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Abstract: Root system architecture (RSA) refers to the geometric features and topology of the root
system. Ground-penetrating radar (GPR) is a possible method of RSA reconstruction. However,
because the topology of the root system is not directly accessible by GPR, GPR-based reconstruction
must be complemented by manual connection of root points, resulting in limited accuracy. In this
study, we used both GPR and direct excavation to obtain 3D coordinates (XYZ coordinates) and
diameters of moso bamboo rhizomes on an orthogonal grid. A score function for selecting the
best-connected root points was developed using rhizome diameter, depth, extension angle, and
measured line spacing, which was then used to recover the topology of discrete root points. Based on
the recovered topology, the 3D RSA of the rhizomes was reconstructed using a smoothing function.
Based on the excavation data, the reconstructed RSA was generally consistent with the measured
RSA, with 78.13% of root points correctly connected. The reconstructed RSA based on GPR data thus
provided a rough approximation of the measured RSA, with errors arising due to missing root points
and rhizome displacement. The proposed algorithm for reconstructing 3D RSA further enriches the
application of ground-penetrating radar to root detection.

Keywords: moso bamboo rhizome; score function; root topology; RSA; ground-penetrating radar

1. Introduction

Coarse roots (diameter ≥ 5 mm) are essential for a wide variety of plant processes,
including anchoring and supporting the plant, absorbing and transporting nutrients and
water, and storing products of photosynthesis [1,2]. Recently, the important role of coarse
roots in below-ground, long-term carbon sequestration has gradually been gaining recog-
nition [3–5]. The spatial distribution of roots throughout the soil profile, including the
geometry and spatial topology of the root system, is referred to as root system architecture
(RSA) [6,7]. Differences in RSA can have a remarkable impact on the efficiency of physio-
logical functions such as water and nutrient uptake, plant productivity, root carbon storage
capacity, and plant tolerance to abiotic stresses [8–12]. However, in most cases, the study of
RSA in the field is typically difficult due to the opacity and complexity of the soil media.

Traditionally, RSAs have been analysed using destructive methods, such as excava-
tion. Although these methods can provide direct, reliable information, they are extremely
time- and labour-intensive and may destroy the RSA, which may lead to inaccurate re-
sults [13–15]. Over the last two decades, digitization programs have been developed in

Remote Sens. 2021, 13, 2816. https://doi.org/10.3390/rs13142816 https://www.mdpi.com/journal/remotesensing

https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://doi.org/10.3390/rs13142816
https://doi.org/10.3390/rs13142816
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13142816
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs13142816?type=check_update&version=1


Remote Sens. 2021, 13, 2816 2 of 18

order to reconstruct detailed RSA profiles of coarse root systems, including multi-scale
tree graphs (MTGs) and AMAPmod software [16,17]. High-resolution laser scanners have
facilitated the study of RSA [18,19]. However, these methods are still limited by the need
for excavation.

Moso bamboo (Phyllostachys pubescens) is a clonal plant and an important economic
plant and biological resource in southern China [20]. Moso bamboo has a high carbon
storage capacity and high erosion resistance, meaning that it plays an important role
in mitigating climate change and preventing soil erosion [21–23]. Figure 1 illustrates
the monopodial rhizome system of moso bamboo. The rhizome divides rapidly and
expansively, generating lateral shoots that develop into new rhizomes or new bamboo
shoots [24,25]. After the above-ground bamboo is removed, rhizomes can survive for many
years, forming a stable under-ground network system [25,26]. Therefore, the rhizome
system is crucial for clonal growth and for the spatial distribution and management of the
above-ground biomass in moso bamboo. However, field studies on moso bamboo rhizome
systems are scarce due to methodological limitations.
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Figure 1. Diagram illustrating the generalised spatial distribution of moso bamboo rhizomes. The 
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were then placed in plastic valve bags and immediately sent to the laboratory. The total 
volume of the rhizomes was determined using the drainage method, and the total length 
of the rhizomes was measured using a tape measure. In addition, the total biomass and 
mean biomass density of the rhizomes were determined using the drying method. Soil 
samples were collected from three soil layers (0–10 cm, 10–30 cm, and 30–50 cm deep) 
using the core method. The water content of both soil and rhizomes were were determined 
by drying at 80 °C to a constant weight. 

Figure 1. Diagram illustrating the generalised spatial distribution of moso bamboo rhizomes. The rhi-
zome system is composed of interconnected branches emanating from the same parent bamboo plant.

