and Pichidegua, where two soils (Typic Xerochrept and Mollic Xerofluvent,
respectively) were selected. Both soils are continuously cropped with maize (Zea mays) and
amended with pig slurry. Each amended soil and their respective control (uncultivated and
without pig slurry applications) were characterised in morphological, physical and
hydraulic terms (3 replicates per soil). In addition, soil coring was used to obtain soil
samples at 0, 25, 50 and 100 cm depth for measuring mineral N (NOs™ and NH,")
concentrations. Water content was monitored and preferential flow paths were assessed
with a dye tracer.

1.2 Hypothesis and objectives

As indicated above, low mean NOjs™ values in the vadose zone should not be interpreted as
posing a low risk of impact to groundwater, as they may be the result of swift, unattenuated
NOjs transport to the groundwater (the same may apply to the root zone). The starting
hypothesis for this Master’s thesis was thus that in coarse-textured (alluvial) soils irrigated
with pig slurry, physical and hydraulic soil properties, but also preferential flow paths,
mainly determine the NOj" leaching to groundwater.

Specific objectives of the thesis, which was carried out in the central zone of Chile during
the fallow period (autumn-winter season) were:

i) To assess the relationships between morphological, physical and hydraulic soil properties
and nitrate concentration distributions (Chapter 2).

ii) To evaluate preferential flow in the soils of the study areas (Chapter 3).

iii) To obtain an index based on physical and hydraulic soil properties for nitrate leaching
risk to groundwater pollution (Chapter 4).
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CHAPTER 2. MORPHOLOGICAL, PHYSICAL AND HYDRAULIC PROPERTIES
OF SOIL RELATED TO NITRATE DYNAMICS UNDER PIG SLURRY
ADDITION

21 ABSTRACT

Intensive agricultural management practices, including high applications of slurry and solid
manure, alters soil physical and hydraulic properties. Soil water movement governs soil
solute distribution, reflecting a higher spatial and temporal variability of soil properties and
overshadowing the direct effects of slurry application and tillage on solute distribution.
This study assessed the effects of slurry application on physical, hydraulic and
morphological soil properties and examined relationships between N dynamics and N
distribution in soils depending on these soil properties.

The study was carried out in two basins of central Chile, San Pedro and Pichidegua, on
Quilamuta (Typic Xerochrept) and Tinguiririca (Mollic Xerofluvent) soils, respectively.
Both soils were continuously cropped with maize (Zea mays) and amended with pig slurry.
A control site on each soil (uncultivated and without organic material applications) was
also included. Three pits per soil were used for soil characterisation in terms of soil
morphological, physical and hydraulic properties. Nitrogen concentrations, as nitrate (NO3’)
and ammonium (NH,"), were determined in soil samples collected at 0, 25, 50 and 100 cm
depth and water content was measured with a FDR ®Diviner 2000.

Various relationships between the nature and size of soil particles and pore size distribution
were found. Saturated hydraulic conductivity (Ks) was associated with soil particle and
pore characteristics. Unsaturated hydraulic conductivity (Kns) was dependent on hydraulic
gradient and displayed high temporal variability. Soil macroaggregate stability (MDV) was
better correlated with soil organic matter content (SOM) in soils with slurry application,
whereas microaggregate stability (DR) correlated better with SOM on control sites. Particle
size distribution also affected structure stability and hydraulic conductivity variations (AK).
Nitrate concentrations and their variations were better associated with water content and
Kns in San Pedro than in Pichidegua soils and were also related to sand content and total
porosity. The NH,4 content was related to SOM content and MDV. Further dye staining
studies, measurements of groundwater NO3 at different scale levels and studies under
controlled conditions are needed to obtain a full understanding of the laws governing solute
pattern distribution, the effect of slurry application on soil properties and NOj3™ leaching to
groundwater.

Key words: Nitrate leaching, soil hydraulic properties, groundwater contamination.

34



2.2 INTRODUCTION

Manure and slurry additions to soil supply nutrient inputs (Zebarth et al., 1996; Jensen et
al., 2000), but also modify the soil structure and its pore geometry. Consequently, a crop
yield increase can be observed due to improvement of air and water movement and its
interplay with soil and roots (Miller et al., 2002; Miller et al., 2005; Thomas, 2007).

The increase in crop yields in recent decades has been accompanied by an increase in
fertiliser, manure and slurry applications to achieve greater food production, but with
negative environmental consequences. One of the most serious environmental impacts of
organic and inorganic fertiliser use is NO3 (nitrate) leaching and groundwater pollution
(Thomsen, 2005), which can cause nitrite (NO3") poisoning in infants and diseases such as
cancer, nervous system impairments and methaemoglobinaemia (Gehl et al., 2005;
Powlson et al., 2008). Besides eutrophication of surface waters (Vahtera et al., 2007),
manure and slurry application also alter physical and hydraulic soil properties and the
relationships between these and leaching are not well understood.

Nitrogen compounds derived from manures or slurries undergo various transformation
processes (oxidation, reduction, mineralisation, denitrification, volatilisation and others)
and its forms display different behaviours depending on their oxidation state. For most
soils, N is leached as NO3’, which is not retained (adsorbed) by most soil colloids, whereas
NH," can be immobilised by plants or microorganisms, retained by soil colloids and/or
oxidised to NO3" (Bohn et al., 2001).

Application of slurry or liquid manure alters topsoil physical properties (i.e. aggregate
stability, macroporosity, aggregate size, infiltration rate and hydraulic conductivity) by
increasing soil organic matter content, depending on application dose (Hemmat et al., 2010;
Mellek et al., 2010). However, traffic and tillage practices destroy soil aggregates, altering
macropore continuity in the plough layer (Kooistra et al., 1984; Cameira et al., 2003;
Vanclooster et al., 2005; Buczko et al., 2006; Larsbo et al., 2009) and reducing water and
solute transport into subsoil (Buczko et al., 2006; Turpin et al., 2007; Schwen et al., 2011).
As a consequence of organic matter oxidation by soil tillage, N mineralisation rate
increases and solutes such as NO3” become available.

In addition, some soil processes and management practices increase the spatial and
temporal variability in physical soil properties (Mohanty et al., 1996), such as soil
horizonation (Buol et al., 1973), stratification (Tarbuck and Lutgens, 2007; Nichols 2009),
aggregation and development of cracks with preferred orientation due to expansive clays
(Hillel, 1998; van Breemen and Buurman, 2003), tillage operations and slurry application
(Mohanty et al., 1996; Strudley et al., 2008). Therefore, soil transference of water and
solutes can become a complex process when a heterogeneous and almost unpredictable
solute distribution pattern is promoted (Domenico and Shwartz, 1998).

Indeed, the principal process that determines solute transport is water movement in the soil
(Hillel, 1998). Consequently, the laws governing water dynamics through saturated,
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unsaturated and/or preferential flow also apply to solute distribution in the soil profile.
However some factors, such as tillage, SOM distribution and vegetation, can overshadow
the effect of one isolated variable on the distribution of solutes in soils (Logsdon and
Jaynes, 1996; Alletto et al., 2010; Besson et al., 2011).

Field-applied slurry undergoes different decomposition processes over time depending on
climate characteristics, especially temperature and soil water content (Guggenberger, 2005;
Havlin et al., 2005). This means that the N dynamics in soil are extremely complex, with
high temporal variability in different organic and mineral forms of N (Philippot and
Germon, 2005), as well as their concentration and distribution, which are intimately related
to the water flows that transport them (Lafolie, 1991; Chen et al., 2011).

The objective of this work was to assess the effect of slurry application on physical,
hydraulic and morphological soil properties and look for relationships between N dynamics
and N distribution in soils depending on these soil properties.

23 MATERIALS AND METHODS

2.3.1 Site description

The study was carried out in two soil series of the central longitudinal valley of Chile, in
the commune of Pichidegua in the O'Higgins Region (UTM 0277313E, 6194387S; Datum
WGS 1984 19S) and in the commune of San Pedro in the Metropolitana Region (UTM
0289587E, 6240288S; Datum WGS 1984 19S), where two experimental sites were defined
corresponding to two representative cartographical units or polypedons (phases of soil
series) that may pose a high potential risk of NO3™ pollution to groundwater.

At both sites, representative soils with similar agronomic management (crops, fertilisers
and organic fertiliser application) were chosen, according to information obtained from the
farmers involved (Table 1). In each case, a similar control soil (without amendments and
fertilisers) was also selected and characterised.

Table 2.1. General description of conditions at the two study sites in central Chile.

Sites® Basin Soil classification  Soil use® Applications Last management
PC _— . Control Ploughing
PS Pichidegua Mollic Xerofluvent  Fallow Pig slurry Stubble cultivation

SC . MAP Control None
SS San Pedro  Typic Xerochrept RCB Pig slurry Ploughing — sowing

dpc: Pichidegua control; PS: Pichidegua with slurry additions; SC: San Pedro control; SS: San Pedro with
slurry additions. Y MAP: Mediterranean annual prairie; RCB: ryegrass-barley-oat mix.
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A deep, stratified alluvial soil is characteristic for both sites. Cartographically, the
Pichidegua site belongs to the Tinguiririca soil series, a loamy sand soil classified as a
coarse loamy, mixed, thermic Mollic Xerofluvent, occupying a recent alluvial terrace
position (CIREN, 1996a). The San Pedro pedon belongs to the Quilamuta soil series, a
sandy loam profile classified as a coarse loamy, mixed, thermic Typic Xerochrept, located
on terraces or alluvial fans, with granitic parent material (CIREN, 1996b).

The climate at both sites is semi-arid Mediterranean, with most rainfall between May and
October. Hot summers with relatively cold (Pichidegua) and relatively mild (San Pedro)
winters characterise both basins. In the Pichidegua basin, the maximum (January) and
minimum (July) annual air temperature is 29.0 °C and 4.9°C, respectively, with mean
annual precipitation (MAP) of 696 mm (Santibafiez and Uribe, 1993). In the San Pedro
basin, the maximum and minimum annual air temperature is 31.3 °C and 4.4°C,
respectively, with MAP of 383 mm (Santibafiez and Uribe, 1990).

During the study period, the San Pedro soil (SS) was not amended with pig slurry, but it
had received regular applications of pig slurry during the previous 5-year period. In
Pichidegua, which was under fallow management, two applications of approximately 500
m* ha™ pig slurry were provided during the study period through a flooding irrigation
valve, and the site had received regular pig slurry applications during the previous 10-year
period. The mean N concentration measured in the pig slurry applied was 1.3 g L™ and the
volume of slurry applied on each occasion supplied a N dose of 640 kg ha™.

2.3.2 Field and laboratory measurements and sampling for soil tests

Morphological soil profile descriptions were initially made in pits according to
Schoeneberger et al. (2012). Each experimental unit was sampled at 0, 25, 50 and 100 cm
depth (4 replicates) for basic chemical and physical characterisation during 2011. Besides
data on basic soil chemical properties taken from Najera et al. (2013), soil organic matter
content (SOM; Sadzawka et al., 2006) was determined through dry calcination, water
retention (pF) curves through a sand box and pressure plates, particle size distribution
through the Bouyoucos hydrometer method, bulk density (Bd) through the clod and core
methods and particle density (Pd) by picnometer, according to methods described by Dane
and Topp (2002). Air permeability (Ka) was determined in undisturbed soil cores by air
permeameter at 6, 33 and 100 kPa water tension according to Peth (2004).

Due to the different horizon properties (Domenico and Schwartz, 1998; Nielsen and
Wendroth, 2003), hydraulic conductivity was measured in laboratory conditions on soil
core samples 6 cm in diameter and 5 cm height. Saturated hydraulic conductivity was
determined at five times (2, 4, 8, 24 and 30 h) by a constant head permeameter (Dane and
Topp, 2002). The hydraulic conductivity variation (AK), which reflects the dynamic nature
of soil under water flow, was defined as:
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_ Ks2-Ks24
Ks2

AK (Eg. 1)

where Ks2 and Ks24 are the saturated hydraulic conductivity measured at 2 and 24 h,
respectively.

Sieving in dry and wet conditions was used to calculate soil macroaggregate stability,
determining the mean diameter variation (MDV) (Hartge and Horn, 1992). By means of a
suspension in distilled water with and without chemical dispersion, the microaggregate
stability was assessed through the dispersion ratio (DR) (Berryman et al., 1982).

Soil porosity is conceptually divided into two components, commonly called textural (TP)
and structural (SP) porosity (Nimmo, 2004), where TP is the corresponding porosity if the
arrangement of the particles were random. The SP represents non-random structural
influences, including macropores, and is arithmetically defined as the difference between
the TP and the total porosity (Ptotal), which was estimated with Eq. 2.

Ptotal =1 — G;jd (Eq. 2)

where coBd is the bulk density obtained through the core method and Pd is the particle
density or specific weight determined with picnometers. Using density values, TP and SP
were estimated according to Egs. 3 and 4 (Cerisola et al., 2005):

_ _ coBd
SP=1-22 (Eq. 3)
1 1
TP = Cﬂgd(m — Ej (Eq 4)

where cIBd is the bulk density obtained through the clod method. Using volumetric water
content (#) values, which were measured from 0-100 cm depth every two weeks with a
®Diviner 2000 (Series I1) device, and the Mualem-van Genuchten adjustment equation to
the pF curves (combining Darcy and flux continuity equations), the unsaturated hydraulic
conductivity (Kns; Eq. 5) was calculated (Nissen et al., 2006):

AO

Kns = —x
At grady

(Eq. 5)

where Kns is the unsaturated (or non-saturated) soil hydraulic conductivity (L T™), AL is
the vertical distance between measured € values (L), At is the time interval between
measurements (T), A@ is the mean variation in volumetric soil water content between two
measurement dates (L® L®) and grady is the hydraulic potential gradient (Ay/AL, L L.

The Mualem-van Genuchten adjustment equation (m = 1 — 1/n, Eq. 6) applied to the pF
curves is as follows (van Genuchten, 1980):
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g = &207) 4 pres (v<0, Eq. 6)

(1+|apimym

where 6sat represents the volumetric water content at saturation, éres the residual
volumetric water content at very high suction (asymptotically at infinite suction), o (L") is
inversely related to the mean soil grain size and depends on the shape of the curve, n and m
are function parameters and  is the pressure head.

2.3.3 Ammonium (NH,) and nitrate (NO3) determination

Soil samples for NO3; and NH,4 analysis (Sadsawka et al., 2006) were collected with a soil
auger every two weeks at regular depth intervals (0-10, 25-35, 50-60 and 100-110 cm,
referred to as 0, 25, 50 and 100) with 3 replicates per site and treatment. The concentrations
measured were statistically correlated to unsaturated hydraulic conductivity and other
physical and hydraulic soil properties assessed at the same depths.

2.3.4 Experiment design and statistical analysis

An example of an experimental unit, including spatial distribution of devices, plots and
replicates, is shown in Figure 2.1. The green tubes correspond to in situ N mineralisation
devices for nitrate leaching studies, white tubes to water content monitoring and blue tubes
represent soil auger depth sampling.

Figure 2.1. Arrangement (not to scale) of a single experimental unit with three replication
plots. Green = in situ N mineralisation devices, white tubes = water content monitoring,
blue tubes = soil auger depth sampling.

The experimental design was completely randomised. The results were analysed by Student
t-tests for different treatments in each basin at every measurement depth (p<0.05). A
multiple component test was carried out to assess the correlations between physical and
hydraulic parameters and N concentrations, and a number of regressions were made
between correlated variables (p<0.05 and p<0.01). For the values of Ka, Ks and Kns, which
were non-normally distributed, a logarithmic transformation was applied. Finally, some
pedotransfer functions (PTF) were obtained through a backward stepwise procedure and a
least square fit model to asses Ks, NO3z™ and NH," in function of another soil properties.

39



24  RESULTS AND DISCUSSION

2.4.1 Soil morphology

In Pichidegua, PC soil has a dark brown colour and silty loam textural class at the surface,
grading to greyish and loamy sand in depth with moderate medium subangular blocky
structure and redoximorphic features from 38 cm depth, denoting an oscillating water table
(Figure 2.2). Its land use capacity classification is IVw2.

The Pichidegua PS soil is sandy loam at the surface alternating to sandy in depth, moderate
medium subangular blocky structures, brown to greyish colours and the same oscillating
watertable and redoximorphic features from 40 cm, due its position over an old alluvial
terrace. Its land use capacity is HHIw2.

100 cm A
O'Higgins Region of Chile.

Fige 2.2. Pichidgua soil profiles (left PC; right PS),

In general, the Pichidegua soils have very stratified deep profiles, medium to coarse
textural classes and shallow redoximorphic features caused by an oscillating watertable.

In San Pedro basin, SC soil has dark yellowish colour, sandy loam textural class, weak to
moderate subangular blocky structure and a land use capacity of 11sO (Figure 2.3).
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Morphologically, SS soil has dark yellowish brown colour, loam textural class at the
surface and a sandy horizon near to 50 cm soil depth, with strong medium subangular
blocky structure and a land use capacity of 11sO. In general, soils in San Pedro are deep,
stratified, with medium to coarse texture classes and with sandy to loamy sand horizons
intercalated by finer textured horizons.

0 cmp

10cm

20 ch

40 cm

60 cm

I e O TR TR | 100 ecm L
Figure 2.3. San Pedro soil profiles (left SC; right SS), Metropolitana Region of Chile. The

scale is common for both profiles.
2.4.2 General characteristics of soils

Physical characterization from measurements of this study and soil chemical data (pH, ECe,
CEC and Ny) taken from N4jera et al. (2013) are presented in Table 2.2.
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Table 2.2. General characterisation of soil profiles for two basins of central Chile.

