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Abstract: Tensiometer-coiled time domain reflectometry (T-TDR) probes have been developed in
previous studies, but have not been applied in the field. In this study, we applied T-TDR probes to the
simultaneous monitoring of soil water content (θ) and soil water potential (ψ) on a profile beneath a
tree in a forest stand, and analyzed the temporal and spatial variations in soil water dynamics in
a root-containing environment. The results showed different features in the relationships between
the mean and standard deviation of spatial θ and ψ, which exhibited convex-upward shapes and
negative curvilinear shapes, respectively. High spatial variability was observed at intermediate values
of θ and small values of ψ. Matrix flow and preferential flow accounted for 75% and 25% of the area
beneath the tree. Although the infiltration processes were dominated by matrix flow, preferential
flow acting for a short time could cause an average θ or ψ to reach their maximum values at all of the
locations. Preferential flow primarily occurred at a “hot spot” around a coarse root. Small changes in
θ and ψ were generally observed at a “cold spot” beneath a lateral root. Integrated information from
multiple sources of θ and ψ could help to evaluate soil water dynamics when one exhibited large
spatial variation during the wetting or drying processes, and greatly help to improve the accuracy for
detecting the presence of preferential flow in a short measurement period.
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1. Introduction

Soil water dynamics (e.g., the changes of soil water storage or movement) around a tree are
highly variable, and are strongly affected by the spatial heterogeneity of water inputs through the
canopy in the rainfall redistribution process [1–3], root-induced preferential pathways in the wetting
process [4–6], and irregular drainage or water uptake by roots in the drying process [7,8]. Preferential
pathways have often been identified using dye tracers and image analyses [9–11], data analyses of
soil water responses [12,13], or both of tracers and field dataset [5]. The application of dye tracers
could clearly visualize infiltration pathways and confirm the presence of preferential flow or matrix
flow through the excavated soil profiles. The shortcoming of a dye experiment application is that the
excavated soil profile for observing the dyed points is not available for soil water monitoring as it used
to be. In addition to field observations, laboratory analyses of field soil samples are commonly used to
determine soil hydraulic properties (e.g., water retention or permeability) or to estimate soil water
behaviors (e.g., water storage or movement) in vegetation plots or forests [14–16]. However, many
previous studies have indicated that soil water hydraulic properties or soil water behaviors determined
using laboratory methods are not necessarily consistent with those observed in situ [17–20]. Although
improved estimation methods for soil hydraulic properties are still needed, one of the most important
applications of soil hydraulic characteristics is to estimate field soil water behaviors. In comparison to
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dye experiments or laboratory analyses with field soil samples, using dataset (e.g., soil water content
or potential) measured in fields to estimate soil water behaviors or to distinguish preferential flow or
matrix flow is desired for the ongoing monitoring without destroying the observation profile.

Soil water storage and movement are mainly described by the changes of soil water content (θ)
and soil water potential (ψ), respectively. Soil water sensors provide a direct method for monitoring
soil water dynamics in the field using time-domain reflectometry (TDR) or capacitance and frequency
sensors to measure θ [21,22], tensiometers to measure ψ [23,24], or combinations of these sensors [7,25].
Although measurements of both θ and ψ could comprehensively estimate field soil water dynamics,
each of the sensors has been separately installed at the corresponded depths or locations so far, with the
presumptively same volumes of the measured soil. Vaz et al. [26] argued that measurements of θ andψ
at different locations would make their interpretation difficult and uncertain. The interpretation would
be more uncertain when θ and ψ are separately measured in the highly variable soil environments
with tree roots and preferential pathways.

The development of multi-functional measurement sensors could greatly help by allowing the
simultaneous acquisition of multiple data types at the same location, and by avoiding the potential
error that results from separate measurements taken at different locations. For example, a combined
penetrometer–moisture probe (CPMP) developed by Vaz and Hopmans [27] and improved by Kosugi
et al. [28] can effectively provide simultaneous measurements of θ and soil resistance under both
laboratory and field conditions. In CPMP sensors, the use and design of the coil-type TDR probe
are important in relation to θmeasurements. The coil-type TDR probe has been modified for sensor
measurement techniques and used to measure water content in soil or bedrock environments [29–31],
which may be employed for a variety of water content measurements by adjusting the probe size.
Another application of the coil-type TDR probe, a tensiometer-coiled time domain reflectometry (T-TDR)
probe, was previously developed in several sizes and designs [26,32,33]. Although simultaneous
measurements of both θ and ψ are the greatest benefit of a T-TDR probe and the development and
calibration procedures of the T-TDR probe have been conducted for many soil types [26,32], these tests
and applications were only done under laboratory conditions. A T-TDR probe has not yet been utilized
for monitoring soil water dynamics in the field in previous studies. Because controlled laboratory
conditions and unexpected field conditions are different, it is still not clear whether the proposed
designs of the T-TDR probes could be well applied in fields, particularly in soil environments that
contain tree roots.