To date, non-invasive geophysical techniques have led to some progress in the study of
coarse roots in the field [27,28]. Ground-penetrating radar (GPR) is a well-established, non-
destructive geophysical technique used widely for in-situ detection of coarse roots [29–36].
However, GPR cannot estimate topological relationships between root points. Therefore,
previous GPR-based reconstructions of RSA relied primarily on the operator’s personal
experience in manually connecting root points between adjacent radar profiles, an approach
which does not consider the ecological characteristics of the plant root system [19,37,38].
Thus, connecting root points scattered across different radar profiles as accurately as
possible is the key to accurate GPR-based RSA reconstruction. Recently, Wu et al. [38]
developed an algorithm for reconstructing root system topology using radar data collected
from concentric scan survey lines, and successfully reconstructed the 3D RSA of a shrub
(Caragana microphylla) in the field. However, their algorithm is not applicable to radar
data collected from orthogonal grid scan lines. In addition, Ohashi et al. [39] claimed that
an algorithm they employed for the reconstruction of 3D RSA based on root point 3D
coordinates (XYZ coordinates) and root diameter was suitable for use with GPR. However,
this algorithm has not been validated with GPR data. Currently, most GPR-based RSA
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reconstructions are of single trees and shrubs, and there are no field records regarding the
use of this technique used on clonal plants.

In the present study, we therefore aimed to conduct an in-situ survey of moso bamboo
rhizomes using GPR, and corroborate the results of this with data obtained from direct
excavation of the rhizome system. The objectives of this study were as follows: (1) to
explore the feasibility of GPR for moso bamboo rhizome detection; (2) to develop an
algorithm for 3D RSA reconstruction based on GPR data collected from orthogonal survey
grid lines; and (3) to assess the accuracy of the 3D RSA reconstruction in terms of root point
connectivity, total length, volume, and biomass. Our model enables the application of GPR
to clonal plant root systems. Quantitative parameters such as rhizome diameter, depth,
length, branching pattern, extension angle, and biomass obtained from GPR data can also
be used to investigate inter- or intraspecific competition in plant root systems, relationships
between root systems and soil nutrients, and the linkage between under-ground and
above-ground plant system.

2. Materials and Methods
2.1. Study Area and Experimental Design

In August 2020, we established a 2 × 4 m sample plot on a 10-year-old moso bam-
boo plantation in Yanjia Village, Lin’an City, Zhejiang Province, China (119◦29′55.6′′E,
30◦10′29.7′′N). Six bamboo plants (including three felled bamboos) occurred on the plot,
with an average diameter at breast height of 7.19 cm. To enable the use of GPR in order
to detect the rhizomes of these bamboo plants, the plot was uniformly divided into two
2 × 2 m subplots, A and B (Figure 2).
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subtracting the mean dewow, bandpass frequency, time varying gain, background re-
moval, and static correction from the radar images. The root point information was ob-
tained from the reflection hyperbolas generated in the pre-processed radar profiles (Fig-
ure 4); the vertex of the hyperbola is often defined as the spatial location of the coarse root 
[27,40,41]. Rhizome diameter was estimated using the hyperbolic model approach de-
scribed by Ristic et al. [42] and the analysis performed in MATLAB 2018a software. 

A simple schematic representation of the principle of estimating rootstock diameter 
using the hyperbolic model is provided in Figure 5. The relationship between the diameter 
of the rhizome and the hyperbola identified from the radar profile is as follows: 𝐷2 + 𝑑 = 𝐷2 + 𝑑 + (𝑥 − 𝑥 )  (1)

Figure 2. 3D distribution map of rhizome systems of moso bamboo excavated in the field. (a) Distri-
bution map of moso bamboo rhizome system in subplot A; (b) Distribution map of moso bamboo
rhizome system in subplot B.

Scan lines were established at 20-cm intervals in both X and Y directions, and marked
with ropes to form an orthogonal survey grid (Figure 3). After the careful removal of
detritus from the plot, rhizomes (diameter ≥ 5 mm) were detected using a field-portable
ground-penetrating radar (GPR) system (GEOTECH Company; Moscow, Russia) with a
1200 MHz antenna. A total of 43 radar raw images were acquired. The plot was then ar-
chaeologically excavated to a depth of 50 cm following completion of the GPR scan, and the
spatial position information and the diameter of all root points (rhizome diameter ≥ 5 mm)
that intersected with the scan lines were recorded. All rhizomes in the sample plot were
then placed in plastic valve bags and immediately sent to the laboratory. The total volume
of the rhizomes was determined using the drainage method, and the total length of the
rhizomes was measured using a tape measure. In addition, the total biomass and mean
biomass density of the rhizomes were determined using the drying method. Soil samples
were collected from three soil layers (0–10 cm, 10–30 cm, and 30–50 cm deep) using the core
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method. The water content of both soil and rhizomes were were determined by drying at
80 ◦C to a constant weight.
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Figure 3. (a) Survey site for ground-penetrating radar (GPR) analysis of moso bamboo rhizomes, including ropes rep-
resenting the orthogonal survey grid. (b) 3D schematic of the sample plot, including the layout and orientation of scan
survey lines.

