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Abstract

Despite the widespread use of drip irrigation and fertigation, there is limited research on soil wetting patterns and nutrient dis-
tribution from drip emitters in agricultural soils. We compared the use of electrical resistivity imaging (ERI) with dye tracer
patterns, measured soil nitrate distribution, and modelled changes in soil moisture and nitrate distribution, in a commercial
apple orchard in southern Tasmania. Time-lapse two-dimensional ERI revealed wetting plumes beneath the emitters ranged
from nil infiltration, to infiltration beyond 1.0 m depth. Lack of infiltration beneath some emitters was attributed to runoff
caused by either water repellence or the surface leaf mulch, whilst infiltration to 1.0 m depth was attributed to preferential
flow processes. The uncalibrated ERT was unable to discern the separate contributions from of solute concentration, moisture
content and temperature to the change in electrical resistivity. The dye tracer study revealed the majority of the fertigated
nitrate was retained in the A1 horizon, whilst the fertigated water infiltrated much deeper into the A2 and B2 horizons. The
2D modelling was not able to replicate the variations in infiltration demonstrated by the ERT, principally due to the lumped
nature of the soil parameterisation, and inability of the model to simulate preferential flow. As such, use of modelling tools
and texture-based guidelines for design and management of drip emitters is not recommended for the texture contrast soils.

Introduction

Drip fertigation involves the application of soluble nutri-
ents through drip irrigation emitters. It is regarded as a pre-
cise and efficient method of supplying water and nutrients
to crops, specifically perennial tree crops. Drip irrigation
offers a large degree of control, enabling timely and precise
placement of irrigation and nutrients to meet crop require-
ments, thereby minimising application to non-target areas
and leaching of nutrients beneath the root zone (Gérdenés
et al. 2005; Thorburn et al. 2003). The shape of the wet-
ted soil volume and nitrate distribution beneath emitters
is influenced by factors such as; soil hydraulic properties,
emitter discharge rates, emitter spacing, irrigation quantity
and frequency, crop water uptake rates and root distribution
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(Girdenis et al. 2005; Nagli€ et al. 2014; Souza and Fole-
gatti 2008; Subbaiah 2013).

Despite the wide spread use of drip irrigation and fer-
tigation systems in many agricultural industries, there are
relatively few studies which have measured soil water and
nutrient distribution following fertigation in in situ agricul-
tural soils (Klein and Spieler 1987). Instead, guidelines for
the design and operation of drip irrigation systems (FAO
1997; Goldy 2012; Hung 1995) have been developed for
generic soil texture classes (e.g., sand, loam, clay) which
require modification by system designers and farmers to
account for local conditions (Thorburn et al. 2003). These
guidelines typically present soils as being uniform in which
water and nutrients infiltrate in a three-dimensional flow
pattern about the dripper (Klein et al. 1989). Consequently
these guidelines typically ignore many of the complexities
associated with infiltration into in situ soils, including; com-
paction, surface crusting, and preferential flows resulting
from water repellence, macroporosity, and contrasting soil
horizons (Bar-Yosef et al. 1988; Flury et al. 1994; Gerke
et al. 2010; Jarvis 2007). The occurrence of preferential
flow is especially important with drip irrigation systems, as
localized ponding beneath emitters may facilitate infiltration

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00271-017-0567-3&domain=pdf

98

Irrigation Science (2018) 36:97-110

through surface connected macropores, shrinkage cracks and
the development of finger flow (Clothier et al. 2008; Cote
et al. 2003; Roth 2008).

Strategic and tactical management of drip irrigation and
fertigation systems requires the ability to rapidly and non-
destructively determine emitter wetting patterns (Devasirva-
tham 2009; Thorburn et al. 2003). Manual determination of
emitter wetting patterns following infiltration such as augur-
ing or excavation are time consuming and result in damage
to tree roots. Over the last two decades development of 2D
soil water models and availability of geophysical proximal
sensors has enabled non-destructive or minimally destruc-
tive means of predicting or inferring drip emitter wetting
patterns and solute distribution (Samouélian et al. 2005;
Satriani et al. 2015; Subbaiah 2013).

A number of minimally invasive geophysical tools have
been used to ‘map’ or spatially infer irrigation wetting pat-
terns and solute distribution from drip emitters. Approaches
include; electromagnetic induction (EM 38) (Coppola et al.
2016; Hossain et al. 2010; Misra and Padhi 2014), cosmic
ray sensors (Han et al. 2016; Zhu et al. 2014), ground pen-
etrating radar (Algeo et al. 2016; Satriani et al. 2015; Shamir
et al. 2016), and electrical resistivity imaging (ERI) (Cas-
siani et al. 2015, 2016; Consoli et al. 2017; Michot et al.
2003; Moreno et al. 2015; Persson et al. 2015; Puy et al.
2016; Wehrer and Slater 2015). ERI or electrical resistiv-
ity tomography (ERT) produces 2D or cross section images
of the soils resistance to the flow of electricity. Resistivity
is influenced by soil texture, mineralogy, porosity, water
content, solute concentration and temperature (Samoug&lian
et al. 2005). Time-lapse ERI before and after irrigation or
fertigation events is therefore able to determine lumped spa-
tial-temporal changes in soil moisture, solute concentration
and soil temperature at a range of scales (Miller et al. 2008;
Wehrer and Slater 2015).