The main purpose of this study was to test the applicability of a T-TDR probe in a potentially
heterogeneous soil environment with tree roots. Soil water dynamics underneath a tree were
investigated using the modified T-TDR probes. Based on T-TDR models developed in previous studies,
we modified the design of the T-TDR probe and enabled its application to field measurements. Using
the dataset successfully recorded from 11 of these T-TDR probes during a short observation period of 1
month, we analyzed the soil water dynamics during the wetting and drying processes, and discussed
the following issues:

1. Are the spatial variability of soil water described by θ and ψ different?
2. Could matrix flow and preferential flow underneath a tree be detected using the dataset of θ and

ψmeasured by the T-TDR probes in a short observation period?
3. What are the main effects of roots on soil water dynamics during the wetting and drying processes?

2. Materials and Methods

2.1. Design of a T-TDR Probe

Figure 1a shows the design of a custom-made T-TDR probe for use in the field, which was
proposed in this study. For the TDR portion of the probe (Figure 1b), a pair of parallel tinned copper
wires (diameter = 0.23 mm, length = 27.5 cm) was coiled at 5 mm intervals along a 62 mm long
porous ceramic cup (diameter = 18 mm, wall thickness = 1.5 mm). The tinned copper wires were
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bonded on the porous ceramic cup wall with epoxy adhesive (5 min AB adhesive; Araldite, Huntsman
Corporation, Salt Lake City, UT, USA) (Figure 1c). The tinned copper wires were not completely
covered by the epoxy adhesive, with glue applied only along two sides of the wires to maintain
attachment between the tinned copper wires and the porous cup, and to reduce the influence of the
epoxy adhesive on measurements. The tinned copper wires were connected to a coaxial cable and
fixed using hot-melt adhesive (Figure 1b). The cable was guided along the outside wall of an L-shaped
polyvinyl chloride (PVC) pipe, and connected to the TDR device of a TDR100 (Campbell Scientific,
Logan, UT, USA) reflectometer through a coaxial multiplexer (SDMX50, Campbell Scientific). PC-TDR
software (Campbell Scientific) was used for setup and waveform analysis. A pressure transducer
(PA-750; Copal Electronics, Tokyo, Japan) was connected to the PVC pipe with a T-shaped PVC
connector (Figure 1a). The pressure transducer records the gauge pressure at a resolution of 0.1% of the
full scale (i.e., 1 cmH2O), using a zero reference point of atmospheric pressure. We further modified
the design of Vaz et al. [26] by reducing the diameter of the porous cup, which enabled easier field
installation in areas with coarse roots or rocks. In the design reported by Vaz et al. [26], the 3 mm
porous cup wall was machined to produce small grooves. The tinned copper wires were wrapped in
these grooves to limit their movement during sensor installation. However, the machined grooves may
damage the porous cup and affect the measurement of ψ. The machined grooves are also not suitable
for small porous ceramic cups with thin cup walls. In our design, we carefully applied epoxy adhesive
to fix the tinned copper wires to the outside of the porous cup instead of using machined grooves. The
ratio of epoxy adhesive covered area to the total surface area of the porous cup was approximately 10%
(Figure 1c), which would little influence the permeability of the porous cup. This avoided damaging
the structure of the porous cup and reduced unexpected water leakage through the grooves.
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2934 mm, with a wet season from May to August and a dry season from October to March. A 
Taiwania (Taiwania cryptomerioides) and Luanta-fir (Cunninghamia lanceolata) plantation, planted in 
1984, were the predominant land covers. The plantation density was 2147 trees per ha with a spacing 
interval of approximately 2–3 m between trees [34]. Taiwania is a coniferous tree in the cypress 
family that is native to central Taiwan, and Luanta-fir is an endemic subspecies in Taiwan. Both tree 
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Figure 1. Design of the tensiometer-time domain reflectometry (T-TDR) probe showing (a) the side
view inserted into the undisturbed soil profile, (b) the TDR portion of the probe, and (c) the portion of
parallel tinned copper wires coiled along the porous ceramic cup.

2.2. Study Area and Sensor Installation

Observations were conducted for 1 month from 21 July to 26 August 2013 on a hillslope in the
Neimaobu Tract of the Experimental Forest of National Taiwan University, central Taiwan (23◦40′ N,
120◦50′ E). The hillslope has a mean gradient of 15◦, with clay loam soils underlain by sandstone and
shale. The mean annual air temperature in 1990–2010 was 19.2 ◦C, with maximum and minimum
monthly averages of 23 ◦C (July) and 14.2 ◦C (January), respectively. Mean annual precipitation was
2934 mm, with a wet season from May to August and a dry season from October to March. A Taiwania
(Taiwania cryptomerioides) and Luanta-fir (Cunninghamia lanceolata) plantation, planted in 1984, were
the predominant land covers. The plantation density was 2147 trees per ha with a spacing interval
of approximately 2–3 m between trees [34]. Taiwania is a coniferous tree in the cypress family that
is native to central Taiwan, and Luanta-fir is an endemic subspecies in Taiwan. Both tree species are
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economically important in Taiwan. We selected a medium-size Taiwania tree with DBH (diameter at
breast height) of 36.2 cm in the plantation, and dug a trench at a location 0.5 m from the tree with a
depth of 90–100 cm and lateral length of 130 cm along the slope for observation of soil water dynamics
(Figure 2a).
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Figure 2. (a) Photographs and (b) sketches of the distribution of roots along the soil profile in the
observation trench. In Figure 1b, A1–A4 indicate the vertical measurement lines, and grey and red
shapes indicate the shape and size of rocks and roots observed in the profile exposed by the trench,
respectively. Solid black circles indicate installation points of T-TDR probes that successfully monitored
both soil water content and soil water potential during the observation period; a grey circle and an
empty circle indicate points missing soil water content data, and missing both soil water content and
soil water potential, respectively.