Soil? Clay’ Sand silt SOM coBd© cIBd Pd PH ECe CEC N
cmol
% % Mg m* dsmt o %
kgt

PSO  79+12a 579+ 16b 342+ 09a 53+29 133£009b 163+001b 272002 57 1141 1621 0.036
PS25  7.4+17 589+ 32* 337+ 20a 32:12 138+007b 154£0.09b 270001 7.0 422 1171 0.012
PS50  16+16 77.8:116b 207:102a 08+02a 133+004b 145:003 2724001 7.3 117 1412 0.003
PS100 12708 338+ 18b 534+ 25a 14402 143+0.15* 155£003b 272+004 7.5 086 1392 0010

PCO 275%05b 17.0% 15a 555+ 13b 62%15 110£003a 132+007a 270£002 77 147 1508 0011
PC25 135+64 300:169* 565:132b 20+02 129+002a 134:007a 271+001 7.9 065 1044 0009
PC50 17410 480+ 20a 503+ 31b 12:02b 116+004a 131+020 270£001 7.9 088 1445 0003
PC100 121+29 236+ 20a 643+ 48b 1906 121+003* 143+004a 272%004 7.3 101 1332 0.008

SSO 126+08b 538+ 22a 336+ 15b 32£01 132:002a 150:005a 268002 61 026 17.08 0033
S$25 123+11b 576+ 19a 301+ 30b 18+02b 141+001 173+0.10b 2724002 67 030 1581 0.014
SS50  35:30a 837:117b 128+ 86a 09+04 163£008b 162£003b 273001 66 037 1156 0.005
SS100  90+18 686+ 65b 223+ 47a 12+04a 1394006 165+010b 272+0.02 68 055 17.74 0.008

SCO  74+07a 675+ 47b 250+ 40a 29+12 143+004b 162+007b 267+006 67 020 946 0013
SC25  86+06a 692+ 20b 222+ 26a 13:02a 1443010 152:007a 271+002 67 021 1516 0012
SC50 92+09b 654+ 19a 254+ 10b 15403 139+003a 153+007a 273+002 68 024 1478 0008
SC100 111+14 551+ 52a 338+ 38b 30%08b 134:002 151%003a 272%003 7.1 042 1644 0.006

?PS: Pichidegua soil with slurry applications; PC: Pichidegua soil (control); SS: San Pedro soil with slurry applications; SC: San Pedro
soil (control).
PDifferent lowercase letters within depths for soils (same basin) denote statistically significant differences (p<0.05).
coBd: core bulk density; cIBd: clod bulk density; Pd: particle density; ECe: electric conductivity of soil solution extract; CEC: cation
exchange capacity; Nr: total nitrogen.
9S0il physical properties (n = 4; mean * standard deviation), soil chemical properties (n = 1).
* Statistically significant differences by Kruskal Wallis test (p<0.05).

Pedons in both soil series generally have increasing sand content to 50 cm depth, then it
decreases to 100 cm depth. An exception is SC soil, which shows constant values to 50 cm
depth. The pedogenesis in alluvial terraces in Pichidegua promotes a natural soil
stratification which can be seen through the variations in textural classes and horizons
(Appendix).

Soil organic matter (SOM) shows similar behaviour between sites, related to organic debris
deposited on the surface. The absence of significant differences in SOM between sites with
and without slurry application is due to its oxidation in conventionally tilled soils
(Reicosky, 2002), which is compensated by slurry applications. In addition, there is a direct
relationship between SOM and clay content at depth (p<0.01).

Although organic amendments generally promote lower Bd values, these were generally
higher under conventional tillage (CT) than at the control sites due to the external loads
exerted by machinery traffic. An exception was the surface horizon of SC soil (control),
where the experimental plots were established in untilled soils adjacent to a track, which
promoted higher Bd to 25 cm depth. As reported previously in several works (Ruehlmann
and Korschens, 2009; Askin and Ozdemir, 2003), Bd values were directly correlated to
sand content (r=0.66, p<0.01) and inversely correlated to SOM content (r=0.41, p<0.05).
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Salinity and pH were altered at the soil surface due to the applications of slurry. The EC in
the PS topsoil exceeded the adequate range for most crops (EC > 4 dS m™), whereas in PC
topsoil the EC showed non-saline values. The pH in general was lower in PS and SS
topsoils than in PC and SC topsoils, due to higher H* release during N mineralisation after
slurry application. The chemical effect of slurry application was higher in Pichidegua soils
than in San Pedro soils due to continous additions, and its effect in both soils declined with
depth. Nt showed higher values in both soils under slurry addition, decreasing to 50 cm
depth.

Textural porosity (TP) is also known as matrix, intraaggregate or intrapedal porosity, is
created by the voids between primary mineral particles. In granular material without
cementing agents, TP can be about 0.3 cm® cm(Nimmo, 2004). Structural porosity (SP),
also called interaggregate or interpedal porosity, is produced by the pores between
aggregates or soil fragments. Both TP and SP vary with the horizon distribution (Table
2.3). Much of SP decreases with depth, where at present exogenous pedogenic factors are
almost non-active, but might have promoted soil genesis in buried horizons.

Table 2.3. Pore size distribution and estimated soil porosity for two basins of central Chile.

Soil? sp:© TP FDP SDP . _SAWP WPP Ptotal
% CM® CM ™ emmmmmmmmmmm e e %-----
PSO 17.98% 560 32.94+245a 0.13+0.04 011+004 0.16+0.03* 011+003a 504%43a
PS25 9.99% 7.57 38.95+6.06a 0.14+0.04 007+001 0.14+004a 0.10+001 456%23a
PS50 8.30% 3.54 42.65+239  021+0.11* 011+002a 011+012 006+001 489x42a
PS100 7.95+10.05 39.57+4.37 0.10+0.04 0.06+0.05 019+0.07* 0.13+0.02 47.7+19a
PCO 1623+ 461 4304+470b 015+002 007001 023+0.00 0.15+001b 60.1+17b
PC25 353+ 402 4886+4.48b 009+002 007005 028+006b 013+002 57.0+16b
PC50 10.37+ 11.11 46.73+12.49 0.07+0.01* 026+007b 0.16+0.08 006+000 556+29b
PC100 1564+ 1.23 39.86+093 0.06+001 0.04+001 0.36+001* 011+001 56.7+26b
SSO 11.59+251  39.12+2.65b 0.15+003 005+001 012+0.03 0.12+000b 43.8+5.8
SS25 18.04+3.83b 30.00+4.35a 0.15+002 006+001 011+0.01 0.13+£000b 448+3.2
SS50 0.00+3.24a 4061+0.30 021+£005 006+002 005+0.04 009+003 405+1.3
SS100 1550+4.00 3337+457a 0.18+004 006+001 008+0.03 0.11+00la 425+16
SCO 11.86+129 3463+194a 011+002 006+000 012+002 010+00la 387+10
SC25 554+513a 4141+328b 017+001 007+001 008+003 011+00la 43.6+17
SC50 896+267bh 40.12+347 017+006 007+001 009+005 011+001 435+21
SC100 11.16+0.63  39.54+0.73b 0.13+0.02 0.07+001 011+003 0.13+0.0lb 444%32

?PS: Pichidegua soil with slurry applications; PC: Pichidegua soil (control); SS: San Pedro soil with slurry applications; SC: San Pedro
soil (control).
®SP: structural porosity; TP: textual porosity; FDP: fast draining pores (>50 pm); SDP: slow draining pores (50-10 pum); AWP: available
water pores (10-0.2 pm); WPP: wilting point pores (<0.2 um); Ptotal: total porosity (n = 4; mean * standard deviation).
“Different lowercase letters within depths for soils (same basin) denote statistically significant differences (p<0.05).

*statistically significant differences by Kruskal Wallis test (p<0.05).

In the case of San Pedro soils (SS and SC), according to morphological features, SOM
contents and geomorphological position, there is a soil discontinuity at depth (Soil Survey
Staff, 2010). Other factors affecting textural and structural porosity include the particle size
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distribution, particularly in San Pedro soil (Figure 2.4), where the sand content affects SP
due to a lower dependency on the flocculation process by matric tensions generated during
the drying-wetting cycles (Fuentes, 2010). Also SOM content can affect SP by stabilizing
soil structure (Figure 2.4, right), especially on coarse-textured soils, where slightly
decomposed surface organic debris enters the soil body through interaggregate porosity
(Kay and Angers, 2002). Although organic debris decomposition induces natural fault
planes which can become macro and mesopores (>10 um), these are poorly correlated
according to several studies (Douglas et al., 1986; Kay et al., 1997; Kay and Angers, 2002),
whereas soil pores between 0.2 and 30 um are closely correlated to SOM (Schjgnning et
al., 1994; Emerson, 1995).
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Figure 2.4. Sand content in San Pedro soil (left) and soil organic matter contents in both
soil series (right) affecting soil structural porosity (*: p<0.05, **: p<0.01).

It is important to note that TP is considerably higher than SP (Table 2.3), but to obtain a
better understanding of soil structure functioning, pore size distribution was characterised
through pF curves.

In general, Ptotal was higher in Pichidegua than in San Pedro soils. As regards treatments,
Ptotal was statistically higher in PC than PS. However, soils in both basins have a drainage
porosity (FDP + SDP >15%) that favours plant development due to good air-water
relations (Pagliai and Vignozzi, 2002).

Low significant differences in drainage and available water porosities between management
practices were observed (Table 2.3) compared with permanent wilting point porosity,
where the differences between uses were related to clay content. However, in every case
pore size distribution was mainly correlated to soil particle size, SOM content and bulk
density (Table 2.4).
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Table 2.4. Physical soil properties and soil organic matter (SOM) contents and their
relationship with pore size distribution for two soil series of central Chile.

FDP@D SDP AWP WPP Ptotal
y =0.030eM%% vy =047x%-1.50x +1.27 y=-0.30x + 0.61 y = -0.48Ln(x) + 0.30
clBd R?2=0.11* R? = 0.14** R?=0.21** - R? = 0.38**
y=0.16x-0.07 y=-0.22Ln(x)+0.15 y=-0.48Ln(x) +0.30 y =-0.51Ln(x) + 0.63
coBd R? = 0.14** R?=0.16** R?=0.27** - R? = 0.55%*
y=0.006x+0.09  y=0.004x +0.073 y = 0.004x + 0.434
Clay - - R?=0.18** R? = 0.67** R?=0.16**
y = 0.0619%0134 y=-0.004x + 0.346 y =-0.001x + 0.149 y =-0.003x + 0.614
Sand R? = 0.39** - R? = 0.62** R? = 0.29** R? = 0.53**

y =0.0905x%%3% v =0.003x*- 0.01x + 0.48
SOM - - - R? = 0.28** R?=0.11*

*FDP: fast draining pores (>50 pm); SDP: slow draining pores (50-10 pm); AWP: available water pores (10-0.2 um); WPP: wilting point
pores (<0.2 um); Ptotal: total porosity. (*: p<0.05, **: p<0.01). With 63 associated degrees of freedom.
®_: Non significant correlation

2.4.3 Conductive soil properties

Hydraulic conductivity and air permeability did not show significant differences (p>0.05)
between sites with and without slurry soil application in most samples. This was mainly
due to the wide variation in the results, with the standard deviation even exceeding the
mean of conductivity (Table 2.5).
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Table 2.5. Conductive soil properties within two soil series of central Chile.

Saturated hydraulic conductivity®® Air conductivity
Sail® Ks2 Ks4 Ks8 Ks24 Ks30 AK Kab Ka33 Kal00
md? Dimensionless md?

PSO0 5157+91.37 46.55+85.17 18.14+24.29 18.44+26.96 30.53 +54.86 0.30+0.60 16.79+7.67 27.83+16.24 16.06+8.90
PS 25 2.97+£2.99 212+156 147+1.06b 0.75+0.49b 0.58 +0.39 0.61+0.22 13.47+6.19 20.80+13.82 4.62 +1.56
PS 50 453+3.73 3.11+2.03 224 +1.56 1.70£0.92 1.90 £1.06 046+0.32 1753+1558 24.81+17.63 13.62+7.12
PS 100 0.37+0.23 0.43+0.50 0.37£0.22 0.35+0.17 0.49 +0.26 -0.03+0.30 26.95+9.82 19.43+8.71 7.48 +£5.56
PCO 0.73+0.80 0.63+0.61 0.40+0.31 0.40+0.38 0.36 £0.34 0.15+0.72 37.51+15.76 15.01+13.76 25.22+12.26
PC 25 0.46 £0.71 024+035 0.12+0.15a 0.11%0.14a 0.16 +0.18 025+1.06 21.91+1493 1148+1157 11.68+6.50
PC 50 1.74+1.35 155+1.26 144+1.33 1.39+£1.50 132+1.31 0.32+0.07 24.31+1540 11.91+4.03 9.02+5.91
PC 100 745+859 10.75+16.06 9.70+1592 838+1532 6.29+11.67 -519+10.09 18.69+9.94 33.56+20.08 25.98 +19.65

SSO0 1453+14.45 7.97 £6.76 6.84 +6.73 3.05+3.42 2.90 +3.07 0.68+0.40 10.31+2.32 17.87 +20.36 7.95+3.08
SS 25 1.72+1.85 1.36 £1.49 0.56 +0.17 0.46 £ 0.33 0.75+0.65 0.66+0.23 15.70+13.30 1946 +12.17 10.36+5.16
SS50 38.90+38.71 36.56+38.35 31.01+35.37 3.98+4.79 3.73+461 084+0.10b 26.45+23.70 15.26+10.31 7.36 +4.05
SS 100 7.87 £9.62 6.43 + 8.58 2.82 + 3.66 2.58 + 3.50 2.83+3.77 0.65+0.16 31.01+24.59 27.67 +18.63 9.69 +5.16

SCO 457 £6.55 423 +6.26 3.16 + 4.62 1.66 £1.95 1.90+2.24 0.37+0.44 19.21+£15.28 28.61 +24.90 9.55+4.41
SC 25 1.21+0.86 1.03+£0.79 0.91+0.70 0.63+0.26 0.62 +0.37 0.37+£0.22 7.47 +4.87 6.27 +3.21 9.10 + 3.57
SC 50 4.25+2.62 4.17 + 2.56 3.28+1.76 252+1.15 185+0.73 0.34x0.16a 8.11+2.38 9.49+7.14 17.99 £ 14.65
SC100 8.92+16.07 8.35+15.31 5.23+9.09 2.13+3.03 2.00 + 3.06 045+0.24 10.84+7.79 9.73+454 15.95+9.38

*Different lowercase letters within depths for soils (same basin) denote statistically significant differences (p<0.05).

PKsx is saturated hydraulic conductivity at x hours, Kay is air conductivity at y water tension (kPa) and AK is the hydraulic conductivity
variation (see Eq. 1).

°PS: Pichidegua soil with slurry applications; PC: Pichidegua soil (control); SS: San Pedro soil with slurry applications; SC: San Pedro
soil (control; n = 4; mean = standard deviation).

Although saturated hydraulic conductivity (Ks) in general tended to decrease with time at
almost all depths, after 24 h it tended to stabilise. This decrease in Ks is associated with
pore system collapse and dispersion, which alters the function of porosity, decreasing its
solution transport capacity (Janssen et al., 2004; Osunbitan et al., 2005; Dorner et al.,
2010a; Oyarzun et al., 2011). An exception occurred in PC at 100 cm depth, where Ks
increased until 4 h and then decreased. In some cases Ks increased slightly after 24 h.

The large variation in Ks at different soil depths is an expression of the anisotrophic nature
of pedons (Kutilek and Nielsen, 1994; Hillel, 1998; Domenico and Shwartz, 1998),
responding to sedimentation and horizonation. Even with very close spatial sampling, there
is a great dispersion of Ks values, which must be interpreted as inherent to soil
heterogeneity and even associated with pore geometric characteristics (Hillel, 1998;
Warrick, 2002; Dorner and Horn, 2006).

Using the mean value of Ks, several relationships between soil physical properties and Ks

were found, most associated with soil particle diameter and soil pore diameter distribution
(Figure 2.5).
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Figure 2.5. Relationships between the mean saturated hydraulic conductivity (Ks) at
different times and other soil physical properties in two soil series of central Chile.

It must be emphasised that Ks depends mainly on textural and structural properties, which
determine the soil skeleton and the fabric or arrangement of the skeleton, promoting the
development of a complex interconnected network of voids or pores between soil particles
(Berry and Reid, 1993). This confers to the soil its functionality (Dorner et al., 2010b).
Textural properties are reflected in Figure 2.5 by sand and silt contents and TP, while clBd,
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fast drainage, available water and total porosity could be considered as depending
simultaneously on structural and textural properties.

Although Bd generally showed an inverse relationship with Ks, the direct relationship
determined by the clod method must be interpreted as inherent to soil structure
development, promoting denser aggregates which leaves the inter-aggregate porosity able
to increase Ks in soil cores. The inverse relationship between Ptotal and Ks must be related
to the dependency of Ptotal to texture, where an increased sand content promotes low
Ptotal and high Ks, while clay content increases cause the inverse relationship.

Using a backward stepwise procedure and a standard least square fit, some multiple
regressions were found for Ks2 and Ks24, although the predicted expression of such fit
lines showed low adjustment of parameters due to the high spatial variability of Ks:

Log Ks2 = -0.14 - 0.07 C + 0.03 Ka100 + 0.17 SOM + 0.85AK
p<0.0001; R?=0.42; RMSE=0.686 (Eq. 7)

Log Ks24 = 0.90 - 3.15 AWP - 10.11 WPP + 0.02 Ka100 + 0.12 SOM
p=0.0002; R?=0.31; RMSE=0.648 (Eq. 8)

where:

Ks2 and Ks24 : saturated hydraulic conductivity at 2 and 24 h, respectively (m d*)
C : clay content (%)

Kal00 : air conductivity at -100 kPa water pressure (m d*)
SOM : soil organic matter content (%)

AK : hydraulic conductivity variation (dimensionless)
AWP - available water pores (cm® cm™)

WPP : wilting point pores (cm® cm™).

Clay content, AWP and WPP were inversely correlated to Ks. Higher clay content favours
AWP and WPP (see Table 2.4), where pore diameter is lower than 10 um. Those pores are
related to the storage of plant-available water and to water that is retained at high tensions
(unavailable to plants) and the rate of water flow through them is very slow (Kay and
Angers, 2002). Kal100, SOM and AK were directly correlated with Ks. Ka at such tension
reflects pore functionality, which is also involved in Ks. In several studies (Lado et al.,
2004; Nemes et al., 2005; Rawls et al., 2005), SOM has been directly correlated with Ks
due to its effects on porosity and aggregation stability, but such a relationship at high SOM
levels could have a negative correlation (Wang et al., 2009).