Two-dimensional soil water modelling tools such as
Hydrus-2D (§im1°1nek et al. 2016) and WETUP (Cook et al.
2003; Kandelous and Simiinek 2010) also have the ability to
predict emitter wetting patterns and solute distribution under
a wide range of soil types and management conditions. Kan-
delous and Simdnek (2010) compared the ability of different
modelling approaches for simulating surface and subsurface
drip emitter patterns, they concluded that ‘Hydrus-2D pro-
vides good predictions and should be selected over the other
models’ they evaluated. Hydrus-2D uses numerical methods
to solve the Richards’ equation for variably saturated water
flow, the convection—dispersion equation for solute trans-
port in the liquid phase and diffusion equations for solute
transport in the vapor phase (Simiinek et al. 2008, 2012,
2013; Simtinek and van Genuchten 2007). Hydrus-2D has
been successfully used to model fertigation and drip irriga-
tion practices including; Cook et al. (2006a); EI-Nesr et al.
(2014); Li et al. (2015); Mguidiche et al. (2015); Naglic¢
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et al. (2014); Phogat et al. (2013); Phogat et al. (2014); Wang
et al. (2014), however, its application in in situ soils is some-
what limited by difficulty parameterizing spatial-temporal
variation in soil properties and limited ability to simulate
preferential flow processes (Gerke et al. 2010; Simiinek et al.
2003).

In Tasmania, approximately 26% of perennial horticul-
ture (apples, cherries, vines) are located on texture contrast
(TCS) or duplex soils (Cotching et al. 2009). These soils
consist of a shallow sand to sandy loam topsoil over a clay
subsoil. Infiltration into the TCS is often complex involv-
ing a number of preferential flow processes including; water
repellence based finger flow, bypass flow through shrinkage
cracks and macropores, and subsurface lateral flow above
the A2 or B2 horizons (Chittleborough et al. 1994; Eastham
et al. 2000; Hardie et al. 2013). Drip fertigation and irri-
gation into TCS is therefore expected to result in uneven,
spatially heterogeneous, and largely unpredictable wetting
patterns, as demonstrated by Hardie et al. (2012). This has
important implications on irrigation and fertigation effi-
ciency and effectiveness in commercial orchards, where the
majority of nutrients are supplied by drip emitters.

This study was established in a commercial apple orchard
growing on a texture contrast soils to:

1. Test the use of commercially available ERI tools for
rapid non-destructive ‘mapping’ of fertigation infiltra-
tion patterns.

2. Compare fertigation infiltration patterns inferred by ERI
to those predicted by Hydrus-2D, and to in situ meas-
ured values.

3. Determine the spatial distribution of irrigation and
nitrate following fertigation.

4. Report the efficiency and effectiveness of a single drip
fertigation and irrigation event.

Materials and methods
Field site characteristics
Location and climate

The trial was located in a commercial apple orchard within
the Huon Valley, Tasmania, Australia (42°59'36.97"S,
147°59'29.04"E). The region has a temperate, maritime cli-
mate with an average rainfall of 745 mm, mean minimum
and maximum temperature range of 5.8—17.1 °C, and mean
daily sunshine hours of 5.5 h (BOM 2015). The orchard
consisted of 10-year-old ‘Galaxy’ trees, grown on M26
rootstock, pruned to a central leader training system, with
2 m tree spacing, and 4.5 m row spacing, on a 0.3 m high
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mounded tree row. The orchard had previously been irri-
gated by 2.3 L h™! emitters spaced every 0.5 m along the
tree line.

Soil properties

Prior to trial establishment, a handheld 4 m by 20 m elec-
tromagnetic induction survey (EM) was conducted using a
Geonics EM38 in QP mode, and Garmin 12 XL GPS, to
locate the trial in an area of relatively homogenous soils.
Apparent conductivity maps were produced using SURFER
version 8, employing default kriging settings and a low level
of contour smoothing. The trial was located within an area in
which the apparent conductivity varied from 5 to 9 mS cm™.

Soils were classified according to Isbell (2002) as Grey,
Eutrophic, Humose—Bleached Kurosol (texture contrast),
which consisted of a reworked A1 (0-0.30 m) sandy loam,
over a rigid bleached silica cemented A2e horizon, and a
mottled carbon rich (5.19%) light clay B21 horizon, over a
mottled medium clay B22 horizon. Selected soil properties
are presented in Table 1. Chemical analysis was conducted
by CSBP laboratories, Western Australia according to Ray-
ment and Higginson (1992).

