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Abstract

Key message Use of ground-penetrating radar (GPR) can non-destructively estimate diameter and distribution of
coarse roots in Cryptomeria japonica in weathered granite soils under field conditions.

Abstract Ground-penetrating radar (GPR) has been used as an assessment tool for non-destructive detection of tree root
biomass, but few studies have estimated root diameter under forest field conditions. The aim of this study was to clarify
whether coarse root diameter of C. japonica in weathered granite soils can be estimated using GPR in a forest. Roots of
mature C. japonica were scanned using a 900 MHz GPR antenna before being excavated. The diameter and distribution of
excavated roots were compared with those identified by GPR, and the relationships between the diameter and waveform
indices in radar profiles were also examined. The detection frequency of the number of roots larger than 5 mm in diameter
was 47.7%. Limiting factors affecting root detection using GPR in forest field conditions were small root diameter, increasing
root depth, and number of adjacent roots. Only one waveform index, using the sum of time intervals between zero crossings
(ZT, ns) of all reflection waveforms of GPR within the range from the first break time at the root top to the delay point time
at the root bottom, had a significant relationship with excavated root diameters. A linear regression model was constructed
to estimate root diameter using X7, and a significant positive relationship in diameter between GPR-estimated and excavated
roots was confirmed. The results in this study indicate that the diameter and distribution of C. japonica coarse roots under
forest field conditions could be estimated using GPR and this technique could contribute to future evaluation of slope stabil-
ity by evaluating tree roots under vulnerable soils, such as weathered granite.
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Introduction

Communicated by Ernst Van Der Maaten. Roots of forest trees play an important role in the mitigation
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Schwarz et al. 2010). These estimates of slope stability are
strongly influenced by the diameter and distribution of tree
roots (Schwarz et al. 2010), so that information on root size
and distribution is essential to utilize such models. However,
the acquisition of such root data under field conditions is
difficult, since investigations tend to be destructive, labori-
ous, and time-consuming (Reubens et al. 2007; Tobin et al.
2007).

Within the last two decades, the use of ground-pene-
trating radar (GPR) has attracted root researchers as a non-
destructive tool for assessing tree roots in forests (Hruska
et al. 1999; Butnor et al. 2001, 2012; Stover et al. 2007;
Hirano et al. 2009; Tanikawa et al. 2013). GPR is a broad-
band electromagnetic pulse radar system that can detect the
depth, position, and size of buried materials in soil, using the
timing and characteristics of reflected waves (Butnor et al.
2012; Hagrey 2012; Guo et al. 2013a). GPR has successfully
been used to estimate tree root biomass in various forest
types (Butnor et al. 2001, 2003, 2012, 2016; Stover et al.
2007; Samuelson et al. 2008, 2014; Hirano et al. 2012; Bor-
den et al. 2014, 2016; Bain et al. 2017). GPR has also been
used for estimating the diameter and position of individual
roots under experimentally controlled conditions (Barton
and Montagu 2004; Cui et al. 2011; Tanikawa et al. 2013,
2014; Guo et al. 2015), in a shrub in sandy soils (Wu et al.
2014), and most recently in an agricultural wheat crop field
(Liu et al. 2018). However, few studies have estimated the
diameter of tree roots under forest field conditions.

The intensive rain that fell in 2014 in the Hiroshima Pre-
fecture in Japan caused a serious landslide disaster, where
many shallow small-scale landslides occurred over weath-
ered granite soils (Chigira et al. 2011; Tsuchida et al. 2016).
In Japan, such soils occur frequently and often support conif-
erous forest plantations of such species as Cryptomeria
Jjaponica (L.f.) D. Don. Therefore, an urgent evaluation of
how landslides could be mitigated by these forests, and a
management protocol for such plantations that does not just
focus on timber production, but is also designed to prevent
soil erosion and landslides, are needed. GPR is a technique
that shows potential for a non-destructive evaluation of the
diameter and distribution of tree coarse roots in weathered
granite soils. If it is possible to estimate root reinforcement
of soil using GPR, it will drastically enhance the develop-
ment of forest management techniques to increase root rein-
forcement, and to mitigate landslide disasters.