The values of Ks were higher at the beginning of the flow than after 24 h except in PC and
PS at 100 cm depth, and the variations were higher in sites under conventional tillage with
slurry additions. A relationship was found betweem AK and soil particle size, with higher
contents of sand and lower contents of silt promoting greater AK (Appendix 2). At lower
sand and higher silt particle contents, the values of Ks increased after 24 h, which can be
observed by negative values of AK and considerably higher data dispersion. Janssen et al.
(2004) reported that medium to coarse-textured soils under a Mediterranean climate
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showed dynamic behaviour, with a change in its hydraulic properties after one day of
saturated flow due to the collapse of the pore system, diminishing its functionality as a
conductive medium. In contrast, finer soil particles display different shapes, a greater
number of contact points and even chemical affinities by ions and other particles, which
confer a higher stability to structure and pore systems (Horn et al., 1994; Fuentes, 2010).

Air permeability (Ka) displayed unusual behaviour (Table 2.5), with several samples
showing a Ka decrease with increasing soil water tensions. There was a dominance of
sandy loam textural classes in the soil samples, so swelling behaviour does not explain
these results. Besides, Ka did not show a clear relationship with soil depth, air-filled
porosity or soil matric tension, but some significant correlations (p<0.05) between Ka33
and Ks were observed (data not shown). Anyway, results are in agreement with other study
in a coarse textural soil (Seguel et al., 2002), where the use of cover crops on the soil
dissication not necassary increased air permeability.

Some relationships between Ka 100 and soil particle size were also found (Appendix).
Direct and inverse correlations between Ka and clay and sand contents were observed,
which were associated with matric tensions that promote soil aggregation through drying
(Semmel et al., 1990), promoting SP and pore continuity and increasing Ka at high
tensions. Increasing values of soil porosity and continuity promoted higher Ka, while coBd
values were inversely correlated with Ka100 (Appendix 2).

2.4.4 Unsaturated hydraulic conductivity

A significant dependency of Kns on the hydraulic gradient was observed (Figure 2.6).
Indeed, in the coarse-textured soils there was an abrupt decrease in Kns at high tensions. In
contrast to fine-textured soils (Ellies and Vyhmeister, 1981; Radcliffe and Rasmussen,
2002), the potential gradient determined was considerably higher, especially in San Pedro
soils, where it reached almost 10 hPa (Figure 2.6, right). The Kns was significantly lower
due to the stratified nature of the profile, which leads to non-uniform pore distribution and
continuity.
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Figure 2.6. Unsaturated soil hydraulic conductivity (Kns) and its relationship with
hydraulic potential gradient for two soil series of central Chile: Pichidegua (left) and San
Pedro (right).
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Pichidegua soils had higher Kns than San Pedro soils, principally owing to the silty loam
textural classes in PC compared with the sandy loam textural classes in SC and to the finer
texture in PS than in SS, causing low potential gradients. According to Radcliffe and
Rasmussen (2002), fine-textured soils show higher Kns at high water tensions because they
contain more water-filled pores and continuous water films (in clays). However, significant
differences in Kns between our study soils with and without slurry applications were not
observed.

Statistically significant (p<0.05) temporal variability in Kns was detected between plots
with and without pig slurry applications on Pichidegua soils. Kns was considerably higher
at 100 cm depth, in fine-textured horizons, than at 50 cm depth, in coarse-textured horizons
(Figure 2.7). The loamy sand horizon at 50 cm depth in PS, confined between more fine-
textured horizons, may pose a barrier to movement of water in unsaturated conditions and
to internal drainage during infiltration (Hillel, 1998).
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Figure 2.7. Variations in mean seasonal unsaturated hydraulic conductivity (Kns) at three
soil depths. Above, Pichidegua soils with slurry (left) and control (right). Below, San Pedro
soils with slurry (left) and control (right).

Temporal variations in Kns in both soil series are mainly associated with changes in natural

environmental conditions due to rainfall, vegetal growth and decay, and changes in soil
structure (Gupta et al., 2006).
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2.4.5 Soil aggregate stability

High MDV (mean diameter variation) values denote low soil macroaggregate stability,
which increased with soil depth in both basins, with PC and SS at 50 cm soil depths as
exceptions (Table 2.6). This was reflected in low cohesion and similar mechanical
behaviour in wet and dry sieving. Exogenous conditions, wetting/drying cycles,
accumulation and decomposition of SOM on the soil surface have improved structure
development down to C horizons (less exposed to pedogenetic processes), explaining the
general tendency for MDV to vary with depth (van Breemen and Buurman, 2003; Schaetzl
and Anderson, 2005).

Table 2.6. Soil aggregate stability indices for two soil series in central Chile.

Soil macroaggregate stability Soil microaggregate stability

Soil® MDV” DR
(cm) (%)
PS 0 050+0.16a 56.35+2.11b
PS 25 201+0.67a 5422 +0.40b
PS 50 2.63+0.44b 57.81 +£9.70
PS 100 9.31+235 32.47 £0.08 *
PCO 3.36+105b 16.09+149a
PC 25 519+092b 2343+3.20a
PC 50 0.18+0.14a 48.65 +0.48
PC 100 6.19+1.33 2451 + 1.90*
SS 0 0.54 +0.39 61.19 £ 1.02
SS 25 6.94 +1.80 62.48+1.52a
SS 50 457+261la 48.68 + 38.40
SS 100 8.40 £ 2.69 80.84+£7.96b
SCO 0.46+0.19 64.70 + 491
SC 25 4.74 £ 0.53 7245+ 3.77b
SC 50 7.81+1.03b 71.98 £4.81
SC 100 8.06 +1.32 58.82+3.70 a

®PS: Pichidegua soil with slurry applications; PC: Pichidegua soil (control); SS: San Pedro soil with slurry applications; SC: San Pedro
soil (control). (mean =+ standard deviation).

PDifferent lowercase letters within depths for soils (same basin) denote statistically significant differences (p<0.05).

* Statistically significant different values (Kruskal Wallis, p<0.05). MDV: Mean diameter variation, DR: Dispersion ratio. n = 4.

In the same way, high DR (dispersion ratio) values denote low soil microaggregate
stability. Values of DR were considerably higher than MDV (Table 2.6), especially in San
Pedro pedons, associated with lower soil development or changes in soil particle type, such
as sand increases or SOM decreases.

In PC, the higher MDV and lower DR compared with PS were associated with reduced land

use intensity and a shorter period of agricultural management. This leads to humification of
SOM inputs without oxidation, as is the case in traditional agriculture (Lefroy et al., 1993).
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It is possible that in PC, recalcitrant SOM compounds fill micropores and mesopores,
conferring a higher structural stability to microaggregates compared with macroaggregates
and promoting lower values of DR. Some authors have concluded that DR does not
decrease with amendment addition, in contrast to MDV (Mbagwu and Ekwealor, 1990;
Mbah and Onweremadu, 2009). Moreover, SOM compounds under natural conditions are
translocated through pedoturbation, while under tillage such translocation occurs inside the
upper 30 cm of the soil profile (Stockfisch et al., 1999; van Oost et al., 2000). Comparing
both study soils with slurry applications, PS had a significantly lower MDV to 50 cm soil
depth and a lower DR through the entire profile. This was related to macroaggregate
stability, with more labile compounds of soil organic matter (SOM), e.g. root exudates,
fungal hyphae and polysaccharides excreted by microorganisms, increasing the bonding
between soil particles and thus improving structural stability (Chaney and Swift, 1986;
Waters and Oades, 1991; Kay and Angers, 2002).

In San Pedro pedons there is no clear tendency in macro and microaggregate stability when
conditions with and without slurry applications are compared. However, there was a
tendency in SC for higher macroaggregate stability (lower MDV) and lower
microaggregate stability (higher DR) with depth, except at 50 and 100 cm depth,
respectively. In this case, and in both basins, the size of soil particles and its nature (mineral
and organic) affected structural development (Figure 2.8).
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Figure 2.8. Soil physical properties and their effects on soil structural stability for two soil
series of central Chile.

Soil structure development and its stability, which is dependent on the size and nature of
soil particles, were also found to be associated with other physical soil properties. Clod
bulk density (cIBd) was significantly related to DR, whereas SOM reduced Bd and
increased microaggregate stability, especially in control soils. In contrast, sand particles
decreased microaggregate stability and promoted higher clBd. SOM also increased
macroaggregate stability in soils receiving slurry applications.

The increasing macroaggregate stability with SOM addition to soils via slurry indicates that
the slurry mainly contained labile fractions of SOM, which are associated with increased
macroaggregate stability (>250 mm) (Puget et al., 1995). This is due to the function of
SOM as a substrate for microbial activity, which produces microbial bonding material
(Golchin et al., 1994; Besnard et al., 1996), reduces the rate of wetting and increases the
resistance to stresses generated during wetting (Caron et al., 1996). The increasing
microaggregate stability in control soils presumably demonstrates the dominance of
recalcitrant compounds of SOM (Tisdall and Oades, 1982). Those recalcitrant compounds
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are intimately associated with the mineral phase, even occluding micropores (Kay and
Angers, 2002) and are protected from breakdown due to physical protection from microbial

attack. Besides, recalcitrant compounds provide long-lasting stability for microaggregates
(Chaney and Swift, 1986).

In terms of soil porosity, SDP is positively correlated to macroaggregate stability. The SDP
(mesopores 10-50 um) is associated with decomposition of SOM, which besides promoting

aggregate stability induces fault planes, delineating aggregate bonding and favouring slow
drainage (Kay and Angers, 2002; Puget et al., 2005).

2.4.6 Nitrogen dynamics associated with soil hydraulics

Nitrogen dynamics measured as NO3™ and NH," concentrations in Pichidegua soils (Figure
2.9) showed considerable oscillations during the season, with a slight increase during the
spring season due to high temperatures, but with a subsequent decrease caused by
immobilisation by decomposing SOM and due the lower temperatures during autumn and
winter. This trend changed later, when increasing concentrations were found due to higher
temperature, which promoted higher mineralisation. These results explain the increase in N
concentrations with depth at the end of the measurement season, and the increase in relative
proportions compared with surface contents.
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Figure 2.9. Variations in nitrogen concentration (NH,;" and NO3) at four depth intervals (0,
25, 50 and 100 cm) in Pichidegua soils during the study period.

Despite the dependence of N forms on external factors that promote mineralisation-
immobilisation, a weak relationship was found between volumetric water changes in
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consecutive measurement dates and NOs concentration changes between measurement
dates (Figure 2.10). This is related to the potential leaching of anions in soils, particularly in
soils that accommodate preferential flows (Cote et al., 2000; Jarvis et al., 2012).
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Figure 2.10. Relationship between nitrate changes (ANO3’) and water content changes (A9)
in Pichidegua soils.

In San Pedro soils, the concentrations of NO3™ decreased during the season after a slight
increase at the beginning of the measurement period (Figure 2.11), while NH;"
concentration decreased initially, with a subsequent slight increase, followed by a final
decrease in concentration at the end of the measurement period.
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Figure 2.11. Variations in nitrogen concentration (NH;" and NO3z") at four depth intervals
(0, 25, 50 and 100 cm) in San Pedro soils during the study period.

In San Pedro soils, there was a close relationship between A6 and NOj3™ concentration due
to the type of flow that occurs in that soil (Figure 2.12), in which a greater part of the soil
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matrix participates (Fuentes et al., 2013). The relationship between NO3 and water content
was not only limited to A6, as Kns was also inversely correlated with NO3™ concentration
owing to slower flow of water in unsaturated conditions. This allowed NO3™ to remain in
the soil, as its movement through soils is dependent on water movement. This result shows
that hydraulic properties and water availability govern the concentration of some solutes in
soil to some degree.
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Figure 2.12. Concentration of nitrate (NO3’) as a function of (left) water content change
(AB) and (right) unsaturated hydraulic conductivity (Kns) in San Pedro soils.

Using some mixed stepwise fits was possible to establish pedotransfer functions (PTF)
associating NO3” and NH," concentrations to others properties assessed:

[NO;] = 37.06 + 136.88 FDP - 0.69 DR - 15.03 Log (Ka100) + 1.49 [NH,']

p<0.0001, R*=0.52, RMSE=16.86 (Eq. 9)
[NH,'] = 11.49 - 0.80 MDV + 4.17 Log (Ka100) + 0.15 [NO5]
p<0.0001, R*=0.45, RMSE=5.54 (Eg. 10)
where:
[NOsT] > nitrate concentration (ppm)
[NH4] : ammonium concentration (ppm)
FDP : fast draining porosity (cm® cm™)
DR : dispersion ratio or microaggregate stability (%)
MDV : mean diameter variation or macroaggregate stability (cm)
Kal00 : air conductivity at 100 kPa (m d™)

The NOs concentration was directly correlated to FDP and NH,* concentration, and
inversely correlated to DR and Kal00. The NO3™ concentration increased with increasing
NH," concentration, because in oxidising conditions, mineralised nitrogen in the form of
NH," is nitrified to NO,, a precursor of NO3™ (Havlin et al., 2005). FDP plays an important
role in such oxidation processes, allowing aeration, as does microaggregate stability, which
also promotes homogeneous wetting potential of the soil matrix and its interaction with
solutes. KalO0 negatively affects NOs concentration due to an increase in soil
permeability, which promotes NO3™ leaching to groundwater. The NH4" concentration was
positively correlated with Kal00 and NO3 concentration, and negatively with MDV. The
relationship with Ka100 is the reverse of that for NO3;™ due to the cationic nature of NH,",
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which is adsorbed by soil particles, while NO3", being an anion, is easily leached in highly
permeable media. Macroaggregate stability promotes higher NH;" concentration by
increasing matrix flow, which allow solutes to interact with the soil matrix and by
providing physical protection to NH,4" against leaching by retaining it within aggregates.

Although not included in the above PTF, a clear inverse relationship was observed between
NO; and sand content, while the relationship was positive with total porosity (Ptotal)
(Figure 2.13). A low interaction of solutes with sand particles and their larger pore diameter
may explain these results. On the other hand, Ptotal promoted higher NO3™ concentrations
by inducing a higher interaction between soil matrix and soil solution (Hillel, 1998; Leij
and van Genuchten, 2002).
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Figure 2.13. Concentration of nitrate (NO3') as a function of (left) sand content and (right)
total porosity in two soil series of central Chile.

The NH4" content was directly associated with SOM content and inversely related with
MDYV (Figure 2.14). The ionised functional groups of SOM and its nitrogenate components
(N source for mineralisation) can explain this relationship in the first instance (Bohn et al.,
2001; Sparks, 2003). The inverse relationship between MDV and NH, indicates that higher
soil macroaggregate stability (lower MDV) leads to higher NH, concentration. This may be
related to SOM mineralisation, which besides releasing NH, increases the microbial
biomass, its activity and its released compounds, conferring higher aggregate stability
(Kandeler and Murer, 1993). Similarly, Chaney and Swift (1986) found that N and SOM
contents, and other soil properties related to SOM, were correlated with aggregate stability.
It can thus be concluded that soil macroaggregates have a strong cation-preserving
capability.
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Figure 2.14. Ammonium (NH,") concentration as a function of (left) soil organic matter
content and (right) mean diameter variation (soil macroaggregate stability) in two soil
series of central Chile.

Several previous studies have evaluated the effects of pig slurry and manure application on
soil physical, hydraulic and morphological properties, but without assessing the effect on
solute dynamics. For example, Hemmat et al. (2010) found that at 0-20 cm depth, manures
increased SOM, trafficability, water content range and friability index and decreased soil
bulk density (Bd). Melleck et al. (2010) noted that soil at 0-5 cm depth had increased
carbon content, macroporosity, stability of macroaggregates and Ks and decreased Bd and
microaggregates number after manuring, while at 10-20 cm depth significant differences
were lost.

Clearly, Ks is a key soil property that has been directly related to the risk of N leaching, but
there is a lack of field studies that assess the relationships between manure and slurry
addition and soil physical and hydraulic properties and the resulting effects on solute
leaching.

More studies are needed under controlled laboratory conditions and through several
application seasons to assess the long-term effect of slurry or liquid manure applications on
soil physical and hydraulic properties, while omitting other factors that overshadow the
impact. Furthermore, for a full understanding of solute patterns in soil profiles and the
relationship with soil physical properties, and to assess the risk of NL, studies are needed at
different scales of solute transport and using dye staining complemented with groundwater
NO3z™ measurements.

2.5 CONCLUSIONS

Under the conditions at the study sites, pig slurry addition associated with tillage practices
positively altered soil physical and hydraulic properties and also increased the temporal and
spatial variability of these properties, in turn increasing the pollution risk of NOj3 to
groundwater. The effects of these organic additions are additive to the existing effects of
solid soil particles, which determine soil geometry and the distribution of soil pores, bulk
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density, conductive soil characteristics (hydraulic conductivity) and other dynamic soil
properties (structure stability).

The mechanism by which pig slurry addition alters soil physical properties is mainly
through increasing labile fractions of soil organic matter (SOM), which promotes
macroaggregate stability. Tillage destroys structure and increases SOM oxidation and
mineralisation, although these losses (occurring under intensive managements) are
compensated with the use of pig slurry. The significant relationship between
microaggregate stability and SOM observed within control sites (no tilled) suggests a
positive effect of recalcitrant organic compounds inside aggregates. Both ploughing and pig
slurry addition increase the wvariation in soil hydraulic conductivity after 24 h,
demonstrating lower stability and faster collapse of flow pathways.

In terms of N dynamics, both soils studied showed some degree of relationship between
volumetric water changes at two consecutive measurement dates and variations in NO3
concentrations, but the relationship was considerably higher in San Pedro soils, as
demonstrated by the close relationship between unsaturated hydraulic conductivity and
NOj3 concentration. This result must be assessed and complemented by the dominant flow
type to provide a full understanding of how matrix flow is related to solute distribution
through the soil profile.

Sand content and total porosity were also correlated to NO3z™ concentration due to their
influence on water and solute movement in the soil, whereas NH;" concentration was
related to SOM content and macroaggregate stability, demonstrating a combined effect of
ionised functional groups in SOM and secreted polysaccharides during mineralisation
processes.