Soil physical analysis

Soil core samples (5.0 cm X 5.2 cm and 6.0 cm X 9.0 cm)
were collected in triplicate from each soil horizon for analy-
sis of hydrological properties. Bulk density was determined
at saturation using 5.0 cm X 5.2 cm cores according to
McKenzie et al. (2002). Saturated hydraulic conductiv-
ity (K, was determined on the 5.0 cm X 5.2 cm cores by

Darcy’s Law at a constant head of + 0.1 kPa. The soil water

Table 1 Selected soil data

release curve was determined using the 6.0 9.0 cm cores
by evaporative flux (Peters and Durner 2008; Wendroth et al.
1993) using HYPROP apparatus and tensioVIEW software
(UMS 2013). The soil water retention curve was fitted using
the bimodal (dual porosity) van Genuchten—Mualem equa-
tion (Durner 1994), which better represents macroporos-
ity than the traditional van Genuchten—Mualem equation.
Parameter values are presented in Table 1.

Fertigation and irrigation experiment
Fertigation and irrigation

The trial occurred over 4 days in February, 2013. Fertiga-
tion was conducted through Netafim 15-30 kPa pressure
compensating emitters at 15 kPa with a solution of cal-
cium nitrate (4.8 g L™!) and dye tracer FCF Brilliant Blue
(7.0 g L7Y). The dye tracer was added to the fertigation
water to enable visualisation of infiltration pathways into
the soil, and to guide soil sampling. Irrigation (0.2 dS/m)
was conducted 20 h after fertigation through the existing
farm 2.3 L h™! irrigation emitters spaced at 0.5 m. High and
low irrigation treatments were established in two adjacent
8.0 m long sections along a single tree row, each containing
four trees. The low rate irrigation treatment was irrigated
for 45 min, whilst the high irrigation rate treatment was irri-
gated for 90 min.

Electrical resistivity imaging
Two-dimensional electrical resistivity imaging (ERI) was

conducted using a Wenner-alpha electrode array, which
are highly sensitive to vertical variations in electrical

Soil horizon ~ Depth (cm) Texture Organic EC,5(dS/m) pH(CaCl,) CEC(meq/100g) K, (mm/h) Bulk
carbon (%) density (g/
cm’)
Chemical and physical properties
Al 0-30 Sandy loam 3.46 0.17 54 19.13 44 1.10
A2 30-50 Loamy sand 0.47 0.19 4.1 2.64 8.2 1.50
B21 50-70 Light clay 5.19 0.25 34 11.73 1.2 1.14
B22 70+ Medium clay  2.47 0.18 4.0 4.57 0.5 1.27
Soil horizon ~ @Or (cm/cm)  ®s (cm/cm) ol (1/cm) nl ®2 o2 (1/cm) n2 RMSE
Bimodal Durner van Genuchten—-Mualem parameters
Al 0.001 0.61 0.045 2.11 0.85 0.0071 1.16 0.0013
A2 0.11 0.34 0.020 1.57 0.29 0.0008 3.78 0.0011
B21 0.10 0.65 0.026 1.14 0.71 0.0010 1.70 0.0014
B22 0.10 0.55 0.031 1.70 0.80 0.0010 1.20 0.0016

CEC cation exchange capacity, EC electrical conductivity, Ksat saturated hydraulic conductivity. The RMSE refers to the fit between measures

w(O) data pairs and the bimodal Durner van Genuchten—Mualem equation
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resistivity (Furman et al. 2003). The 64 copper electrodes
were inserted every 0.25 m, over a distance of 16 m, in the
center of the orchard tree row that spanned the high and
low irrigation treatment sections (Fig. 1). Electrodes were
inserted to a depth of 0.10 m and left in place for the dura-
tion of the trial to ensure constant electrode position and
contact resistance. Five ERI scans were conducted prior to
excavation of the site. These occurred; (1) 2 h before fer-
tigation, (2) 1 h after fertigation, (3) 20 h after fertigation,
following which the irrigation was applied, (4) 46 h after
fertigation which was also 26 h after the irrigation event,
and (5) 66 h after fertigation, which was also 46 h after
the irrigation event and immediately prior to excavation
of the site. Data were acquired using an Allied Associ-
ated Geophysical Ltd Tigre resistivity meter at 12 levels in
which measurements were repeated twice. Data acquisition
typically took 110 min. The acquired apparent electrical
resistivity data were inverted using the RES2DINV soft-
ware version 3.59 (Loke 2010). Data were first assessed for
erroneous measurements, and then inverted without tem-
perature correction using standard least squares method
and the half-cell resistivity option to improve resolution
near the soil surface. Absolute error for individual inver-
sions with up to seven iterations was between 1.3% and
1.5%.

Changes in electrical resistivity over time were deter-
mined by simultaneous time-lapse inversion in RES2DINV
software version 3.59 (Loke 2010) using the ‘minimise
changes’ and ‘simultaneous inversion’ options to ensure
changes in model electrical resistivity were due to actual
differences in electrical resistivity values, and not due to
differences associated with inverting individual data sets,
and to ensure that the inversion of later timesets were con-
strained by the first reference model. The time-constrain
weight parameter was set to 1 to keep models for later
time sets similar to the earlier time sets. Absolute error
for time-lapse inversions were between 3.1% and 3.7%.
Data are presented on a ratio basis to demonstrate rela-
tive change in moisture and or solute, and or temperature
over time.

