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Abstract

Aim Ground penetrating radar (GPR), a nondestructive
tool that can detect coarse tree roots, has not yet become
a mature technology for use in forests. In this study, we
asked two questions concerning this technology: (i)
Does the leaf litter layer influence root detection and
major indices based on the time interval between zero
crossings (7) and the amplitude area (A4)? (ii) Can GPR
images discriminate roots of different plant species?
Methods Roots buried in a sandy bed, which was cov-
ered with different thicknesses of leaf litter, were
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scanned using a 900 MHz GPR antenna. Roots of four
plant species in the bed were also scanned.

Results Leaf litter decreased root reflections without
distorting the shape of the hyperbolas in the radar pro-
file. A values decreased with increasing litter thickness,
whereas T was independent of litter thickness. For all
species combined, GPR indices were significantly cor-
related with root diameter.

Conclusions Leaf litter dramatically decreased root de-
tection, but the influence of the litter could be ignored
when the sum of T for all reflection waveforms (X7) is
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adopted to estimate root diameter. To use A values to
detect roots, litter should be removed or equalized in
thickness. Radar profiles could not reliably differentiate
among roots belonging to plants of different species.

Keywords Coarse roots - Leaflitter - Nondestructive
root detection - Phyllostachys pubescens - Root diameter

Abbreviations

A Amplitude area

YA Sum of amplitude areas for all reflection
waveforms

Single A;.x  Amplitude area of the maximum
reflection waveform

T Time interval between zero crossings

T Sum of time intervals for all reflection
waveforms

Single T;,,x  Time interval for the maximum
reflection waveform

GPR Ground penetrating radar

Introduction

Climate change will greatly increase the frequency,
severity, and spatial extent of extreme weather events
(IPCC 2012). To evaluate the influence of these
changes on terrestrial ecosystems, accurate estimates
of tree root biomass and carbon sequestration are
required, as roots represent one of the key below-
ground carbon pools (Brunner and Godbold 2007).
Furthermore, structural roots play important mechan-
ical roles in increasing a soil’s shear resistance and
thereby decreasing landslide frequency (Preston and
Crozier 1999; Khalilnejad et al. 2012; Giadrossich
et al. 2013; Fan and Lai 2014; Ghestem et al. 2014).
This will be important for maintaining slope stability
against heavy precipitation, which will be a primary
manifestation of climate change in some regions
(Groisman et al. 1999; Trenberth 1999). In turn,
climate change may alter root depths by affecting
soil water availability (Schenk and Jackson 2002).
Root systems account for 20 to 40 % of total tree
biomass carbon (Dixon et al. 1994; Jackson et al.
1996; Brunner and Godbold 2007; Paul et al. 2008).
Thus to evaluate root system structure and biomass,
nondestructive root quantification methods such as
radioactive tracers, electrical resistance/conductance
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tomography, and ground penetrating radar (GPR)
have been developed (Butnor et al. 2012).

Ground penetrating radar is an electromagnetic re-
flection technique for exploration, imaging, characteri-
zation, and monitoring of belowground structures (al
Hagrey 2012). It allows researchers to characterize bur-
ied materials by analyzing the reflected waves and eval-
uating the spatial distribution of these reflections in the
radar profiles (Cheng et al. 2014). This technique pro-
duces reflections that resemble hyperbolas in the radar
profile (Butnor et al. 2012). The approach is particularly
attractive because it utilizes off-the-shelf equipment
that is highly portable, rapid to operate, and that can
be used to scan large areas daily without requiring
root excavation or time-consuming site preparation
before measurements (Butnor et al. 2012). These
properties make GPR highly suitable for surveys of
tree roots in forests, so studies of this application have
rapidly increased, both to estimate root biomass (e.g.,
Butnor et al. 2001, 2003; Cox et al. 2005; Stover et al.
2007; Cuietal. 2011, 2013; Hirano et al. 2012) and to
produce three-dimensional maps of the distribution of
coarse roots (e.g., Cheng et al. 2014; Wu et al. 2014).
Furthermore, GPR can be used simultaneously with
other techniques to improve our understanding of
various phenomena in belowground ecosystems. For
instance, water absorption by the whole tree’s root
system has been studied by combining GPR with light
microscopy and sap flow measurements (Cermak
et al. 2000).