Under experimentally controlled conditions, it has been
found that several factors, such as the water content of roots
and soils, root depth, and root growth direction, limit the
detection of tree roots with GPR (Dannoura et al. 2008;
Hirano et al. 2009; Cui et al. 2011, 2013; Guo et al. 2013a,
b, 2015; Tanikawa et al. 2013, 2016; Bain et al. 2017).
However, few studies have examined whether these limit-
ing factors affect tree root detection, or the estimation of root
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diameter, under forest field conditions. The only study under
field conditions we found was of Pinus thunbergii stands in
a sandy soil, and a decrease of root detection was reported
with an increase in rooting depth (Hirano et al. 2012). This
was attributed to the attenuation of GPR wave energy.

The final goal of this study was to use GPR to estimate C.
Jjaponica root diameter and distribution in weathered granite
soils on a mountain slope. The specific goals of this paper
were: (1) to clarify whether previously proposed limiting
factors, such as diameter, depth, and density of roots, affect
the detection of roots by GPR, and (2) to identify which
GPR waveform index is the most suitable for estimating the
C. japonica root diameter in weathered granite soils in a
mountain area.

Materials and methods
Study site

This study was conducted in a 43-year-old C. japonica plan-
tation stand, at the Futatabi park in Rokko mountain, Kobe,
Hyogo, Japan (34°43'N, 135°10'E, 430 m a.s.1.). C. japonica
is one of the main commercial forest species in Japan, com-
prising 18% of the total forested area (Forestry Agency of
Japan 2012). The stand density and basal area of C. japon-
ica were 900 trees ha™' and 77 m* ha™!, respectively, and
understory species such as Eurya japonica and Pleioblas-
tus argenteostriatus f. glaber, were also present. The mean
height (H) and stem diameter at breast height (DBH) of C.
Jjaponica trees were 21.1 m and 32.9 cm, respectively. At the
nearest meteorological station, Kobe (34°42'N, 135°13'E,
5 m a.s.l.), the mean annual temperature and precipitation
over the past 30 years were 16.7 °C and 1216 mm, respec-
tively (Japan Meteorological Agency 2017b). The soil type
was classified as brown forest soil (Forest Soils Division
1976) and a Cambisol (FAO-UNESCO 1994). This soil con-
sisted mainly of weathered granite, which was common in
this area.

Radar investigation

In May 2014, two mature C. japonica trees were selected,
because they had representative growth of H and DBH
among trees in the stand. The H of each tree was 21.1 m
(Tree No. 1) and 21.9 m (Tree No. 2). The DBH of each
tree was 32.9 cm (Tree No. 1) and 36.9 cm (Tree No. 2). A
4 x4 m square plot was centered around each tree (Fig. 1).
Within the plot, six concentric transects for GPR scanning
were established at 25 cm intervals, from 50 to 175 cm,
around each stem (Fig. 2). The litter and aboveground parts
of any groundcover plants (e.g., mosses and grasses) on
the forest floor were removed, because they could affect



Trees (2018) 32:1657-1668

1659

Fig.1 Coarse root system of one of the mature Cryptomeria japon-
ica trees assessed (Tree No. 1), after GPR scanning and excavation
within a 4 X4 m area

the detection accuracy of roots in a GPR survey (Tanikawa
et al. 2016).

GPR scanning for this study was conducted using a field-
portable system with a 900 MHz antenna (SIR SYSTEM
3000; Geophysical Survey Systems, Inc, Nashua, NH, USA);
the device had a bow-tie dipole configuration. The antenna
was calibrated for gains at five points: — 5, 7, 14, 20 and 35
dB. After the leveling of ground surfaces, a polyethylene
sheet of 4 X4 m, within which the six concentric transects

Tree No.1 (H=21.1 m, DBH =32.9 cm)