Dye tracer

Soil pits were excavated along the center of the tree row
to a depth of 1.2 m in each of the two treatments 68—72 h
after fertigation. Each pit revealed dye stained infiltration
pathways beneath a single emitter in each of the two irriga-
tion treatments (shown as the photographed area in Fig. 1).
Both of the dye tracer stained infiltration pathways were
photographed using a Cannon 200D SLR at 21 mm focal
length. Images contained a large square metal scaled bor-
der to facilitate correction for radial and keystone distortion
in Photoshop CS6. Dye stained pixels were separated from
unstained pixels by adjusting hue and saturation channels,
enabling the dye tracer to be extracted from the surrounding
background image in Photoshop CS6 (Hardie et al. 2011).
The dye stained images were converted to binary format in
Image J software (Abramoff et al. 2004).

Nitrate and soil moisture measurements

Nitrate and soil moisture sampling was conducted for each
of the two emitter dye tracer experiments (location shown
in Fig. 1). A 2.00x 1.00 m wire mesh with 0.10x0.10 m
openings was placed over the dye stained excavation beneath
the two emitter experiments to guide soil sampling. Approx-
imately 20 g samples were obtained by removing soil to
a depth of 0.01 m from every second grid square (i.e., at
0.2x0.2 m spacing). Samples were split for determination
of gravimetric moisture content by drying for 24 h at 105 °C,
and for storage at 3 °C for later determination of nitrate.
Thawed samples were homogenised by grinding, to which
potassium chloride solution (2 mol L%, 0.040 L) was added
and agitated for 18 h, to induce nitrate extraction. Nitrate
concentration was determined by Cd—Cu reduction accord-
ing to the USEPA method 353.3 using a Smart Chem Westco
Scientific Instrument cadmium reactor (O’Dell 1993). Sep-
arate analysis was performed with known nitrate samples
with different levels of dye tracer to confirm that the dye
tracer did not interfere with the colorimetric determination
of nitrate.

Depth (m)

« Resistivity pseudo-depth
Location of electrodes
Low irrigation emitter

¥ High irrigation emitter

L Fertigation emitter

Distance from first electrode (m)

Fig. 1 Spatial representation of trial layout. Hashed bars indicate location of apple trees. Photos indicate depth and location of the two excavated
dye tracers experiments, with low irrigation treatment on the left and the high irrigation treatment on the right
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Nitrate and soil water modelling

Wetting patterns and solute distribution were modelled
using Hydrus-2D with the bimodal (dual porosity) van
Genuchten—Mualem equation (Durner 1994). The 16 m
wide by 1.5 m deep experimental area was represented in
a 2D vertical plane flow domain containing 5716 nodes
and 10,962 elements with double the number of cells near
the upper boundary. The flow domain had no-flow lateral
boundaries, a free drainage lower boundary, and a no-flow
upper boundary with emitters represented as time variable
boundaries at 0.5 m spacings. For the two single emitter dye
tracer experiments, infiltration from the emitters was simu-
lated using the dynamic wetting option, in which the radius
of the wetted area varied during infiltration, depending on
the number of nodes required to maintain a negative pres-
sure head at the soil surface (Gérdenis et al. 2005; Nagli¢
et al. 2014). As Hydrus-2D limits use of the dynamic wet-
ting option to single emitters, infiltration for the 16 m long
cross section experiment was simulated through a series
of 0.25 m diameter circular time variable upper boundary
nodes in which the number of nodes represented the width
of saturated ponding beneath the emitters as indicated by
the previous dynamic wetting simulations. Initial moisture
contents were determined from hand auguring samples at six
locations at four depths in an adjacent tree row prior to trial
commencement. Representation of the spatial distribution
of the four soil horizons was guided by apparent electrical
resistivity and site photos. Nitrate transport was modelled
using the Crank—Nicholson Scheme time weighting scheme,
a longitudinal dispersivity of 5.0 cm, a transverse dispersiv-
ity of 0.5 cm and an adsorption isotherm coefficient of 0 as
suggested by Girdends et al. (2005). Nitrogen transforma-
tions and mineralization were not simulated due to the short
duration of the experiment. As the site was covered with
plastic between ERI readings, rainfall and evaporation were
assumed to be zero.

Data visualization and statistical analysis

For the two excavated emitter experiments, the change in
electrical resistivity 66 h after fertigation, the measured
soil nitrate distribution, and the measured soil moisture
were krigged and mapped as contour plots using default
settings in SURFER 11 (Golden Software 2002). For the
two excavated emitter experiments, statistical analysis was
restricted to the soil nitrate and soil moisture sampling
locations rather than krigged values. Values for the scaled
TIFF layers (change in electrical resistivity, modelled soil
moisture, and modelled soil nitrate) were determined by
overlaying the TIFF layers with the location of the soil
sampling grid, from which values for the change in electri-
cal resistivity, modelled soil moisture, and modelled soil

nitrate were recorded. As the dye images were binary, the
relationship between the presence or absence of dye tracer
versus soil moisture, nitrate concentration and the change
in electrical resistivity were investigated using independ-
ent T test in SPSS V23. Whilst the relationship between
the change in electrical resistivity, soil moisture, soil
nitrate concentration, modelled soil moisture, and mod-
elled soil nitrate were explored using bivariate two tailed
Pearson correlation in SPSS V23. The influence of meas-
ured and modelled soil moisture, and nitrate concentration
on the change in electrical resistivity at 66 h was evaluated
using stepwise linear regression with an entry probability
of 0.05 in SPSS v23.