However, despite the promise of GPR, its successful
application appears to be site-specific (Butnor et al.
2001, 2003). That is, the instrument must be calibrated
for each site to provide reliable estimates. To identify
factors that could be used to improve its suitability for
field studies, we examined the effects of two key prob-
lems that make it difficult to reliably detect tree roots in
forest ecosystems. When GPR operators arrive at a
forest study site, the first problem relates to whether
they should remove the leaf litter before scanning for
roots. Leaf litter may create reflections that obscure root
images; therefore, it is necessary to determine whether
roots can be detected through the litter layer. Thus far,
the influence of litter on radar profiles has only been
qualitatively described by Butnor et al. (2005). They
showed that scanning through the leaf litter defocused
the GPR radar waves and degraded the radar’s ability to
detect roots. Because leaf litter may decrease the ability
to study large areas of a forest using GPR, it is important
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to quantify the effects of leaf litter on the GPR images
and indices calculated from this data. The second factor
that affects GPR signals in forest ecosystems relates to
the roots of co-existing tree species at a site. Previous
GPR studies have detected the coarse roots of several
tree species, including Cryptomeria japonica, Pinus
taeda, Pinus thunbergii, Prunus persica, and Ulmus
pumila, but focused on only one tree species at a given
site (Butnor et al. 2003; Cox et al. 2005; Dannoura et al.
2008; Cuietal. 2011; Hirano et al. 2009, 2012; Wu et al.
2014). For application in mixed-species forests, re-
searchers need to know whether GPR can differentiate
the tree roots of different species. Although the roots of
several tree species are commonly found growing in the
same soil volume in forest soils, researchers have not
reported whether the different tree species can be iden-
tified from the radar profile. Radar images can vary with
the root water content (Hirano et al. 2009), and root
anatomical traits differ among plant species in the root
cross-section (Karizumi 2010). For example, hard-
woods possess vessel elements, whereas coniferous
trees have tracheid, and Pinus spp. have resin canals
but Cryptomeria spp. do not (Karizumi 2010). Some
species of Phyllostachys bamboo have several specific
types of pore in their rthizome cross-section (Karizumi
2010). The different anatomical traits may induce vari-
ations in the travel time and other characteristics of the
electromagnetic wave as it passes through the root or
rhizome and may therefore affect the resulting signal
strength, suggesting that it may be possible to
distinguish species. Gormally et al. (2011) showed that
the shapes and intensities of the radar reflections from
polyvinyl chloride pipes depended on the materials in-
side the pipes, such as water and air. Therefore, we
hypothesized that the radar signal of roots would differ
among tree species.

Based on the abovementioned limitations of our
current knowledge about GPR, the goals of the pres-
ent study were to answer two questions: (1) Does leaf
litter at the ground surface influence root detection by
GPR? (2) Do GPR images and indices differ among
the roots of different plant species? To answer these
questions, we quantified the influence of the two
factors (leaf litter and plant species) on GPR images
and on various forms of two major GPR indices
related to root diameter, namely the time interval
between zero crossings (7, ns) and the amplitude area
(A, dB x ns) (Fig. 1; Tanikawa et al. 2013), under
controlled conditions.

Materials and methods
Experimental design

We used the sand plot established by Hirano et al.
(2009) in the experimental forest at the Kansai
Research Center, Forestry and Forest Products
Research Institute (FFPRI), Kyoto, Japan. The plot size
was 7 x 2 x 1.2 m. To create the plot before each study,
all soil in the plot was removed to a depth of 1.2 m, and
the plot was refilled with sand from a granite parent
material. All root and rhizome (the subterranean stem of
Phyllostachys pubescens bamboo) samples used in this
study were collected from the experimental field at
FFPRI. Each sample was cut from living trees (roots)
or bamboo (rhizomes), and then the ends of the cut were
immediately sealed with silicone to prevent water loss.
A steel pipe was used as a control and was scanned
using GPR together with the roots and rhizomes.