405003 A

Fig.2 Bird’s eye images of excavated root systems of C. japonica
trees showing the horizontal positions of roots detected with GPR.
Concentric circles show transects for GPR scanning, and letters
indicate horizontal root positions and radar reflection waveforms of
detected roots. Lower case letters indicate the positions, where the
bird’s eye images were not acquired because of inadequate excava-

were described, was set on the ground around each tree stem
to maintain smooth soil surfaces for GPR scanning. In the
deployment, the radar equipment was placed on a sled to
keep parallel to the ground surface, and a stable scan was
made slowly at a relatively constant speed. The dimension
and shape of the GPR delivery could play an important
role in root detection, in particular under forest field condi-
tions. During the GPR scanning of the concentric transects,
the position was marked manually at 15° intervals. Even
when the scanning speed was not constant, the position of
transects could be corrected at equal distances between the
markers. Radar profiles were collected in 8-bit files with a
range of 15 ns along each concentric transect. After scan-
ning, 100 cm? soil cores were collected at depths of 0—10
and 20-30 cm, to measure the volumetric soil water content
at three points within the scanned plots. Soil samples were
oven-dried at 105 °C for 24 h. The volumetric water contents
at depths of 0—10 and 20-30 cm in the weathered granite
soil were 37.9 +2.3 and 26.9 +6.5%, respectively [n=3,
mean + standard deviation (SD)].

Root excavation

After scanning the concentric transects, root systems of
both C. japonica trees were excavated from the plots, to a
depth of 100 cm, using an air spade. The air spade sprayed
compressed air, to blow off the soil and expose the root

Tree No.2 (H=21.9 m, DBH = 36.9 cm)

tion (but which were excavated and measured later). Radar reflection
waveforms were categorized as the following four types, as defined
by Cox et al. (2005): A strong contrast amplitude and well-defined
parabolic, B poor contrast amplitude and well-defined parabolic, C
strong contrast amplitude and slight curvature, D poor contrast ampli-
tude and slight curvature
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systems (Fig. 1). In the previous studies on the estima-
tion of root diameter, the minimum diameter for detectable
roots was found to be 5 mm, using 1500 MHz or 2000 MHz
GPR (Butnor et al. 2001; Cui et al. 2011). Therefore, all
roots with less than a 5 mm diameter were removed. A
bird’s eye photo of each plot was obtained thereafter by
photographing the ground surface with a digital camera
(HERO3+, GoPro Inc., San Mateo, CA, USA) from 5 m
above and binarized to extract an image of the isolated
excavated root system to visualize clearly. The image was
extracted manually using segmentation software (ITK-
SNAP, ver. 3.2) (Yushkevich et al. 2006; Ohashi et al.
2016). The positions of coarse roots (> 5 mm in diameter)
were measured under the concentric transects in the field.
For roots positioned horizontally, both the distance from
the center of the stem, and the direction at 1° intervals
clockwise from magnetic north, were measured. For roots
positioned vertically, the depth from the ground surface
before the excavation was measured in 1 cm units. The
root diameter was measured in 0.1 mm units, using a digi-
tal caliper. In addition, we measured the angle any coarse
root subtended to the concentric transect lines, because
root detection using GPR has been shown to be affected
by the angle between root growth and the scan direction
(Tanikawa et al. 2013). Ten roots of different diameters
(6.5-84.0 mm) and lengths (5.8—-11.3 cm) were sub-sam-
pled from both trees. The root samples were oven-dried at
80 °C for 3 to 4 days until constant weight and volumetric
water contents were calculated; these ranged from 69.3 to
91.8% (80.3+7.0%, n=10, mean £+ SD).

Data processing

Normalization and filtration of radar diagrams were per-
formed using RADAN (for Windows, Geophysical Sur-
vey Systems). The parallel reflections from the ground
surface and soil horizons were eliminated by applying a
background-removal filter (Butnor et al. 2003). Since the
reflected waveform is governed by the difference in rela-
tive permittivity of substances and varies depending on
the volumetric water content of the soil (Hagrey 2012),
the soil dielectric constant was set to 9.0 (dimensionless),
based on the reflected waveform of a steel pipe buried at
a known depth (soil depth=30 cm). Since the detectable
angles between root growth and radar scanning range from
45° to 135° (Tanikawa et al. 2013), the positions of exca-
vated roots following these angles were noted and com-
pared with those identified from the radar image under
forest field conditions. The manual input of the position
markers at 15° intervals, and changes in root positions dur-
ing the air spade removal of surrounding soils, might have
resulted in errors in root positions. Therefore, we defined
that roots were “detected” using GPR when the excavated
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roots existed within a 10 cm radius of the root positions
identified using GPR.