2.2. Radar Analysis

All radar raw geo-imaging data were processed using the ReflexW 7.2 software
(Sandmeier Geophysical Research; Karlsruhe, Germany). Processing operations included
subtracting the mean dewow, bandpass frequency, time varying gain, background removal,
and static correction from the radar images. The root point information was obtained from
the reflection hyperbolas generated in the pre-processed radar profiles (Figure 4); the ver-
tex of the hyperbola is often defined as the spatial location of the coarse root [27,40,41].
Rhizome diameter was estimated using the hyperbolic model approach described by
Ristic et al. [42] and the analysis performed in MATLAB 2018a software.
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Figure 4. Detection and localisation of rhizomes using identification of by identifying hyperbolic
reflections in a processed radar image. The yellow circles indicate the locations of the rhizomes as the
vertices of the hyperbolic reflections.

A simple schematic representation of the principle of estimating rootstock diameter
using the hyperbolic model is provided in Figure 5. The relationship between the diameter
of the rhizome and the hyperbola identified from the radar profile is as follows:(

D
2
+ di

)2
=

(
D
2
+ d0

)2
+ (x0 − xi)

2 (1)
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where D is the rhizome diameter; d0 is the distance from the antenna centre at position x0
(the distance at which it is directly above the axis of the rhizome), and di is the distance
from the antenna centre to the rhizome at an arbitrary position xi.
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The arbitrary distance from the centre of antenna to the rhizome di can be expressed
using the electromagnetic wave propagation velocity (v) and the two-way travel time of
the reflected electromagnetic wave (ti) as di = (vti)/2, i.e., the relative rhizome depth d0
may be expressed as d0 = (vt0)/2. Therefore, Expression 1 can be written as a function of
D, v, x0, and t0 as follows:

ti =
2
v

√(vt0

2
+

D
2

)2
+ (x0 − xi)

2 − D
2
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Using Expression 2, it is possible to rearrange the hyperbolic equation into the canoni-
cal hyperbolic equation, with (x0,−D/v) as the centre. The canonical hyperbolic equation
is as follows: (

ti +
D
v

)2

(
t0 +

D
v

)2 −
(x0 − xi)

2(
vt0
2 + D

2

)2 = 1 (3)

In Expression 3, each pair of raw data (xi, ti) can be obtained from the extracted
hyperbola. The optimal v and D can be simultaneously estimated using the Levenberg–
Marquardt algorithm in a MATLAB environment.

2.3. 3D RSA Reconstruction

The biological characteristics of trees should be considered when reconstructing 3D
RSA. Moso bamboo rhizomes have unique biological characteristics compared to other trees:
the rhizomes have a particular growth direction during extension, there is no significant
variation in diameter or thickness across the length of the root in mature rhizomes [43,44],
and rhizomes vary in the depth at which they occur in the soil. Therefore, we established
a score function based on the characteristics of the rhizome diameter (D), rhizome depth
(SD), and rhizome extension angle (θ), to reconstruct the topology of the rhizomes, and the
RSA was reconstructed from this topology.

Figure 6a is a simple schematic diagram that illustrates the principle of connecting
root points. All root points are labeled as Pn(Dn, SDn), where Dn is the diameter of the
nth root point and SDn is the depth of the nth root point. The rhizome extension angle (θn)
is calculated as the angle between the line formed by the candidate root point, starting
root point, and x-direction was calculated. Important biological characteristics of the roots,
such as the guerrilla growth pattern, the difference in the angle (∆θn), the difference in the
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diameter (∆Dn), and the difference in the depth (∆SDn), were used to construct the root
point score function. These characteristics were calculated as follows:

∆θn = |θn+1 − θn|, n ≥ 2 (4)

∆Dn = |Dn+1 − Dn|, n ≥ 1 (5)

∆SDn = |SDn+1 − SDn|, n ≥ 1 (6)

where n is the nth root point.
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Figure 6. (a) Schematic illustration of the principle of connecting root points. Only four interconnected 20 × 20 cm
rectangles are shown here. Red points represent the best-connected root points, while green points represent interfering
root points; (b) flow chart of the root point connection algorithm for the proposed automatic root system architecture (RSA)
reconstruction methodology.

To enable intuitive understanding of the contribution of each factor (∆Dn, ∆SDn, and
∆θn) to the scoring function, the scores for each factor were quantified based on a set of
scoring rules. The scoring rules for ∆Dn, ∆SDn, and ∆θn are as follows:

1. ∆Dn scoring (S∆Dn ): Due to the insignificant change in diameter in mature rhizomes,
∆Dn (0 ≤ ∆Dn ≤ 5 mm) is divided into five classes, such that higher values of
∆Dn are represented by lower classes. A score of ten represents the highest class,
with subsequent classes represented by subtracting increments of two from the score.
If ∆Dn > 5 mm, the score is zero.