Results
Electrical resistivity imaging

The time-lapse inversion of electrical resistivity demon-
strated that the change in electrical resistivity associated
with infiltration beneath the emitters was highly variable
(Fig. 2). The time-lapse inversion of electrical resistiv-
ity immediately and 20 h following fertigation revealed
that electrical resistivity decreased (blue) beneath 5 of the
8 emitters, whilst beneath 3 of the 8 emitters the elec-
trical resistivity had both increased (red) and decreased
(blue). Changes in electrical resistivity associated with
increased soil moisture and increased solute concentration
following fertigation were largely restricted to the upper
A1 horizon (0-0.2 m depth). However, the emitter posi-
tioned 12.8 m from the first electrode indicated that the
fertigation infiltrated to at least 1.0 m depth, presumably
via some form of preferential flow (Fig. 2a, b). Increased
electrical resistivity (red patches, Fig. 2) between 0 and
0.2 m depth in the hour after fertigation suggests there
was a slight decrease in soil moisture or solute concentra-
tion between the two ERT acquisitions. This increase in
electrical resistivity was attributed to either mobilization
and dilution of existing soil solutes following irrigation, or
internal drainage either between the two ERT acquisitions,
or during the second ERT acquisition which took 110 min.
Twenty hours after fertigation (Fig. 2b) the small areas of
increased electrical resistivity (red) beneath the emitters
was no longer apparent, whilst the size and shape of the
infiltration plumes remained mostly unchanged (Fig. 2a,
b). Interestingly, in both irrigation treatments, there was
no evidence of wetting associated with 3—4 emitters in the
low irrigation treatment, and 3 emitters in the high irriga-
tion treatment. All emitters were observed to be flowing
during the experiment.
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Change in Electrical Resistivity: timelapse inversion model
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Fig.2 Change in electrical resistivity: time-lapse inversion model
demonstrating the change in electrical resistivity from the first refer-
ence model to a 1 h after fertigation, b 20 h after fertigation, ¢ 46 h
after fertigation and 26 h after irrigation, and d 66 h after fertigation
and 46 h after irrigation. Dark blue arrows represent the location of

Dye tracer and nitrate distribution

For the excavated high irrigation emitter, the dye tracer wet-
ting pattern indicated that infiltration into the A1 horizon
resulted from vertical infiltration with little lateral dispersion
beyond the area of ponding beneath the emitter (Fig. 3a, b).
Infiltration into the A2 horizon appeared to have resulted
from a combination of both lateral movement of the dye
tracer along the A1/A2 horizon boundary, and non-uniform
sorptive flow into the A2 horizon resulting in the appearance
of finger flow. The absence of dye staining in the B22 hori-
zon indicates little if any of the water and or solute applied
during the fertigation event infiltrated into the B22 horizon
(Fig. 3a, b).

In contrast to the dye tracer distribution (Fig. 3b), the
nitrate was almost entirely retained within the upper
A1l horizon (0-0.25 m depth) (Fig. 3c) with the major-
ity of the nitrate retained between 0 m and approximately
0.10 m depth, with a lower concentration of nitrate extend-
ing to 0.35 m depth. Other than the low concentration
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the low irrigation treatment emitters, green arrows represent the loca-
tion of the high irrigation treatment emitters, red arrows indicate the
location of the fertigation emitters. Left side (1.0-8.0 m) low irriga-
tion treatment. Right side (8.0-15 m) is the high irrigation treatment.
(Color figure online)

(0.02-0.04 mg g~!) plume beneath 0.20 m depth, the
measured soil nitrate distribution (Fig. 3c) appeared some-
what similar to that of the modelled nitrate concentration
(Fig. 3g).

The change in electrical resistivity following fertigation
and irrigation in the high irrigation treatment (Fig. 3e) was
more uniform than either the dye tracer pattern (Fig. 3b) or
the soil nitrate concentration (Fig. 3¢). The change in elec-
trical resistivity appeared as a fairly uniform band which
extended to almost 0.40 m depth. As such, it appeared to
be poorly related to the dye tracer distribution, soil mois-
ture content and the nitrate distribution. The measured soil
moisture distribution (Fig. 3d) appeared to be similar to the
modelled soil water distribution (Fig. 3f) in which infiltra-
tion did not appear to have influenced soil moisture beyond
the A1 horizon. Infiltration within the A1 horizon appeared
to result from uniform flow in which the dye tracer appeared
as a uniformly wetted vertical column directly beneath the
ponded area beneath the emitter, as previously reported by
Hardie et al. (2012).
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Fig.3 Excavated emitter for the high irrigation treatment, a photo-
graph of dye tracer stained soil profile, b extracted dye tracer pattern,
¢ measured soil nitrate distribution, d measured soil moisture distri-
bution, e ERI change in electrical resistivity 66 h after fertigation, f

In the low irrigation treatment, the dye tracer pattern
(Fig. 4a, b) indicated that infiltration beneath the emit-
ter resulted from preferential flow. The dye tracer pattern
(Fig. 4b) showed that the fertigation ponded beneath the
emitter and spread to the left along the soil surface where
it infiltrated to only 0.03 m depth. Infiltration into the soil
profile then occurred as a narrow finger which broadened
with depth resulting in infiltration to 0.50 m depth (Fig. 4b).

