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We jointly used surface electrical resistivity tomography (surface ERT) and spatial time domain reflec-
tometry (spatial TDR) to quantify spatial patterns and seasonal dynamics of root-zone soil water under
three contrasting vegetation covers in a sand dune forest of subtropical coastal Australia. We wanted
to obtain a better understanding of the applicability of both techniques in these environments as well
as investigate vegetation–soil water interactions. Soil temperature and topographic changes were taken
into account in soil resistivity interpretation. The results demonstrated the capability of both surface ERT
and spatial TDR to spatially monitor root-zone soil water dynamics, with root mean square error (RMSE)
<0.018 cm3 cm�3 and absolute deviation <0.034 cm3 cm�3 between gravimetrically derived water con-
tent and those derived by the two geophysical techniques. Soil water was depleted to low levels during
the dry season but quickly replenished with onset of the wet season. Soil water content profiles revealed
obvious differences in water dynamics of the dune sands under different vegetation covers, with highest
infiltration and deep drainage under the grassland compared with tree cover. The spatial variation in soil
water content due to rainfall interception by trees, root water uptake and preferential infiltration asso-
ciated with stemflow could be detected by the joint use of surface ERT and spatial TDR. We conclude that
surface ERT can be an effective method for quantifying two-dimensional root-zone soil water dynamics
and understanding the hydrological processes in these sand dune environments, if complemented by the
one-dimensional high-resolution soil water measurements from spatial TDR.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Significant resources of generally high quality groundwater are
located in sandy coastal environments around the world. In these
aquifer systems, forest type and distribution strongly affect the
local groundwater balance, i.e. recharge and discharge (Bosch and
Hewlett, 1982; Zhang et al., 2001; Ford et al., 2011). Their effect
on recharge distribution is mainly due to rainfall interception by
the canopy and soil water extraction by roots. Recharge patterns
will also reflect the presence of preferential flow paths and varia-
tions in topography which can be influenced by vegetation. Charac-
terizing the spatiotemporal dynamics of root-zone soil water is
useful for understanding these vegetation-associated hydrological
processes (Vereecken et al., 2008, 2013). A detailed study of
spatiotemporal heterogeneity and drivers of root-zone soil water
dynamics is also necessary for appropriate design and calibration
of groundwater management models and more specifically soil-
vegetation-atmosphere models (Western et al., 2003). Neverthe-
less, quantitatively evaluating spatial and temporal evolutions of
subsurface water content with high spatial and temporal resolution
remains challenging in practice (Jayawickreme et al., 2008).

Time domain reflectometry (TDR) and capacitance probes are
commonly used to measure soil water at shallow depths
(Schwartz et al., 2008; Calamita et al., 2012; Beff et al., 2013). How-
ever, these methods only provide information about a relatively
small volume of soil, often limited to a few centimeters around
the sensors (Ferré et al., 1998). Monitoring spatial patterns of soil
water at a larger scale using a network of such point-scale sensors
can be expensive and impractical. Satellite and airborne remote
sensing methods are useful to detect soil water distribution at
regional scale, but its investigation depth is restricted to a few
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Fig. 1. Location map of the studied mixed forest in the sand dune on North
Stradbroke Island, southeast Queensland (SEQ), Australia.
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centimeters and the spatial resolution is too coarse (Robinson
et al., 2012). At intermediate scales (decameter to hectometer),
geophysical techniques, such as electromagnetic induction (EMI),
ground penetrating radar (GPR) and electrical resistivity tomogra-
phy (ERT), have proven to be promising alternatives to infer soil
water down to several meters (e.g., Huisman et al., 2003; Brunet
et al., 2010; Robinson et al., 2012; Steelman et al., 2012; Brillante
et al., 2014). EMI is useful for mapping the horizontal distribution
of subsurface electrical resistivity, but it gives little information on
its vertical distributions (Robinson et al., 2008). Surface-based GPR
is difficult to apply in forests due to the presence of vegetation cov-
er on the soil surface and a more sophisticated calculation is
required when interpreting the data. Instead, surface ERT is a non-
invasive tool to produce two- or three-dimensional (2D or 3D) var-
iations of the subsurface electrical resistivity, which can be closely
related to changes in soil water content (Zhou et al., 2001).

Surface ERT has been widely used for hydrological investiga-
tions, e.g. water infiltration (Michot et al., 2003; French and
Binley, 2004; Lehmann et al., 2013), potential recharge (Schwartz
and Schreiber, 2009) and groundwater fluctuation (Yamakawa
et al., 2012). Recently, it has also been deployed to explore vegeta-
tion and soil water interactions. For example, Jayawickreme et al.
(2008, 2010) identified large difference in soil water distributions
beneath adjacent forest and grassland biomes. Surface ERT has also
been used to monitor soil water dynamics influenced by root water
uptake by agricultural crops, i.e. corn and sorghum (Srayeddin and
Doussan, 2009). Beff et al. (2013) monitored 3D soil water distribu-
tions in a corn field using surface ERT combined with cross-bore-
hole ERT. However, no studies have used time-lapse surface ERT
to directly compare seasonal root-zone soil water dynamics under
managed plantation and native vegetation types (woodland and
grassland) at the tree scale, in response to rainfall redistribution
and root water uptake. Also, no studies have used surface ERT to
estimate the deep drainage under these vegetation types to inves-
tigate the potential effect of plantation development on local
groundwater resources.

Linking ERT resistivity data and soil water content requires the
knowledge of petrophysical relationships. These empirical rela-
tionships are determined either from laboratory calibrations using
field-collected soil samples (Brunet et al., 2010; Jayawickreme
et al., 2010) or in-situ calibrations with point-scale TDR probes
(Michot et al., 2003; Schwartz and Schreiber, 2009). Uncertainty
is introduced due to the relatively small sample size and the
altered conditions in soil structure and pore water salinity during
laboratory experiments. Although field-calibrated relationships at
the scale of ERT measurements are more reliable, only a few point
measurements of water content from shallow soil depths are
typically applied in relatively large model blocks to correlate elec-
trical resistivity with water content (Michot et al., 2003; Schwartz
and Schreiber, 2009). This may not be accurately representative of
spatially averaged soil water in the model block. Spatial TDR is a
novel method that can potentially provide the required soil water
distribution with high spatial resolution. Spatial TDR determines
continuous one-dimensional (1D) water content profiles along
elongated sensors, based on the inversion of TDR measurements.
Scheuermann et al. (2009) tested a spatial TDR system with 3-m-
long flexible flat ribbon cables as sensors inside a full-scale dike
model composed of uniform fine sands. They found that the spatial
TDR was able to determine soil water distributions with a spatial
resolution of about ±3 cm and an average absolute deviation of
±0.02 cm3 cm�3.