At the beginning of the experiment within 1 month before the observation period, 12 T-TDR
probes were installed at three depths of 20 cm, 35 cm, and the trench bottom along four measurement
lines (i.e., A1–A4) for simultaneous measurements of θ and ψ (Figure 2b). The bottom depths were
55 cm for A1–A3 and 60 cm for A4. We previously drilled holes (diameter = 15 mm, length = 10 cm)
intersecting the soil profile at all installation locations, and carefully inserted all of the T-TDR probes
into the holes (Figure 1a). It could get good contact with soils because the diameter of the hole was
smaller than that of the T-TDR probe. Then, the trench was backfilled with field soils without rocks
and stood for a month to stabilize the backfilled soils. During the observation period, however, θ and
ψ at 60 cm in A1 and θ at 55 cm in A2 had missing measurement values due to the loose of copper
wires and damage of a porous cup at the time of installation. Thus, θ was recorded at 10 points (black
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circles in Figure 2b) and ψ recorded at 11 points (black and grey circles in Figure 2b) for analysis in this
study. Before backfilling the trench, we observed and sketched the distributions of rocks and roots
exposed on the soil profile (Figure 2b). A coarse root (10–20 cm in diameter) intersected the soil profile
at a depth of 60 cm around measurement line A4, and a lateral root (3 cm in diameter) ran parallel to
the soil profile a depth of 35 cm between measurement lines A2 and A3. Some rocks and fine roots
were also found throughout the soil profile, but roots were sparse below a depth of 60 cm, which was
near the soil–bedrock interface. All of the devices at the observation site were connected to a data
logger (CR1000; Campbell Scientific), which recorded observations at 10 min intervals. Open-area
rainfall measured at a location (23◦41′ N, 120◦57′ E) 16.6 km from the observation site was used.

2.3. Calibration of the T-TDR Probes

After the observation period, all of the T-TDR probes installed at the site were removed. Then, 6 of
the 12 T-TDR probes were used for laboratory calibration with reference to the θ values derived from
three commercially supplied and calibrated θ sensors (EC-5; Decagon Devices, Pullman, WA, USA; see
Figure S1a and Table S1 in Supplementary Materials). Due to the interruption of roots, it was hard to
sufficiently sample the soils around the T-TDR probes. Instead, the field soils used for investigating
general properties and calibrating the T-TDR probes were sampled at a location with few rocks and
roots, 3 m from the observation tree. The general properties of the field soil (Table 1) were investigated
using undisturbed soil samples, which were taken from three depths (i.e., 20, 35, and 60 cm) using
thin-walled steel samplers with a volume of 100 cm3 per sample. The physical properties and textures
of the field soils at these three depths were very similar (Table 1), and all of them were classified as
clay loam based on the United States Department of Agriculture soil texture triangle. Calibrations
were conducted using disturbed field soil samples which were separated in to three groups with three
different particle size distributions. They were the mixed soils sampled at three depths (i.e., clay loam),
the mixed soils retained by a soil sieve with 2-mm openings (denoted “coarse loam”), and the mixed
soils passing through a soil sieve with 2-mm openings (denoted “fine loam”).

Table 1. Physical properties of field soils at different depths based on three undisturbed samples
collected at each depth.

Depth (cm)
Particle
Density
(g/cm−3)

Bulk
Density
(g/cm−3)

Porosity (%) Sand (%) Silt (%) Clay (%)

20 2.18 1.32 39.6 33.8 35.6 30.6
35 2.27 1.46 35.8 36.3 34.4 29.4
60 2.23 1.40 37.4 34.1 33.2 32.7

As detailed in Supplementary Materials, the measured dielectric constant (ε) was calibrated to
θ using a third-order polynomial regression equation for each soil (see Figure S3 and Table S2). The
performance of the calibrated T-TDR probes was equivalent to EC-5 sensors, with an accuracy of
±0.033 cm3/cm3 to measure θ (see Figure S4 and Table S3). To verify which calibration equation was
appropriate, we compared the ψ and ε obtained from the backfilled trench during the observation
period to those measured in the calibration procedure, and found that the shape of the ε-ψ curve for
coarse loam most closely matched the ε-ψ curve for the backfilled trench (see Figure S5). Thus, the
calibration equation for coarse loam (see Table S2) was used to convert the output values of ε from the
T-TDR probes to θ for the field observations.