Roots were identified manually by GPR according to
where hyperbolas of radar reflection waveforms were
observed compared to the surrounding areas (Hirano et al.
2009). We categorized signals of radar reflection waveforms,
which potentially correspond to root traces, into the follow-
ing four types, as defined by Cox et al. (2005):

Waveform A: having contrasting bands of high amplitude
and a well-defined parabolic shape,

Waveform B: having poor amplitude contrast, but a well-
defined parabolic shape,

Waveform C: having contrasting bands of high amplitude,
but only slight curvature,

Waveform D: having poor amplitude contrast and slight
curvature.

The horizontal position and types of waveform signal of
detected roots were overlapped with the extracted root sys-
tem image to evaluate which roots were detected by GPR.

We used two main GPR indices, T (time interval between
zero crossing) and A (amplitude area) of reflection wave-
forms within the range from the first break time at the root
top to the delay point time at the root bottom, and calculated
the sum or maximum values of each index as defined by
Tanikawa et al. (2013) (Fig. 3).

XT: sum of time intervals between zero crossing for all of
reflection waveforms (ns), single T,,,: time interval between
zero crossing of the maximum reflection waveform (ns), ZA:
sum of amplitude areas for all of the reflection waveforms
(dB X ns), single A,,,: amplitude area of the maximum
reflection waveform (dB X ns).

Hirano et al. (2009) reported that two coarse roots were
not recognized as different individual roots when the inter-
vals between neighboring roots were less than 20 cm, using
900 MHz GPR, under optimal sandy soil conditions. There-
fore, the numbers of excavated coarse roots adjacent (within
a 20 cm interval) to the target were also recorded in the

present study.
Statistical analysis

To clarify factors that determine the success or failure of root
detection, a generalized linear mixed model (GLMM), with a
binomial distribution and a logit link function was used. The
explanatory variables were root diameter, root depth, and the
number of roots adjacent to the target root, while the random
effect was the tree-specific effect for individual C. japonica
trees. Akaike’s information criterion (AIC) was used to
compare the relative quality of the models, and the model
with the minimum AIC was selected as the best-fit estima-
tor. To determine which waveform indices were suitable for
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Fig.3 Representative 900 MHz
radar profile and extraction

A radar profile

Location along transect (m)

Reflection waveforms

of the radar wave parameters
(modified from Tanikawa (@)
et al. 2016). a Representative
reflected hyperbola in a radar
profile of a root at a depth of
23 cm; b reflection waveforms
and the four waveform param-
eters extracted in this study

Soil depth (cm) / travel time (ns)

the estimation of root diameter, regression analysis between
the measured values of root diameter by excavation, and the
GPR waveform indices, was attempted using linear, expo-
nential, power and logistic forms. The regression equation
with the minimum AIC was also selected. All statistical
analyses were conducted using the R 3.4.2 statistical pack-
age (R Core Team 2017).

Results
Limiting factors to GPR-based coarse root detection

We excavated a total of 427 roots that were >5 mm in
diameter, under 12 concentric transects around two C.
japonica trees; 388 roots had radar-detectable angles
from 45° to 135° between root growth and radar scanning.
From the 388 roots following detectable angles (defined
as “target roots” in this study), GPR detected 185 roots
as hyperbolas in radargrams (Figs. 2, 4), and thus the
detection frequency of roots (i.e., the ratio of the num-
ber of roots detected using GPR to the number of target
roots) was 47.7%. Generalized linear mixed model analy-
sis selected Model 1 (Table 1) using only three variables
without interactions as the best fit model with the low-
est AIC value (507.2) among all possible models using
three variables and their interactions. Each of three vari-
ables, root diameter, root depth, and number of adjacent
roots (root density) all significantly affected root detec-
tion by GPR (Table 1, GLMM, P <0.01 for root diameter,
P <0.001 for root depth and root density), indicating that
these were limiting factors for detection under forest field
conditions. The mean diameter of roots detected using
GPR was 31.1 +38.2 mm (mean =+ standard deviation), and
that of undetected roots was 23.2 +22.7 mm (Table 2a).
The mean depths of detected and undetected roots were

Amplitude (dB) 0

(b)

--------------------------------- A first break point time at root top

Sum of time intervals
for all of the reflection
waveforms (2T, ns)

Sum of amplitude areas for all of
the reflection waveforms
(ZA, dB X ns)

<. A delay point time at root bottom

maximum reflection

Time interval of the
waveform (Single T4y, ns)I

Amplitude area of the maximum reflection
waveform (Single A.,, dB X ns)