In subtropical coastal Australia, changes in vegetation cover,
especially establishment of exotic pine plantations in areas of
native banksia woodland and grassland, frequently occur with
urban development and land use change. To understand the poten-
tial hydrological impacts of such changes, particularly those
related to sustainable groundwater yields, we need to ascertain
recharge for different vegetation covers and the spatial coverage
with surface ERT can be useful for this purpose. In this paper, we
quantified soil water dynamics in response to rainfall redistribu-
tion and water uptake by roots under three adjacent vegetation
covers in a mixed sand dune forest by jointly using two different
geophysical methods (surface ERT and spatial TDR). For our sub-
tropical, sandy environment, the primary objectives are to: (1)
evaluate the capability of spatial TDR and surface ERT to monitor
1D/2D water content distributions in sandy forest soils; (2) explore
and compare seasonal dynamics of subsurface soil water under
various vegetation types at the tree scale; (3) investigate how rain-
fall redistribution by canopy and root water uptake affect the spa-
tial distribution of root-zone water content; and (4) estimate deep
drainage under these vegetation types at this small spatial scale.

2. Materials and methods

2.1. Site description

Field observations were carried out in a sand dune area covered
by open mixed forests mainly consisting of exotic slash pine (Pinus
elliottii Engelm), native wallum Banksia (Banksia aemula R.Br.) and
understory grass (Lomandra elongata Ewart) on North Stradbroke



J. Fan et al. / Journal of Hydrology 523 (2015) 475–488 477
Island (27�3004000S, 153�2604400E), southeast Queensland, Australia
(Fig. 1). North Stradbroke Island is the world’s second largest sand
island, with an area of �280 km2 and dune heights that ranged
from 100 m to 150 m Australia Height Datum (Moss et al., 2013).
The study site was a former pine plantation that was abandoned
in year 2000. The pine trees reached an average height of 10.5 m
and had an average stem diameter at breast height of 0.23 m.
The banksia trees had a tree height of 5.3 m and a stem diameter
of 0.20 m.

This area experiences a subtropical climate with a hot humid
summer (December–February) and a mild dry winter (June–Au-
gust). Over the one-year study period (November 2012–October
2013), the total annual rainfall amounted to 2200 mm (Fig. 2),
which was higher than the long-term annual rainfall of 1600 mm
(Australian Bureau of Meteorology). The average monthly air tem-
perature ranged from 14 �C in July to 29 �C in January. The daily
soil temperature measured at five depths with temperature sen-
sors (type 107, Campbell Scientific, USA), varied from 12 �C to
29 �C at 10 cm depth and from 16 �C to 23 �C at 100 cm depth. At
400 cm depth, it remained �19 �C throughout the year due to the
damped response of deep soil temperature to surface air
temperature. The depth to water table measured with a pressure
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Table 1
Physical analyses of soil particle size distribution, bulk density (BD), saturated moisture con
Soil properties were determined using intact samples from sand pits in upper 1.5 m of so

Depth (m) Particle size distribution (%)

50–100 lm 100–250 lm 250–500

0.2 29.0 60.5 10.5
0.5 34.1 57.5 8.4
1.0 17.2 68.4 14.4
1.5 31.6 59.8 8.6
2.0 43.9 44.9 11.2
3.0 18.8 65.3 15.9
4.0 24.7 64.6 10.7
transducer (Aqua Troll 200, In-Situ Inc., USA) varied between
8.42 m and 9.63 m during the study period (Fig. 2), with largest
depth to water table occurring just before the onset of rainy period
(end of January), and smallest depth to water table in mid-April.
The sandy aquifer mainly consists of unconsolidated fine-grained
sands based on soil-texture observations in three boreholes below
the ERT transect after the geophysical surveys (Table 1). Soil water
content logged with four probes (EC-5, Decagon Devices, USA) var-
ied from 0.03 cm3 cm�3 at 80 cm depth to 0.22 cm3 cm�3 at 20 cm
depth (Fig. 2).

2.2. Surface electrical resistivity tomography

2.2.1. Data acquisition
Between November 2012 and October 2013, 18 surface ERT sur-

veys were conducted using a ten-channel SYSCAL Pro Switch resis-
tivity meter (IRIS Instruments, France), of which 12 were presented
here showing the seasonal soil water cycle. For electrical resistivity
measurements, a total of 48 electrodes were permanently installed
along a gentle slope (�12�) on the sand dune, regularly spaced at a
horizontal interval of 0.5 m. The relative elevation of each elec-
trode point was surveyed using a dumpy level and staff. The ERT
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tent (hs) and saturated hydraulic conductivity (Ks) for soil samples from the field site.
il but using disturbed samples in lower 2.5 m of soil.

BD (g cm�3) hs (cm3 cm�3) Ks (m d�1)

lm

1.42 0.33 2.54
1.45 0.31 1.68
1.51 0.29 1.10
1.52 0.28 1.57
1.55 0.31 2.06
1.50 0.28 2.34
1.56 0.30 1.33
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transect along the downslope crossed a mixed pine–grass–banksia
ecosystem (Fig. 3). Two-dimensional measurements of apparent
soil resistivity were acquired with classic electrode configuration
of Dipole-Dipole to take advantage of its highest spatial resolution
and better depth coverage (Samouëlian et al., 2005). All ERT sur-
veys were carried out in both normal and reciprocal modes to
assess data quality (Koestel et al., 2008). To reduce contact resis-
tance between the electrode and the soil under dry climatic condi-
tions, the soils within a few centimeters around the electrodes
were slightly wetted. Each measurement cycle contained 874 mea-
surement points at 12 data levels with a maximum investigation
depth of 4.0 m and took �40 min to complete.
2.2.2. Data inversion
Prior to data inversion, the apparent resistivity data from the

ERT measurements were filtered to remove noisy data. Data points
with injected current less than 0.01 A or reciprocal errors larger
than 5% were omitted from the inversion processes (Johnson
et al., 2012; Wallin et al., 2013; Beff et al., 2013), which resulted
in an elimination of 2% to 6% of measurement points collected from
each dataset. To obtain the ‘‘true’’ subsurface resistivity distribu-
tion, we inverted the apparent resistivity data using the iterative
tomographic inversion scheme of the RES2DINV software (Loke
and Barker, 1995). To minimize artefacts produced by numerical
inaccuracies from inverting each dataset separately, the time-lapse
inversion method was applied which uses a common reference
model to jointly invert datasets from different dates (Loke, 2013;
Singha et al., 2014). We inverted the first dataset collected on 8
November 2012 to produce the starting and reference model for
the subsequent time-lapse inversions, i.e. the same reference mod-
el was used for all the other datasets. A least-squares smoothness
constraint was used to minimize the absolute changes in the model
resistivity values between the initial model and the time-lapse
model. Inversions of the datasets typically converged after 3–5
iterations, indicated by a change in root mean square error (RMSE)
between consecutive iterations of less than 5%. Topographic cor-
rections were also taken into account in the inversion processes.
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The topography data were incorporated into the modelling mesh
and corrected using the distorted finite-element grid with the
damped distortion method in the RES2DINV inversion software
(Loke and Barker, 1995). We used a finite-difference mesh with a
width of half the unit electrode spacing and a height of 25 cm at
the surface, increasing by 6% for each deeper layer, which produced
a total of 788 model blocks.
2.3. Spatial time domain reflectometry