2.4. Data Analyses for Soil Water Dynamics

Using the θ and ψ dataset measured using T-TDR probes during the observation period, we
analyzed (1) the temporal variation in θ and ψ, and the spatial variation in soil water dynamics
(2) during rainfall events and (3) during a dry period, corresponding to three issues discussed in
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this study. For the analysis (1), the relationships of the mean (µ) and standard deviation (σ) of
θ and ψ at each depth during effective rainfall events and outside of such events were analyzed
separately. Each individual rainfall event was separated from other events by 6 consecutive hours
without rainfall. This criterion corresponds to previous studies focused on hydrological responses
in shallow soil layers [21,35,36]. An effective rainfall event was defined as the event that resulted in
significant hydrological responses in θ and ψ. The significant hydrological responses were defined as
the increases of average θ and ψ at all of the measurement points of more than 0.005 cm3/cm3 and
5 cmH2O, respectively.

For the analysis (2), the detailed spatial variations in θ, ψ, and hydraulic potential (φ) in the
soil profile were investigated for the two largest events in the observation period. The φ value was
computed as the sum of the ψ value and the height (z) at which ψ measured (i.e., φ = ψ + z). Flux
vectors were determined based on the 11 measurement points of φ which were interpolated using
the ordinary Kriging method with a simple linear model (Surfer ver. 13; Golden Software, Golden,
CO, USA). In addition, the general patterns of soil water dynamics in space were investigated for
all effective rainfall events. Lozano-Parra et al. [13] assumed that slow and rapid responses of soil
water are caused by matrix flow and preferential flow, respectively, and used the maximum slope of
the wetting curve (i.e., the time derivative of soil water increase) during rainfall events to determine
whether the hydrological response was dominated by matrix flow or preferential flow in several plots
within a catchment. As similar ideas of Lozano-Parra et al. [13], we identified the maximum increases
of θ (∆θmax) and ψ (∆ψmax) with a 10 min measurement interval at each point during effective rainfall
events using Equations (1) and (2):

∆θmax,i = Max (θi
t+1
− θi

t) (1)

∆ψmax,i = Max (ψi
t+1
− ψi

t) (2)

where i represents each measurement point (i = 1–10 for θi; i = 1–11 for ψi), and t + 1 and t are time
steps at 10 min measurement intervals. Because ∆θmax or ∆ψmax among measurement points were not
necessarily detected at the same time during an event, ∆θmax or ∆ψmax was compared to the average
rainfall intensity by dividing the accumulated rainfall amount by the duration from the start of a
rainfall event to the time that ∆θmax or ∆ψmax was reached. Moreover, water storage and saturation
generation capabilities were analyzed at each point. The increase in θ at each point (Si) was quantified
from the start of an event (θi

initail) to the time at which average θ for all of the measurement points
reached its maximum value (θi

max) during each effective rainfall event, (i.e., Si = θi
max
− θi

initail). Then
the standard score (Z-score) was used to remove the rainfall magnitude factor, and the normalized
index of Si

* was rescaled by:
Si* = (Si − µ)/σ (3)

where µ and σ are the mean and standard deviation of Si at all points (i = 1–10) for an event, respectively.
Thus, S* could represent where water was generally stored at the wettest time (i.e., the maximum value
of the average θ at all measurement points) in an event, which is different to ∆θmax that might be not
necessarily detected at the same time among measurement points. Similarly, the duration of saturation
occurrence (i.e., ψ = 0 cmH2O) at each point (Di) was investigated from the start to the end of each
effective rainfall event. Then the normalized index of Di* was rescaled using the standard score:

Di* = (Di − µ)/σ (4)

where µ and σ are the mean and standard deviation of Di at all points (i = 1–11) for an event, respectively.
Thus, D* represents the point where saturation generally occurred and remained during an event.

For the analysis (3), the detailed spatial variations in θ,ψ, andφ in the soil profile were investigated
during the drying period from 31 July to 15 August 2013 (Figure 3). The drying period persisted for
approximately 14 days without effective rainfall events. The instantaneous rates of θ and ψ depletion
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(i.e., depletion amount/time interval) at each measurement point were calculated during the drying
period. In this calculation, the variable time interval (∆t) was defined as the interval with a decrease in
θ or ψ at each point of more than 0.001 cm3/cm3 or 15 cmH2O, respectively. Because the instantaneous
depletion rate is controlled by the value of θ or ψ, the instantaneous depletion rate was compared to
the average θ or ψ between the start and end of ∆t.
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3. Results