Finally, more studies under controlled conditions, especially at microscopic level, are
needed to complement the present findings. These should include studies about preferential
flows at different scales to determine solute patterns, the factors determining those and the
pollution risk of NO3” movement to groundwater at basin scale.
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2.7  APPENDIX

Table Al. Soil profile descriptions.

Pichidegua soil, control (PC).

Horizon

Depth (cm)

Soil description

Apl

Ap2

Bw1l

Bw?2

Bgl

Bg2

Bg3

Cg

98 - +120

NB:

0-10

11-21

21-29

29 - 38

38 -52

52-72

72 -98

Dark brown (7.5 YR 3/3), silty loam; sticky and plastic; moderate
medium subangular blocky structure; friable; common fine interstitial
pores; few fine roots; clear smooth boundary.

Dark brown (7.5 YR 3/3); loam; moderately sticky and plastic; moderate
medium subangular blocky structure; friable; common fine and few
medium interstitial pores; common fine roots; clear smooth boundary.

Very dark greyish brown (10 YR 3/2); loamy sand; non-sticky and
slightly plastic; moderate medium subangular blocky structure; very
friable; many fine interstitial pores; few medium roots; abrupt smooth
boundary.

Dark yellowish brown (10 YR 4/2); sandy loam; sticky and moderately
plastic; moderate coarse subangular blocky structure; very friable;
common fine interstitial pores; common fine and few medium roots; very
abrupt smooth boundary.

Dark yellowish brown (10 YR 4/2); loamy sand; non-sticky and slightly
plastic; moderate medium subangular blocky structure that breaks into
fine subangular blocky structure; very friable; many fine interstitial and
few medium tubular pores; few medium roots; fine common distinct pale
olive brown (2.5 YR 5/6) iron depletions; clear smooth boundary.

Very dark greyish brown (10 YR 3/2); loamy sand; non-sticky and
slightly plastic; moderate medium subangular blocky structure; very
friable; many fine interstitial and few medium tubular pores; common
medium roots; fine common distinct pale olive brown (2.5 YR 5/6) iron
depletions; clear smooth boundary.

Dark yellowish brown (10 YR 4/2); sandy loam; slightly sticky and
moderately plastic; moderate medium subangular blocky structure; very
friable; many fine and few medium interstitial pores; few medium and
many fine roots; medium common distinct pale olive brown (2.5 YR 5/6)
iron depletions; clear smooth boundary.

Very dark grey (5YR 3/1); sandy loam; slightly sticky and plastic;
massive; many fine interstitial pores; few medium roots.

Watertable at 110 cm depth.
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Pichidegua soil, slurry-amended (PS).

Horizon

Depth (cm)

Ap

Bw

Bgl

Bg2

C

0-25

25-40

40 - 63

63 - 107

107 - +120

Dark greyish brown (10 YR 4/2); loamy sand; slightly sticky and
slightly plastic; moderate medium subangular blocky structure; friable;
many fine interstitial and common medium dendritic tubular pores;
many fine and few medium roots between peds; clear smooth
boundary.

Dark greyish brown (10 YR 4/2); loamy sand; slightly sticky and
slightly plastic; moderate medium subangular blocky structure that
breaks into fine moderate subangular blocky structure; friable; many
fine interstitial and few medium tubular pores; few fine and medium
roots; abrupt smooth boundary.

Very dark greyish brown (10 YR 3/2); sandy; non-sticky and non-
plastic; moderate medium subangular blocky structure; very friable;
many fine interstitial pores; few fine and common medium roots; few
medium faint yellowish red (5 YR 5/8) iron masses; abrupt wavy
boundary.

Very dark greyish brown (10 YR 3/2); sandy loam; slightly sticky and
moderately plastic; moderate medium subangular blocky structure;
friable; few coarse, many medium tubular and common fine interstitial
pores; many coarse faint red (2.5 YR 4/6) iron masses; abrupt smooth
boundary.

Dark brown (10 YR 3/3); sandy loam; moderately sticky and
moderately plastic; moderate medium subangular blocky structure;
friable; many fine interstitial and many medium tubular pores; fine
common faint yellowish red (5 YR 4/6) iron masses.
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San Pedro soil, control (SC).

Horizon Depth (cm)

A 0-22 Dark brown (10 YR 3/3); sandy loam; slightly sticky and slightly
plastic; weak medium subangular blocky structure that breaks into
weak fine subangular blocky structure; friable; many fine
interstitial and common medium tubular pores; common fine roots;
clear smooth boundary.

Bl 23-35 90% dark yellowish brown (10 YR 3/4) and 10% very dark
yellowish (10 YR 3/2); sandy loam; slightly sticky and slightly
plastic; moderate medium subangular blocky structure that breaks
into moderate fine subangular blocky structure; friable; many fine
tubular pores; common fine roots; gradual smooth boundary.

B2 36 -53 Very dark grey (10 YR 3/1); sandy loam; slightly sticky and
slightly plastic; moderate medium subangular blocky structure;
friable; many fine and medium tubular pores; common fine roots;
clear smooth boundary.

Bw 54 - 65 Very dark greyish brown (10 YR 3/2); silty loam; moderately
sticky and slightly plastic; moderate medium subangular blocky
structure; friable; common fine vesicular and many medium tubular
pores; few fine roots; gradual smooth boundary.

2Bb 66 - +120 Very dark greyish brown (10 YR 3/2); silty loam; sticky and
slightly plastic; moderate medium subangular blocky structure;
friable; many fine and medium tubular pores; few fine roots.
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San Pedro soil, slurry-amended soil (SS).

Horizon Depth (cm)

Ap 0-26 Dark yellowish brown (10 YR 4/4) dry, dark brown (10 YR 3/3)
moist; sandy loam; moderately sticky and moderately plastic;
strong medium subangular blocky structure that breaks into strong
medium granular structure; slightly hard; many fine interstitial and
common medium vesicular pores; many fine roots; clear smooth
boundary.

B 27 -44 Dark brown (10 YR 3/3); loamy sand; slightly sticky and non
plastic; weak medium subangular blocky structure; firm; many fine
and medium vesicular pores; common fine roots; clear smooth
boundary.

Bw 45 - 54 Dark brown (10 YR 3/3); sandy loam; slightly sticky and slightly
plastic; moderate medium subangular blocky structure; firm; many
fine interstitial and many medium vesicular pores; clear smooth
boundary.

C 55-72 Dark yellowish brown (10 YR 3/3); sandy; non sticky and non
plastic; single grain; loose; many fine interstitial pores; few fine
roots; manganese patina over isolated gravels; abrupt smooth
boundary.

2Bb 73 - +100 Dark yellowish brown (10 YR 4/4); sandy loam; sticky and
moderately plastic; moderate medium subangular blocky structure;
firm; many fine and medium tubular pores; few coarse roots.

Table A2. Statistically significant relationships between soil physical properties and soil
conductivity properties.

Sand Clay Silt TDP (FDP + SDP) coBd
% emiemds s Mg m3-----
y=0.01x - 0.17 y=-0.01x +0.84 y=0.45Ln(x) + 1.10
AK R?=0.172** - R?=0.156** R?=0.111* -
y=-7.41Ln(x) + 41.51 y=0.63x +6.40 y = -36.06Ln(x) + 23.22
Kal100 (m d?) R?=0.13* R?=0.162** - - R? = 0.136*

*: p<0.05 and **: p<0.01.
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CHAPTER 3. PREFERENTIAL FLOW PATHS IN TWO ALLUVIAL SOILS WITH
LONG-TERM PIG SLURRY ADDITION IN CENTRAL CHILE

3.1 ABSTRACT

Soil hydraulics and water movement by saturated, unsaturated and preferential flow
determine the complexity and dynamic patterns of solute distributions in soils. This study
assessed the relationships between flow types and nitrate (NO3") concentrations in two soils
of central Chile under conventional agriculture management and with long-term slurry
application.

The soils selected were two alluvial soils, San Pedro (SS) and Pichidegua (PS), belonging
to the soil series Quilamuta (Typic Xerochrepts) and Tinguiririca (Mollic Xerofluvents)
respectively, and continuously cropped with maize (Zea mays) and amended with pig
slurry. Each soil (3 replicates) was characterised in physical and hydraulic terms. Soil NO3
concentration at 0, 25, 50 and 100 cm depth was determined and soil water content was
measured with ®Diviner 2000 equipment every two weeks during a 6-month period (April-
September 2011). A control soil with no pig slurry addition in San Pedro (SC) and
Pichidegua (PC) was included. A dye tracer test using Brilliant Blue FCF was conducted on
each soil and digital picture analysis was then performed to classify flow types in the soil
profiles through the distribution of stained path width (SPW).

Nitrate concentration distribution showed some correlations with SPW, stained coverage
and saturated hydraulic conductivity (Ks) in both soils, and with unsaturated hydraulic
conductivity (Kns) in SS, where homogeneous matrix flow dominated through the entire
profile. The other treatments (PS, PC and SC) displayed homogeneous matrix flow in the
topsoil due to higher aggregation and tillage effects, with transition to macropore flow at
depth.

Key words: Soil hydraulic properties, nitrate leaching, dye tracers, image analysis, water
movement.

3.2 INTRODUCTION

Nitrate leaching (NL) and the associated groundwater pollution risk is raising considerable
concerns about the environmental impacts of using pig slurry as an organic amendment on
soils. Various soil factors affect the movement, pattern distribution and concentration of
solutes through soils, but water movement associated with soil hydraulics is the main factor
involved.
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Solute distribution and water movement were once regarded as almost non-predictable
processes due to the high spatial and temporal variability, but more recent research has
shown that some degree of prediction is possible (Hillel, 1998; Simunek et al., 1998; Jarvis,
2007; Simunek and van Genuchten, 2008; Jarvis et al., 2012). The difficulties in studying
soil water movement and its relationships with solute transport lie in the fact that water
movement occurs through at least three flow types (saturated, unsaturated and preferential
flow), generating complex and dynamic interactions with solutes (Kutilek and Nielsen,
1994).

In the first decades of soil hydraulics research, water flow was assumed to be saturated,
homogeneous and isotropic through the soil matrix (Hillel, 1998; Radcliffe and Rasmussen,
2002). However, it is now known that flow also occurs in unsaturated soil conditions with a
rather anisotropic nature due to inherent soil properties (Beven and German, 1982; Kung,
1990; Bootlink et al., 1993). Over recent decades, research has focused on solute transport
and flow through macropores (Mooney and Morris, 2008; Nielsen et al., 2010), with
saturated and unsaturated flow theories/models proving to be unsatisfactory in predicting
such behaviour. A type of flow termed preferential flow (PF), by-pass flow or macropore
flow is now widely recognised in many parts of the world as one of the major routes of
groundwater contamination by agro-chemicals and other materials and is proving to be the
rule rather than the exception in soil water movement (Flury et al., 1994; Janssen and
Lennartz, 2008; Mooney and Morris, 2008; Jarvis et al., 2012). This phenomenon allows
unusually rapid and deep movement of chemicals with relatively small amounts of
infiltrating water (rain or irrigation) and effectively bypasses much of the soil profile where
pollutants are normally bound and/or degraded, because only a partial fraction of the total
cross-section is available for flow (Radcliffe and Rasmussen, 2002).

This PF has both environmental and human health implications, since it allows contaminant
transport to groundwater without interaction with (bypassing) the chemically and
biologically reactive upper layer of soil (Allaire et al., 2009; Jarvis et al., 2012). Thus a
significant fraction of the contaminants quickly reaches the subsoil, where natural
attenuation processes are generally less effective. In addition, PF can either enhance, or
curtail, the capacity of the soil to buffer and filter, and it can compromise, or boost, other
ecosystem services (Clothiers et al., 2008).

It is important to note that PF occurs at two different scales:

i) Intra-aggregate porosity: As finger, funnel or heterogeneous flow in soil matrix pores at
pedon scale, due to differences in macroscopic hydraulic characteristics (Kung, 1990;
Jarvis et al., 2012). In this case, even in the absence of macropores, an unstable wetting
front develops in unstructured soils and moves preferentially between separated vertical
fingers, especially towards the groundwater (Baker and Hillel, 1990; Lipsius and Mooney,
2006). For the development of unstable flow in soils, entrapped air towards the wetting
front, conditions of hydrophobia associated with organic compounds and very dry soil
conditions are necessary (Ritsema et al., 1993; Wang et al.,1998).

i) Inter-aggregate porosity at macropore scale: In this case, three different types of
macropores are distinguished: a) macropores formed by plant roots and soil macrofauna; b)
macropores formed by swelling and shrinking associated with drying and wetting
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conditions or due to freezing and thawing cycles, both dependent on seasonal cycles; and c)
irregular inter-aggregate voids formed by tillage implements (Jarvis et al., 2012).

Thus macropore flow obviously depends on pore geometry (such as continuity, tortuosity
and diameter). These are generally unknown variables and display high spatial and
temporal variability.

The most important processes related to PF are associated with soil aggregation and hence
the formation of continuous networks of larger macropores due to soil shrinkage/expansion
caused by drying/wetting seasonal cycles (Dexter, 1988; Semmel et al., 1990), as well as
organic matter, which stabilises soil structure (Cheshire 1979; Chaney and Swift, 1986).
Thus, strong macropore flow can be expected in soils with vertical continuous macropores
in a poorly developed or degraded structure hierarchy (Jarvis et al., 2012).

Two of the most common agricultural practices to prepare soil for growing crops are the
addition of amendments (fertilisers and organic materials) and tillage, which alters the soil
structure and, consequently, PF.

Tillage reduces PF paths by interrupting continuous macropores (Thomas et al., 1973;
Tyler and Thomas, 1977; Kranz and Kanwar, 1995; Elliot et al., 2000; Hangen et al., 2002;
Collum, 2009). It also promotes organic matter oxidation, with a decrease in soil friability,
increasing soil compaction due to repeated traffic (Watts and Dexter, 1998) and increased
mineralisation, resulting in lower water movement through PF, but with higher NO3’
concentrations. On the other hand, according to several studies (Jarvis, 2007; Jarvis et al.,
2007; Luo et al., 2010), soil fragmentation by tillage in conventional agriculture combines
to degrade the structural hierarchy and promotes a coarser structure in the plough layer,
causing stronger PF in arable soils. Besides tillage practices, the large roots of some
agricultural crops can enhance water and solute transport into subsoil. Furthermore, since
roots act as drying agents in soil, they influence macroaggregate development (Angers and
Caron, 1998).

The long-term use of organic amendments produces organic-rich topsoils that can become
hydrophobic when dry (Wang et al., 1998; Blanco-Canqui and Lal, 2009), promoting PF at
different flow scales (intra-aggregate porosity). The same can occur in sandy soils without a
structural hierarchy, with preferential finger and funnel flow promoted by water repellency
of the sand grains (Deurer and Bachmann, 2007). Biotic factors affected by organic
amendments also affect PF. For example, deep-burrowing anecic earthworm species create
channels deep into the subsoil and thereby increase PF though macropores (Lamandé et al.,
2003). Microorganisms that stabilise the soil structure increase the functionality of PF over
time.

The main aim of this study was to assess the relationships between saturated, unsaturated

and preferential flow with soil NOj™ distribution in two soils of central Chile under
conventional tillage and slurry applications and prone to solute leaching to groundwater.
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3.3 MATERIALS AND METHODS

3.3.1 Study site and basic characterisation

The study was carried out during 2011 on two alluvial soils located in the central
longitudinal valley of Chile (Pichidegua: UTM 0277313E, 6194387S and San Pedro: UTM
0289587E, 6240288S; Datum WGS 1984 19S), at two experimental sites corresponding to
representative cartographical units or polypedons (phases of soil series). Laboratory
measurements were carried out at the soil laboratories of the University of Chile.

At both sites, which pose a high potential risk of NOj3 pollution to groundwater, a
representative pedon was chosen. Disturbed and undisturbed soil samples (4 replicates),
were taken at different depths (0-10, 25-35, 50-60 and 100-110 cm) for basic soil physical
characterisation. Texture was determined using a Bouyoucos hydrometer, bulk density
through the clod and the core methods and particle density by picnometer according to
Dane and Topp (2002). Soil chemical characterisation was conducted according to Chilean
standard methods (Sadzawka et al., 2006) and included soil pHyaer 1:2.5 determined by
potentiometry, soil extract electrical conductivity (ECe) by conductivimeter, total organic
carbon (OC) by calcination (360°C), total N (N+1) by the Kjeldahl method, cation exchange
capacity (CEC) by ammonium acetate at pH 7 and mineral N concentration (NO3s™ and
NH;") by the steam distillation method. In each case, a soil with repeated pig slurry
applications (PS in Pichidegua and SS in San Pedro) and control soils without pig slurry
applications (PC in Pichidegua and SC in San Pedro; see Table 2.1 in Chapter 2) were
monitored every two weeks during a 6-month period (April-September 2011).

During the study period, the San Pedro soil was not amended with pig slurry, but it
previously received repeated slurry applications through irrigation over a 5-year period. In
Pichidegua, which was under fallow management, two applications of approximately 500
m? ha™ of pig slurry each were made during the study period through a flooding irrigation
valve, and the soil had received regular pig slurry applications during a previous 10-year
period. The mean N concentration measured in pig slurry was 1.3 g L™ and the volume of
slurry applied supplied a N dose of approximately 640 kg ha™ each time. According to the
farmers involved, other management practices were similar at all experimental sites.

At both sites, the soils are of alluvial origin, with a deep, stratified profile. Pichidegua soil
cartographically belongs to the Tinguiririca soil series, a loamy sand Mollic Xerofluvent
occupying a recent alluvial terrace position (CIREN, 1996a). San Pedro soil belongs to the
Quilamuta soil series, a sandy loam Typic Xerochrept developed over terraces or alluvial
fans, with granitic parent material (CIREN, 1996b).

The climate at both sites is semi-arid Mediterranean, with most rainfall occurring between
May and October. Hot summers and relatively cold (Pichidegua) and relatively mild (San
Pedro) winters characterise the sites. At Pichidegua, the maximum (January) and minimum
(July) annual air temperature is 29.0°C and 4.9°C, respectively, with mean annual
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precipitation (MAP) of 696 mm (Santibafiez and Uribe, 1993). At San Pedro, the maximum
and minimum annual air temperature is 31.3°C and 4.4°C, respectively, with MAP of 383
mm (Santibafiez and Uribe, 1990).