To correlate soil electrical resistivity with soil water content, 1D
soil water content distribution along flexible ribbon cables was
monitored using spatial TDR (Scheuermann et al., 2009). The rib-
bon cables (6-cm-wide and 1-mm-thin) were made of three copper
wires covered with polyethylene insulation. In June 2012, three
such spatial TDR with 4-m-long ribbon cables were vertically
installed in the soil along the ERT transect to ensure the compara-
bility of surface ERT and spatial TDR (Fig. 3). To achieve this, bore-
holes (D = 12.5 cm) were drilled down to a depth of 4.0 m using a
hand auger. The ribbon cables were manually pushed against one
side of the augered boreholes. The coaxial cable, which was con-
nected with the bottom end of the ribbon cable, was placed on
the opposite side of the boreholes to avoid disturbance to the sen-
sitive area of ribbon cables. To maintain original soil material and
similar density for each soil layer, the boreholes were backfilled at
50 cm intervals with retrieved sands from corresponding layers.
We started the spatial TDR measurements after a series of heavy
rainfall events and a dry period in 2012, allowing the backfilled
sands to consolidate naturally.

Spatial TDR measurements were performed from both ends of
the ribbon cables to improve the spatial resolution. Through a mul-
tiplexer (SDMX50 Campbell Scientific), both ends of the ribbons
were connected to a TDR device (Campbell Scientific TDR100) using
a coaxial cable. Spatial TDR data were acquired immediately after
each ERT survey. Spatially distributed capacitance (C) was firstly
reconstructed with the measured TDR signals using the algorithm
of Schlaeger (2005). Each reconstruction process took about three
m)
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minutes to complete. Capacitance was then transformed to permit-
tivity (em) using the derived capacitance model (Scheuermann et al.,
2009). Spatially distributed permittivity was finally converted into
a volumetric water content (h) profile along the insulated transmis-
sion line by a Topp-like equation (Topp et al., 1980) calibrated in
the laboratory with field-collected soil samples (h = �9.53 � 10�2

+ 4.11 � 10�2 em
�1.10 � 10�3 em

2 + 5.51 � 10�6 em
3, R2 = 0.9933,

P < 0.01, n = 26). The spatial TDR exhibited a spatial resolution of
±3 cm and a theoretical accuracy of ±0.02 cm3 cm�3. Detailed infor-
mation on the principle and inversion algorithm of the spatial TDR
was previously presented by Scheuermann et al. (2009).
2.4. Petrophysical relationship between soil electrical resistivity and
soil water content

Soil electrical resistivity depends on several soil properties, e.g.,
texture, porosity, pore water resistivity, soil water content, soil
temperature and sometimes root biomass in vegetated soils
(Samouëlian et al., 2005). During the study period, the measured
electrical conductivities of rainwater and groundwater exhibited
small variations (0.033 ± 0.007 S m�1 and 0.029 ± 0.005 S m�1,
respectively), indicating the electrical conductivity of pore water
was relatively constant compared to the larger water content var-
iations. Therefore, similar to other ERT studies (Michot et al., 2003;
Brunet et al., 2010; Jayawickreme et al., 2010), we neglected the
effect of pore water resistivity on soil electrical resistivity
measurements.

Comparisons of electrical resistivity measurements require the
expression of the electrical resistivity at a reference temperature,
because temperature variations in the soil influence soil electrical
resistivity. Seasonal soil temperature variations over depth were
evident during the ERT surveys (Fig. 2), indicating that temperature
correction was necessary. We assumed the temperature to be lat-
erally uniform and temperature distribution was linearly interpo-
lated over depth. To account for temperature effects, we
corrected resistivity values after ERT data inversions with the
equation by Keller and Frischknecht (1966) at a reference tem-
perature of 25 �C:

qref ¼ qsoil½1þ aðTsoil � Tref Þ� ð1Þ

where qref (X m) is the corrected resistivity at a reference tem-
perature Tref (�C), usually 25 �C; qsoil (X m) is the inverted resistivity
at soil temperature Tsoil (�C) and a is the correction factor, equal to
0.025.

The petrophysical relationship linking soil electrical resistivity
to water content was then applied to qref at 25 �C, using the simpli-
fied Archie’s law (Yamakawa et al., 2012):

qref ¼ Ah�n ð2Þ

where h (cm3 cm�3) is the soil water content, A is the empirical
coefficient and n is the saturation exponent.

To estimate the fitting parameters, the temperature-corrected
resistivities from ERT surveys were plotted against the water con-
tent values retrieved from spatial TDR during the first six surveys,
while the spatial TDR measurements from the remaining surveys
were used to validate the surface ERT-derived soil water content.
For each measurement, the soil water content along spatial TDR
cables were spatially averaged over each corresponding block
depth of the inversion model to make the soil water content and
electrical resistivity spatially comparable. Here, the vertical soil
profile was divided into two layers: Top Layer (0–100 cm) and Bot-
tom Layer (100–400 cm), considering that the majority (>90% of
root biomass) of tree roots were found located in the upper
100 cm soil layer (Fan et al., 2015) and the soil properties (e.g. bulk
density and porosity) were slightly different between the two soil
layers (Table 1).