3.1. Temporal Variation in Soil Water Dynamics

There were approximately 24 rainfall events recorded during the observation period, in which
significant hydrological responses were detected for the 7 effective rainfall events with total rainfall
amounts of 23.0–637.0 mm (Figure 3 and Table 2). The θ andψ at three depths increased rapidly during
the effective rainfall events and decreased gradually during periods without rainfall (Figure 3). In the
periods without rainfall, the decreases were small in θ but relatively large in ψ. This was attributed
to characteristics of soil water retention that θ varies little in the high-suction region (see Figure S8).
The diurnal vibration observed in ψ and φ, particularly in periods without rainfall, were likely due to
the temperature of the pressure transducer increasing in direct sunlight. During the effective rainfall
events, positive ψ and generation of transient saturation were observed at some depths. The φ value
was generally greater at shallow depths during the observation period, except during the latter half
of the drying period and the largest event, in which φ at deeper points was greater or equal to that
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at shallower points. This indicates that downward vertical movement of soil water fluxes generally
occurred in the study area.

Table 2. Properties of the effective rainfall events.

Event Start End Duration (hr) Total Rainfall
(mm)

Max. Rainfall
Intensity

(mm/10 min)

1 26 July 2013
12:30

26 July 2013
19:40 7.2 40.0 5.5

2 30 July 2013
12:30

30 July 2013
20:20 7.8 40.5 9.5

3 14 August 2013
13:10

14 August 2013
21:50 8.7 75.0 8.5

4 15 August 2013
12:30

15 August 2013
17:00 4.5 23.0 5.0

5 16 August 2013
16:10

16 August 2013
22:30 6.3 45.0 14.5

6 21 August 2013
10:30

22 August 2013
17:50 31.3 637.0 18.0

7 24 August 2013
12:10

24 August 2013
20:10 8.0 40.0 4.5

It should be noted that θ vibrated greatly at 20 cm and 35 cm during the largest event when large
positive values of ψ were recorded, which did not occur during the other rainfall events (Figure 3).
This finding was attributed to the waveform length parameter setting applied in the TDR waveform
analysis software PC-TDR, which must be large enough to extend a short distance past the end of the
probe under the wettest expected conditions [37]. Although the waveform length that we employed
(i.e., 4 m) was recommended by Campbell [37], the wettest condition exceeded our predictions. We
infer that the vibrations in θ would plateau and maintain high values if a larger waveform length had
been set. As reference data, ψ at depths of 5–65 cm were measured with the calibrated EC-5 sensors in
another trench adjacent to the main trench in the present study (see Figure S2). Temporal variations in
ψ measured by the T-TDR probes and EC-5 sensors were reasonably well matched in both rainfall
and no-rainfall periods (see Figure S6). Particularly, ψmeasured by both the T-TDR probes and EC-5
sensors plateaued at high values during the largest event when soil became saturated, and decreased
gently during the no-rainfall periods. It suggested that the performance of the calibrated T-TDR probes
in the field was equivalent to that of EC-5 sensors.

During the observation period, the relationships of the mean and standard deviation in θ and ψ
differed between the periods in the effective rainfall events and outside of the events. For θ during the
effective rainfall events (Figure 4a), both the mean and standard deviation varied greatly, and their
relationship showed a convex-upward shape at all three depths. In the early stage in the effective
rainfall events, the standard deviation increased with small values of the mean, reached a maximum at
intermediate mean values, and decreased at the larger mean values. In the late stage in the events,
when the mean decreased, the relationship between the mean and standard deviation also exhibited
convex-upward shapes but shifted in the opposite direction. For θ in the periods outside of the
events (Figure 4b), both the mean and standard deviation were small during drying processes, and
the standard deviation generally decreased with decreasing mean at each of the three depths. For ψ
during the effective rainfall events (Figure 4c), the standard deviation decreased with increasing mean
values, and plateaued approximately when ψ became positive at each depth. In the late stage in the
events, when the mean decreased, the standard deviation increased along with the decreasing mean.
For ψ in the periods outside of the events (Figure 4d), the standard deviation increased as the mean
decreased, exhibiting negative curvilinear shapes during the drying processes. It is notable that ψ at
depths of 35 cm and 55–60 cm showed obvious hysteresis, with larger standard deviation at relatively
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high mean values. This type of hysteresis only occurred for events that started with dry soil conditions
and had low rainfall supply (i.e., the events ending on 26 July and 14 August, shown in Figure 3). Thus,
the dry conditions remaining in deeper layers after these events led to higher standard deviation of ψ.
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3.2. Spatial Variation in Soil Water Dynamics during Rainfall Events