Experiment 1-1 was designed to clarify the influence
of the litter layer on root identification by GPR. Three
Cryptomeria japonica roots with diameters of 2.8, 3.6,
and 6.3 cm were buried at a depth of 30 cm in the sand
bed, separated horizontally at 50-cm intervals (Fig. 2a).
The surface of the ground was covered by leaf litter of
C. japonica with one of five thicknesses: 0 (not cov-
ered),2.2+09,50+1.5 68 +£1.8,0or 10.5+3.0 cm
(n =5, mean + standard deviation). The GPR device was
placed on the surface (i.e., the bare soil or litter layer),
then the roots were scanned three times along a single
transect, perpendicular to the long axis of the roots,
where the most intensive and clear hyperbolas could
be observed (Tanikawa et al. 2013).

Experiment 1-2 was designed to compare the atten-
uation effects of depth on GPR indices between the
thickness of litter in Exp. 1-1 and the soil depth in
Exp. 1-2. The theoretical basis of this analysis is de-
scribed later in the Materials and Methods. In this ex-
periment, 12 dowels made of C. japonica with a 4-cm
diameter and 1-m length were stored in a pool of water
for 1 month to obtain high water contents. We then
removed the dowels from the pool, and sealed their cut
ends with silicone to prevent water loss. We buried the
dowels horizontally at depths of 10, 20, 30, and 50 cm,
at 50-cm intervals, with three replicates at each depth
(Fig. 3a). They were also scanned along transects per-
pendicular to the long axis of the dowels. The values of
the GPR indices were the average of the values for the
three replicates at each depth.
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Fig. 1 A representative 900 MHz radar profile and extraction of
the radar wave parameters (modified from Tanikawa et al. 2013). a
A representative reflected hyperbola in a radar profile of a target (a
wooden dowel) buried at a depth of 30 cm; b the reflection
waveforms and the four waveform parameters extracted in this
study: the sum of the time intervals between zero crossings for all

Experiment 2 was designed to determine whether the
GPR signals obtained from different plant species could
be used to distinguish the species. We investigated the

a) Front view

2.2+09cm

Litter thickness 0 cm

50%+1.5cm

of the reflection waveforms (X7, ns); the time interval between
zero crossings of the maximum reflection waveform (Single 7yax,
ns); the sum of the amplitude areas for all of the reflection wave-
forms (XA, dB % ns); and the amplitude area for the maximum
reflection waveform (Single A,.x, dB X ns)

appearance of the reflections in the radar profiles and the
values of the GPR indices using roots from conifers and
hardwoods, as well as the rhizomes of bamboo. We
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Fig. 2 Illustration of the design of Experiment 1-1 and represen-
tative radar profiles that demonstrate the influence of leaf litter. a
Position of the three roots (C. japonica) in the front view; b the
corresponding radar profiles. The ground surface was covered by a
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litter layer with mean depths ranging from 0 to 10.5 cm. White
arrows indicate that the roots were visually detected in the radar
profiles
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examined two roots each of Pinus densiflora and
C. japonica (coniferous) and of Quercus serrata (hard-
wood), in Experiment 2—1, and one root of C. japonica
and two rhizomes of Phyllostachys pubescens (bamboo)
in Experiment 2-2 (Fig. 4a, b, Supplementary
Table S1). They were buried horizontally at 50-cm
intervals at a depth of 30 cm, and scanned along three
parallel transects, separated by 10 cm, perpendicular to
the long axis of the roots. Measured GPR indices were
reported as the average of the three scanning values. We
performed simple linear regression analysis for the rela-
tionship between root diameter and the values of the
GPR indices using version 6 of the Statistica software
(StatSoft, Tulsa, Oklahoma, USA).