2.5. Additional measurements

The study site was equipped with a weather station located in a
nearby clearing, which recorded gross rainfall, air temperature,
relative humidity, solar radiation, wind direction and speed. To
obtain net rainfall under tree canopies and in between trees,
throughfall was collected using 9 U-shaped troughs connected to
5 HOBO RG3 tipping-bucket rain gauges (Onset Computer Corp.,
Bourne, USA). The troughs were made of split UPVC pipes, 2.5 m
long by 0.1 m wide (Fig. 3). All the tipping-bucket rain gauges were
calibrated to 0.2 mm per tip in the lab and recalibrated after
deployments in the field (Llorens et al., 1997). Daily potential
evapotranspiration (ETp) was calculated following the Penman-
Monteith method (Allen et al., 1998) using daily weather data.
Transpiration of the pine and banksia trees was measured with
the heat ratio method (HRM) sap flow sensors (ICT International
Pty Ltd., Australia). Two HRM sensors (North and South cardinal
direction) were installed at breast height (1.3 m above ground)
on each tree. The individual tree sapwood area was derived from
tree coring. Point measurements of sap flux density were scaled
up to the tree scale by multiplying the local estimate of sap flux
density by the sapwood area (Burgess et al., 2001). We assumed
that the energy budget (solar radiation) under the trees was parti-
tioned by the interception of tree canopy following Beer’s law
(Ritchie, 1972):

E ¼ ET � e�b�LAI ð3Þ

T ¼ ET � ð1� e�b�LAIÞ ð4Þ

where E (mm d�1) is the soil evaporation, T (mm d�1) is the tree
transpiration, ET (mm d�1) is the evapotranspiration, LAI (m2 m�2)
is the leaf area index, and b is the radiation extinction coefficient,
equal to 0.4.

Based on Eqs. (3) and (4), the actual soil evaporation under trees
was estimated using the sap flow-based transpiration and the mea-
sured leaf area index (LAI) under the pine (2.58 m2 m�2) and bank-
sia trees (2.34 m2 m�2) with a LAI-2000 instrument (LI-COR Bio-
sciences, Lincoln, NE). The actual ET for pine and banksia trees
was then calculated as the sum of estimated soil evaporation and
measured tree transpiration. The transpiration from the sparse
grasses was considered to be minimal. Based on the estimated soil
evaporation under the pine trees using the Beer’s equation and the
measured LAI under the pine trees and above the grasses
(1.53 m2 m�2), the actual soil evaporation under the grasses was
estimated by assuming a simple inverse relation between E and
LAI.

3. Results and discussion

3.1. Monitoring 1D vertical soil water content profile using spatial TDR

Fig. 4 presents several volumetric soil water content profiles
along the three spatial TDR cables under the three vegetation cov-
ers. The continuous vertical distribution and seasonal evolution of
soil water content were well captured by spatial TDR. The soil
water content profiles measured using spatial TDR sensors under
the pine, grass and banksia showed similar patterns but the mag-
nitude varied as a function of depth and vegetation. Generally,
higher soil water contents were observed under grasses than under
pine and banksia trees, particularly in the upper 200 cm of soil.

At the beginning of the spatial TDR measurements (8 November
2012), all three monitored profiles exhibited a similar and
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relatively low soil water content (�0.04 cm3 cm�3 averaged over
0–400 cm depth). For all vegetation types, an increase of the soil
water content was observed on 19 November 2012 after three
rainfall events, but the soil water content tended to decline to ini-
tial values following a dry period until 20 February 2013. The rates
and amplitude of increase and decrease in soil water content
varied depending on the vegetation type. During the wet season,
the soil water was significantly replenished, ranging from
0.09 cm3 cm�3 to 0.15 cm3 cm�3 in the upper 100 cm soil and from
0.06 cm3 cm�3 to 0.09 cm3 cm�3 in the lower soil layers. However,
the soil water was further depleted following the later dry period
starting 10 September 2013. Between the first (8 November
2012) and the last (28 September 2013) spatial TDR surveys, soil
water content in the whole soil profile was close to each other
(Fig. 4).

To evaluate the performance of the spatial TDR measurements
in the field, we compared continuous soil water content profiles
measured by spatial TDR sensors with point-scale volumetric soil
water content obtained by soil sampling at different depths
(Fig. 5). Generally, the soil water content profile was well captured
by the spatial TDR (Fig. 4). We obtained a good agreement between
spatial TDR-derived and gravimetrically derived soil water content
values (RMSE = 0.0112 cm3 cm�3, R2 = 0.8577, n = 27), with devia-
tions ranging from �0.0160 cm3 cm�3 to 0.0158 cm3 cm�3. These
differences were expected since the soil sampling sites were
0.3 m from the locations of spatial TDR ribbons. The maximum
absolute deviation was less than 0.02 cm3 cm�3, which was com-
parable with the accuracy of other available TDR and capacitance
sensors, e.g., TDR 100 (�2%, Campbell Scientific, USA) and EC-5
(2–3%, Decagon Devices, USA). However, the evolution of soil water
content over certain observation periods varied around 2%, espe-
cially in the bottom soil layers, which was close to the accuracy
of the spatial TDR. In order to lower the errors of soil water content
estimates in this environment, it would be useful to integrate the
spatial soil water content profile over certain depths (e.g. 10 cm)
to obtain the area-average soil water content. The undulations in
the measured soil water content profiles are most likely caused
by the differences in the density of different backfilled soil layers
since the spikes corresponded to the interfaces of the backfilled soil
layers. No obvious undulations were identified by Scheuermann
et al. (2009) in their homogeneously constructed dike model prob-
ably because the spatial TDR sensors were installed in the uniform
sands compared to our natural sands in that specific sand dune
environment.

Installation of soil water sensors in vertical boreholes is likely to
change the soil structure and properties, which may produce pref-
erential flow and not be representative of natural soil water con-
tent measurements (Dahan et al., 2007). For unconsolidated fine
sands in this study, although slight changes in soil density is
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expected, it is possible to allow soils being measured in a minimal-
ly disturbed condition after natural soil reorganization. However, a
proper installation method is required for other heavy-textured
materials to permit soil to be measured with minimum distur-
bance (Scheuermann et al., 2009). Dahan et al. (2007) developed
a technique for the attachment of capacitance probes on flexible
sleeves, which was inserted into angled boreholes and filled with
liquid resin to press the sensors against the borehole walls. This
method could be applicable for installation of our ribbon cables
in the slanted boreholes.
3.2. Mapping spatial variation of soil electrical resistivity using surface
ERT

The subsurface sensitivity of 2D ERT inversion model produced
by the RES2DINV software (Loke and Barker, 1995) is given in
Fig. 6. The sensitivity variations across the ERT image were obvi-
ous. The sensitivity of the ERT measurement decreased as the
depth of investigation increased, indicating loss of resolution at
the bottom of the ERT image. The sensitivity was relatively high
in the top 1.5 m layers, where most of the important hydrological
processes occurred. The image resolution in the bottom layers was
not as high as that in the surface layers, but the reliability of the
resistivity measurements was still good given a higher data point
coverage in these layers. Although the sensitivity of ERT measure-
ments to local soil electrical resistivity changes was lower at the
bottom of the soil layers, spatial TDR measurements showed that
the soil water variations were also smaller at these depths
(Fig. 4). The lower resolution in the bottom layers was thus consid-
ered to be less important in this study.