Figure 5 shows the spatial distributions of θ, ψ, and soil water flux vectors in the soil profile
during the second largest event of the observation period. The event on 14 August can be characterized
as an afternoon shower with total rainfall of 75 mm. At the start of the event (i.e., T0), the soil profile
was in a relatively dry condition, with average θ and ψ of 0.14 and −139 cmH2O, respectively. The
flux vectors were irregular, with upward, lateral, and downward directions. At 140 min after the peak
of rainfall (i.e., T1), θ and ψ generally increased with increasing depth, except for the point at 60 cm
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depth in A4, where a coarse root intersected the soil profile and greater increases of both θ and ψ were
recorded. The flux directions were generally downward, except for the deeper layer around A1 and
A4 where obvious lateral fluxes were observed. At 260 min, when rainfall intensity weakened (i.e., T2),
the spatial distributions of θ and the flux vectors changed little in comparison to those at T1, but ψ
remained to increase from shallow to deep layers. At the end of the event (i.e., T3; 520 min), θ gently
decreased at most points, while ψ and the magnitude of the flux vectors continued to increase in the
deeper layers.
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Figure 5. Spatial distributions of soil water content (θ), soil water potential (ψ), and flux vectors (from
top to bottom rows) after 0 (T0), 140 (T1), 260 (T2), and 520 (T3) min (from left to right columns) during
the second-largest rainfall event in the observation period. The size and direction of arrows indicate
flux vectors (cmH2O/cm), which are plotted based on the spatial distribution of the hydraulic potential,
which is shown with contour lines. Black circles and gray shapes on each plot indicate measurement
points and roots exposed in the soil profile, respectively.

Figure 6 shows the soil water dynamics during the largest event of the observation period. The
event on 21–22 August was caused by a typhoon, with total rainfall of 637.0 mm, respectively. At
the start of the event (i.e., T0), the soil profile was in a relatively wet state, with average θ and ψ of
0.15 and −44 cmH2O, respectively. The flux vectors were small and generally directed downward.
At 330 min, when accumulated rainfall was 69.5 mm (i.e., T1), both θ and ψ increased markedly at
all depths in A1–A4, except for the area underneath lateral roots that run parallel to the soil profile.
Significant increases in θ, ψ, and lateral fluxes were found at a depth of 60 cm in A4, as similar as
those shown at T1 in Figure 5. At 690 min, after the continuous high rainfall intensities (i.e., T2), great
increases in θ were observed at all points, and ψ became positive at all of the points. Both the mean of
θ and the mean of ψ at all of the points reached their maximum for this event. The magnitude of the
flux vectors became small, and most of their directions changed from downward to lateral or upward,
as all of the points were saturated. At 1730 min, around the end of the storm event (i.e., T3), large θ
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and positive ψwere only observed at points deeper than 50 cm. The lateral flux vectors returned to a
downward-dominant pattern, similar to those at T0. The observations during the two largest events
suggest soil water dynamics were primarily controlled by the slow movement of the wetting front at
lines A1–A3, but featured rapid, large responses of θ and ψ in deeper layers of A4, even when the
accumulated rainfall was low (e.g., at T1 shown in Figures 5 and 6).
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Figure 6. Spatial distributions of soil water content (θ), soil water potential (ψ), and flux vectors after 0
(T0), 330 (T1), 690 (T2), and 1730 (T3) min during the largest rainfall event in the observation period.
Other details are as described for Figure 5.

In addition to the detailed soil water dynamics observed during the two largest events, we
also analyzed the general patterns of the hydrological responses at each point for the seven effective
rainfall events. Figure 7 presents the relationships of ∆θmax and ∆ψmax to the average rainfall intensity
whenever ∆θmax and ∆ψmax were recorded during an event. Assuming a slowly progressing wetting
front, ∆θmax and ∆ψmax can be expected to be greater at shallower depths. The expected pattern was
observed in A1–A3, but did not match to the field response measured in A4, where ∆θmax and ∆ψmax

were greater at the 60 cm depth. This finding suggests that the general patterns of the hydrological
responses at A1–A3 and A4 are dominated by matrix flow and preferential flow, respectively. Because
the results in Figure 7 would be affected by initial soil conditions and rainfall characteristics, we further
tested whether the response patterns differed between A1–A3 and A4 (Figure 8). The rescaled S*
and D* values were used to evaluate the capabilities for soil water storage and saturation generation,
according to Equations (3) and (4). Both S* and D* were greater at 20 cm than at 35 cm or 55–60 cm
depths in A1–A3, and most observations at 20 cm were greater than the average value of all points
(i.e., S* and D* = 0). However, S* and D* in A4 showed greater values at deeper points, which were
even greater than the mean value of all points. Based on the arithmetic mean, the maximum S* and D*
values were observed in A4 (i.e., 0.59 and 0.19), and the minimum S* and D* values occurred in A1
(i.e., −0.41 and −0.42), among the four measurement lines. The soil water responses shown in Figures 7
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and 8 demonstrated a depth-dependent pattern in A1–A3 and a depth-independent pattern in A4,
even though the physical properties and textures of the field soils were similar at three depths (Table 1).
The depth-dependent and depth-independent patterns were likely dominated by matrix flow and
preferential flow, respectively.Water 2019, 11, x FOR PEER REVIEW 12 of 19 
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3.3. Spatial Variation in Soil Water Depletion during a Drying Period