20.4+16.8 and 25.9+21.7 cm, respectively (Table 2b).
The mean numbers of roots adjacent to the target root that
were detected and undetected were 1.3+1.4 and 1.7+ 1.8,
respectively (Table 2c). In fact, isolated roots were more
frequently detected than densely positioned roots (Fig. 2).
The estimates of detection frequency of roots using GPR by
GLMM regression analysis showed that the ratio increased
with increasing root diameter, whereas the ratio decreased
with increasing root depth and number of adjacent coarse
roots (Fig. 5). The concordance ratios of the number of
target roots detected and undetected, to the response vari-
able values predicted by the best-fitted model, were 28.1
and 34.0%, respectively (Table 3).

Suitable GPR waveform indices for estimating root
diameter

To determine which GPR waveform indices among the four
proposed (X7, Single T, ZA, Single A, ), were most suit-
able for estimating root diameter under these forest field con-
ditions, the relationships between the diameter of detected
roots and each GPR index were analyzed. When waveforms
A and B, which had well-defined parabolic shapes, were
considered (n=41), only one index, £T, was correlated sig-
nificantly with root diameter (Fig. 6, R*=0.48, P <0.001).
However, no significant correlations were found between
root diameter and X7 (nor with the other three indices) in
waveforms C and D, which showed only slight curvature
traces (data not shown, n= 144, P>0.05).

max.

Estimation accuracy of root diameter

We measured the positions of 185 roots detected using
GPR and could estimate the diameter of 41 roots for which
the shapes of waveforms A and B were observed (Fig. 2).
To apply the relationship between diameter (D mm) of 41
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Fig.4 a Spatial distribution of C. japonica roots, and b GPR images
of roots in a representative concentric transect at a 50 cm distance
from the stem (Tree No. 1). Circles in the vertical soil profile (a) and
the hyperbolas in the GPR images (b) identify root positions. White

excavated roots and X7 (ns) of waveforms A and B, the lin-
ear regression with the minimum AIC was selected, and the
following regression equation was obtained (Fig. 6);

ST = 0.02D + 3.34 (R* = 0.48,P < 0.001,n = 41).

As for the linear regression, the data on the largest root
diameter (D =265 mm) might affect the relationship. How-
ever, the regression equation excluding this data exhibited
XT=0.02D+3.32 (R*=0.35, P <0.05, n=40, the dashed
line of Fig. 6), indicating that the relationships, irrespective
of this data are quite similar. By applying the XT values of
waveforms A and B for 41 roots with this regression equa-
tion, a significant positive relationship was found between
the estimated values of the roots detected using GPR and
the actual diameter of roots measured by excavation (Fig. 7,
R*=0.48, P<0.001).

Discussion
Estimation of tree root diameter with GPR

In this study, we succeeded in estimating the diameters of
mature C. japonica roots using a waveform index of GPR,
>T, in a mountainous forest standing over weathered gran-
ite soils. The methods for estimating root diameter from
reflection waveform indices of GPR have been developed

@ Springer

arrows indicate roots that were detected by GPR. Letters show classi-
fication of the four types of waveforms as defined by Cox et al. (2005)
(see Fig. 2)

in the previous studies, mostly using experimentally con-
trolled conditions, and some controlled experiments were
even done in the field (Barton and Montagu 2004; Cui et al.
2011, 2013; Tanikawa et al. 2013, 2014, 2016). However,
this study has demonstrated an application of this technique
in forests, where soil structure and condition are highly het-
erogeneous. The non-destructive estimates of diameter and
distribution of coarse roots using GPR would enable us to
use the models for evaluating root reinforcement, because
spatial distribution, diameter, and number of roots are essen-
tial inputs (Wu et al. 1979; Pollen and Simon 2005; Schwarz
et al. 2010). The estimates of root reinforcement could pro-
vide a basis to support forest management actions, such as
adjusting tree density to prevent shallow landslides caused
by torrential rainfall (Japan Meteorological Agency 2017a).
However, further trials of GPR in other forest types and soils
are needed to advance the practical use of this technique for
root detection.