Fig. 7 presents the spatial variations of the temperature-correct-
ed soil electrical resistivity monitored during various ERT surveys.
The data inversion models produced generally lower error statis-
tics (RMSE <2%) during the wet season than those during the dry
season (RMSE = 2–4%) most likely due to the improved current
movement by a better soil electrical conductivity. Very high elec-
trical resistivity was observed at the beginning of the ERT surveys,
ranging between 5000 X m and 9000 X m. Specifically, the higher
resistivities extended deeper (�2.5 m) under the pine trees than
under the other two vegetation types. A similar pattern was
observed for banksia but restricted to the top 1.5 m. On 19 Novem-
ber 2012, regions with resistivity <4000 X m were observed in the
upper soils and resistivity in other areas of the soil fell inside the
range of approximately 4000 to 5000 X m. On 29 November
2012, regions with resistivity <3700 X m were observed under
the grasses in the middle part of the soil profile. On 15 January,
resistivity values in most of the soil profile region were between
5500 X m and 6500 X m, although patchy anomalies with higher
Fig. 6. Sensitivity map of ERT for each model block generated from the importe
resistivity (>7500 X m) were still observed under the pine tree.
During the rainy season, much lower soil electrical resistivity
was observed, particularly in the upper 1 m soil layer
(<2500 X m), indicating the effect of rainfall on soil resistivity.
Contrarily to the top layer, the electrical resistivity was slightly
higher at greater depth (2500–4000 X m). On 29 May and 13
August 2013, the resistivity profiles were almost the same with
lower resistivity near the surface. On 10 September 2013, similar
resistivity distribution was observed as that at the beginning of
the measurements. During the last two ERT measurements, rela-
tive uniform resistivities (4500–5500 X m) were observed within
the whole soil profile, except for the lower resistivity near the sur-
face and patches of extreme resistivity zones (�10,000 X m)
observed under pine trees.

Generally, soil resistivities taken under the pine trees were
greater than those under the banksia trees, followed by those
under the grassland. These differences were particularly obvious
during dry periods. Higher values of soil resistivity under the pine
and banksia trees can be related to lower soil water content levels
resulting from higher soil water depletion by deep-rooted woody
vegetation (Jayawickreme et al., 2008; Garré et al., 2012).
Jayawickreme et al. (2008) found that higher evapotranspiration
caused a high increase in root-zone soil resistivity below the
mature Maple forest compared to the grassland. The obvious resis-
tivity differences in the top soil layers under different vegetation
covers are also likely due to the higher woody root biomass under
the trees which can significantly affect the soil resistivity (Amato
et al., 2008; Rossi et al., 2011). Rossi et al. (2011) observed large
resistivity values close to tree trunks in an orchard and the vari-
ability in resistivity was positively related to the belowground bio-
mass density of coarse roots (>2 mm diameter).
3.3. Conversion of soil electrical resistivity into soil water content

We used the temperature-corrected soil electrical resistivity
data and soil water content from spatial TDR to establish the
site-specific relationships between the two variables for the two
soil layers (Fig. 8). For Top Layer (0–100 cm) and Bottom Layer
(100–400 cm), we obtained two significantly different petro-
physical relationships with the parameters of the simplified
Archie’s model (P < 0.05). The optimized parameters were
A = 218.9, n = 1.068 for Top Layer and A = 172.4, n = 1.175 for Bot-
tom Layer. The determined parameter n was within the low range
of typical values (1.0–2.7) for unconsolidated sands (Ulrich and
Slater, 2004). The fit for Archie’s law in the first layer (R2 = 0.921,
RMSE = 0.013, n = 54) is slightly better than the second layer
(R2 = 0.851, RMSE = 0.019, n = 162). These correlations suggest that
surface ERT can be used to quantitatively evaluate temporal
d geometry of the electrodes and inversion parameters used in this study.



Fig. 7. Two-dimensional spatial variations of the temperature-corrected soil electrical resistivity monitored during 12 various ERT surveys.
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variations in soil water content using the field-calibrated relation-
ships between the spatial TDR-derived soil water content and the
surface ERT-derived soil electrical resistivity.

As expected, soil electrical resistivity decreases as soil water
content increases. As seen from the fitted curve, for soil water con-
tents <0.10 cm3 cm�3, the electrical resistivity rapidly decreases
with increasing soil water content. However, at high soil water
contents (>0.15 cm3 cm�3) only very little change in resistivity is
observed when the soil water content increases or decreases,
which indicates an accurate estimation of higher soil water content
can be difficult using the petrophysical functions. As found by
other laboratory and field studies (Fukue et al., 1999; Michot
et al., 2003; Samouëlian et al., 2005), the soil water content thresh-
old between low and high electrical resistivity variation was
around 0.15–0.20 cm3 cm�3. However, the natural soil water con-
tent in the sand dunes during our ERT surveys generally changes
at small and medium soil water contents (0.03–0.15 cm3 cm�3)
compared with saturated soil water content of �0.30 cm3 cm�3.
Soil water content measurements at shallow soil depths confirmed
that the soil water content seldom exceeded 0.20 cm3 cm�3 due to
a low water holding capacity and a fast percolation (Fig. 2).

The first soil layer exhibited larger variations of soil water con-
tent than the second soil layer. The measured resistivity at the
same soil water content for the first layer was smaller than that
for the second layer, particularly in the high resistivity range. This
can be due to the differences in root biomass and soil properties
between the two soil layers. Werban et al. (2008) observed two
distinct petrophysical relationships in presence or absence of fine
roots of lupine. In contrast, Beff et al. (2013) found no obvious
improvement on calibration of petrophysical functions when split-
ting the data into that with and without the presence of roots. The
root surface area, especially for mature tree roots, was considered
relatively non-conductive due to the presence of highly insulating
materials such as cell-wall components and voids (Rossi et al.,
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2011; Furman et al., 2013). However, tree roots can potentially
affect the soil resistivity measurements due to the high water con-
tent and solute concentrations in the root xylem (Amato et al.,
2008; Nadler and Tyree, 2008).The root biomass was expected to
exert more effect at high resistivity, and at lower values the
response of resistivity to roots was too weak to be discriminated
from the effect of variations of other soil properties (Amato et al.,
2008). Besides, this difference can be caused by the higher soil por-
osity (Fig. 2) and potentially higher organic matter in the top soil
layers, which tended to retain more soil water and thus lower
the electrical resistivity. This difference can also result from differ-
ences in the salt concentration between two soil layers. The surface
soils are expected to contain higher salts due to the soil evapora-
tion processes and are thus more conductive than the bottom soils.
3.4. Comparison between soil water content obtained by surface ERT
and spatial TDR