Data collection

For our measurements, we used a field-portable GPR
system with a 900 MHz antenna (SIR 10H or SIR 3000;
Geophysical Survey Systems, Inc., Nashua, NH, USA).
The device has a bowtie dipole configuration. The an-
tenna was calibrated for gain at five points: each was
9 dB in Experiment 1-1 and 1-2; at 0, 0, 10, 30, and

40 dB in Experiment 2. The gain was unified to compare
the attenuation of the GPR index values in Experiment I,
but was adjusted to obtain clear hyperbolas for the GPR
signals in Experiments 2. The soil dielectric constant
was set to 9.0 (dimensionless), which was the value used
under the same conditions in previous research at the
same site (Hirano et al. 2009; Tanikawa et al. 2013).
Radar profiles were collected as 8-bit data files, with a
range of 15 ns along each transect. After GPR scanning,
100-cm® soil cores were collected under the transect to
measure the volumetric soil water content in each ex-
periment. Soil and root samples were oven-dried at 105
and 80 °C, respectively, for 3 to 4 days and then
weighed to calculate the wood densities and volumetric
water contents. The bulk density and the volumetric
water content of the sandy soil fell within a small range:
from1.3tol4g cm > and from 10.5 to 14.4 %, respec-
tively (Supplementary Table S2). The volumetric water
contents of the root samples for Experiments 1-1 were
53.7 % for Root 1, 52.8 % for Root 2, and 59.9 % for
Root 3. Those of the dowels used in Experiment 1-2
ranged from 13.4 to 26.9 % (19.4 = 4.3 %, n = 12,
mean =+ standard deviation). The wood density and
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a) Top view Experiment 2-1

Experiment 2-2

43cm 29cm 45cm 3.0cm 6.7 cm 590m

4.3 cm 25cm 2.3cm 1.9c¢m

HHH

) C. japonica

P denS/ﬂora Q serrafa C /apon/ca Steel pipe P. pubescens
b) Front view
I:}E:»T<d—epvth<—>.<—>04—>o [ ] o ° °

50-cm interval

100-cm 50-cm 50-cm

¢) Radar profile

Distance along transect (m)

Soil depth (cm)

Fig. 4 lllustration of the design of Experiment 2 to reveal the
effect of plant species on the radar profile. a Positions of the roots
and rhizomes of the four species, and of a steel pipe used as a

volumetric water content of the roots and rhizomes in
Experiment 2 ranged from 0.42 to 0.60 g cm > and from
29.7 to 64.8 %, respectively (Supplementary Table S1).

Data processing

Radar profile normalization and filtration were performed
using the RADAN software for Windows (Geophysical
Survey Systems). Applying a background-removal filter
eliminated the parallel bands that we observed in the
scans as a result of reflections from planes such as the
ground surface, soil horizons, and bands of low-
frequency noise (Butnor et al. 2003). We attempted to
identify the target materials (i.e., the roots, rhizomes,
dowels, steel pipes) based on the presence of visible
hyperbolas and reflection waveforms with higher ampli-
tude than the surrounding area in the radar profiles.

We calculated two forms of each of the two main
GPR indices defined by Tanikawa et al. (2013): XT,
which is the sum of the time intervals between zero
crossings (7) for all of the reflection waveforms within
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3 0 1 2 3

control; b front view; and ¢ representative radar profiles. White
arrows indicate that the roots or rhizomes were visually detected

the range from the first break time at the top to the delay
point time at the bottom, and XA, which is the sum of
the individual values for the amplitude area (A) (Fig. 1).
We also recorded Single 7.y, the T value for the max-
imum reflection waveform, and Single A,,,.x, which was
the A value for the maximum reflection waveform.

Theory for experiment 1

Because the A values decrease with increasing depth of
the target (Cui et al. 2013), we hypothesized that the A
values would decrease with increasing leaf litter accu-
mulation due to the resultant increase in the distance
between the antenna and the target (Supplementary
Fig. S1). Cui et al. (2013) proposed the following eq.
to represent the influence of root depth on the A values:
A(t) = Cexp(—a* x t) (1)
where A(f) is the value of the amplitude of the two-way
travel time (7); C is the true amplitude (without energy
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attenuation) at a depth of 0 cm; «* is an attenuation
factor, which can be estimated by performing an expo-
nential regression fitting of the amplitude area as a
function of the wave travel time. Litter thickness was a
variable but root depth was constant at a depth of 30 cm
in Experiment 1-1 (Supplementary Fig. S1). Thus, litter
thickness (/) was an independent variable determining
the wave travel time (7). To estimate «* of the litter layer
(er)> We assigned A values into A(#) and litter thick-
ness (/) into ¢ in Eq. (1), as follows:

A(l) = Citter exp<_al*itter X l) (2)

where Ciyr 1s the amplitude without energy attenuation
at a litter thickness of 0 cm. We calculated the coeffi-
cients ocl*mer and Cjyer by regression of the measured 4
values in Eq. (2) using version 6.03 of the IGOR Pro
software (WaveMetrics, Inc., Portland, OR, USA). To
confirm the independence of the T values from the
litter’s influence, we also fitted the 7(/) values into
Eq. (2) as the objective variable. We calculated the
coefficient of determination (R®) and level of signifi-
cance (P) using version 6 of the Statistica software
(StatSoft, Tulsa, Oklahoma, USA).
By rearranging Eq. (2), we obtain:

20 (-t x 1) 3)
litter

Equation (3) indicates that the rate of reduction
of A by the litter layer, which represents the ratio
of the A values of the roots to Cjjyer, iS represented
by an exponential function of aj,, and /. We then
calculated the measured rate of reduction of 4 by
the litter layer using the measured A values, and
compared them with the rates predicted using
Eq. 3).

Experiment 1-2 was designed to calculate the rate
of reduction when the medium was a sandy soil with-
out a litter layer, so that we could compare the result
(with only soil attenuation) with that obtained in
Experiment 1-1 (with leaf litter + soil attenuation).
The attenuation factor o« was determined by
assigning A4 values into A(¢) and soil depth (d) into ¢
in Eq. (1), as follows:

*
soi

A(d) = Cyyit exp(—orgy X d) (4)

where Cg; is the true amplitude without energy at-
tenuation at a depth of 0 cm in the soil. The rate of

reduction A(d)/Cs,; can be calculated by rearranging
Eq. (4) as follows:

A d *
ﬁ = exp (0 % d) (5)
In the same manner as in Experiment 1-1, we fitted
the measured 4 values to Eq. (4) by regression analysis
using the IGOR Pro software, and then calculated the
reduction rates caused by the soil matrix using Eq. (5).
Because previous studies indicated that 7" values were
independent of the depth in the soil (Barton and
Montagu 2004; Cui et al. 2013), we did not perform
the fitting of 7 values into Eq. (4) in Experiment 1-2.

Results
Experiment 1: effects of the leaf litter layer

In Experiment 1-1, the distance between the GPR an-
tenna and the buried roots was increased by the presence
of a litter layer of variable thickness (Supplementary
Fig. S1). The contrast between the hyperbolas in the
radar profile (used to reveal the presence of a root) and
the background weakened as the litter layer thickness
increased (Fig. 2b). Nevertheless, the shapes of the
hyperbolas were not distorted by the litter layer. Both
>4 and Single A,,,x decreased with increasing litter
thickness, whereas > 7" and Single T, were indepen-
dent of this thickness (Fig. 5a—d). The 7 values (37 and
Single Tpax) either did not confirm with Eq. (2) or the
regression formulas were not significant, except for a
significant regression of X7 for root 1 (Table 1). All 4
values were significantly fitted to the corresponding
equations (Table 1, P < 0.05). The attenuation coeffi-
cient ocf,,.. in Eq. (2) ranged from 0.082 to 0.100 for ¥4,
and from 0.078 to 0.093 for Single A,,x. The only
significant attenuation coefficient o)., for X7 (for root
1) had a substantially lower value (0.007) than the 4
values, meaning that there was little attenuation by the
litter.

In Experiment 1-2, the distance between the GPR
antenna and the buried targets (dowels) increased with
increasing depth in the soil matrix; with no litter layer,
both ¥4 and Single 4,,.x decreased with increasing
depth (Supplementary Fig. S2). The coefficient o,; in
Eq. (4) averaged 0.046 for X4 and 0.053 for Single 4.«
(Table 1).