3.3.2 Tests of soil hydraulic properties

Saturated soil hydraulic conductivity (Ks) was assessed by constant load permeameter and
water retention (pF) curves by pressure plates (Dane and Topp, 2002).

Soil water content (6) was monitored with a ®Diviner 2000 (Series I1) device every two
weeks from topsoil to 100 cm depth. Using & values and the Mualem-van Genuchten
adjustment equation to the pF curves (combining Darcy and flux continuity equations), the
unsaturated hydraulic conductivity was calculated as (Nissen et al., 2006):

AL AR
Kns =—
Ar gradiy

(Eq. 1)

where Kns is the unsaturated (or non saturated) soil hydraulic conductivity (cm d™), AL is
the vertical distance between measurements of volumetric soil water content (cm), At is the
time interval between measurements (d), A@ is the mean variation in volumetric soil water
content between two measurement dates (g cm™) and gradyisthe hydraulic potential
gradient (Ay/AL in cm cm™).

To obtain Kns through pF curves, the Mualem-van Genuchten equation (m = 1 — 1/n) was
applied such that (van Genuchten, 1980):

(Bsat—0res)
= —— 4+ fres <0(Eq.2
(1+|apd ™)™ v=0(Eq.2)
so that equation parameters were obtained: 6sat is the volumetric water content at
saturation, @res is the residual volumetric water content, « depends on the shape of the
curve, n and m are function parameters and  is the pressure head (in this case matric
potential with negative values).

For the values of Ks and Kns, which were non-normally distributed, logarithmic
transformation was applied.

3.3.3  Ammonium (NH,") and nitrate (NOs") determination

Samples of soil for determination of NO3s™ and NH,4" concentration (Sadsawka et al., 2006)
were collected with a soil auger every two weeks at regular interval depths (0-10, 25-35,
50-60 and 100-110 cm, which are referred here as 0, 25, 50 and 100), with 3 replicates per
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pedon. These concentrations were statistically correlated to unsaturated hydraulic
conductivity and other physical and hydraulic soil properties assessed at the same depths.

3.3.4 Preferential flow pattern assessment with dye tracer

An examination of preferential flow (PF) pathways was carried out in open pits in each
experimental unit following dye tracer application. The choice of the tracer depends on its
behaviour in soil, its toxicity and stability, cost and availability. Due to its easy mobility,
high contrast with the soil background colour and low toxicity (Flury and Fluhler, 1995),
the food dye brilliant blue (BB) was chosen for this work. According to German-Heins and
Flury (2000), the absorption spectrum of BB is not sensitive to pH or ionic strength in
aqueous solution.

Although soil pits have the disadvantage of destroying part of the preferential flow, they are
inexpensive and can be used for long periods of time to characterise soil flow patterns.
Moreover, soils pits allow processes that cannot be observed otherwise to be visualised and
sometimes permit an understanding of connectivity between vertical and horizontal PF
paths (Allaire et al., 2009).

After irrigation (to close to field capacity), a head of BB solution was applied at a
concentration of 2.2 g L™ (Nielsen et al., 2010) within sub-plots (metal frame square) of 1.5
m?. The volume of solution applied was calculated to reach soil saturation at 100 cm depth.
Subsequently, with the soil profile exposed, stained areas were morphometrically
measured. Under natural daylight conditions and without direct radiation, the soil profile
was photographed and white reflection panels were mounted on three sides of the pit to
balance and compensate for differences in illumination by diffuse light. Some rulers were
attached to the profile in order to correct the images geometrically and to assess the
physical distribution of stained macropores (Weiler and Flihler, 2004; Alaoui and Goetz,
2008).

Before tracer (BB) application, a calibration process was carried out with 8 standard
solutions (0.5, 1.0, 2.0, 4.0, 8.0, 16.0, 50.0, 100.0 g L™) in which soil samples were
submerged for five days. After natural drying of soil samples, clods were photographed in
similar conditions to the field experiments (Alaoui and Goetz, 2008).

Digital image analysis was carried out using image processing software (Gymp 2).
Geometrical correction and maximisation of blue, green and cyan colour was carried out
followed by subtraction of background colour and division of colours obtained. These
images were converted to greyscale tones and a median filter of 2 cm was applied.

Different concentrations and unstained areas were separated by the concentration categories
(c, obtained from the standard solutions), classifying the image into four levels according to
Weiler and Flihler (2004):

i) Unstained areas (c <0.5 g L™,
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ii)  Low concentration (0.5g L?<c<1.0gL™),
iii) Medium concentration (1.0 g L*<¢c<3.0 gL™)
iv)  High concentration (c >3.0 g L™).

The vertical flow was analysed (®Matlab software) according to Weiler and Flihler (2004)
by the vertical dye patterns and categorised into one of the five flow types according to the
percentage of stained path width (SPW) of three categories: SPW,y: SPW<20 mm; SPWo.
200. SPW between 20-200 mm and SPWag0: SPW>200 mm (Table 3.1). For this analysis,
concentration categories were neglected and diagrams of stained pixels (volume density)
versus soil depth were obtained.

Table 3.1. Characterisation of flow types according to stained path width (SPW).

Fraction (%) of SPW for:

Flow type*  Image sample of dye pattern Flow process Soil feature
w 9 P yep <20 mm >200 mm P
Macropore Macropores in a poorly
flow with low > 50 <20 permeable or saturated
interaction soil matrix
Macropore in a
Macropore h i
flow with eterogeneous soi
mixed <50 and > 20 <20 matrix or macropores
. - with variable macropore
interaction
flow
Macropore Macropores in a
flow with high <20 <30 permeable soil matrix
interaction (texture or aggregation)
Spatially heterogeneous
soil (texture or
Heterogeneous aggregation), water
matrix flow <20 >30 and < repellency or flow
2 60 . o
and fingering instability in coarse-
textured or variable
texture soils
Homogeneous <20 > 60 Permeable soils (texture
matrix flow or aggregation)

®Adapted from Weiler and Flihler (2004) and Weiler (2001).
3.3.5 Experiment design and statistical analysis

At the experimental sites (see Figure 2.1 in Chapter 2) where the devices and plots were
located, two pits were excavated between plots. The experimental design was completely
randomised, with experimental sites corresponded to soil sampling units and with

treatments comprising soil management practices in each soil series.
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Three replicates of properties measured in field conditions were used, corresponding to
three plots in each experimental unit, and 4 replicates when soil physical and hydraulic
properties were assessed at laboratory level.

The results were subjected to multiple component testing to assess the correlation between
hydraulic properties and NO3™ concentration (p<0.05) and several regressions were made
between correlated variables (for p<0.05 and p<0.01). In addition, some t-student tests
were carried out to assess NOjz  concentration differences between soil treatments and
stepwise tests with least square fit tests to obtain a pedotransfer function of NOj
concentration depending on SPW, K and NH,4" concentration.

34 RESULTS AND DISCUSSION
3.4.1 Soil characterisation

Data on general soil chemical properties (pH, ECe, CEC and Nt) were taken from Néajera et
al. (2013) and are presented in Table 2.2 in Chapter 2).

Most soils showed increasing sand content to 50 cm depth, and then it decreased to 100 cm
depth. An exception was found in SC soil, where sand content showed a regular decrease in
depth. Site position in terraces and fans of alluvial origin in both basins has led to natural
soil stratification, which is evident as variations in horizon morphological properties
(Fuentes et al., 2013).

Soil organic matter (SOM) displayed similar behaviour to sand content, related to organic
debris deposited in the surface and its oxidation. Increased SOM at 100 cm depth was
related to soil texture, because clay content had a direct significant relationship with SOM
(p<0.01). Oxidation processes under conventionally tilled soils were apparently
compensated for by slurry application, so there were no significant differences in SOM
between sites with and without amendments.

Although repeated application of slurry generally leads to higher SOM accumulation and
consequently lower bulk density (Bd), the PS and SS soils had higher Bd than control
treatments PC and SC, probably due to the effects of the external loads exerted by
agriculture machinery in conventional tillage in PS and SS. The exception occurred in SC
soil, where the experimental plots were established in untilled soils adjacent to a track,
which gave higher Bd to 25 cm depth. As reported in other studies (Arvidsson, 1998; Askin
and Ozdemir, 2003; Ruehlmann and Kdérschens, 2009), Bd values were directly correlated
to sand contents (r=0.66, p<0.01) and inversely to SOM content (r=0.41, p<0.05).

Salinity and pH were altered at the soil surface due to application of slurry. The EC in PS
topsoil exceeded the adequate range for most crops (EC >4 dS m™), whereas in PC the EC
value was inside that range. The pH in general was lower in PS and SS topsoils than in the
controls, due to the higher H" release during N mineralisation after slurry application. The
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chemical effect of slurry addition was higher in Pichidegua soils than in San Pedro soils
due to higher dose applied to the former, but its effect on both soils declined with depth.

3.4.2 Soil nitrate concentration distribution

Nitrate concentrations (Table 3.2) were significantly (p<0.05) higher and showed
considerably higher variation during the study period in Pichidegua (PC and PS) than in
San Pedro soils. All soils and managements showed slightly higher NO3™ concentrations at
the beginning of the measurement season (May-June) due to the high temperatures, but they
decreased subsequently through immobilisation. During late autumn and winter, the NO3
concentrations decreased due to both lower temperatures and leaching. In Pichidegua soil,
this trend changed later in the season, with slightly increasing NO3™ concentrations in
September owing to the higher temperature, which promoted higher mineralization (Leirds
et al., 1999; Sierra, 2002). In San Pedro, there was a steady regular NO3™ concentration
decrease throughout the study season.

Table 3.2. Nitrate concentration ([NO3z7]) and ammonium concentration ([NH,]) at depth
in two soils of central Chile with and without slurry applications.

Biweekly [NO;? Period mean Period mean
Soil®  15-May  07-Jun  21-Jun 18-Jul  16-Aug 30-Aug 20-Sep [NOs] [NH,’]
ppm

PS0O 723 523a 756 653 457 261 560 562 B 3378
PS 25 18.7 1759 709 593 27.1 429 859 687 B 25.7
PS 50 15.9 597 425  56.9 27.1 672b  74.7b 49.1bB 16.5
PS100 429 611b 611b 527 177b  59.7b  635b 51.3b B 14.3

PCO 65.3 99.4b 317  56.0 55.5 551 728 623 B 246 B
PC25 509 798 509 434 11.2 485 420 467 B 14.4
PC 50 11.7 285 168 177 10.3 271a 233a 19.3aB 17.7
PC100 121 182a 117a 75 56a 121a 13la 115a 141

Biweekly [NOs] Period mean  Period mean
Soil 02-Jun 14-Jun  28-Jun 26-dul  10-Aug 23-Aug 06-Sep 14-Sep  [NO:l [NH.']
ppm

SS0 39.2 481 280 168 142 117 79 42 213 A 158 A
SS 25 215 411b 523 75 56 79 79 47 18.6 A 14,5
SS 50 182b 131 107 28 37 37 79 28 79 A 11.7
SS100  14.9 145 121 107 65 103b 61 23 9.7 A 9.9
SCO 24.3 145 145 93 91 89 77 65 11.8 A 122A
SC 25 11.2 217a 203 51 37 117 47 09 9.9 A 11.9
SC 50 112a 98 119 19 47 89 75 00 70 A 12.6
SC100 154 11.2 84 33 84  47a 61 42 7.7 11.8

Different lowercase letters at the same depth and soil (same basin) denote statistically significant differences (p<0.05) between
managements, different capital letters at the same depth denote statistical differences between different soil series with the same
treatment.

PS: Pichidegua soil with slurry applications; PC: Pichidegua soil (control); SS: San Pedro soil with slurry applications; SC: San Pedro
soil (control).
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The increased NOj3™ content at depth (50 cm and 100 cm) at the end of the measurement
season (Table 3.2) was presumably caused principally by leaching from the root layer. It
has been demonstrated in several studies that depending on climate, mineralisation
decreases considerably with soil depth (Kleber et al., 2000; Fu Sheng et al., 2005;
Kheyrodin and Antoun, 2007). Dauden and Quilez (2004) and Van Es et al. (2006)
demonstrated the risk of NL in Mediterranean zones, such as that in this study, and noted
that the risk of groundwater pollution is associated with water budget and soil properties.

The NH;" concentration was also significantly higher (p<0.05) at surface horizon in
Pichidegua soils, compared to San Pedro soils, with higher values under slurry applications,
especially in the first 30 cm of soil (Table 3.2). Soils with amendments showed a regular
decrease in NH4" with soil depth, whereas at control sites the concentration decrease was
not as marked. Although the NH," retained at exchange sites represents a lower risk of
contamination of groundwater than NOg, it can be nitrified or lost to the atmosphere,
depending on season and soil characteristics (Havlin et al., 2005).

3.4.3 Saturated hydraulic soil conductivity (Ks)

Soil hydraulic conductivity showed high statistical dispersion, with standard deviation
values that even exceeded the mean values (see Table 2.5 without air permeability, Chapter
2) despite the spatial proximity. Thus the variation observed must be interpreted as inherent
to soil heterogeneity. According to Jury et al. (1991) and Warrick (2002), the coefficient of
variation for Ks ranged from 50 to 300 %, while Mallants et al. (1996) reported values from
105 to 619 % in a transect of a sandy loam soil with macropores, depending on the
measurement scale.

Saturated soil hydraulic conductivity (Ks) in general tended to decrease with time at almost
all depths, but after 24 h showed some stabilisation. The exception was found in PC at 100
cm depth, where Ks increased up to 4 h and then decreased. In some cases Ks increased
slightly after 24 h (PS at 0 and 100 cm, PC at 25 cm, SS at 25 cm and SC at 0 cm depth),
which was associated with occlusion due to pore system collapse and a subsequent small
recovery in its functionality, altering the total function of porosity and decreasing its
solution transport capacity. A similar effect has been reported in previous studies, some of
them carried out on Andisols and Ultisols of south Chile (Ellies et al., 1997; Janssen et al.,
2004; Osunbitan et al., 2005; Alarcon et al., 2010; Dorner et al., 2010).

The large variation in Ks at different depths reflects the anisotrophic nature of soil pedons,
as a result of sedimentation and horizon genesis (Kutilek and Nielsen, 1994; Hillel, 1998;
Domenico and Shwartz, 1998).

Various relationships between soil physical properties and Ks were found when using the
mean values to reduce spatial variability, but most were associated with diameter of soil
particles (sand and silt content) and soil porosity (clod bulk density and total porosity) as is
shown in Figure 2.5 in Chapter 2.
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3.4.4 Unsaturated hydraulic conductivity (Kns)

A significant dependency (p<0.01) of Kns on the hydraulic gradient was found (see Figure
2.6 in Chapter 2). In fact, as the soils were coarse-textured there was an abrupt decrease in
Kns at high tensions. Fine-textured soil horizons shown higher Kns at high water tensions
due to more water-filled pores and continuous water films (Radcliffe and Rasmussen,
2002). In contrast, as reported by Ellies and Vyhmeister (1981), the potential gradient
assessed here was considerably higher, especially in San Pedro soil, reaching almost 10*
hPa (see Figure 2.8 in Chapter 2), and the Kns was significantly lower due to the stratified
nature of soil profiles.

Pichidegua soils displayed higher Kns than San Pedro soils, principally associated with
textural classes and especially high potential gradients. Only plots in PC treatment at 50
and 100 cm depths showed significant differences (p<0.05) in Kns, which confirms the
stratigraphic heterogeneity of the study soils, the oscillation of the watertable and its effect
on soil genesis.

Comparing plots with and without pig slurry application on Pichidegua soils, significant
spatial variation in Kns was detected. It was considerably higher at 100 cm depth for fine-
textured soil and at 50 cm depth for coarse-textured horizons (see Figure 2.7 in Chapter 2).
This sandy horizon at 50 cm depth, confined between finer horizons, should constrain water
movement in unsaturated conditions and internal drainage during infiltration (Hillel, 1998).

In San Pedro control soil, without slurry applications and without tillage (SC), there was
significant spatial variation (p<0.05) in Kns between plots at 25 cm. Tillage of San Pedro
soils with slurry application (SS) induced spatial homogenisation of soil properties by
mixing upper horizons and destroying the soil structure.

At both sites, temporal variations in Kns during the study period were associated mainly
with changes in natural environmental conditions due to rainfall, vegetal growth and decay,
and changes in soil structure (Gupta et al., 2006).

3.4.5 Preferential flow: image analysis of stained areas

The stained areas in both Pichidegua soils were similar, although stained depth was lower
in the PS treatment (Figure 3.1). This pattern was due to the higher density of upper
horizons, promoted by tillage, which can lead to development of a plough pan that normally
generates horizontal flow. Dimensions of soil profiles were 0.9 m width and 1.1 m depth in
PS soil (under a maize crop) and 1.1 m width and 0.8 m depth in PC soil, with the
watertable occurring below these depths. In both cases, the stained horizontal pattern was
considerably homogeneous, with some degree of horizontal repetition through the soil
profile. This was strongly dependent on soil structure with homogeneous aggregation (type
and grade of soil structure) and could be considered to represent some degree of fractal
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Figure 3.1. Pichidegua soil with slurry additions (PS). Left: stained profile. Above right:
horizontal stained coverage pattern; below right: vertical stained coverage pattern.

Treatments PS and PC showed high concentrations of dye tracer stains in the topsoil,
decreasing abruptly with depth through the soil profile, and almost disappearing at
approximately 55 cm. The PS profile showed a stained area of 33.24%, while the stained
area of the PC profile was 37.54%. This difference in stained area between treatments
demonstrated that the solution flow through PS soil interacted to a lower degree with the
soil matrix than in PC (Figure 3.2). A probable explanation is the conventional intensive
tillage of PS, which has caused continuous cutting of macropores and soil compaction
(Kranz and Kanwar, 1995; Elliot et al., 2000; Hangen et al., 2002; Collum, 2009), while
the reduced tillage in PC and the effect of seasonal weeds and scrub resulted in conditions
giving higher stain coverage.