GPR waveform indices for estimating root diameter
under forest field conditions

The results of this study revealed that the reflection wave-
form parameter X7 was the only suitable index among
the four proposed for estimating root diameter under for-
est field conditions (Fig. 4). The previous studies have
clarified that two indices concerning GPR reflection time,
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Table 1 .Statist.ics ,Of the Akaike Response variable Explanatory variables AIC Estimate SE P

information criterion (AIC) for included in model

the top five selected generalized

linear mil)l(ed m%(iels (GdLlMM) Detected (1)/undetected (0) root ~ Model 1: diameter 507.2 0.012 0.004 <0.010

diameter (diameter), root depth Density —-0.344 0.077  <0.001

(depth), and number of adjacent Model 2: diameter 507.3 0.005 0.006 0.370

roots (density) for explaining Depth —~0.019 0.006 <0.001

GPR detected/undetected roots Density — 0472 0124  <0.001
Diameter X density 0.004 0.003 0.180
Model 3: diameter 508.1 0.005 0.006 0.460
Depth —0.024 0.007  <0.010
Density - 0.573 0.158  <0.001
Diameter X density 0.005 0.003 0.131
Depth x density 0.006 0.005 0.275
Model 4: diameter 509.8 0.007 0.008 0.383
Depth —0.021 0.009 <0.050
Density - 0.577 0.159  <0.001
Diameter X depth —0.001 0.001 0.592
Diameter X density 0.006 0.005 0.251
Depth x density 0.005 0.003 0.160
Model 5: diameter 511.8 0.001 0.001 0.382
Depth —0.020 0.011 0.074
Density —0.561 0.188  <0.010
Diameter X depth —0.000 0.000 0.620
Diameter X density 0.004 0.004 0.330
Depth X density 0.005 0.009 0.580
Diameter X depth X density 0.000 0.000 0.880

GLMM analysis selected Model 1 using only three variables without their interactions as the best-fit model
with the lowest AIC value (507.2) and showed each of the three variables all significantly affected detec-

tion in Model 1 (P<0.01)

Single T,,,, (time interval between zero crossings of the
maximum waveform), and X7 (sum of the time intervals),
were not affected by several limiting factors for root detec-
tion, such as the water content of roots, the angles between
root growth and GPR scanning, and the litter thickness of
surface soils (Cui et al. 2011, 2013; Guo et al. 2013b; Tani-
kawa et al. 2013, 2014, 2016). The waveform indices for
root detection in GPR images such as intensity or ampli-
tude, are susceptible to these limiting factors. On the other
hand, the time interval at zero amplitude of the reflection
waveform indicates the time when the reflected wave is
emitted from the root and is not greatly influenced by the
factors for changing the amplitude (Cui et al. 2011, 2013;
Guo et al. 2013b; Tanikawa et al. 2013, 2014). Barton and
Montagu (2004) first proposed that the use of an index relat-
ing to time intervals could be used to estimate root diam-
eter under experimental conditions, and they used only a
time interval of a half waveform such as Single T,,. Later,
Cui et al. (2011) showed that 7, the time interval for the
radar-reflected waves to reach the top and bottom of roots,

could be an index for estimating root diameter under model
conditions. Tanikawa et al. (2013) clarified that T was
the most suitable indicator among the four proposed indi-
ces, and even better than Single 7,,,,, presumably because
Single T,,,, was only a half waveform without considering
other reflected waveform. £7 has the major advantage of
indices, because it only depends on the geometric dimen-
sion of the reflector and is independent of signal strength
(Cui et al. 2011). This study confirmed, under forest field
conditions, that 7 could be a useful index for estimating
tree roots diameters. Although the ranges in root diameter
estimated in the previous experiments were narrower, such
as 0—40 mm (Cui et al. 2011) and 20-80 mm (Barton and
Montagu 2004; Tanikawa et al. 2013), we were able to
estimate wider ranges, from 5 to 265 mm, for mature C.
Japonica roots under forest field conditions, suggesting that
this method can be more practical for in situ ranges of tree
root diameter.