2. ∆SDn scoring (S∆SDn ): Similarly, ∆SDn (0 ≤ ∆SDn ≤ 10 cm) is divided into ten
classes, with higher classes representing lower values of ∆SDn. A score of ten repre-
sents the highest class, with one subtracted from the score for each class below this
maximum score. If ∆SDn > 10 cm, the score is zero.

3. ∆θn scoring (S∆θn ): Due to the insignificant variation in rhizome growth direction,
changes in rhizome growth direction between 0◦ and 45◦ are divided into ten classes,
such that every increment of 4.5◦ represents a score class. Higher values of ∆θn are
represented by lower classes. A score of ten represents the highest class, with one
subtracted from the score for each subsequent class. If ∆θn > 45◦, the score assigned
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is −4, which counteracts the contribution of the ∆D and ∆SD scores to the overall
root point score function.

The GPR and excavation data were analysed using this algorithm in order to recon-
struct the 3D RSA of the rhizomes. The algorithm was executed using the open-source
software Python 3.7 software. Figure 6b shows the full root point connection algorithm,
which can be divided into the following steps:

1. Determine the starting root point. Arrange all root points in ascending order based
on x-direction. The first occurring root point serves as the initial root point of the
root system;

2. Establish candidate root points. Calculate the distance between each root point and
the starting root point in the x-direction (∆xn) and the y-direction (∆yn). Search along
in the x-direction from the origin. If ∆xn ≤ 20 cm and ∆yn ≤ 20 cm, these points are
included as candidate root points;

3. Determine the nth (n ≥ 2) root point. The score of each candidate root point is calcu-
lated using the score function. The root point with the highest score is considered the
best-connected root point, while the other root points are involved in the reconstruc-
tion of the next root system topology. If the highest score is held by more than one
root point, the root point with the lowest ∆θn is considered to be the best-connected.
The score function (Fn) for each candidate point is as follows:

Fn =


bS∆Dn + cS∆SDn , n = 2; b, c ∈ [0, 1]

aS∆θn + bS∆Dn + cS∆SDn , n > 2; a, b, c ∈ [0, 1]
(7)

where n is the nth root point, and a, b, and c are the weight parameters. Note that ∆θn
is not used to calculate the score of the second candidate root point;

4. Repeat step three until the reconstruction of the topology of the root system is com-
plete. It should be noted that the root point identified as the best-connected of this
root system is no longer involved in the reconstruction of the next root system;

5. Repeat steps one to four until all root system topologies are reconstructed.

Following recovery of the root system topology using this algorithm, 3D RSA was
reconstructed using the 3D MAX 2016 software (Autodesk Inc.; San Rafael, CA, USA).
At this stage, each reconstructed rhizome branch was determined by directly connecting
the root points with straight lines. The connections between root points along the same
rhizome branch are modelled using a smoothing function, which estimates a more gradual
transition between the diameters of adjacent rhizomes [38].

2.4. Evaluation of the 3D RSA Reconstructed

Both quantitative and qualitative topological analysis methods were used to evaluate
the accuracy of the reconstructed 3D RSA. The accuracy of the model was evaluated based
on the number and spatial positions of the root point connections, as well as the total length,
total volume, and total biomass of the reconstructed 3D RSA. In addition, the reconstructed
RSA based on the GPR data was also assessed qualitatively, taking into consideration the
deformation of the rhizomes caused by the excavation process. The rhizomes do not tend
to vary much in extension diameter or angle from root point to root point, or across their
entire length (i.e., they tend to grow in a uniform direction and are the same thickness
throughout) (Figure 7), and thus, the rhizomes formed by each of the connected root points
can be considered cylindrical. Thus, the total length, volume, and biomass of the rhizome
architecture can be estimated using the following equations:

li =
√
(xi+1 − xi)

2 + (yi+1 − yi)
2 + (zi+1 − zi)

2 (8)

L = ∑ li (9)
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V = ∑
1
4

πDι
2li (10)

W = ∑
1
4

πDι
2liρ (11)

where i and i + 1 are the two interconnected root points, li is the length of two inter-
connected root points, L is the estimated total root length, V is the estimated total vol-
ume, W is the estimated total biomass, and ρ is the average density of rhizome biomass
(0.7795 g/cm−3 in this study).

Remote Sens. 2021, 13, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 7. Variation in rhizome diameter and extension angle as a function of the root point. The x-axis represents the 𝑛  
root point of the rhizome. The angle between the line formed by the candidate root point, starting root point, and x-
direction is defined as the extension angle. 