83



80 cm

Ocmllcm 22cm 44 cm 110 cm

Stained coverage (%)

s s L L L )
0 500 1000 1500 2000 2500 3000
Width (pizels)

500

Z 1000

Depth (pix

1500

.
R e R e ey 2000

2500 L . . . . . \ . . .
0 0 20 30 40 50 60 70 80 90 100
Stained coverage (%)

Figure 3.2. Pichidegua control soil (PC). Left: stained profile. Above right: horizontal
stained coverage pattern; below right: vertical stained coverage pattern.

San Pedro soil with slurry additions (SS) had a stained area distributed across almost the
entire soil profile, which covered an area 1.5 m wide and 1.2 m deep. The flow solution
interacted considerably with the soil matrix, bypassing just a small fraction of the left side
of soil profile, while the right side presented an area of higher concentration in the stained
pattern due to flow occurring through this area, causing a higher concentration of dye tracer
in the lower one-third of the soil profile. The amount of stained pixels was considerably
higher than for the other profiles assessed, covering 80.06% of the total area, with an
homogeneous pattern. This stained pattern is mainly explained by tillage, soil texture
(Addiscott, 1996; Ogawa et al., 2002) and heterogeneous soil compaction under the tracks
of agriculture machinery (Etana et al., 2013), leaving an unstained area on the left side of
the picture (Figure 3.3).
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Figure 3.3. San Pedro soil with slurry additions (SS). Left: stained profile. Above right:
horizontal stained coverage pattern; below right: vertical stained coverage pattern.

A typical preferential flow pattern occurred in the SC profile (Figure 3.4), where at both
sides of the soil horizontal profile (1.6 m wide, 1.1 m deep) there were some thin stained
paths of higher dye concentration. This pattern represented macropores created by soil
aggregation, bypassing the soil solution to depth, which diminished the interaction between
soil solution and soil matrix and can promote solute leaching to groundwater (Janssen and
Lennartz, 2008; Mooney and Moris, 2008; Nielsen et al., 2010; Jarvis et al., 2012). The
vertical pattern showed a steep decrease in stained coverage from approximately 26 cm
depth, while the assessed profile covered a stained area of 42.07%.
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Figure 3.4. San Pedro control soil (SC). Left: stained profile. Above right: horizontal
stained coverage pattern; below right: vertical stained coverage pattern.

The stained path width (SPW) vertical patterns are presented in Figure 3.5. In Pichidegua
the two SPW profiles showed considerable similarities, with SPW,y being more
homogeneous and deeper in the arable topsoil layer of PS, whilst SPWyp.200 and SPWoy
showed a common distribution pattern in the two soil profiles (PS and PC), but with a
higher proportion of SPWyg_200 in PS.

The SPW distributions in San Pedro soils showed clear differences between soil conditions

(Figure 3.5). Some SPW,y were widespread through the entire SS vertical profile, being
higher in the arable topsoil layer, whilst in SC they were confined to the top layer.
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Figure 3.5. Vertical stained path width pattern distributions in soils of central Chile.
Above: Pichidegua soil profiles (control on left, slurry-amended on right). Below: San
Pedro soil profiles (control on left, slurry-amended on right).

Image analysis includes several steps which can be affected by subjectivity, i.e. different
operators are likely to come to slightly different conclusions based on the same images
(Weiler and Flihler, 2004). Therefore, summarising these results, some flow type
classifications according to SPW are presented in Figure 3.6.
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Figure 3.6. Soil solution flow types with soil depth, classified according to stained path
width (SPW) distribution (Table 3.1) in two soils of central Chile using brilliant blue dye
tracer.

In all profiles homogeneous matrix flow occurred in upper horizons, but was deeper in San
Pedro than in Pichidegua soils. This was generally followed by heterogeneous matrix flow
and solution-matrix macropore flow with different degrees of interaction. However in SS
the homogeneous matrix flow extended through the entire soil profile, but was intercalated
by zones of matrix heterogeneous flow. The factors inducing such matrix flow through the
first 50 cm of soil are associated with tillage in the topsoil, greater soil aggregation and
coarse textural classes (Addiscott, 1996; Ogawa et al., 2002; Jarvis et al., 2012). Hence,
soil aggregation plays a major role in controlling flow type through soils and attention must
be paid to studying its impact on the leaching of solutes and pollutants.

The distribution of coverage of stained areas and SPW classifications are shown in Table
3.3 for different sampling depths. Percentage values of SPW are with respect to stained
pixels and the pixel range corresponded to 10 cm according to the size of samples and the
picture scale.
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Table 3.3. Stained areas and stained path width (SPW) distribution at different soil depths
(cm).

Stained coverage Pixel interval SPWqq” SPW0.500 SPW,

Soil® e %p--------- n° %

PSO 94.1 278 63.9 35.4 0.7
PS 25 54.6 278 2.5 82.8 14.7
PS 50 5.0 278 0.0 6.8 93.2
PS 100 11.6 278 0.0 23.6 76.4

PCO 92.8 227 73.5 24.6 1.9
PC 25 50.7 227 0.8 81.6 17.7
PC 50 20.2 227 0.0 66.8 33.2
PC 100 8.3 227 0.0 19.0 86.3

SSO 98.2 202 95.1 4.4 0.4
SS 25 78.6 202 59.9 35.0 5.1
SS 50 74.5 202 69.1 29.6 14
SS 100 79.9 202 80.7 19.0 0.3

SCO 97.8 193 99.7 0.2 0.1
SC 25 66.6 193 27.0 64.0 9.1
SC 50 31.2 193 11.7 72.2 16.1
SC 100 7.1 193 0.0 40.5 59.5

®PS: Pichidegua soil with slurry applications; PC: Pichidegua soil (control); SS: San Pedro soil with slurry applications; SC: San Pedro
soil (control).
SPWa00: SPW >200 mm ; SPWo.200: 20- mm < SPW < 200 mm; SPW,: SPW < 20 mm.

The pattern distribution showed a regular decrease in stained coverage with depth,
especially for control sites of both basins. There was a marked decrease in SPW g0, but this
was compensated for by a sharp increase in SPW,, with depth, except in SS. In general,
SPW0.200 increased between 25 and 50 cm soil depth.

3.4.6 Stained path width and its relationship with soil properties

The SPW,q values were related to sand content and clod bulk density (Figure 3.7). In both
cases the fit found was positive quadratic, which means that there is a medium value of
both properties that promoted a minimum value of SPWq.
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Figure 3.7. Relationships between pattern of stained path width >200 mm (SPWq) and
physical soil properties.

Hence, sand content could be related to matrix flow, as the soil had a predominance of
SPW,yo owing to the pore arrangement promoted. The lower SPW,qo occurred in the range
40-50% sand content, which means that 50-60% of fine particles occluded and filled the
pore space between sand particles (loam textural classes), promoting soil arrangements that
prevented homogeneous matrix flow, while at lower sand contents soil structure increased,
promoting slightly more homogeneous flow. A high coBd led to homogeneous matrix flow
and a high interaction of soil solution with soil matrix due to a reduction in macropores.

Correlations were also found between Ks and SPW,,, where the fit was also positive
quadratic. On the other hand, a negative exponential fit was found between Ks and SPWo.
200 (Figure 38)
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Figure 3.8. Relationship between stained path width (SPW) and saturated hydraulic
conductivity (Ks).

In the case of SPW,, (Table 3.3), values approximately higher than 40% indicated greater
Ks, due to increased vertical flow and faster flow through macropores. Similarly, values of
SPW,, lower than 40% represented increased Ks due an increase in matrix flow. Lower
SPWhag.200 Values indicated higher Ks values (Ks > 4 m d™%). Stained path widths between 20
and 200 mm indicated impeded soil water movement, allowing its interaction with the soil
matrix, but under the presence of macropores, promoting intra-aggregate wetting.
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3.4.7 Nitrate concentration distribution explained by soil hydraulics

Although nitrate concentration [NO3] cannot be explained solely by soil hydraulics
because NOj™ inputs are not considered, analysis of hydraulics can help to understand its
distribution through the soil profile. In San Pedro soils, NO3™ concentrations were related
to Kns (see Figure 2.12 in Chapter 2). This effect was related to more homogeneous flow
type, which in the case of SS was predominantly matrix homogeneous flow, decreasing
NOj" concentrations with an increase in Kns. In contrast, in Pichidegua soils it was not
possible to establish such relationships due to flow type transitions through the profile.
However, in Pichidegua soils NO3; changes appeared to be related to water content
variations between consecutive measurement dates.

To assess the relationship of NO3™ concentration and hydraulic properties obtained from
image analysis, some pedotransfer functions were obtained from least square fit:

[NO3] =578.05 + 1.12 SC - 6.97 SPWoqg - 6.36 SPWg.200 - 5.57 SPWoq + 1.79 [NH, ] (Eq. 3)
p<0.001; R?=0.83; RMSE=11.319

[NO;] =702.09 +1.85 SC - 8.62 SPWogo - 7.76 SPWg.200 - 6.48 SPWyg - 26.82 Ks24 (Eq. 4)
p=0.0034; R*=0.79; RMSE=12.595

where [NOgz] is nitrate concentration (ppm), SC is stained coverage (%), SPWyy is
SPW>200 mm (%), SPWo.200 is 20 mm<SPW<200 mm (%) and SPWy, is SPW<20 mm
(%); [NH4'] is the ammonium concentration (ppm) and Ks24 is saturated hydraulic
conductivity after 24 h (m d™).

In general, NO3s concentration was negatively correlated with SPW and Ks because a
reduction in water movement through the soil and a decrease in continuous vertical stained
paths concentrated solutes within the soil. Nitrate concentration was positively correlated
with SC, denoting higher interaction with the soil matrix.

Further studies under controlled conditions, with a higher number of stained profiles, at
different sampling scales and assessing the effect of aggregation on soil hydraulics and
flow type, are still needed to obtain better knowledge of the relationships between soil
physical properties, flow type and nitrate distributions.
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3.5 CONCLUSIONS

Hydraulic soil properties, including saturated and unsaturated hydraulic conductivity and
preferential flow were shown to play a significant role in NO3™ distribution through soil
profiles. Preferential flow, determined through image analysis and measurement of stained
path width (SPW), permitted flow types to be classified.

Stained path width (SPW) was related to saturated hydraulic conductivity, clod bulk density
and sand content. Matrix flow types were observed through soils, especially in the upper 50
cm depth due to tillage of the topsoil, soil aggregation and soil textural class, while below
this depth there was a transition to macropore flow types, except in SS pedons.

There was some temporal variation in NO3 concentration, with a slight increase in the
temperate season and a regular decrease during autumn and winter season, due to the use of
N by microorganisms when decomposing SOM, lower temperatures and leaching to below
the root layer.

Unsaturated hydraulic conductivity was principally related to hydraulic gradient and proved
to be associated with NO3;  mainly in San Pedro soils, where there was dominant
homogeneous matrix flow that interacted with soil to a higher degree.

Studies under controlled conditions are needed to assess the effect of aggregation on soil
hydraulics and flow type and further extend knowledge of the relationships between soil
physical properties, flow type and NOjs™ distribution.
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CHAPTER 4. PHYSICAL RISK INDEX FOR GROUNDWATER POLLUTION BY
SOIL NITRATE LEACHING IN CENTRAL CHILE

41  ABSTRACT

Nitrate leaching (NL) is a major concern due to its impact on human health and ecosystem
equilibrium. Solute movement through soil is governed by various hydraulic and physical
properties that determine water flow. In order to study such relationships, a risk index of
groundwater pollution was developed using results from field experiments carried out on
two soils under long-term pig slurry applications.

The study was carried out in two basins of central Chile, San Pedro and Pichidegua, on
Quilamuta (Typic Xerochrepts) and Tinguiririca (Mollic Xerofluvents) soil series,
respectively. Pichidegua soil had a maize crop in spring-summer and fallow in autumn-
winter and San Pedro soil a maize crop in spring-summer and a ryegrass-barley-oat mixed
crop rotation in autumn-winter. Each soil and control sites in each case (uncultivated and
without pig slurry applications) were characterised in physical and hydraulic terms (4
replicates). Water content and nitrogen (N) concentration (as NO3 and NH,") at 0, 25, 50
and 100 cm depth were determined. The water and N budgets were then drawn up using
experimental and meteorological station data on water and periodic field measurements of
N in soil, vegetal tissues, slurry and N mineralisation-immobilisation. Dye tracer tests were
performed with brilliant blue (BB) dye and the staining patterns analysed. Some
pedotransfer functions were calculated through least square fit models and artificial neural
networks.

Some accurate pollution groundwater NL risk indices were obtained through pedotransfer
functions, but with the disadvantage of using unusual soil properties as input information.
Factors directly related to NL were textural porosity, macroaggregate stability (MDV),
slow draining porosity, air conductivity at 33 kPa water tension and NO3™ concentration,
whereas wilting point porosity and stained path width >200 mm (BB tests) were inversely
associated. Dye tracer tests allowed flow type to be characterised and provided a better
understanding of the characteristics and pattern of water and solute movement through soil
to groundwater.

Key words: Nitrate leaching index, soil hydraulic properties, soil physics, dye pattern,

pedotransfer functions.

42 INTRODUCTION

Application of slurry (liquid manure) to soil can give satisfactory crop yields, substituting
partially or completely for mineral fertilisers (Zebarth et al., 1996; Jensen et al., 2000;
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Miller et al., 2002; Thomas, 2007) and improving several soil properties, although the
effects depend on the rate of application (Hemmat et al., 2010; Melleck et al., 2010).
Furthermore, there is a need to dispose of wastes from the pig production industry safely, to
protect human health, and usefully, to provide a benefit for farm finances (Mantovi et al.,
2005).

However, one of the major concerns about slurry application in agriculture is the potential
risk of groundwater pollution through nitrate leaching (NL). Slurry has a high proportion of
total N in soluble or readily mineralisable form. Studies have demonstrated that manures
with a high proportion of available N (i.e. cattle/pig slurry and broiler litter) applied to a
sandy soil in autumn consistently increase NL when the overwinter drainage volume is
typical of the long-term average for the site studies (Daudén et al., 2004; Thomsen, 2005;
Mantovi et al., 2006). Thus, such manures must be considered very risky and when used, a
strategy must be formulated to limit NL from agricultural land.

Leaching of nitrate occurs especially when N application rates exceed crop uptake rates
(Harter et al., 2002). Although N undergoes various transformation processes in soil
(oxidation, reduction, mineralisation, denitrification, volatilisation and others), for most
soils it is mainly leached as nitrate (NOs). However, if ammonium (NH;") is not
immobilised or retained by soil colloids, it can be oxidised to NO3". The presence of NO3
in groundwater is a potential pollution hazard and a threshold of 10 mg L™ N-NOs for
drinking water has been defined in Chile (INN, 1984) and in the USA (EPA, 1987; Bohn et
al., 2001; Sparks, 2003). Infants are especially susceptible to poisoning by NO3 after its
conversion to nitrite (NO;), and links to diseases such as cancer, nervous system
impairments and methaemoglobinaemia (blue baby syndrome) have also been reported
(Benjamin, 2005; Gehl et al., 2005; Powlson et al., 2008; Bryan and Loscalzo, 2011; Bryan
and van Grinsven, 2013). In addition, NL causes eutrophication of surface waters, which in
coastal environments has seriously affected the biosphere (Oviatt and Gold, 2005; Vahtera
et al., 2007).

Losses of N to groundwater not only have negative health and environmental
consequences, but also represent economic losses to farmers as the N applied is not used by
crops (Buczko et al., 2010). Hence, the use and disposal of slurry and manure from the
livestock industry are currently being scrutinised in various environmental and financial
studies within welfare, human health and territorial planning, but little is known about the
impact of manure management practices on water quality in the extensive alluvial aquifers
underlying many basins (Harter et al., 2002). Climate change increases the concern about
this worrying process (George et al., 2010).

One of the simplest ways to avoid groundwater pollution by NOj' is by proper management
and optimisation of the amount of nutrients applied through slurry or fertilisers by careful
evaluation of soil fertility based on previous crop rotations and their coverage (Harter et al.,
2002). For example, the European Union has classified the vulnerability of territorial areas
according to the NO3™ concentration and trophic status of waters and has introduced action
programmes in these areas limiting the doses of slurry to different levels depending on
category (Mantovi et al., 2005). Other strategies to reduce NL following the application of
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organic material to free-draining soils take account of the characteristics of the material and
the climate conditions at the site (Beckwith et al., 1998).

According to Dinnes et al. (2002), the NL problem is not solely caused by either poor N
source management or any other single factor, but rather by a combination of soil
management practices and inherent soil physical, chemical, and biological characteristics.
Some of the main factors influencing the magnitude of NL are: i) N fertilisation rate, time,
source and method; ii) intensity of cropping and crop N uptake; iii) soil profile
characteristics that affect percolation; and iv) quantity, pattern and time of rainfall and/or
supplemental irrigation (Havlin et al., 2005). Mantovi et al. (2006) and Buczko et al.
(2010) report that NL is associated with intrinsic soil properties, water budget (especially
deep percolation) and management practices, with the groundwater pollution risk
increasing with increasing movement of water, while slower drainage results in lower NL
and higher NO3™ concentrations in soils.

Considering soil properties affecting percolation and potential NO3 pollution risk to
groundwater, there are three general soil conditions affecting water and NO3" movement:
sandy soils, aggregated soils and heavy clay soils (Addiscott, 1996). Sandy soils have a
large pore size distribution and their homogeneity promotes high water movement through
much of the soil matrix, posing a threat to the quality of underlying aquifers. In aggregated
soils, part of the water moves easily though interaggregate pores, but part moves slowly or
is retained by intraaggregate porosity. The NO3™ within aggregates is retained inside the soil
matrix, but NO3™ within interaggregate pores bypasses the soil matrix and is easily leached
to groundwater after rainfall if vertical porosity dominates. This is not a general law,
because aggregation form, degree and hierarchy must be taken into account as these cause
differences in water and NOj3 behaviour. In heavy clay soils, many of which undergo
shrinking/swelling processes, water and NO3;  movement occurs mainly through preferential
pathways and, if this connects with the drainage system, then pollutants and water can
easily reach the groundwater.