Figure 9 shows the spatial distributions of θ, ψ, and soil water flux vectors at four time points
measured at 12:00 p.m. on various days (i.e., at 0.7, 4.7, 8.7, and 13.7 days post-rainfall) during
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the drying period. Although θ and ψ at all of the points decreased with the duration of drying,
and this depletion seemed to expand from the downslope to upslope sites (i.e., from A1 to A4); the
depletion was not depth-dependent. This result was inconsistent with general understanding of
greater depletion at shallower depths due to evaporation. The directions of the flux vectors shifted
from a downward-dominant pattern to irregular, and the magnitude of the flux vectors increased at
specific points as the drying duration increased, particularly at the 35 cm depth of A2, beneath the
lateral root. The instantaneous depletion rates of θ decreased with decreasing θ values at all of the
points, in which the depletion rate decline was location-dependent and differed by several orders of
magnitude (Figure 10). Based on the geometric mean, the maximum and minimum instantaneous
depletion rates of θ occurred at the 35 cm depth of A1 (4.08 × 10−3 cm3/cm3/day) and the 35 cm depth
of A4 (1.49 × 10−3 cm3/cm3/day) among all of the points, and in A1 (3.39 × 10−3 cm3/cm3/day) and A4
(2.42 × 10−3 cm3/cm3/day) among the four measurement lines. Unlike θ, most of the instantaneous
depletion rates of ψ increased with decreasing ψ values, and the rates at some points varied little
with ψ values (Figure 10). Based on the arithmetic mean, the maximum and minimum instantaneous
depletion rates of ψ were observed at 35 cm depth in A1 (12.5 cmH2O/day) and 35 cm depth in A2
(5.4 cmH2O/day) among all of the points, and in A1 (11.9 cmH2O/day) and A4 (8.4 cmH2O/day) among
the four measurement lines. The results described above indicate that the depletion of θ and ψ did not
depend on depth, but expanded from downslope to upslope points. However, the depletion rates were
location-dependent. In particular, the instantaneous depletion rates of ψ at the 35 cm depth in A2 were
very small, which resulted in relatively high values of ψ during the late stage of the drying period, and
caused upward, lateral, and downward flux vectors with large values at this location (Figure 9).
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Figure 10. Instantaneous depletion rates of soil water content (θ) and soil water potential (ψ) against
the values of θ and ψ at each point on measurement lines A1–A4 during the drying period from 31 July
to 15 August 2013. An exponential trend line is fitted to the data at each measurement depth.

4. Discussion

4.1. Relationships between the Mean and Standard Deviation of Soil Water Content and Soil Water Potential

The relationship between the mean and standard deviation (denoted “µ-σ”) of spatial θ orψ values
was used to evaluate the hydrological behaviors in several environments. The µ-σ of θ had positive
curvilinear shapes [38,39], negative curvilinear shapes [40,41], and convex-upward shapes [42,43]. The
µ-σwith convex-upward shapes and variance peaks at intermediate values of θ is the representative
pattern [44], which has also been observed for a range of land uses and across the scales of the hillslope,
catchment, and region [45–47]. Compared to θ, the µ-σ of ψ is relatively simple, although it has been
less frequently reported. In early studies using tensiometers in the field, Greminger et al. [48] and
Yeh et al. [49] presented a dataset showing that the standard deviation increased with decreasing mean
ψ. In recent studies, the µ-σ of ψ with negative curvilinear shapes were observed at the depths of
10–100 cm [50] or at the soil–bedrock interface [51]. Base on the previous studies above, the µ-σ of
spatial θ with convex-upward shapes and the µ-σ of spatial ψ with negative curvilinear shapes are
recognized the representative patterns. It suggests that different spatial variations in hydrological
behaviors described by θ and ψ.

At our study site, the representative patterns of the µ-σ of both θ and ψ were observed using
T-TDR probes in a short observation period (i.e., 1 month) that included large rainfall events and a
2-week drying period. The µ-σ of θ (Figure 4a) exhibited convex-upward shapes at all three depths,
consisting of positive curvilinear shapes in the drying processes and negative curvilinear shapes at
the high values of θ during the wetting processes. The µ-σ of ψ (Figure 4d) had negative curvilinear
shapes at all three depths. The spatial variation (i.e., the standard deviation) reached its maximum
values at intermediate mean values of θ, but increased with decreasing mean ψ. This indicates that the
specific ranges of θ and ψ that exhibit large spatial variation required higher measurement resolutions,
and also suggests the advantages of θ sensors for measurement under relatively wet conditions and of
ψ sensors for measurements under relatively dry conditions. For the study issue 1, therefore, T-TDR
probes can simultaneously capture the different characteristics of both θ and ψ during the wetting or
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drying processes, even when used for a short observation period. Moreover, integrated information
from multiple sources of θ and ψ could help to evaluate soil water dynamics when one exhibited large
spatial variation during the wetting or drying processes.