Table 1. Values of the weighting parameters a, b, and c, and associated accuracy of the root system architecture (RSA) 
reconstruction. Numbers in bold indicate the highest accuracy achieved for the root point connection. 

a b c Accuracy (%) 
0.0 0.5 0.5 42.88 
0.2 0.4 0.4 48.96 
0.4 0.3 0.3 67.71 
0.6 0.2 0.2 78.13 
0.8 0.1 0.1 70.83 
1.0 0.0 0.0 59.38 

3. Results 
3.1. GPR Detection of Rhizomes 

At 0–50 cm soil depth, the mean water content of the soil was 10.14% ± 2.94% (± 
standard deviation, n = 84) (Table 2), while the mean water content of the rhizomes was 
55.74% ± 3.43% (± standard deviation, n = 16). The substantial difference between rhizome 
and soil water content allowed the ground-penetrating radar (GPR) system to detect rhi-
zomes accurately. In addition, at 0–50 cm soil depth, the mean stone content of the soil 
was 4.98% ± 2.17% (± standard deviation, n = 84) (Table 2). This makes it relatively unlikely 
that reflection hyperbolas formed by non-root objects such as stones would be encoun-
tered in a radar profile.  

Table 2. Soil stone content and soil water content at different soil depths. 

Soil Depth (cm) Soil Stone Content (%) Soil Water Content (%) 
0–10 5.14 ± 2.29 10.84 ± 1.33 

10–30 5.03 ± 1.89 10.29 ± 1.15 
30–50 4.77 ± 2.34 9.30 ± 0.46 
Note: Data are expressed as mean ± standard deviation, and the number of samples per soil depth was 28. 

A total of 96 root points (including only those of rhizomes with a diameter greater 
than 5 mm) were collected via excavation, with an average rhizome diameter of 16.8 mm 
(minimum 10.0 mm, maximum 24.0 mm). Seventy root points were detected using GPR, 
accounting for 72.9% of the excavated root points. The root points detected by GPR exhib-
ited favourable localisation accuracy, with a root mean square error (RMSE) of 3.32 cm. 
The small RMSE value demonstrates that GPR is able to accurately localise rhizomes. A 
comparison of the spatial distributions of root points acquired by excavation and GPR 

Figure 7. Variation in rhizome diameter and extension angle as a function of the root point. The x-axis represents the nth

root point of the rhizome. The angle between the line formed by the candidate root point, starting root point, and x-direction
is defined as the extension angle.

The accuracy of RSA reconstruction based on GPR is influenced by the localisation
accuracy of the GPR on the rhizomes. The localisation accuracy of GPR detection of the
root system was evaluated using the root mean square error (RMSE), which is calculated
as follows:

RMSE =

√√√√∑N
n=1

(
(xn − xn)

2 + (n− yn)
2 + (zn − zn)

2
)

N
(12)

where (xn, yn, zn) is the 3D coordinate of the nth measured root point, (xn, yn, zn) is the
GPR-based 3D coordinate of the nth measured root point, and N is the total number of
root points.

In addition, we found that the accuracy of the reconstructed RSA depends on the
three weighting parameters, a, b, and c. In order to determine the best score function (Fn),
different values of a, b, and c were tested. Table 1 shows the results of these tests. The best
score function (Fn) was obtained when a, b, and c were set at 0.6, 0.2, and 0.2, respectively.
Table 1 also shows that rhizome extension angle (θ) was the main factor influencing correct
connection of the root point. Therefore, it is appropriate to select the root point with the
smallest ∆θn as the best-connected root point when more than one root point receives the
highest score based on the score function.
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Table 1. Values of the weighting parameters a, b, and c, and associated accuracy of the root system
architecture (RSA) reconstruction. Numbers in bold indicate the highest accuracy achieved for the
root point connection.

a b c Accuracy (%)

0.0 0.5 0.5 42.88
0.2 0.4 0.4 48.96
0.4 0.3 0.3 67.71
0.6 0.2 0.2 78.13
0.8 0.1 0.1 70.83
1.0 0.0 0.0 59.38

3. Results
3.1. GPR Detection of Rhizomes

At 0–50 cm soil depth, the mean water content of the soil was 10.14% ± 2.94% (± stan-
dard deviation, n = 84) (Table 2), while the mean water content of the rhizomes was 55.74%
± 3.43% (± standard deviation, n = 16). The substantial difference between rhizome and
soil water content allowed the ground-penetrating radar (GPR) system to detect rhizomes
accurately. In addition, at 0–50 cm soil depth, the mean stone content of the soil was 4.98%
± 2.17% (± standard deviation, n = 84) (Table 2). This makes it relatively unlikely that
reflection hyperbolas formed by non-root objects such as stones would be encountered in a
radar profile.

Table 2. Soil stone content and soil water content at different soil depths.

Soil Depth (cm) Soil Stone Content (%) Soil Water Content (%)

0–10 5.14 ± 2.29 10.84 ± 1.33
10–30 5.03 ± 1.89 10.29 ± 1.15
30–50 4.77 ± 2.34 9.30 ± 0.46

Note: Data are expressed as mean ± standard deviation, and the number of samples per soil depth was 28.