To verify the quality of the surface ERT measurements for the
two soil layers, we compared the soil water content measured by
the surface ERT and the spatial TDR during the last six surveys
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whose data were not used for establishing the site-specific rela-
tionships (Fig. 9). We obtain a reasonably good agreement between
ERT-derived and TDR-derived soil water content values (Top Layer:
RMSE = 0.0154 cm3 cm�3, R2 = 0.88, n = 54; Bottom Layer:
RMSE = 0.0182 cm3 cm�3, R2 = 0.73, n = 162). This difference is
similar to the error associated with the calibrated petrophysical
relationships. The estimate precision quantified by RMSE indicates
that the surface ERT-derived soil water content for the second layer
is worse than that for the first layer, with a maximum absolute
deviation of 0.028 cm3 cm�3 for the bottom 100 cm soil layer.
The mean error (ME) values of �0.0075 cm3 cm�3 (Top Layer)
and 0.0043 cm3 cm�3 (Bottom Layer) indicated that surface ERT
generally underestimated soil water content in the upper 100 cm
of soil but slightly overestimated soil water content in the deeper
layer.

We also obtained a reasonable agreement between ERT-
derived and gravimetrically derived water content values
(RMSE = 0.0173 cm3 cm�3, R2 = 0.7892, n = 27, Fig. 5), with devia-
tions ranging from �0.0338 cm3 cm�3 to 0.0260 cm3 cm�3 and an
average absolute deviation of 0.0119 cm3 cm�3. The slightly higher
deviations for the surface ERT than for the spatial TDR measure-
ments can be largely explained by the decrease in resolution with
depth of ERT signal and associated smoothing artifacts from inver-
sion (LaBrecque et al., 1996; Marescot et al., 2003). However, these
introduced errors appeared lower than generally reported values in
other surface ERT-based water content studies. For example,
Brunet et al. (2010) compared the soil water content obtained from
ERT with local measurements made with TDR at ten different times
and found absolute deviations up to 0.05 cm3 cm�3. Michot et al.
(2003) reported a high RMSE of 0.036 cm3 cm�3 and a ME of
0.0145 cm3 cm�3 for their ERT-based estimates of water content.
In the above studies, the soil type, electrode array and spacing,
calibration method of petrophysical relationship were different
from this study. Calibration of the petrophysical relationship using
spatial TDR with more calibration points, especially covering all
depths of the soil profile could improve the quality of this relation-
ship and hence produced smaller errors. However, the lower errors
of measured water content may be ascribed to our relatively uni-
form fine sands in the sand dune environment compared to the
more heterogeneous clayey and loamy soils in other studies.

3.5. Quantifying 2D distribution and seasonal evolution of soil water
content

Two-dimensional soil water content distributions over time
were determined using the temperature-corrected ERT sections
and the petrophysical relationships for the two soil layers. Differ-
ences in spatial soil water content distribution under various
vegetation types and seasonal root-zone water content were obvi-
ous during the study period (Fig. 10). The root-zone soil was very
dry during the two dry periods (November 2012 to January 2013,
August to October 2013) but replenished by rainfall events during
the wet season (February to July 2013), with an average wet-sea-
son soil water content of �0.09 cm3 cm�3 for the entire vertical soil
profile. Two-dimensional soil water content distributions showed
distinct variations in the soil water content between the three
vegetation covers, with relatively lower soil water content under
pine trees than those under grasses and banksia trees.

At the beginning of the ERT campaign (8 November 2012), fol-
lowing a dry period from August to October in 2012, the estimated
soil water content across the site was quite low and relatively uni-
form, averaged at �0.04 cm3 cm�3. On 19 November 2012, after
three rainfall events (total rainfall 100 mm), the water content
was partly replenished, mainly in the upper 1.5 m of soil. The
water content then gradually declined until the end of this dry
period, prior to the beginning of the wet season. A series of high



Fig. 10. Two-dimensional spatial variations of the soil water content monitored during 12 various ERT surveys.
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intensity rainfall events over the next month (total rainfall
300 mm) significantly replenished the soil, ranging from 0.08 cm3 -
cm�3 at a depth of 4.0 m to 0.15 cm3 cm�3 at soil surface. During
March–April 2012, a large portion of rainfall percolated through
the vadose zone, reached the water table and recharged the
groundwater (Fig. 2). The soil water content stayed high over the
subsequent four months due to replenishment by periodic rainfall
events, with the highest soil water content in mid-April 2013. Fol-
lowing a further dry period from May to June 2013, the soil water
content significantly decreased, particularly at the top layers (1 m).
At the end of the ERT measurements, the water content over the
soil profile declined toward its initial level, except for the slightly
higher surface water content which was due to a recent rainfall
event in September 2013.

These results revealed obvious variations of soil water content
along the ERT transect, so a better observation strategy was needed
to obtain the area-average water content when using the soil water
balance method to investigate hydrological processes in forested
ecosystems. To achieve this, we calculated 2D area-average soil
water storage from surface ERT and 1D soil water storage from spa-
tial TDR under different vegetation types for the 12 ERT survey
dates (Table 2). The soil water storage was obtained by integrating
surface ERT-derived water content and spatial TDR-derived water
content from 0 to 400 cm depth, respectively. The corresponding
surface transects for the pine, grass and banksia segments were
2–10 m, 10–14 m and 14–20 m, respectively. Absolute and relative
differences between the 2D and 1D water storage values were also
determined. The calculated differences in soil water storage were
large and ranged between �44 mm (�15.6%) under the pine trees
and 46 mm (15.5%) under the banksia trees. The soil water storage
difference was relatively smaller under the grassland, with a max-
imum deviation of 19 mm (6.1%). Larger deviations of soil water
content under the trees likely resulted from the higher spatial vari-
ability of soil water caused by canopy rainfall redistribution and
root water uptake.

These differences indicated that estimating the area-average
soil water content at the tree scale with one soil water content
monitoring profile, especially with several point-scale probes,



Table 2
Difference (DS, mm) between 1D soil water storage estimated by spatial TDR (STDR, mm) and 2D area-average soil water storage estimated by surface ERT (SERT, mm) on different
survey dates. The values in the parenthesis represent the relative difference (%) as a ratio between the soil water storage difference and surface ERT-derived soil water storage.