The change in electrical resistivity (Fig. 4e) appeared to
show increased electrical resistivity (decreased solute and
moisture) immediately beneath the dripper to a depth of
approximately 0.07 m, then a broad swale of decreased elec-
trical resistivity (increased moisture and or solute) across the
soil surface to a depth of approximately 0.20 m. The nitrate
distribution pattern (Fig. 4c) was similar to that of the dye
tracer (Fig. 4b) in that both demonstrate spreading along the

modelled (Hydrus-2D) soil moisture 66 h after fertigation, and g
modelled (Hydrus-2D) soil nitrate 66 h after fertigation. Triangle
marks location of emitter. (Color figure online)

soil surface and penetration into the near surface soil via a
single narrow finger to the left of the emitter. Notably the
nitrate did not penetrate as deep as the dye tracer. Unlike the
high irrigation treatment, (Fig. 3¢, g) in which the measured
and modelled nitrate patterns appeared to be similar, in the
low irrigation treatment the modelled nitrate concentration
did not demonstrate spreading along the soil surface or the
narrow deep infiltration through the A1 horizon (Fig. 4g).

Nitrate and soil water modelling

As expected, modelling indicated uniform and consist-
ent infiltration of water and nitrate from each of the emit-
ters (Fig. 5a). Twenty hours after fertigation, modelling
predicted that fertigation had infiltrated to approximately
0.25 m depth, with minimal lateral dispersion away from the
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Fig.4 Excavated emitter for the low irrigation treatment, a photo-
graph of dye tracer stained soil profile, b extracted dye tracer pattern,
¢ measured soil nitrate distribution, d measured soil moisture distri-
bution, e ERI change in electrical resistivity 66 h after fertigation, f

emitters (Fig. 5a). However unlike the electrical resistivity
(Fig. 2), the model did not indicate fertigation infiltrated into
the B2 horizons via preferential flow (Fig. 5a). In keeping
with the electrical resistivity, modelling indicated a slight
reduction in the moisture content in the A2 and B22 hori-
zons as a result of internal drainage. Yet, unlike the electrical
resistivity, the modelling showed a slight accumulation of
water at the A2/B21 soil boundary.

Sixty-six hours after fertigation, the model indicated
the low irrigation treatment resulted in infiltration to
approximately 0.35 m depth, and to 0.40 m depth for the
high treatment (Fig. 5b). Modelling also demonstrated that
emitter spacing was sufficient to adequately wet-up the
remaining A1l horizon between emitters. This finding is in
contrast to the ERI which demonstrated that little if any
infiltration occurred beneath up to 6 of the emitters, and
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(d) Soil Moisture
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modelled (Hydrus-2D) soil moisture 66 h after fertigation, and g
modelled (Hydrus-2D) soil nitrate 66 h after fertigation. Blue triangle
marks location of emitter. (Color figure online)

there was minimal wetting of the soil between the emitter
plumes (Fig. 2c, d). Furthermore, the electrical resistiv-
ity 66 h after fertigation indicated preferential flow into
the lower B22 horizon at emitters located 2.7 and 12.8 m
from the first electrode, and into the A2 horizon at emitters
located 9.3 and 10.8 m from the first electrode (Fig. 5a).
These deeper infiltrations were not demonstrated by the
model. The model indicated that the fertigated nitrate
infiltrated to a depth of approximately 0.15 m depth in
the area immediately beneath the emitters (Figs. 4g, 5c,
d, g). Unlike the modelled soil moisture, these ‘pockets’
of nitrate remained discrete and did not form a continu-
ous band within the A1 horizon, even after the subsequent
irrigation event, which seemed to have diluted the nitrate
concentration, rather than displaced the nitrate further
down the soil profile (Fig. 5d).
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Modelled Change in Soil Moisture
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Fig. 5 Hydrus-2D modelled change in soil moisture, a 20 h after fertigation (before the irrigation), and b 66 h after fertigation. Hydrus-2D mod-
elled nitrate concentration, ¢ 20 h after fertigation (before the irrigation), and d 66 h after fertigation

Spatial associations between measured
and modelled nitrate and soil moisture

In both irrigation treatments, the modelled soil moisture
content was significantly lower (p =0.028, 0.001) in the
dye stained areas than in the unstained areas, the opposite
of what was expected. In the high irrigation treatment,
the dye stained areas had significantly (p =0.008) lower
change in electrical resistivity (wetter and more solute)
than the unstained areas. In both the high and low treat-
ments there was no significant difference in nitrate concen-
tration, modelled nitrate concentration or moisture content
between the dye stained and unstained areas (Table 2).