There are some factors associated with hydraulic soil heterogeneity which can promote
solute movement bypassing much of the soil profile, where pollutants are normally bound
and/or degraded, because just a partial fraction of the total soil cross-section is available for
flow (Radcliffe and Rasmussen, 2002). This is known as preferential flow (PF), which can
be assessed easily through dye tracers. The presence and abundance of PF has both
environmental and human health implications, since PF favours pollutant transport (such as
NO3’) to groundwater without interaction with the chemically and biologically reactive
upper layer of soil (Allaire et al., 2009; Jarvis et al., 2012). This means that a significant
fraction of contaminants quickly reaches the subsoil, where natural attenuation processes
are generally less effective. By the use of pedotransfer functions (PTF; Pachepsky and
Rawls, 2004; Shein and Arkhangel'skaya, 2006), NL can be predicted through physical,
hydraulic and morphometric soil properties revealed from dye staining patterns, which is
thus a useful tool to establish risk zone indices and to restrict fertiliser and manure
applications accordingly.

A number of approaches have been used to quantify the factors influencing the transfer of
NOs from terrestrial to aquatic systems, including budget calculations, process-based
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models and statistical analyses. Moreover, various studies have defined risk indices of N
diffuse pollution as tools to establish restrictions, improve efficiency and reduce
environmental degradation (Studart et al., 2005; De Paz et al., 2009; Buczko et al., 2010).
Therefore, the objective of the present study was to develop a risk index of groundwater
NOj3 pollution based on physical, hydraulic and morphometric soil properties determined in
field experiments on two soils of central Chile under long-term pig slurry applications.

43 MATERIALS AND METHODS

4.3.1 Study site description

The data used for developing the risk index of groundwater NO3™ pollution were obtained in
field experiments carried out in two basins of central longitudinal valley of Chile,
(Pichidegua: UTM 0277313E, 6194387S and San Pedro: UTM 0289587E, 6240288S;
Datum WGS 1984 19S). These experimental sites corresponded to two representative
cartographical units or polypedons (phases of soil series) that pose a high potential risk of
NOs leaching to groundwater.

At each site, a representative soil under conventional agriculture and with pig slurry
application was chosen. These soils were defined as Pichidegua Slurry (PS), with
continuous pig slurry application during a 10-year period, fallow management in late
autumn and early winter and a maize crop in late winter, and San Pedro Slurry (SS), with
continuous pig slurry application during a 5-year period, a maize crop in spring-summer
and a ryegrass-barley-oat mixed crop rotation in autumn-winter. At each experimental site,
a similar control soil (without amendments and fertilisers) was selected, characterised and
defined as Pichidegua Control (PC), which had fallow management and natural weeds and
scrub, and San Pedro Control (SC), which had Mediterranean annual prairie (see Table 2.1
in Chapter 2).

The soil at both experimental sites is of alluvial origin, with a deep, stratified profile.
Pichidegua soils cartographically belong to the Tinguiririca soil series, loamy sand Mollic
Xerofluvent occupying a recent alluvial terrace position (CIREN, 1996a). San Pedro
pedons are sandy loam Typic Xerochrepts (Quilamuta soil Series) occupying terraces or fan
positions, with granitic parent material (CIREN, 1996b).

A semi-arid Mediterranean climate, with most rainfall occurring between May and October,
hot summers and relatively cold (Pichidegua) and relatively mild (San Pedro) winters,
characterises both basins. In the Pichidegua basin, the maximum (January) and minimum
(July) annual air temperature (AAT) is 29.0°C and 4.9°C, respectively, with mean annual
precipitation (MAP) of 696 mm. In the San Pedro basin, the maximum and minimum ATT
is 31.3°C and 4.4°C respectively, with MAP of 383 mm (Santibafiez and Uribe, 1990;
1993).
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4.3.2 Local water budget

At each site a simplified water budget (Figure 4.1) was defined using climate data from a
nearby meteorological station (Pichidegua station, code 8001, 34°21'34"S, 71°17'59"W;
San Pedro station, code 330110, 33°56'29"S,- 71°23'39""W) and according to Equation 1.

Rainfall I
and Evapotranspiration

Irrigation ﬂ

—> Runoff

|

cde e

i l

Capillary rise  Deep percolation

Figure 4.1. Simplified water balance for the study sites (adapted from Allen et al., 1998).
+DPorC=1+R- (46 + ETc) (Eq. 1)

where DPorC (m® ha® or mm) is deep percolation or capillary rise (positive values
represent deep percolation and negative values capillary rise), | and R are irrigation and
rainfall, respectively (m® ha™ or mm), 46 is the change in volumetric soil water content
(6+1-6, cm® cm™) and ETc corresponds to crop evapotranspiration (m*ha™ or mm).

Runoff was considered negligible due to the coarse-textured upper soil and low slope

(<1%). Soil water content (&) was determined with a ®Diviner 2000 (Series 11) device every
two weeks.

4.3.3 Estimated nitrate leaching (NL)

Based on previous morphological descriptions, N levels were chosen to represent 0-10; 10-
35; 35-60 and 60-110 cm and therefore soil sampling depth intervals for N measurement of
0-10; 25-35; 50-60 and 100-110 cm were decided. Subsequently a weighted mean was
calculated to establish initial and final N (NO3+NH,) levels in the 0-110 cm depth interval.

Using soil coring, samples of soil were collected every two weeks from the predetermined
layers for NO3” and NH," analyses. In San Pedro soil, vegetal tissues were collected for
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total N estimations and dry matter production to obtain the N exported (Sadzawka et al.,
2007). The Pichidegua soils were under fallow during the early study period (May-
September). The mean N concentration measured in the pig slurry applied was 1.3 g L™ and
the volume applied on each occasion was approximately 500 m* ha*, supplying a N dose of
640 kg ha™ on 11 July and 1 August. In San Pedro soils, no slurry additions were carried
out during the study period.

Every month, five covered PVC cylinders with ventilation holes (3 replicates per plot) were
collected to assess in situ soil N mineralisation-immobilisation rates and cumulative net N
mineralisation, determined as the difference between final and initial inorganic N content
(Kolberg et al., 1997). A positive value indicated that the process of mineralisation had
dominated, while a negative value denoted that immobilisation had exceeded mineralisation
(N4jera et al., 2013).

In each experimental unit, the following N budget was used to estimate NL:
NL = ANNos;+NH, = MIT - Cex - GL (Eq. 2)

where NL corresponds to nitrate leached from the corresponding measuring depth,
ANnos+NH, represents the difference in plant-available N between two consecutive dates
(Ramos and Kiicke, 1999), MIT corresponds to the gross mineralisation-immobilisation
turnover from organic N through the study season, Cex represents the N output due to crops
(uptake and harvesting) and GL to gaseous losses (volatilisation and denitrification).

Nitrate leaching was then calculated as the sum of NO3™ and NH,4" concentrations between
consecutive dates when: a) the water budget confirmed that there was deep percolation and,
b) the N difference at 100-110 cm depth was negative (Nfinai - Ninitiar), @ssuming that at such
depth N was leached beyond root depth. In a modified version of the method used by
Scheffer and Ortseifen (1997), MIT and Cex were subtracted from the N budget between 0-
10 and 25-35 cm (Najera et al., 2013) to obtain NL values, but not for deeper samples due
to the decrease in mineralisation (Kleber et al., 2000) and plant uptake with depth.

In addition, NL obtained through the N balance was compared with the following model
(Matus and Rodriguez, 1994) of NO3” movement in soils:

L=A[DP/(DP+(Wa Bd))] - (Eq. 3)

where L is the amount of NL (kg N ha %) to below rooting depth z (cm), A is the annual
mean amount of N-NOs™ (kg ha™) present to depth z, Wa is soil moisture content (g g, Bd
is soil bulk density (Mg m™) and DP is the percolation below depth z (cm).

4.3.4 Sampling for hydraulic and physical soil tests

Disturbed and undisturbed soil samples (4 replicates) were taken at the same depths as
samples for N analysis (0-10, 25-35, 50-60 and 100-110 cm) in each pedon, for soil
physical and hydraulic analyses.
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Sieving in dry and wet conditions was used to calculate soil macroaggregate stability,
determining the mean diameter variations (MDV) according to Hartge and Horn (1992). By
means of a suspension in distilled water with and without chemical dispersion, the
microaggregate stability was assessed through the dispersion ratio (DR) according to
Berryman et al. (1982).

Soil organic matter (SOM) content was determined through calcination (360°C; Sadzawka
et al., 2006), air permeability (Ka) with an air permeameter (Peth, 2004) and hydraulic
conductivity (Ks) by constant load permeameter tests (Dane and Topp, 2002). Soil water
retention curves (pF) were obtained using pressure plates, particle size distribution using a
Bouyoucos hydrometer, bulk density (Bd) through the clod (cIBd) and core (coBd) methods
and particle density (Pd) by picnometer (Dane and Topp, 2002).

The values of Ka and Ks were logarithmically transformed for subsequent statistical
analysis.

4.3.5 Preferential flow (PF) patterns

The PF pathways were examined in open pits at each experimental unit after dye tracer
application. Brilliant blue (BB) dye was chosen due to its easy mobility, high contrast with
the soil background colour and its low toxicity (Flury and Flthler, 1995).

After irrigation, a load of BB solution was applied within sub-plots (metal frame square) of
1.5 m? at a concentration of 2.2 g L™, according to Nielsen et al. (2010). To reach soil
saturation at 100 cm depth, the volume of applied solution was calculated. Subsequently,
with the soil profile exposed, stained areas were morphometrically assessed under natural
daylight conditions and without direct radiation. White reflection panels were positioned on
three sides of the pit to balance and compensate for differences in illumination by diffuse
light and the soil profile was photographed. Some rulers were attached to the profile in
order to correct the image geometrically and assess the physical distribution of stained
macropores (Weiler and Fluhler, 2004; Alaoui and Goetz, 2008).

Digital image analysis was performed using software Gimp 2 (GNU image manipulation
programme). Geometrical correction and maximisation of blue, green and cyan colour were
carried out with subsequent subtraction of background colour and the conversion of images
into greyscale tones. Finally, a median filter of 2 cm was applied.

The vertical dye pattern was then analysed (Matlab software) according to Weiler and

Fluhler (2004) with stained path widths (SPW) <20 mm, 20-200 mm and >200 mm,
obtaining SPW profiles and geometry patterns. See Chapter 3 for more details.
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4.3.6 Experiment design and statistical analyses for obtaining the risk index of NL

At the experimental site (see Figure 2.1 in Chapter 2) two pits between plots were
excavated to examine the soil profile. The experimental design was completely randomised,
with experimental units corresponding to each soil sampling unit and with treatments
corresponding to treatment (slurry addition/control) on each soil series (see Table 2.1 in
Chapter 2).

A t-Student test was carried out for soils with contrasting slurry applications in the same
soil series and multiple component testing to assess the correlation between soil properties
and N budgets.

Through correlation matrix, the variables correlated with NL were identified. For this
purpose, a backward stepwise analysis (p<0.05) complemented the correlation matrix to
select the variables related to NL. Subsequently, through a standard least square test, some
linear regression fit models were obtained, which worked as pedotransfer functions (PTF).
The reason for obtaining PTF is to model and accurately predict the risk of groundwater
pollution by NL. Thus it allows laborious experimental determination of NL to be replaced
by mathematical equations derived from other simpler and cheaper soil property
measurements, which serve as input to the model.

Besides the regression fit models obtained, some artificial neural networks (ANN) were
estimated to improve the PTF. This method involves no predetermined relationships and is
capable of simulating any relationship between dependent and independent variables,
whether linear or not. One of the disadvantages of ANN is that its algorithms can be hardly
analized (Shein and Arkhangel'skaya, 2006).

In both PTF methods used, some accuracy indices were calculated. The most obvious is the
determination coefficient (R?), which was complemented with the root mean square error
(RMSE) and the sum of squared error of prediction (SSE). In the case of ANN, cross-
validation was used through at least two values to validate the model.

44  RESULTS AND DISCUSSION

4.4.1 Water budget

Water budget results obtained through the entire period are shown in the Appendix.
Negative values of deep percolation (DP) imply water gains by capillary rise (C). The ETc
values throughout the entire period were very low due to autumn-winter climate
characteristics, fallow management and the sparse vegetation during the season, except in
SS.
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The soil water balance is very sensitive to evapotranspiration measurements (Ramos and
Kiicke, 1999). Therefore, values of ETc in San Pedro soil, and especially in SS soil, were
considerably higher than at the other site due to the presence and characteristics of the
ryegrass-barley-oat crop rotation. On the other hand, DP was higher in PS soil, associated
with fallow practices and irrigation.

4.4.2 Nitrate concentrations and leaching

Any discussion about NO3™ leaching (NL) above the root zone could be perceived as
meaningless, but it can help understand NO3™ movement through the soil profile, which is
presumably intrinsically associated with water movement. However, absolute NL must be
located below root depth, where plants cannot retain it or absorb it from the soil solution.
Estimated NL values are presented in Table 4.1 considering the nitrogen budget (Eq. 2).
Estimated values from the Matus and Rodriguez (1994) model (Eg. 3) are also included,
assuming that gaseous losses (GL) occur where there is no net DP. Data on the
concentrations of N in vegetal tissues were taken from Néjera (2013).

Table 4.1. Nitrate leaching (NL) in two soils of central Chile and parameters used for this
assessment.

Soilt DP [NOs T NLmodel NLpuget GL
mm ppm kg ha™

PSO 139.07 56.2+ 94 58.8+12.1 77.4+33.6 274+ 32.6
PS 25 139.07 68.7+£235 97.8+29.0 99.1+£57.2 49.8 +48.2
PS 50 139.07 53.7 +13.8b* 106.7 +12.8 b 86.9+12.2b 62.2+30.8b
PS 100 139.07 513+ 6.8b 481+ 7.7b 89.4+ 45b 40.6 +42.2

PCO 12381 62.3+21.6 52.8 +18.3 82.1+15.6 87+ 75
PC 25 12381 467+ 4.4 71.9+12.9 996+ 9.9 30.2+21.9
PC 50 12381 182+ 28a 68.3+13.1a 39.3+136a 84+ 79a
PC 100 12381 115+ 17a 252+ 34a 176+ 8.3a 22+ 16

SS 0 4340 21.3+4.2b 16.4+35 183+ 95 0.0+ 0.0
SS 25 4340 155+22b 94+18a 20.8 +11.9 0.0+ 0.0
SS 50 4340 79+10 56+21a 248+10.1b 133+ 7.8a
SS 100 4340 9.7+02b 15+0.6a 16.6+ 6.3 135+11.8
SCO 78.11 118+26a 138+1.8 85+34 05+ 0.6
SC 25 7811 99+08a 19.1+2.1b 145+4.9 10.9 +10.0
SC 50 7811  7.0+04 16.4+0.7b 58+4.7a 262+ 2.4b
SC 100 7811 7.7+08a 78+15b 17.0+7.8 120+ 50

1pS: Pichidegua soil with slurry applications; PC: Pichidegua soil (control); SS: San Pedro soil with slurry applications; SC: San Pedro
soil (control)

2 Mean annual nitrate concentrations taken in soil auger samples (samples of 0.1 m).

3(Matus and Rodriguez, 1994)

“Different lowercase letters between soils (same soil series) denote statistically significant differences (p<0.05).
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In Pichidegua soils, NL below 50 cm depth was considerably higher in PS than control soil
(PC), associated with slurry applications and irrigation (higher DP). In San Pedro soils,
although higher [NO;7] in SS was observed, simulated NL results were the opposite to the
expected, with higher values in SC (high DP) than in SS. However, values obtained from
the NO3 budget showed significant differences at 50 cm depth, with higher NL from 50 cm
depth in SS. The low NL differences within San Pedro (SS and SC) and even their
simulated higher values in SC are associated with high ETc (ryegrass-barley-oat mix) in
SS, which served to pump moisture to the atmosphere and confine solutes, preventing their
movement into the deep subsoil. The absence of irrigation and slurry applications in SS
during the measurement period also contributed to the results obtained.

The NL values were within the range reported in some other studies in Chile (Alfaro et al.,
2006). Those authors found NL values of 66-261 kg ha™ for control and 150 kg ha™
fertilised soil in lysimeters filled with an Andisol and 1,260 mm of rainfall. However, the
NL values determined here were considerably higher than those obtained by Salazar et al.
(2010), who reported values <4.2 kg N ha™ for addition of 400 kg N ha™ (slurry and
artificial fertilisers), also in Andisols, mainly explained by gaseous losses and retention
characteristics of soils. On the other hand, Claret et al. (2011) reported NL values <7.9 kg
N ha® in an Alfisol under 1,400 mm of rainfall, but without statistical differences between
fertilised and control soils. Iriarte (2007) reported risks of NL of 27% in soils (Mollisols,
Inceptisols and Alfisols) within a sub-basin of central Chile (Region VI, Libertador
Bernardo O' Higgins) and 63% of drinking water samples analysed showed higher
concentrations than the threshold of 10 mg N-NOs L™ prescribed by the INN (1984). In
contrast, Arumi et al. (2005) observed that aquifers in the central valley of Chile do not
contain significant nitrate concentrations associated with agricultural activity, inferring the
existence of favourable conditions for the occurrence of natural attenuating processes such
as denitrification. These contradictory NL results across Chilean soils are mainly explained
by different management practices, soil properties and water budgets.

Estimated gaseous losses (GL) of N showed considerably higher deviation than NL and
were greater in PS than in PC, increasing until 50 cm and 25 cm depth, respectively, and
decreasing subsequently. Restricted soil drainage and anoxic conditions in Pichidegua soils
resulted in high values of denitrification. In San Pedro soils, GL were higher below 50 cm
depth, but minimal above this depth due to oxidative conditions and soil structure
development, as explained by Laudone et al. (2011) in a model to predict denitrification
and N,O emissions depending on soil structure.

Assessing both estimation methods (Figure 4.2) by a comparison of the regression line of
observed versus predicted values through a conditional sum of squares, there were no
statistical differences (p<0.05) between the intersect and the slope of the fit line and the 1:1
line of observed:predicted. Thus NLmoge and NLpudger 8ssess the same phenomenon, with
low differences in the observed results.
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Figure 4.2. Regression analysis between nitrate leaching estimated by nitrogen budget and
a model defined by Matus and Rodriguez (1994). The dashed line parallel to the x-axis
represents the mean NLpydget.