Date Pine Grass Banksia

SERT STDR DS SERT STDR DS SERT STDR DS

D1 183 162 �21 (�11.4) 218 216 �2 (�0.9) 179 189 10 (5.7)
D2 250 220 �30 (�11.9) 310 301 �9 (�2.9) 252 288 36 (14.4)
D3 203 186 �17 (�8.3) 297 288 �9 (�3.0) 217 237 20 (9.3)
D4 168 161 �7 (�3.9) 200 212 12 (6.0) 187 193 6 (3.3)
D5 294 267 �27 (�9.1) 388 403 15 (4.0) 330 357 27 (8.3)
D6 279 235 �44 (�15.6) 378 386 8 (2.2) 298 344 46 (15.5)
D7 226 203 �23 (�10.3) 287 275 �12 (�4.0) 250 287 37 (14.8)
D8 284 243 �41 (�14.4) 392 389 �3 (�0.7) 316 319 3 (0.9)
D9 253 228 �25 (�9.7) 315 334 19 (6.1) 275 289 14 (5.2)
D10 160 148 �12 (�7.6) 195 187 �8 (�4.1) 168 187 19 (11.5)
D11 170 164 �6 (�3.6) 219 210 �9 (�4.1) 187 225 38 (20.5)
D12 156 142 �14 (�9.1) 214 212 �2 (�0.9) 174 197 23 (13.4)

Total 2625 2359 �266 (�10.1) 3411 3413 2 (0.1) 2831 3112 281 (9.9)
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was not straightforward. The results supported the use of surface
ERT to quantify the spatial variability of soil water content and
to guide the installation locations of soil water sensors to obtain
more accurate estimates of area-average soil water content in
the forest. Both spatial TDR and surface ERT enabled the measure-
ments of soil water content of sandy forest soils down to a depth of
4 m, which is the maximum rooting depth for the majority of
vegetation types (Canadell et al., 1996). This capability makes them
very useful for the detection of root zone processes and predicting
the deep drainage with the soil water balance method by combin-
ing the rainfall and ET measurements in forested ecosystems. With
spatial TDR measurements, the dynamics of continuous soil water
distribution can be successfully monitored with high spatial
resolution and accuracy, but the distribution is limited to one
dimension. It is therefore advantageous to combine spatial TDR
with surface ERT measurements to quantify the spatial distribution
of soil water (both laterally and in depth) since they can comple-
ment each other with spatial resolution and coverage, respectively.

3.6. Comparison of deep drainage under different vegetation types

Fig. 11 shows the evolution of the calculated potential ET, the
sap flow-based actual ET for pine and banksia trees, and the pro-
portionally estimated actual ET for grasses at the study plot. During
the experimental period, the daily potential ET generally decreased
from summer (December–February) to winter (June–August) as
the atmospheric evaporative demand was lower in the winter
(Fig. 2). The potential ET first gradually decreased from �6 mm d�1

in November 2012 to �2 mm d�1 in June 2013, and then increased
to a value of �7 mm d�1 in November 2013. The estimated actual
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ET rates for pine trees were generally larger than the corresponding
values of the banksia trees, followed by the grassland. During the
rainy period (February–August 2013), the estimated actual ET rates
for all vegetation types were closer to the corresponding potential
ET values. However, the estimated actual ET rates during the dry
periods (December 2012–January 2013 and September–November
2013) were approximately one-third of the corresponding poten-
tial ET values, indicating the significant limiting effect of soil water
content on actual ET (Fig. 2).

The water balance components under different vegetation types
for 11 periods between our 12 surface ERT surveys are presented in
Table 3. Runoff was considered to be minimal given the lower rain-
fall intensity compared to hydraulic conductivity of surface soil
and the fast percolation of near-surface soil water into lower soil
layers. Total annual deep drainage under the grasses accumulated
to 1502 mm over the one-year study period (Table 3), representing
69% of the annual gross rainfall. Based on the water table fluc-
tuation method (Scanlon et al., 2002), gross recharge estimated
under the grassland over the year was estimated as 950 mm using
a readily available specific yield of 0.30 (Loheide et al., 2005), rep-
resenting 45% of gross rainfall. The difference between surface ERT-
derived deep drainage and the water table fluctuation-derived
gross recharge was largely due to the uncertainties obtained from
other water balance terms, especially the ET estimate for the small
scale of the grassland. The estimated deep drainage under the pine
trees was only half of that under the grass, and also lower than that
of the banksia trees due to its high rainfall interception and root
water uptake, indicating the negative effect of pine planation
establishment on groundwater recharge in these areas. However,
the water table fluctuations indicate that a large portion of rainfall
e
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ed actual evapotranspiration for pine (ETpine) and banksia (ETbanksia) trees, and the
eriod.



Table 3
Water balance components estimated under different vegetation types (pine, grass and banksia) at the studied small spatial scale for 11 periods between the 12 surface ERT
survey dates.

Period Pine Grass Banksia

DS ETa Pn DD DS ETa Pn DD DS ETa Pn DD

Nov 8–Nov 19 2012 67 34 78 �23 92 19 96 �15 73 26 84 �15
Nov 19–Nov 29 2012 �47 40 0 7 �13 16 0 �3 �35 31 0 4
Nov 29 2012–Jan 15 2013 �35 118 33 �49 �97 68 42 71 �30 91 36 �25
Jan 15–Mar 6 2013 126 131 666 409 188 76 819 556 143 110 717 465
Mar 6–Apr 15 2013 �15 140 303 178 �10 81 370 300 �32 134 327 225
Apr 15–May 29 2013 �52 158 139 33 �91 91 174 174 �48 142 149 55
May 29–Jul 18 2013 58 137 374 179 105 79 461 278 66 126 402 210
Jul 18–Aug 13 2013 �31 95 36 �28 �77 55 41 63 �41 89 39 �8
Aug 13–Sep 10 2013 �86 72 4 19 �116 41 5 83 �95 67 4 32
Sep 10–Sep 20 2013 14 19 27 �2 24 11 34 �1 19 13 29 �3
Sep 20–Sep 28 2013 �10 15 0 �5 �5 9 0 �4 �13 12 0 1

Total �11 959 1660 718 0 546 2042 1502 7 841 1787 941

DS: difference in soil water storage; ETa: actual evapotranspiration; Pn: net rainfall (gross rainfall minus interception loss); DD: deep drainage.
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still percolated beyond the root zone following a series of heavy
summer storms and reached groundwater table (Fig. 2) due to
the high saturated hydraulic conductivity (�180 cm d�1) of our
unconsolidated dune sands compared to heavy-textured soils.

3.7. Effect of rainfall redistribution and root water uptake on soil water
content heterogeneity

To obtain a better understanding of the effects of rainfall redis-
tribution by canopy and water uptake by roots on soil water vari-
ability and the potential of this monitoring approach, we
quantified the differences in 2D soil water content during two
short-term (�10 d) wetting and drying cycles (Fig. 12), i.e., W1
(8–19 November 2012, rainfall = 100 mm), D1 (19–29 November
2012), W2 (10–20 September 2013, rainfall = 30 mm) and D2
(20–28 September 2013).