@ Springer



278 Plant Soil (2016) 408:271-283
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To compare the influence of litter thickness and soil and Single A, had similar predicted reduction rates,

depth on the A values, we compared the predicted and ranging from 0.91 to 0.93 with a litter thickness of
measured reduction rates of A using Eq. (3) for litter and 1.0 cm, from 0.82 to 0.86 with a litter thickness of
Eq. (5) for the soil matrix. With a litter layer, both A 2.0 cm, from 0.61 to 0.68 with a litter thickness of

Table 1 Coefficients of Eq. (2)* and Eq. (4)b in Experiments 1-1 and 1-2 for the GPR indices

GPR index Experiment ~Medium  Target Coefficient in Eq. (2) or Eq. (4)° RMSE (ns for T: dB x ns forA)  R?

Sample  jger OF Osoil Ciitter 0T Cyoil
»7d 1-1 Litter Root 1 0.007 + 0.001 3.18 £0.03 0.03 0.90*
Root2  Not significant® 0.24 0.01
Root3  Did not conform® - -
Single Tmaxd 1-1 Litter Root 1 Did not conform" — -
Root2  Not significant® 0.82 0.00
Root3  Not significant® 0.07 0.13
YA 1-1 Litter Root 1 0.100 + 0.012 16.1 £0.8 0.71 0.97%*
Root 2 0.095 £ 0.013 273+ 14 1.26 0.96%*
Root 3 0.082 +0.019 26.1 £2.1 1.90 0.89*
1-2 Soil Dowel  0.046 + 0.004 187 £ 12 3.12 0.997%:
Single Aax 1-1 Litter Root 1 0.078 + 0.006 52=+0.1 0.12 0.99%**
Root 2 0.093 £ 0.015 10.1 £0.6 0.58 0.94%*
Root 3 0.089 £ 0.013 72+04 0.34 0.95%*
1-2 Soil Dowel 0.053 + 0.004 80.6 £ 5.6 1.29 0.99%*

GPR ground penetrating radar RMSE root-mean-square error, R? coefficient of determination
aA(l) = Clitter exp(_(xlitter* x l)

bA(d) = Coit exp(*"(soil;k x d)

“mean = SD, n = 3 in Experiment 1-1; #n = 12 in Experiment 1-2

4 Because previous studies indicated that the 7'values were independent of soil depth (Barton and Montagu 2004; Cui et al. 2013), we did not
perform the fitting of 7 values into Eq. (4) in Experiment 1-2

¢ Although the data conformed with Eq. (2) using version 6.03 of the IGOR Pro software (WaveMetrics, Inc., Portland, OR, USA), the
regression equation was not significant (P > 0.05)

"The IGOR Pro software judged that the data did not conform with Eq. (2)
*, #% and *** indicate significance at P < 0.05, P < 0.01 and P < 0.001, respectively
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5.0 cm, and from 0.37 to 0.46 with a litter thickness of
10.0 cm (Fig. 6). As with the results of the GPR scan-
ning, the measured reduction rates of both A and
Single A.x ranged from 0.84 to 0.98 with a litter
thickness of 2.2 c¢m, from 0.65 to 0.83 with a litter
thickness of 5.0 cm, and from 0.31 to 0.48 with a litter
thickness of 10.5 cm. Thus, the errors in the reduction
rates tended to be larger with shallower litter layers than
with thicker layers. The reduction rates caused by the
litter layer were higher than those caused by the soil
matrix: the predicted reduction rates of A ranged from
0.90 to 0.91 at a depth of 2 cm in the soil matrix and
from 0.59 to 0.63 at a depth of 10 cm.

Experiment 2: effects of plant species

Roots of all four plant species were visually observed in
the radar profiles (Fig. 4c). Although the intensity of the
reflections from the rhizome of P. pubescens seemed to
be weaker than reflections from roots of the other spe-
cies, the shapes of the hyperbolas were similar (Fig. 4¢).
All GPR indices (X7, Single Tpax, XA, and Single A,..)
were significantly linearly correlated with the diameters
of the roots or rhizomes based on data from all plant
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Fig. 6 The reduction rates of the A values as a function of the
thickness of the litter layer or the dowel depth in the soil matrix. a
A and b Single A, Dots indicate the measured values and
dotted lines indicate the predicted values for the dowels in Exper-
iments 1-1 and 1-2. R? is the coefficient of determination. * and
** indicate significance at P < 0.05 and P < 0.01, respectively

species combined (Fig. 7). XA had the strongest corre-
lation (R2 = 0.98), whereas Single T;,,x had the weakest
correlation (R? = 0.74).