The other two indices relating to the amplitude area of

the reflection waveform, Single A, (amplitude area of the
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Table 2 Number of Cryptomeria japonica roots detected or undetected by GPR (a) by different root diameter classes, (b) at different root depths,

and (c) with different numbers of adjacent roots

(a) Root diameter

Root diameter Number of GPR detected/undetected roots (no.) Mean+SD
(mm) (mm)
5-50 50-100 100-150 150-200 200-250 250-300
Detected 156 20 5 2 1 31.1+38.2
(n=185)
Undetected 186 15 1 0 1 0 23.2+22.7
(n=203)
Detection 45.6 57.1 83.3 66.7 100
frequency
(%)
(b) Root depth
Root depth Number of GPR detected/undetected roots (no.) Mean+SD
(cm) (cm)
0-15 15-30 30-45 45-60 60-75 75-90
Detected 88 51 20 20 6 0 20.4+16.8
(n=185)
Undetected 80 55 23 22 20 3 25.9+21.7
(n=203)
Detection 524 48.1 46.5 47.6 23.1 0
frequency
(%)
(c) Number of adjacent roots (root density)
Number of Number of GPR detected/undetected roots (no.) Mean+SD
adjacent roots
(no.) 0 1 2 3 4 6 7 8 9 (no.)
Detected 57 72 37 05 6 3 1 0 1 1.3+1.4
(n=185)
Undetected 54 66 43 13 5 6 7 0 0 1.7+1.8
(n=203)
Detection 514 522 46.3 27.8 545 25.0 333 12.5 - 100
frequency
(%)

Mean values are shown for (a) root diameter, (b) root depth, and (c) number of adjacent roots, for GPR detected or undetected roots

maximum reflection waveform) and XA (sum of the ampli-
tude areas), are influenced by the proposed limiting factors
(Cui et al. 2011; Guo et al. 2013a; Tanikawa et al. 2013,
2014, 2016). In this study, GPR scanning on concentric tran-
sects was carried out, and there were several directions of
roots that had 0-130° angles between root growth and radar
scanning, suggesting that the angles between the scanning
and roots could affect the two amplitude indices. The vari-
ation in root water content was likely to create differences
in these two indices, as pointed out by the previous studies
(Hirano et al. 2009; Guo et al. 2013a). Guo et al. (2013a)
suggested that appropriate GPR indices and regression mod-
els should be selected based on the water content range of
roots, because the amplitude area of the reflection waveform
changed greatly at different root water content levels even
though root size is the same. However, this study was not

@ Springer

able to establish a model using either of these area indices
that would enable field estimation of root diameter. Butnor
et al. (2001) showed that GPR resolution, i.e., the ampli-
tude of waveform, was best in the sandy soils but degraded
in soils with high water and clay contents. Future studies
are needed to clarify the degree of the suitability of GPR
indices in different soil conditions and forest types in field
conditions.

Factors affecting root detection in the field

In this study, the detection frequency of numbers of roots
using GPR was 47.7% among the target roots (>5 mm
diameter) using GPR detectable angles under the con-
centric transects. Limiting factors affecting root detection
were root diameter, root depth, and the numbers of adjacent
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Fig.5 Effect of root diameter, root depth, and number of adjacent roots to the target root, on the probability of root detection in C. japonica. The
probability was 1 (detected by GPR) or 0 (undetected by GPR). The solid lines show the fitting values obtained by the selected model (Table 1)

Table 3 Numbers of GPR detected or undetected roots by value of
response variable expected by the best fitted model

Number of roots (no.) Expected value of response variable (E)

Undetected (E<0.5) Detected (E>0.5)

Detected root (1)
Undetected root (0)

76 (19.6%)
132 (34.0%)

109 (28.1%)
71 (18.3%)

aThe values in parentheses show the percentage of detected or unde-
tected roots amongst the total of 388 targeted roots

roots; large diameter roots were most easily detected fol-
lowed by those at shallower depths, and those with fewer
adjacent roots (Fig. 4). The concordance ratio of the num-
ber of roots, using the best fitted model, was 62.1% for the
total of detected (28.1%) and undetected (34.0%) roots
(Table 3). Under sandy soil conditions, using 1500 MHz
GPR in a P. thunbergii forest, the detection frequency for
numbers of roots in the 5-10 mm diameter class was only
6.6%, whereas 54% of roots that were larger than 10 mm
were detected (Hirano et al. 2012). This could support the
results of a detection frequency of 47.7% for C. japonica
roots in our study. Although the detectable horizontal
angles were considered in our study, the lower frequency
might be caused by unconsidered limiting factors, such as
more heterogeneous soil conditions compared to sandy
soils, the angle in the vertical direction (Liu et al. 2017),
and the accumulation of fine roots. Fine root biomass in
C. japonica is generally higher than that in P. thunbergii
(Noguchi et al. 2007) and the accumulation of fine roots
could cause large variation in the reflected electromagnetic
waves in the surface soils, similar to the effects of leaf litter
thickness (Tanikawa et al. 2016). In the future, the effects
of these limiting factors on the detection frequency should
be clarified. In contrast, our results suggest that estimating
thicker coarse roots could be advantageous for the evalua-
tion of slope stability, because thicker roots contribute more
to slope reinforcement (Wu et al. 1979; Pollen and Simon