It should be noted that at lower values of NL, the model underestimated the nitrate leached
obtained by the N budget. This was not necessarily a problem of the model, but may have
been caused by a methodological error during soil sampling. More studies are needed to
assess the reliability of the model used.

4.4.3 Soil physical properties

Most sites showed increasing sand content until 50 cm depth, and then decreasing sand
content until 100 cm depth (Table 2.2 in Chapter 2). An exception was found in SC soil,
where sand content showed a regular decrease with depth. The position in terraces and fans
of alluvial origin promotes a natural soil stratification in both basins, which can be seen
through the variations in horizon morphological properties (Fuentes et al., 2013).

Soil organic matter (SOM) displayed similar behaviour to sand content, related to organic
debris deposited on the surface and its oxidation. There was an increase in SOM at 100 cm
depth, related to texture; in fact, clay content showed a direct significant relationship with
SOM (p<0.01). Compensation for oxidation processes under conventionally tilled soils by
slurry applications explains the absence of significant differences in SOM between sites
with and without amendments (see Chapter 2).

Although repeated slurry applications favour high SOM accumulation, bulk density (Bd)

was higher under conventional tillage (CT) than in the control sites due to the external
loads induced by machinery traffic. The exception occurred in SC soil (control), where the
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experimental plots were established in untilled soils adjacent to a track, which led to higher
Bd until 25 cm depth (Horn, 1988; Horn, 2003).

Pore size distribution, characterised through pF curves, is presented and complemented
with textural and structural porosity values (TP and SP, respectively) in Table 2.3 in
Chapter 2. Most SP decreased with depth, where at present exogenous pedogenic factors
are almost non-active, but might have promoted soil genesis in buried horizons. Such could
be the case of San Pedro soils, for the horizon at 100 cm depth. TP was always
considerably higher than SP.

In general the total porosity (Ptotal) was higher in Pichidegua than in San Pedro soils, and
only significantly higher in PC compared with PS. However, soils in both basins had a
drainage porosity that favoured plant development due to good air-water relations (Pagliai
and Vignozzi, 2002).

There were small but significant differences in drainage and available water porosity values
between managements (see Table 2.3 in Chapter 2) when compared against permanent
wilting point porosity. However, in every case pore size distribution was mainly correlated
with soil particle size, SOM content and bulk density (see Table 2.4 in Chapter 2), the last
associated with soil structure development.

4.4.4 Hydraulic conductivity and air permeability in soil

Hydraulic conductivity and air permeability both showed high statistical dispersion, with
standard deviation even exceeding the mean values (see Table 2.5 in Chapter 2) despite the
spatial proximity, a variability which must be interpreted as inherent to soil heterogeneity.
Saturated hydraulic conductivity (Ks) in general tended to decrease with time at almost all
depths, but after 24 h tended to stabilise. Similarly, Ellies et al. (1997), found a decrease in
aggregate stability by water flow through the soil, which collapses the pore system and
decreases Ks.

The large variation in Ks at different depths reflected the anisotrophic nature of soil pedons,
governed by sedimentation and horizon genesis (Kutilek and Nielsen, 1994; Hillel, 1998;
Domenico and Shwartz, 1998). Nevertheless, soil management can be important in
explaining Ks variations in terms of short-term temporal and spatial variability, as reported
by Alarcon et al. (2010) and Ddérner et al. (2010a). In the present study, several
relationships between soil physical properties and Ks, were found using the mean values to
reduce spatial variability, but most were associated with soil particle diameter (sand and silt
content) and soil porosity (clod bulk density and total porosity) as shown in Figure 2.5 in
Chapter 2.

Saturated hydraulic conductivity depends mainly on textural and structural properties
determined by the soil skeleton and the fabric or arrangement of the skeleton. This also
promotes the development of a complex interconnected network of voids or pores between
soil particles (Berry and Reid, 1993), which confers to the soil its system functionality
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(Dorner et al., 2010b). Textural properties in the soils studied here (Figure 2.5 in Chapter 2)
related to sand and silt contents and TP, while clBd, fast draining pores, available water
pores and total porosity could be considered as depending simultaneously on structural and
textural properties.

Air conductivity (Ka) did not show a clear relationship with soil depth, air-filled porosity or
soil matric tension, but some significant correlations (p<0.05) between Ka33 and Ks were
observed (data not shown. For details see Chapter 2).

4.4.5 Soil structural and dynamic properties

As previously explained, high mean diameter variation (MDV) values denote low soil
macroaggregate stability, while microaggregate stability is inversely related to dispersion
ratio (DR) values.

Macroaggregate stability, assessed from MDV, tended to decrease with depth in both soils,
with some exceptions such as PC and SS at 50 cm depth (Table 2.6 in Chapter 2), which
showed low cohesion and similar mechanical behaviour in wet and dry sieving. The
tendency for MDV to increase with depth is explained by the absence of exogenous
conditions such as the wetting and drying cycles and organic matter accumulation and
decomposition which occur at the surface, promoting structure development from surface to
C horizons without pedogenetic processes acting upon them (Van Breemen and Buurman,
2003; Schaetzl and Anderson, 2005).

In macroaggregate stability, more labile organic matter compounds play a major role
through roots, fungal hyphae and polysaccharides excreted by microorganisms that promote
bonding between soil particles, improving structural stability (Chaney and Swift, 1986;
Waters and Oades, 1991; Kay and Angers, 2002). In the present case, this resulted in lower
MDYV (higher macroaggregate stability) to PS above 25 cm depth compared with PC.

Dispersion ratio (DR), as microaggregate stability index, showed different behaviour to
MDV, being considerably higher in San Pedro pedons. This was associated with lower soil
development or was due to soil particle type, particularly sand particles, which in the
absence of cementing agents and SOM conferred low adhesion and cohesion, and
consequently low aggregate stability.

Recalcitrant organic matter compounds fill micropores and mesopores, resulting in higher
structural stability of microaggregates compared with macroaggregates and lower values of
DR in PC (Kay and Angers, 2002). Several authors (Mbagwu and Ekwealor, 1990; Mbah
and Onweremadu, 2009) have reported that microaggregate stability does not increase with
addition of organic amendments, in contrast to macroaggregate stability. Furthermore,
organic matter compounds under natural conditions are translocated through pedoturbation,
whilst under tillage such translocation occurs inside the first 30 cm of soil.
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In San Pedro soils there were no significant differences between different soil management
regimes, but there was a tendency for higher macroaggregate stability (lower MDV) and
lower microaggregate stability (higher DR) in SC, except at 50 and 100 cm depth. In this
case, and in both basins, the size of soil particles and their nature (mineral and organic)
affected their structural development (see Figure 2.8 in Chapter 2).

4.4.6 Preferential flow and stained path width patterns

The distribution of stained areas and stained path width classifications are shown in Table
3.3 in Chapter 3 for different sampling depths. The percentage values of stained path width
(SPW) are with respect to stained pixels and the pixel range corresponds to 10 cm
according to the size of samples and depends on picture scale.

The pattern distribution showed a regular decrease in stained coverage with depth,
especially in PC and SC. There was a marked decrease in SPWy, but this was
compensated for by a sharp increase in SPW,q at depth, except in SS. In general, SPW_200
values increased between 25 and 50 cm soil depth.

The SPW vertical patterns are presented in the Figure 3.5 in Chapter 3. In Pichidegua the
two SPW profiles showed considerable similarities, with SPW,q being more homogeneous
and deeper in the arable top layer of PS, whilst SPWy.200 and SPW,, showed a common
distribution pattern in the two soil profiles, but with a higher proportion of SPWy_500 in PS.
The SPW distributions in San Pedro showed clear differences between soil conditions.
Areas with SPW,qo were widespread through the entire SS vertical profile, although higher
in the arable soil top layer, whilst in SC they were confined to the top layer.

Flow classification was carried out according to the SPW distribution, based on Weiler and
Fluhler (2004) (see Figure 3.6 in Chapter 3). In all profiles homogeneous matrix flow
occurred in the upper horizons, but was deeper in San Pedro than in Pichidegua soils. This
was followed by heterogeneous matrix flow and solution-matrix macropore flow with
different degrees of interaction. The exception was SS, in which the homogeneous matrix
flow was extended through the entire soil profile, but intercalated by zones of matrix
heterogeneous flow. The factors inducing such matrix flow through the first 50 cm of soil
are associated with tillage in the topsoil, greater soil aggregation and coarse textural classes
(Addiscott, 1996; Ogawa et al., 2002; Jarvis et al., 2012). Hence, soil aggregation plays a
major role in controlling flow type through soils and attention must be paid to studying
their impact in the leaching of solutes and pollutants.
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4.4.7 Pedotransfer functions (PTF) for nitrate leaching

Through a backward stepwise procedure and a least square fit model, some pedotransfer
functions relating NL to some basic physical soil properties were obtained:

NLpyaget = -67.2 + 77.0 SDP + 131.0 TP + 1.6MDV + 1.5 [NO;] + 0.2LogKa33
p<0.0001; R?*=0.89; RMSE=13.289 (Eq.4)

NL mogel = -1.7 - 473.7 WPP + 148.8 TP + 1.2 [NO5]
p<0.0001; R?*=0.84; RMSE=13.953 (Eq. 5)

where NL is expressed in kg ha™, SDP corresponds to slow draining porosity (cm® cm™),
WPP is wilting point porosity (cm*® cm™), TP is textural porosity (%), MDV is mean
diameter variation (%) as a macroaggregate stability parameter, [NOs] is nitrate
concentration (ppm) and Ka33 corresponds to air conductivity at 33 kPa of water tension
(m d*). All data obtained from different depths in all soils assessed were used.

According to the above equations, NL is directly and intimately associated with TP. Indeed,
elevated TP values indicate poor soil aggregate development, which leads to a high NL
from sandy soils. On the other hand, SDP and WPP, which were directly and inversely
associated with NL, respectively, clearly denote the particular functionality of soil pores by
size. The same applies for Ka33, because a higher diameter and connectivity of pores
enhances the flow capacity, which consequently drives higher solute movement and
elevates NL. The direct relationship between MDV and NL indicates that elevated
macroaggregate stability (low MDV values) in the study soils reduces NL due to fine soil
particles that infill the pore space left between sand particles. Finally, there was the
expected direct relationship between NOj; concentration and NL (Kleber et al., 2000;
Thomsen, 2005)

Applying a Gauss Newton artificial neural network (ANN) with 58-fold cross-validation (n
= 64) to improve the relations obtained through the least square fit model gave some better
adjustment of parameters due to non-linearity of the data (Figure 4.3). The hidden nodes
applied to obtain the model were denoted H1, H2 and H3.
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Figure 4.3. Artificial neural network diagrams to predict budget and modelled nitrate
leaching (NL) with three hidden nodes. Above: NLpdge: With SSE scaled: 2.49, RMSE
scaled: 0.200 and R% 0.96. Middle: NLyyqger With SSE scaled: 4.83, RMSE scaled: 0.284
and R? 0.92. Below: NLmogel With SSE scaled: 4.44, RMSE scaled: 0.270 and R%: 0.93.

By assessing mean values of NL at a same depth of measurement for each site, other PTF
were obtained, correlating porosity distribution and stained path width to NOj3™ leaching:

NLpyaget = 8.8 + 1.5 [NO3T - 0.2 SPW,g
p<0.0001; R*=0.93; RMSE=10 (Eq. 6)
NLmodet = 157.0 - 1208.7 WPP + 0.7 [NO37 - 0.4 SPW,q

p<0.0001; R*=0.86; RMSE=14.136 (Eq. 7)

where SPWoq corresponds to stained path width >200 mm (%).

Again, using ANN with a 14-fold cross-validation (n = 16), the Gauss Newton method
improved the model assessed previously due to its non-linearity (Figure 4.4).
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Figure 4.4. Artificial neural network diagrams to predict budget and modelled nitrate
leaching (NL) with three hidden nodes. Above: NLpydge: With SSE scaled: 0.22, RMSE
sczaled: 0.136 and R% 0.99. Below: NLode With SSE scaled: 0.22, RMSE scaled: 0.140 and
R“: 0.99.
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The SPWoy value is related to matrix flow type, which allows the soil solution to interact
greatly with the soil matrix, inducing an inverse relationship with NL. The same inverse
relationship applies for WPP, where higher distributions of pores with a narrow diameter
retain water at higher tensions, inducing lower water movement through the soil profile and
retaining solutes present in solution, such as nitrate.

The above models allowed the levels of NL to be predicted accurately, even through two or
three variables, which thus served as soil physical indices to assess the susceptibility of
soils to cause groundwater pollution by NL. Although the selected variables, especially
SPWyq, hinder the model application in field conditions, the present study generated new
information of the soil matrix interaction and the NL risk, having projections to be used at
sub basin level with contrasting soils. Thus, further studies must be carried out at basin or
even greater scale and should also comprise geomorphological and geological factors, to
obtain a better understanding of the relationships between soil properties and pollute
leaching associated with slurry applications and to obtain a general model for predicting
NL, thus advancing hydropedological field studies.
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45  CONCLUSIONS

In addition to N inputs as artificial fertilisers or manures, NO3™ leaching (NL) is associated
with several soil properties. Soil structure and particle size distribution are fundamental to
understanding those complex water flow processes that lead to solute movement through
pedons. Hence, many physical and hydraulic soil properties can be used to predict or model
NL.

Dye tracer (Brilliant Blue) tests can reveal soil physical and hydraulic properties and
provide a better understanding of water flow types and solute movement patterns through
soils.

To obtain an index of NL based on soil physical properties, pedotransfer functions were
obtained here using stepwise and least square fit models. These showed that textural
porosity, macroaggregate stability, amount of slow draining pores, macropore continuity
(evaluated as air permeability at 33 kPa water tension) and NOj3™ soil concentration were
positively related to NL. Wilting point porosity and dye stained path width > 200 mm were
negatively related to NL in the study soils.

Anrtificial neural network analysis proved to be a better method than stepwise and least
square fit models, giving a higher degree of adjustment and smaller errors in the prediction
due to the non-linearity of such adjustment.

The models assessed allowed the levels of NL to be predicted accurately, using only two or
three variables as soil physical indices to assess soil susceptibility to cause groundwater
pollution by NL. However, the selected variables are difficult to apply and are not usually
determined in conventional soil survey and characterisation. Thus, more studies are needed
at basin or even greater scale to identify easily determined variables and create a general
model for accurately predicting NL in the field.
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4.7

APPENDIX

Table Al. Water budget through autumn-winter season in two soils of central Chile, with
volumes of deep percolation beyond 100 cm depth (see Eq. 1).

AO ETc Rainfall Irrigation Percolation/Capillary rise

Soil Time interval (mm)

PC 5/26/2011 - 6/7/2011 -1.64 0.00 5.20 0.00 6.84
PC 6/8/2011 - 6/21/2011 25.05 0.00 48.00 0.00 22.95
PC 6/22/2011 - 7/5/2011 -7.63 0.00 15.40 0.00 23.03
PC 7/6/2011 - 7/18/2011 9.64 0.00 39.90 0.00 30.26
PC  7/19/2011 - 8/16/2011 83.28 2.64 54.70 0.00 -31.22
PC  8/17/2011 - 8/30/2011 12.76 2.58 36.70 0.00 21.36
PC  8/31/2011 - 9/20/2011 -46.68 5.38 9.30 0.00 50.59
PC Period 74.78 10.6 209.2 0.00 123.81
PS 5/26/2011 - 6/7/2011 26.20 0.00 5.20 0.00 -21.00
PS 6/8/2011 - 6/21/2011 51.92 0.00 48.00 0.00 -3.92
PS 6/22/2011 - 7/5/2011 1.65 0.00 15.40 0.00 13.75
PS 7/6/2011 - 7/18/2011 51.79 0.00 39.90 50.00 38.11
PS  7/19/2011 - 8/16/2011 14.03 0.13 54.70 50.00 90.54
PS  8/17/2011 - 8/30/2011 12.73 1.29 36.70 0.00 22.68
PS  8/31/2011 - 9/20/2011 6.68 3.71 9.30 0.00 -1.09
PS Period 165.00 513  209.20 100.00 139.07
SC 6/2/2011 - 6/14/2011 0.62 0.00 6.00 0.00 5.38
SC  6/15/2011 - 6/20/2011 41.51 0.00 66.60 0.00 25.09
SC  6/21/2011 - 6/28/2011 4.08 0.00 1.40 0.00 -2.68
SC  6/29/2011 - 7/13/2011 22.94 0.00 12.00 0.00 -10.94
SC  7/14/2011 - 7/26/2011 57.23 0.00 52.80 0.00 -4.43
SC  7/27/2011 - 8/10/2011 19.77 1.21 12.00 0.00 -8.97
SC  8/11/2011 - 8/23/2011 10.64 1.89 56.50 0.00 43.97
SC 8/24/2011 - 9/6/2011 -6.95 5.14 30.00 0.00 31.81
SC 9/7/2011 - 9/14/2011 -4.56 5.68 0.00 0.00 -1.12
SC Period 145.28 13.92 237.3 0.00 78.11
SS 6/2/2011 - 6/14/2011 8.83 0.00 6.00 0.00 -2.83
SS  6/15/2011 - 6/20/2011 56.00 0.00 66.60 0.00 10.60
SS  6/21/2011 - 6/28/2011 45.81 0.00 1.40 0.00 -44.41
SS  6/29/2011 - 7/13/2011 17.44 0.00 12.00 0.00 -5.44
SS  7/14/2011 - 7/26/2011 14.74 1.50 52.80 0.00 36.56
SS  7/27/2011 - 8/10/2011 1.13 5.35 12.00 0.00 5.52
SS  8/11/2011 - 8/23/2011 9.36 11.36 56.50 0.00 35.78
SS 8/24/2011 - 9/6/2011 22.21 21.76 30.00 0.00 -13.97
SS 9/7/2011 - 9/14/2011 -40.51 18.92 0.00 0.00 21.59
SS Period 135.01 58.89  237.30 0.00 43.40
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