After a cumulative rainfall of 100 mm during W1 and 30 mm
during W2, an increase of soil water content in the soil profile
was observed with surface ERT for both periods (Fig. 12). The
increase was mainly located under grasses, followed by the banksia
and pine trees. Specifically, the differences in soil water storage
over the whole soil profile during W1 were 67 mm, 92 mm and
Fig. 12. Two-dimensional soil water evolutions during wetting and drying cycles: W1 (8–
D2 (20–28 September 2013). Zero means no changes in the soil water content during the
soil water content during each comparison period, respectively.
73 mm under pine, grassland and banksia trees, respectively. The
corresponding values during W2 were 14 mm, 24 mm and
19 mm, respectively. As we can see from Table 3, these differences
were mainly due to the combined effect of the higher surface water
input and smaller soil water loss via ET under the grass zone. Simi-
lar to our earlier finding (Fan et al., 2014), we found that the pine
trees intercepted more rainfall (24.3% of gross rainfall) than the
banksia trees (18.5% of gross rainfall), while the rainfall intercep-
tion by the sparse grasses was smaller (5.4% of gross rainfall).
The reduced amount of infiltrating rainwater under the trees was
ascribed to their higher interception losses. However, a locally
higher increase in soil water content was identified around all tree
trunks except for one banksia tree, reaching similar levels of soil
water content to that under the grasses. This was similar to find-
ings by Michot et al. (2003) who identified preferential infiltration
of rainwater under corn plants caused by stemflow, which tended
to homogenize the soil water content under the corn row and
under the inter-row when a significant rainfall occurred. During
the field trips, we have also observed stemflow running down
along the tree barks and concentrated around the bases of pine
and banksia trees. We considered that the stemflow of pine and
banksia trees in this study were similar to our previous findings
19 November 2012), D1 (19–29 November 2012), W2 (10–20 September 2013), and
comparison periods. Values above or below zero indicate an increase or a decrease in
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on the same tree species (Fan et al., 2014), with higher stemflow
under the pine trees (1.0% of gross rainfall) than that under the
banksia trees (0.4% of gross rainfall). No localized increase was
found around the grasses due to its negligible stemflow. No
increase in soil water content was identified around the base of
one banksia tree most likely due to its relatively smaller portion
of stemflow water and the ERT transect being located 0.8 m from
its trunk. The stemflow has been generally found to concentrate
within a radius of less than 0.5 m from the tree trunk (Cattan
et al., 2009; Nikodem et al., 2010).

During the drying periods D1 and D2, ET caused a decrease of
water content in the soil profile. The differences in water storage
throughout the soil profile during D1 were �47 mm, �13 mm
and �35 mm under pine, grassland and banksia trees, respectively.
The corresponding values during D2 were �10 mm, �5 mm and
�13 mm, respectively. Since deep drainage at the bottom bound-
ary was limited during these periods (Table 3) due to the small
water pressure gradient at the bottom of the soil, these differences
were ascribed to the ET processes. In the upper 1 m soil of the tree
area, higher water depletion was observed around the tree trunks
relative to the intercanopy area. This is similar to Michot et al.
(2003) who also observed a higher decrease of water content under
the corn rows due to root water uptake. However, Srayeddin and
Doussan (2009) found the soil water decreased mainly under the
inter-rows in the upper 1 m of soil, because the water content at
the surface and under the corn rows was relatively low and water
depletion occurred in the deeper zones and in the inter-row area.
These results indicated that both spatial rainfall distribution (e.g.
throughfall and stemflow) and root water uptake were influencing
the patterns of soil water content and its variation over time as
well as the infiltrating water under different vegetation types at
our study site.

4. Conclusions

Geophysical instruments are becoming increasingly attractive
for high-resolution investigation of subsurface flow processes with
minimized disturbance to soils. In this study, we used 2D surface
ERT, supplemented by 1D spatial TDR, to monitor root-zone water
dynamics of sand dune soils in a subtropical coastal environment.
Spatial variation was primarily due to rainfall partitioning by
vegetation and root uptake under three vegetation types at the site.
The resulting 2D ERT images exhibited clear horizontal and vertical
variations of soil electrical resistivity, which were quantitatively
related to soil water content changes with in-situ calibrated petro-
physical relationships using spatial TDR data. Soil water content
evolutions throughout the year were successfully identified by soil
electrical resistivity changes. Soil temperature and topographic
variations were also accounted for during the ERT data
interpretation.

Analysis of field resistivity and soil water content between
November 2012 and October 2013 confirmed the potential of sur-
face ERT and spatial TDR for use in monitoring spatial and temporal
water dynamics of sand dune soils. Relative to traditional point-s-
cale TDR probes, spatial TDR can provide continuous 1D water con-
tent measurements with high spatial resolution and accuracy
(absolute deviation <0.02 cm3 cm�3). With a series of continuous
soil water content profiles, percolation of wetting front through
the root zone can be well traced. In comparison with spatial TDR,
surface ERT gives 2D information integrated over a greater volume
of soil. In our case, the measurements have reasonable accuracy
(RMSE <0.02 cm3 cm�3) compared with soil sampling methods.
However, a slightly higher error in soil water measurements was
introduced in the bottom soil layers probably due to the lower sen-
sitivity of ERT measurements to local soil electrical resistivity
changes at these depths. Combination of surface ERT and spatial
TDR methods can improve the overall accuracy of soil water
monitoring with a better spatial resolution than obtained separate-
ly or by point methods. Better positioning of point-scale soil water
sensors can be guided by surface ERT for area-average soil water
content estimates in heterogeneous forests.

The rainwater infiltration after canopy redistribution, the dry-
ing out of the soil by root water uptake, the preferential flow by
stemflow and the surface drainage of the soil water could be iden-
tified by joint use of surface ERT and spatial TDR methods. The
rainfall interception by the canopy played a major role in redistri-
bution of water at the soil surface before it infiltrated into the soil
since it reduced the net rainfall input on the floor under different
vegetation types (75.7%, 81.7% and 94.6% of gross rainfall for pine,
banksia and grass, respectively). During the heavy rainfall events in
the wet season, the effect of the root water uptake on deep drai-
nage appeared to be limited at this highly conductive sand dune
site as a result of the fast percolation of rainwater beyond the root
zone. The estimated annual deep drainage under the pine trees
(718 mm) was only half of that under the grass (1502 mm), and
also lower than that under the banksia trees (941 mm) due to its
high rainfall interception and root water uptake, indicating the
negative effect of pine plantation establishment on local ground-
water recharge in these areas. Vegetation cover changes from
native ecosystems (banksia and grasses) to exotic pine plantation
in these sand dune areas are likely to reduce the soil water content
and the subsequent recharge in the underlying aquifer.
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