A total of 96 root points (including only those of rhizomes with a diameter greater
than 5 mm) were collected via excavation, with an average rhizome diameter of 16.8 mm
(minimum 10.0 mm, maximum 24.0 mm). Seventy root points were detected using GPR,
accounting for 72.9% of the excavated root points. The root points detected by GPR ex-
hibited favourable localisation accuracy, with a root mean square error (RMSE) of 3.32 cm.
The small RMSE value demonstrates that GPR is able to accurately localise rhizomes.
A comparison of the spatial distributions of root points acquired by excavation and GPR
analysis is shown in Figure 8a, while the relationship between rhizome distribution density
and soil depth, compared between these two methods, is plotted in Figure 8b. The distribu-
tion of root points was generally consistent between the two methods, with both methods
indicating that the majority of root points were located at 0–15 cm soil depth, while neither
method found root points located at 30–50 cm soil depth (Figure 8).

Furthermore, our results indicated that the greater the diameter of the rhizome, the
more detectable it was by the GPR system (Figure 9a). However, the GPR detection rate of
rhizomes did not differ between the different soil depth classes (Figure 9b), which may be
due to the fact that the rhizomes were concentrated in the 0–15 cm soil layer. Rhizomes
also did not differ significantly in diameter between soil depths (Table 3), which could be
attributed to inadequate sample sizes of rhizomes.
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Figure 8. (a) Front (top panel) and ground plan (bottom panel) views of the distribution of root points obtained by excavation
and ground-penetrating radar (GPR) methods. Green crosses represent root points identified by direct excavation, while red
circles represent root points identified by GPR analysis; (b) Vertical distribution of rhizomes in the soil media, compared
between data obtained by excavation (green) and GPR (red).
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Figure 9. Ground-penetrating radar (GPR) detection frequency of rhizomes in (a) each rhizome diameter class and (b) each
rhizome depth class, where n represents the number of rhizomes in each class identified via excavation.

Table 3. Mean rhizome diameter at different soil depths, based on both direct measurement and
ground-penetrating radar (GPR) estimation methods.

Soil Depth (cm) Measured Diameter (mm) GPR-Based Estimated Diameter (mm)

0–5 17.8 ± 3.6 a 18.8 ± 4.3 a
5–10 15.8 ± 3.4 a 16.8 ± 3.7 a
10–15 17.9 ± 2.3 a 18.0 ± 2.2 a
15–20 17.8 ± 4.3 a 19.7 ± 2.6 a
≥20 16.7 ± 0.6 a 16.7 ± 2.1 a

Note: Data are expressed as the mean ± standard deviation. Different lowercase letters in the same column
indicate significant differences between different soil depths at p < 0.05 based on Tukey’s test.
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3.2. RSA Reconstructed

Figure 10 compares the actual measured topology of moso bamboo RSA (dashed
lines) with the corresponding reconstructed topology (solid lines). The topology was
reconstructed using the best score function described above, which was continuously
adjusted to achieve the highest accuracy (Table 1). Seventy-five (78.13%) of the ninety-six
root points (red) were correctly connected in the reconstructed topology (Figure 10, Table 1),
which indicated substantial similarity between the reconstructed and measured topologies.
Figure 11 shows the front and ground plan views of the reconstructed 3D RSA based
on this recovered topology; this reconstructed RSA is essentially identical to the actual
measured RSA, even in some fine details (such as the variation in diameter of some of the
rhizomes). The reconstructed RSA estimated the total length, volume and biomass of the
rhizome system with an accuracy of 91.98%, 95.21%, and 94.73%, respectively (Table 4),
confirming that our model was sufficient to accurately approximate RSA in moso bamboo.
Furthermore, the reconstructed 3D RSA included additional information not obtained from
the excavation data, such as rhizome depth, length, and distribution in the soil media.
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Table 4. Accuracy of reconstructed root system architecture (RSA) in terms of total length, volume, and biomass assessed by
comparison with measured RSA.

Measured RSA Reconstructed RSA Accuracy (%) GPR-Based Reconstructed Accuracy (%)

Total length (cm) 1530.6 1457.9 91.98 986.5 64.45
Total volume (cm3) 3659.3 3483.9 95.21 2678.9 73.21
Total biomass (g) 2866.8 2715.7 94.73 2088.2 72.84