Change in electrical resistivity was significantly nega-
tively correlated (R*>=0.52, R*=0.48) with nitrate concen-
tration in both the high and low irrigation treatments, and
was significantly negatively correlated (R>=0.405) with soil
moisture, and the modelled soil moisture (R>=0.41) in the
low treatment (Table 2). The modelled soil moisture was
significantly correlated with measured soil moisture in both
the high and low irrigation treatments (R2 =0.49, R*= 0.46),
and also with nitrate concentration (R>=0.283) in the high
treatment, and negatively correlated with electrical resis-
tivity (R*=0.413) in the low irrigation treatment (Table 2).

Multiple linear regression demonstrated that the change
in electrical resistivity was most closely related to the
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Table 2 Correlation between the change in electrical resistivity, measured and modelled soil moisture, and the measured and modelled nitrate

distribution
High irrigation treatment Low irrigation treatment
Change in Measured Measured  Modelled  Change in Measured Measured  Modelled
electrical nitrate concen- soil mois-  soil mois-  electrical nitrate concen-  soil mois-  soil mois-
resistivity tration ture ture resistivity tration ture ture
Measured nitrate —0.518%* — 0.480%*
concentration
Measured soil mois- —0.145 0.271* — 0.405* 0.087
ture
Modelled soil mois- 0.199 0.283* 0.491 % —0.413* 0.072 0.461%**
ture
Modelled nitrate —-0.152 0.425%* 0.244 0.107 —0.005 0.346* NA -0.016

concentration

NA not applicable, as the Hydrus solute distribution did not intersect the sampling points

*Denotes P <0.05, **denotes P<0.001

measured nitrate concentration (Beta = — 0.629, P<0.0001:
Beta = — 0.537, P=0.002), followed by the modelled
soil moisture (Beta=0.392, P=0.001: Beta = — 0.331,
P =0.038) in which the overall model fit was R?=0.41,0.52
for the high and low irrigation treatments respectively. No
other variables were significant predictors.

Discussion
Comparison between ERI and Hydrus-2D

The ERI suggested that whilst most emitters resulted in
infiltration to approximately 0.20 m depth, at two emitters
infiltration penetrated to around 0.50 m depth, at a further
two emitters infiltration penetrated to at least 1.0 m depth. In
contrast up to 6 of the 26 emitters appeared to have had min-
imal if any infiltration. Checks confirmed all emitters were
operating during the fertigation and irrigation events, such
that we attributed the absence of infiltration beneath these
6 emitters to runoff to adjacent emitters, or runoff beyond
the field of influence of the ERI due to either surface water
repellence, compaction, or the presence of the surface leaf
mulch. The variation in wetting patterns inferred from the
ERI was somewhat greater than expected; however, drip irri-
gation systems are known to result in highly variable wetting
patterns both horizontally and vertically (Cook et al. 2006b;
Klein and Spieler 1987; Moreno et al. 2015).

The dye tracer experiments provided evidence to sup-
port findings from the ERI that infiltration beneath some of
the emitters resulted from preferential flow processes. The
dye tracer experiments indicated these processes to be finger
flow in the Al and A2 horizons, lateral flow along the A1/
A2 soil horizon boundary, and bypass flow through shrink-
age cracks and macropores in the B21 and B22 horizons.
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Similar preferential flow process have been reported in tex-
ture contrast soils by Hardie et al. (2011). Finger flow usu-
ally occurs in water repellent soils as a result of instability in
the wetting front (Carrillo et al. 2000; Dekker and Ritsema
1996; Ritsema et al. 1998; Wang et al. 2000a, b), however,
it may also form due to compression of entrapped soil air
during infiltration (Wang et al. 1997, 1998b), or unsaturated
infiltration at low application rates (Wang et al. 1998a; Yao
and Hendrickx 1996). In both irrigation treatments the
dye tracer appeared to have moved laterally along the Al
/A2 soil horizon boundary as previously reported in other
Tasmanian texture contrast soils (Hardie et al. 2011, 2013)
rather than above the B2 horizons as is commonly cited in
the literature (Eastham et al. 2000; Ticehurst et al. 2007).

By way of comparison to the ERI, the Hydrus-2D model-
ling indicated infiltration was relatively uniform and consist-
ent between emitters within each of the two irrigation rate
treatments. Furthermore the modelling indicated that for
both treatments, the irrigation tended to wet-up the near sur-
face soil between each of the emitters, which was not shown
by the dye tracer or ERT studies. These results suggest that
even with detailed site measurements, use of lumped param-
eter soil water models that do not consider non-equilibrium
preferential flow process are unable to predict the depth and
pattern of infiltration inferred from the ERI and dye tracer
studies. Whilst Hydrus-2D and a number of other models
have capacity to simulate preferential flow process, these
models require additional parameters which are difficult to
estimate without a priori knowledge of the type and extent
of preferential flows. Furthermore while spatially explicit
finite element models such as Hydrus-2D are able to be
parameterized at very small scales, the amount of sampling
and analysis required for such parameterization would be
exhaustive, destructive, and not practical for assessment of
irrigation performance in commercial orchards.
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Comparison between approaches at the single
emitter scale