2005; Schwarz et al. 2010). Therefore, a non-destructive
evaluation using GPR of the contribution of coarse roots to
slope stability could be made.

Our findings also support the previous experimental
results on the effects of depth and density of roots on GPR
root detection (Hirano et al. 2009; Cui et al. 2011, 2013).
Since the electromagnetic pulses emitted into the ground
attenuate with increasing soil depth, and even if roots are
thicker, deeper roots are only detected as small intensities
of reflected waveforms (Cui et al. 2011, 2013). Hirano
et al. (2009) pointed out that the GPR waveforms were
not individually determined for two C. japonica roots at
intervals of 20 cm, using 900 MHz in sandy experimen-
tal conditions. The results from this study also indicated
that the number of adjacent roots was a limiting factor for
root detection. The existence of adjacent roots could cause
mutual interference of reflected waveforms, and decrease
the number of waveforms in the radargram. Butnor et al.
(2016) have recently shown that the detection frequency
of tree root biomass was consistently lower in the vicin-
ity of the stem because of dense rooting, and this was
true for the detection and diameter estimation of roots in
our study (Fig. 2). The present study showed the number
of accurate GPR estimates for coarse diameter roots in
mature C. japonica was still limited to 41 roots among
185 detected roots, out of 388 targeted roots. To raise the
detection frequency using GPR, we need to scan other
types of transects, such as grid survey lines, consider dif-
ferent scan angles (Tanikawa et al. 2013; Guo et al. 2015;
Bain et al. 2017; Liu et al. 2017), and set the transects at
appropriate distances from the stem because of the lower
root density (Butnor et al. 2016). Parallel survey lines
of GPR between tree stems have been used for extensive
investigation of estimates of root biomass in forest stand
scales (Butnor et al. 2001, 2003). Continuous regions of
weak reinforcement are expected to be prone to failure
and may contribute to the risk of landslide occurrence
(Schwarz et al. 2010). The points at the middle distances
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Fig.6 Relationships between four GPR waveform indices of the
reflected waveforms A and B, which had well-defined parabolic
shapes, and actual diameters of excavated roots. The solid line shows
the linear regression using all data (n=41) between GPR wave-

between tree stems could show the lowest reinforcement
for landslide, and thus, parallel survey lines in these areas
could obtain information on the vertical distribution and
diameter of tree roots for estimates of slope stability in
forest stand scales. Further trials for estimates of root rein-
forcement using parallel survey lines at stand scales are
needed to enhance the utility of root detection using GPR
for proposing management protocols of forest plantations.

Conclusion

This is the first study to show that a GPR waveform index,
2T (sum of the time intervals between zero crossings), can
estimate the root diameter of mature C. japonica trees in
weathered granite soils under forest field conditions, even
though there has been extensive experimental evidence
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form index X7 and actual root diameters. The dashed line shows
the linear regression excluding the data on the largest root diam-
eter (D=265 mm), and the equation is as follows; X7=0.02D+3.32
(R*=0.35, P<0.05, n=40)

suggesting this possibility. The study confirmed the impact
of previously proposed limiting factors, such as root diam-
eter, root depth, and root density on root detection using
GPR under forest field conditions. Forested areas on gran-
ite soils are well-known for having frequent shallow land-
slides (Chigira et al. 2011). Therefore, we need to estimate
the slope stability in these forest soils, including root rein-
forcement. As results from this study have shown, non-
destructive estimates of root diameter distribution in upper
layers of soil with GPR could contribute to the evaluation
and management of slope stability under forest field condi-
tions, particularly for less resilient soils such as granite.
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