4.2. Effects of Roots on Soil Water Dynamics underneath the Tree

As noted by Ghestem et al. [52], preferential flow occurs in channels formed by dead or decayed
roots and around live roots. The preferential pathway formed by tree roots is wider and deeper than
those of crops or pasture plants [53], and is the normal phenomenon rather than an exception in the
field [54]. Using a similar analysis method as this study (Equation (1)), however, Lozano-Parra et al. [13]
quantified matrix flow as a general pattern of soil water dynamics that occurred more frequently
(>50%) than preferential flow (<30%) among several plots in a catchment in Spain. Lin and Zhou [12]
also reported a small amount of preferential flow with an overall average frequency of 7.5% in a
catchment in the United States. In this study, matrix flow and preferential flow were well distinguished
according to θ or ψmeasured by T-TDR probes. Infiltration processes dominated by matrix flow and
preferential flow accounted for 75% (i.e., A1–A3) and 25% (i.e., A4) of observations in the area beneath
a tree, respectively. For the study issue 2, therefore, matrix flow and preferential flow underneath a tree
can be effectively detected by the T-TDR probes in a short observation period. Although matrix flow
dominated the infiltration process in our site’s root environment, preferential flow may cause average
θ or ψ at all points to reach their maximum values (e.g., at T1 shown in Figure 5). Moreover, tree roots
may enhance or interrupt soil water movement. A4 contributed the highest soil water storage and
most frequent saturation occurrence during the wetting process among the four measurement lines
(Figure 8), but showed the minimum depletion rate during the drying process (Figure 10). This result
suggests that the area near the coarse root served as a “hot spot” that exhibited sensitive responses to
wetting, whereas rooted-induced preferential flow acted only for a short time. By contrast, the lateral
root running parallel to the soil profile at A2 created a “cold spot” underneath the root, where the
changes in θ and ψwere small and slow during the both wetting (Figures 5–8) and drying processes
(Figures 9 and 10). This indicates that the lateral root somehow interrupted downward movement of
the wetting front during the wetting processes, and affected soil water redistribution during drying.

For the study issue 3, we demonstrated that the architecture of roots has important implications
for soil water dynamics during both wetting and drying processes, and these effects vary greatly in
spatial and temporal terms. Thus, a measurement system with high spatial and temporal resolution is
necessary for monitoring preferential flow or irregular patterns of soil water redistribution. Although
the performance of the calibrated T-TDR probes was equivalent to EC-5 sensors under both laboratory
and field conditions (see Figures S4 and S6), it was hard to evaluate whether soils reached saturated
conditions or to describe soil water movements in soil layers based only on a single source of the dataset
ψ from the EC-5 sensors (see Figure S7). Information from single source might be able to describe soil
water changes under simple laboratory conditions, but information from multiple sources are more
desired for monitoring soil water dynamics under heterogeneous field conditions. We suggest that the
use of T-TDR probes to measure θ and ψ at the same locations is an effective method to simultaneously
evaluate soil water storage and water fluxes in heterogeneous environments with tree roots. Integrated
information from multiple sources of θ and ψ could greatly help to improve the accuracy for detecting
the presence of preferential flow in a short measurement period without disturbing soil profiles.

5. Conclusions

Although the use of T-TDR probes has been proposed in previous studies, T-TDR probes have not
been applied in the field. This study modified the design of the T-TDR probe to enable its use for field
measurements. The θ and ψ collected simultaneously by 11 T-TDR probes with high spatial resolution
were used to investigate temporal and spatial variations in soil water dynamics beneath a tree in a
forest stand. The main results are summarized below.
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1. The relationship between the mean and standard deviation of spatial θ and ψ showed
convex-upward shapes and negative curvilinear shapes, respectively. High spatial variability
was observed at intermediate values of θ and small values of ψ, which indicates the need for θ
measurement in wetter conditions and ψmeasurement in drier conditions.

2. Infiltration processes dominated by matrix flow and preferential flow accounted for 75% and
25% of observations taken beneath the tree, respectively. Although matrix flow dominated the
infiltration process in the root environment, preferential flow could cause the average θ and ψ at
all of the locations to reach their maxima.

3. A coarse root served as a “hot spot” that exhibited sensitive responses to wetting, although this
root-induced preferential flow acted only for a short time in rainfall events. A “cold spot” existed
underneath a lateral root where the hydrological responses were insensitive.

The greatest merit of a T-TDR probe is the simultaneous measurements of θ and ψ at the same
point, which can reduce the number of sensors needed for accurate observations. Additionally, it could
satisfy the need for effective evaluation of soil water storage, saturated or unsaturated conditions,
and soil water movement at a field site containing tree roots. It is hard to evaluate soil water storage
or to describe soil water movements in soil layers based only on a single source of θ or ψ. Using
several T-TDR probes can capture the characteristics of both θ and ψ, and could help to evaluate soil
water dynamics when one exhibited large spatial variation during the wetting or drying processes.
Integrated information from multiple sources of θ and ψ could greatly help to improve the accuracy
for detecting the presence of preferential flow in a short measurement period without disturbing a
soil profile.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/8/1662/s1.
File S1: Laboratory calibration and field tests of the T-TDR probes.
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