The poorer than expected correlation between the change
in electrical resistivity versus moisture content and or
nitrate concentration at the single emitter scale were largely
attributed to differences in measurement scale between the
different approaches. For example, photogrammetry was
able to discern the presence or absence of the dye tracer
for individual 0.4 X 0.4 mm pixels, compared to the change
in electrical resistivity which was determined from read-
ings 250 X 250 mm apart, the nitrate concentration and soil
moisture which were measured on a 200 mm X 200 mm grid,
and the modelling which was conducted on cells spaced
20 mm to 50 mm apart. Koestel et al. (2009) also reported
discrepancy between brilliant blue dye tracer concentration
with 3D ERI, in which the ERI did not capture all the dye
stained regions and underestimated sharp changes in sol-
ute concentration, which was in part attributed to the larger
measurement scale of the ERI compared to the pixel size of
the photographic images. Wehrer and Slater (2015) stud-
ied changes in soil moisture and solute transport in a large
laboratory lysimeter using dye traces, 3D time-lapse electri-
cal resistivity, tensiometers and capacitance soil moisture
probes. They also reported that variations in water content
over time were not exactly matched by the ERI, despite their
ERI probes being spaced only 0.085 m apart, compared to
0.25 m in our study.

Infiltration of nitrate

Infiltration of nitrate into the A1 horizon was impeded rela-
tive to that of the dye tracer and therefore also the true wet-
ting front. During infiltration movement of dye tracers is
slower than that of the wetting front, due to absorption of the
dye to soil particles, and thus the true wetting front is usu-
ally slightly ahead or deeper than indicated by dye staining
patterns (Lipsius and Mooney 2006; Mon and Flury 2005).
Anions such as nitrate are normally assumed to not become
adsorbed by soil particles (Kowalenko and Yu 1996) and
are therefore easily leached (Novakova and Nagel 2009), in
which case the nitrate distribution should have been very
similar to that of the wetting front and or slightly deeper
than that of the dye tracer. Our findings that movement of
nitrate during fertigation was impeded or moved more slowly
than the infiltrating water is contradictory to expectations,
but it is not unprecedented. As van der Laan et al. (2014)
explains impeded movement of nitrate during infiltration
may result from the presence of immobile water phases
arising from the range in pore water velocities associated
with the infiltrating water (Alletto et al. 2006; Clothier et al.
1995; Jarvis 2007) and or adsorption of nitrate to soil, most
notably in tropical or acid soils (Kowalenko and Yu 1996).

Irrigation and fertigation efficiency

In recent years there has been growing concern about the
potential for preferential flow to facilitate nitrate mobilisa-
tion to groundwater (Hu et al. 2015; Sheng et al. 2014; Sme-
thurst et al. 2014; Williams et al. 2014). The ERI suggested
that for all but two emitters, irrigation was largely restricted
to the A1 and A2 horizons (approximately 0-0.40 m depth)
which coincided with the highest observed root abundance
at 0.30-0.35 m depth. Consequently, on a single event basis,
irrigation and fertigation appeared to be highly effective and
efficient. Furthermore even in the presence of preferential
flows the fertigated nitrate appeared to be mostly retained in
the A1 horizon. Consequently contamination risk or hazard
posed by the presence of preferential flow processes trans-
porting nitrate to shallow groundwater are somewhat less
than what would otherwise be expected.

Conclusion

The ERI approach was a useful means of revealing spatial
and temporal variations in infiltration patterns following drip
fertigation and irrigation in a texture contrast soil. The ERI
cross section demonstrated considerable variation in infil-
tration patterns and depth of infiltration between emitters,
including infiltration to over 1.0 m depth, and no infiltration
at all. These wetting patterns and those of the dye tracer dif-
fered markedly to those predicted by the model and ‘texture
based’ emitter guidelines. Consequently results from this
study suggest the use of ‘texture based’ emitter guidelines,
and or lumped parameter soil water models are not sup-
ported for predicting emitter wetting patterns or designing
irrigation systems in the texture contrast soils.

Uncalibrated use of ERI was unable to discern if changes
in resistivity were due to changes in temperature, moisture
or solute concentration. However simultaneous ERI, dye
tracer and modelling studies revealed that changes in elec-
trical resistivity were more strongly influenced by nitrate
concentration than soil moisture content. Furthermore the
dye tracer studies revealed that most of the fertigated nitrate
was retained within the A1 horizon, whereas the infiltrat-
ing water penetrated through the A1 horizon, into the A2
and upper B2 horizons. Poor correlation between predicted
nitrate and infiltration patterns versus and those revealed by
the dye tracer and ERT studies were due to, differences in
measurement scale between approaches, the limited abil-
ity of the model to simulate preferential flow process, and
inability to parameterize the model at the individual emit-
ter scale. To this end, results from this study indicate the
potential to use small scale ERT surveys to improve model
parameterization.
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