Figure 12 shows a comparison of the actual measured RSA topology (red dashed
line) with the GPR-based reconstructed topology (black solid line), constructed using the
best scoring function. The reconstructed topology is mostly consistent with the measured
topology, although subtle spatial shifts are present. It should also be noted that some root
points are not present in the reconstructed topology. Figure 13 shows a comparison of
the actual measured 3D RSA (red) with that (green) reconstructed based on GPR analysis.
The reconstructed RSA provided a rough approximation of the measured RSA, with the
reconstruction exhibiting some deviation from the actual measured RSA due to missing
root points and rhizome displacement. The GPR-based reconstructed RSA estimated the
total length, volume, and biomass of the root system at an accuracy of 64.45%, 73.21%, and
72.84%, respectively (Table 4).
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4. Discussion
4.1. Application of GPR to Rhizome Systems

Compared to optimal experimental conditions, such as those of coarse roots buried in
dry, sandy soil, the spatial distribution and growth environment of roots in the field are
much more complicated [45]. The application of ground-penetrating radar (GPR) to root
detection is influenced by factors such as root diameter and soil depth. Previous studies
have demonstrated that roots less than 10 mm in diameter have a very low probability
of being detected by GPR, while thicker roots are more likely to be detected [30,31,46].
Previous studies also showed that GPR detection of roots gradually decreases with increas-
ing soil depth due to the attenuation of radar energy [27,31]. In accordance with these
findings, our study found that the probability of detection by GPR increased with the
diameter of the rhizomes, with rhizomes with a diameter greater than or equal to 14 mm
detected at a probability greater than 60% (Figure 9a). In contrast, root points located at
different soil depths did not differ in their GPR detection rate (Figure 9b), due mainly to the
concentration of rhizomes in the shallow soil layer (0–30 cm). Furthermore, the accuracy
of the estimated total length, volume, and biomass of the GPR-based reconstructed RSA
were all greater than 60% (Table 4), which indicates that GPR can detect and quantify (e.g.,
diameter prediction and biomass calculation) rhizome systems in the field. In addition,
Tanikawa et al. [47] found that rhizomes of Phyllostachys pubescens (moso bamboo) buried
at a depth of 30 cm, in an ideal sand experiment, could be clearly detected using GPR.
Therefore, the results of this study further suggest that moso bamboo rhizomes may be a
good potential target for the application of GPR to the study of clonal plant root systems in
the field.

Root system architecture (RSA), which represents the spatial topology and geomet-
ric characteristics of the root system, characterises the growth and development of the
root system [48]. Root system topology, which refers to the pattern in which roots are
interconnected, offers the potential for a more detailed understanding of the 3D RSA [49].
Therefore, it is preferable to use both spatial position and topology of the root system to
obtain the complete 3D RSA [39]. GPR has been shown to accurately extract the spatial
location of coarse roots [27,31,35,45], which provides a basis for new non-invasive, techno-
logical method for RSA reconstruction. However, most field applications of GPR to RSA
reconstruction have been on single trees and shrubs, with no record in the literature of
GPR-based RSA reconstruction applied to clonal plants.

Based on our orthogonal survey grid excavation data, we developed a new method
for estimating root point topology, which takes into account the unique biological charac-
teristics of moso bamboo rhizomes. A root point connection score function (Fn) based on
the rhizome diameter (D), rhizome depth (SD), and rhizome extension angle (θ) was intro-
duced to guide the search for the best-connected root points. The reconstructed root point
topology showed that the majority of root points could be accurately connected (Figure 10,
Table 1). The GPR-based root point topology was roughly reconstructed using this method
(Figure 12). The results of this study indicate that our topological reconstruction model can
be applied to the reconstruction of 3D RSA of moso bamboo based on GPR data (Figure 13,
Tables 1 and 4).

Our model provides a more accurate score function than does the model established by
Ohashi et al. [39]. Their model only considered the distance between root points, the diameter
of the root point, and the interior angle between root points. The additional physiological
parameter of rhizome (root) depth was introduced in our model. Furthermore, due to
differences between the study species used, we used the distance between survey lines
instead of the distance between root points in our model. This proved to be more conducive
to obtaining the correct root point in the case of moso bamboo. Our model thus represents
an optimization of that established by Ohashi et al. [39]. In our model, the distance between
survey lines is defined as the only constraint on the candidate root points, which means that
our model exhibits high accuracy in determining root point connections. We also developed
a simple algorithm for reconstructing RSA using only the root point XYZ coordinates and
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root diameter, with reconstruction accuracy depending on the values of the three weight
parameters a, b, and c. Our model integrates the influences of rhizome extension angle (θ),
rhizome diameter (D), and rhizome depth (SD) on RSA reconstruction, which improves
the accuracy of the reconstructed RSA.