Discussion
Tree root detection by GPR

This study was conducted under ideal conditions (i.e.,
with control of the soil characteristics and litter layer),
and therefore provided valuable knowledge of the ef-
fects of leaf litter and plant species on root detection
using GPR. Our results clearly show that the leaf litter
decreased the strength of radar images of the roots, and
that the magnitude of this effect increased with increas-
ing litter depth. Moreover, the characteristics of the
reflected radar signal did not differ among the plant
species.

In the leaf litter experiments, a thicker litter layer
decreased the intensity of the root reflection compared
with the background, but without distorting the shape of
the hyperbolas in the radar profile (Fig. 2b). When the
litter layer was thicker than 10 cm, the hyperbolas
became difficult to recognize. Because the X7 and
Single T;,a« values did not (with one exception) conform
with Eq. (2) or produced a nonsignificant regression
result, these parameters appear to be independent of
the litter thickness (Fig. 5a, b, Table 1). Therefore, the
influence of the litter can be ignored when the root
reflections are visible (i.e., when the litter layer was less
than 10 c¢m thick in the present study), and >7 can be
adopted to estimate root diameter (Fig. 7a). In contrast,
it is necessary to be careful when using A values, since
they decrease dramatically with increasing leaf litter
thickness (Fig. 5c, d). When the leaf litter layer was less
than 2 cm thick in this study, the underestimation of the
A values caused by the litter layer ranged from 10 to
20 %. Thus, it is better to remove the litter layer before
scanning, or to equalize its thickness within a sampling
area to minimize the litter’s influence on the root diam-
eter estimated using A values. Even when removal of the
litter layer is difficult, researchers should at least try to
mitigate the effect of different litter thicknesses within a
survey area; Fig. 7 shows a strong ability to predict root
diameter when the litter layer is removed.

The reduction rate of A values caused by the litter
layer was approximately 1.5 times higher than that
caused by the depth of the sandy soil matrix at 10-cm
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Fig. 7 Relationships between the 8
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thickness. The difference in this rate might have been
increased due to the texture of the litter and the sandy
soil; that is, the soil matrix was homogeneous and
massive, whereas the litter layer of C. japonica leaves
had many air spaces with a range of sizes in a multilayer
structure, and the angles of the leaf surfaces also varied.
This structural differences between the litter layer and
the soil matrix might have resulted in the large variation
in the reflected electromagnetic waves.

Although thicker litter layers and increasing soil
depth might reduce the A values at different rates, the
measured rate of reduction for the 2.2-cm-thick litter
layer was similar to that of the soil matrix (Fig. 6a, b).
The magnitude of the litter’s influence on the A values
appeared to be smaller when the layer was thinner. One
possible explanation is that the disturbance in travel and
reception of the electromagnetic waves caused by the
litter layer might not be high when the layer is thin.
Butnor et al. (2005) found that leaf litter blurred the
visual characteristics of GPR images of roots, but did
not quantify the effect. Our study is therefore the first we
are aware of that quantified these effects using GPR
indices.

Litter layers are composed of three predominant
components: air, dry and wet cell walls, and water.
The dielectric permittivity of these components
equaled 1, 4.5, 22, and 81, respectively (al Hagrey
2012). The proportions of these components and their
spatial distribution are likely to vary among both the
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plant species and the seasons; thus different litter
compositions will have different effects on GPR im-
ages. The homogeneous litter used in the present
experiments would have limited the effects of varia-
tion in litter characteristics. In forest ecosystems,
groundcover plants (e.g., mosses, clover, and grasses)
on the forest floor also retain air and moisture. Since
these properties of the understory are similar to those
of the litter, groundcover plants may affect the detec-
tion accuracy of the target tree roots in a GPR survey.
Further studies using a range of soil types, tree species
with different litter structures, and various vegetation
types will be needed to clarify the influence of litter
on GPR detection under field conditions.

Although radar reflections vary in response to chang-
es in the water content, air content, and content of other
buried materials (Gormally et al. 2011), all the plant
species that were used in Experiment 2 produced clear
but similar hyperbolas in the radar profiles (Fig. 4c).
One possible reason might be that the spatial scale of the
anatomical variation is smaller than the resolution of the
GPR detection. Both the T values (traveling time) and
the A values (signal strength) were determined primarily
by the root or rhizome diameters for all four species
despite differences in their root or rhizome anatomy
(Fig. 7). This probably resulted from similarities in the
volumetric water contents and wood densities of the
sample roots and rhizomes (Supplementary Table S1).
When the distribution and biomass of tree roots are
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estimated using GPR, the relationships between the
GPR indices and the root or rhizome diameter (which
would be proportional to their biomass) need to be
established by means of partly destructive sampling
(Hirano et al. 2012; Wu et al. 2014). Before the present
study, the GPR indices, which were based on extraction
of the number of pixels after a Hilbert transformation,
were correlated with root biomass (e.g., Butnor et al.
2003) and with root diameter (e.g., Dannoura et al.
2008) in one species at a forest site. Borden et al.
(2014) recently showed that the number of pixels after
a Hilbert transformation was related to the root biomass
for four different tree species. Our results suggest that
root diameter could be estimated from GPR indices
across plant species. In other words, it may not be
necessary to establish species-specific relationships,
which will allow researchers to minimize the destructive
sampling of roots.

Implications for using 7'and A values to estimate root
diameter

In the GPR method, the major advantage of adopting
2T for predicting root sizes and distributions is that
this index depends only on the geometric dimensions
of the reflector and is independent of the signal
strength (Cui et al. 2011). Thus, X7 is independent
of root orientation (Tanikawa et al. 2013), the root and
soil water content (Hirano et al. 2009; Cui et al. 2011;
Guo et al. 2013), root depth (Barton and Montagu
2004; Cui et al. 2013), and the thickness of the leaf
litter layer (the present study). Although Single 7.«
was significantly correlated with root diameter in the
present study (Fig. 7b), this was inconsistent with
our previous result (Tanikawa et al. 2013).
Therefore, 7 may be a more robust index of root
diameter (and thus, of biomass). Nevertheless, the
YT error could increase if the points at the first
signal break (root top) and the delay (root bottom)
are incorrectly extracted. In contrast to 7 values,
A values (XA, Single A,.c) have been adopted
to estimate root diameter and biomass (Barton and
Montagu 2004; Hirano et al. 2009; Cui et al. 2011,
2013; Guo et al. 2013; Tanikawa et al. 2013), even
though the results suggest that these indices depend
strongly on the conditions of the target materials
and their surroundings. Despite this disadvantage, A
values might be easier to extract from the radar
profiles and more suitable than the 7 values for

developing and analyzing large GPR datasets in
forests. Therefore, it is necessary to elucidate the
effects of in-situ forest factors on A values under
controlled conditions.

Conclusions

Our results provide important new information on the
influence of the litter layer and plant species on the
detection and quantification of roots using GPR surveys.
The presence of leaf litter clearly decreased root detec-
tion and quantification. The GPR data we examined
could not distinguish among the roots of different plant
species. Of the GPR indices we investigated, the A value
decreased dramatically as the litter layer thickness in-
creased, leading to an increasingly large underestima-
tion of root diameter. In contrast, the 7" value was robust
against the influence of litter. In addition, the root ori-
entation, differences in water content between the roots
and the soil, and root depth are likely to affect the A
values. Hence, if A values are adopted to estimate root
diameter or biomass, there is a risk of underestimation in
GPR surveys of forest ecosystems. The effects of each
of the abovementioned factors on A values in root de-
tection can be corrected using recently reported methods
(Cui et al. 2013; Tanikawa et al. 2013, 2014; Guo et al.
2013, 2015), but an integrative approach that corrects
for the effects of all of these factors simultaneously has
not yet been considered, and remains a challenge for
future research. Therefore, further comprehensive stud-
ies will be needed to establish a method that accounts for
these effects and improves the suitability of GPR for
surveys in forests.
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