4.2. Limitations of RSA Reconstruction Based on GPR

In effect, when using GPR to detect root systems, the survey lines and the subsurface
targets should remain as perpendicular to each other as possible [27,29,50]. The cross-
angle formed by the survey line and the root orientation has a dramatic impact on GPR
detection of the root system [34,51,52]. According to Tanikawa et al. [51], GPR can detect
root systems with the cross-angle between 45◦ and 135◦. It is well-known that the lateral
roots of most individual trees and shrubs grow outward and downward around the stump,
which makes it difficult to obtain suitable cross-angles using the orthogonal survey grid.
Therefore, concentric scanning has proven to be the best scanning method for in-situ GPR
root detection in these species [19,53]. However, unlike typical trees and shrubs, moso
bamboo rhizomes have a unique growth and development pattern; they grow forward
monopodally and are connected via associated branches [24,25] that render concentric
scanning difficult, even in ideal environments. Therefore, an orthogonal survey grid
was selected for this study, although its use may have hindered the ability of GPR to
detect rhizomes.

In the present study, the root topology reconstruction model is based on an orthogonal
survey grid that integrates variation in rhizome extension angle (θ), diameter (D), and
depth (SD), with the influences of these three variables are balanced by three weighting
parameters (a, b, and c). For example, if a larger value of a is chosen, the model places more
emphasis on the variation in rhizome extension angle (θ). Therefore, the values of a, b, and
c influence the accuracy of the estimated root point connection. Although we determined
the effective values of a, b, and c (Table 1) in this study, it is still necessary to determine the
optimal values of a, b, and c for moso bamboo rhizomes using a larger dataset.

However, although we have shown that our model can be successfully applied to 3D
RSA reconstruction of moso bamboo rhizomes, it exhibits several limitations. Our model
differs substantially from the algorithm proposed by Wu et al. [38], with one of the main
differences being that the root points missing from the GPR data in our study were not
recovered by the reconstructed topology. To further improve the accuracy of the model, we
need to study how best to recover missing root points in the RSA. Additionally, our model
did not perform well when root points were relatively close together (Figure 14), a failure
which is also consistently exhibited by the algorithms proposed by Wu et al. [38] and
Ohashi et al. [39] for RSA reconstruction. A feasible approach to rectifying this problem
may be to shorten the spacing of the GPR scan to obtain a more refined spatial distribu-
tion of root points. The root detection is also affected by the antenna frequency of the
radar [27,54,55]. In general, lower antenna frequencies are able to detect roots at deeper
depths, with a reduced resolution, while higher antenna frequencies are able to detect roots
at shallower depths, but with an increased resolution [56,57]. In the present study, we
used an antenna with a frequency of only 1200 MHz, which reduced the detection ability
of the GPR. Therefore, the selection of a more suitable antenna frequency for rhizome
detection requires further investigation. We suggest that the detectability and quantifica-
tion (e.g., diameter prediction and biomass calculation) of GPR for rhizome applications
may be improved by using dual-frequency antenna. In this study, our model was able to
approximately reconstruct the 3D RSA of moso bamboo (Figure 13), which may have been
positively influenced by the sparse distribution of moso bamboo rhizomes within the study
area. However, the accuracy and efficacy of the model may vary across different species
and study locations, and thus, additional field studies are required to refine the model and
expand its applicability to different root systems.
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5. Conclusions

In the present study, GPR was used to detect moso bamboo rhizomes and enable 3D
reconstruction of their root system architecture. Our study demonstrates that rhizomes
may be favourable targets for GPR detection due to their unique biological characteristics,
such as the fact that they are predominantly distributed in shallow soil layers. Based on
these known biological characteristics and root points obtained from manual excavation,
an automated method for reconstructing RSA and root system topology of moso bamboo
was developed for an orthogonal survey grid, with this method used to reconstruct the
3D RSA of moso bamboo based on GPR data. This method involved determination of the
best-connected root points by combining the rhizome extension angle, rhizome diameter,
and rhizome depth, which in turn enabled reconstruction of topology of the rhizome
system. Finally, based on the recovered topology, the 3D RSA of the rhizomes was modeled
using a smoothing function. The reconstructed RSA was generally consistent with the
measured RSA using the excavation data, with 78.13% of the root points correctly connected.
The reconstructed RSA estimated the total length, volume, and biomass of the rhizome
system with 91.98%, 95.21%, and 94.73% accuracy, respectively, which confirmed that our
model could provide an accurate approximation the RSA of moso bamboo. However,
the reconstructed RSA based on GPR data provided only a rough approximation of the
measured RSA, with the model failing to accurately reconstruct some features of the RSA
due to missing root points and rhizome displacement. Our method further enriches the
application of GPR to the study of rhizome systems, making non-destructive and long-term
monitoring and mapping of 3D RSA possible under field conditions.

To our knowledge, this study is the first to demonstrate the use of GPR to reconstruct
3D RSA in moso bamboo. This method allows for non-destructive reconstruction of the 3D
RSA of rhizome systems, which provides a novel addition to the methodologies available
for root system studies. However, the proposed methodology exhibits several limitations,
which reduce its accuracy and applicability in field studies. Therefore, additional studies
with larger sample sizes are needed to refine the proposed method.
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