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Abstract

To complement traditional methods of studying coarse roots (>2 mm in diameter)
that are often destructive, laborious and point-based, we tested a dual-frequency
ground-penetrating radar (GPR) to non-invasively map lateral coarse roots of
shrubs (Caragana microphylla Lam.) in the sandy soil of a temperate semi-arid
shrubland. The dual-frequency GPR system used in this study simultaneously col-
lects data with two antenna frequencies (400 and 900 MHz). The GPR surveys
were repeated in a grid (11 x 4.8 m* with a total of 46 survey lines) in summer and
winter. Both antenna frequencies and seasonal GPR surveys generated a consistent
pattern of the distribution of lateral coarse roots, indicating reliable interpretation
of GPR data for coarse roots mapping. The 400 MHz GPR and the winter survey
detected more roots in the deeper soil (>0.6 m depth), whereas the 900 MHz GPR
and the summer survey detected more in the shallower soil (<0.6 m depth). The
higher wave velocity and lower degree of GPR energy attenuation in the frozen soil
enhanced the detection of deep coarse roots. Combining root detection results
obtained under all conditions revealed a higher distribution density of lateral coarse
roots beneath a depression and at the depth of 0.4-0.6 m, but a lower abundance
under the intershrub area (i.e. showing the avoidance of intershrub root overlap).
These patterns were not evident in GPR images collected using a single frequency
antenna in one season. Ground truthing confirmed that pairing GPR data collected
at two frequencies improved the detection frequency of the number of lateral coarse
roots. More field tests are required to validate the application of repeated dual-

frequency GPR surveys to detect and quantify coarse roots in other ecosystems.

Highlights

e The detection of lateral coarse roots by GPR needs to be further improved in
field soils.

e Dual-frequency GPR surveys were repeated in summer and winter to enhance
coarse roots mapping.

e Combining seasonal dual-frequency GPR data improved detection frequency of
the number of roots.

e Topography and intershrub root competition influence the distribution of lateral
coarse roots.
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1 | INTRODUCTION

Coarse roots (>2 mm in diameter) set up the structural
framework for fine roots (<2 mm in diameter) to develop
and connect (Deans, 1981) and, thus, influence the uptake
and transport of water and nutrients from soil to plants
(Millikin & Bledsoe, 1999; Resh, Battaglia, Worledge, &
Ladiges, 2003). Coarse roots, especially lateral coarse roots,
provide the physical support for the aboveground system of
plants (Brassard, Chen, Bergeron, & Pare, 2011; Ennos,
1993; Reubens, Poesen, Danjon, Geudens, & Muys, 2007).
At the pedon to hillslope scales, preferential flow via
macropores around coarse roots that controls soil water dis-
tribution and groundwater recharge (Guo & Lin, 2018) has
been frequently observed in forested hillslopes
(e.g., Noguchi, Tsuboyama, Sidle, & Hosoda, 1999) and
shrubland (e.g., Li, Yang, Li, & Lin, 2009). Coarse roots can
penetrate into fractured or weathered bedrock and accelerate
bedrock weathering and pedogenesis (Reubens et al., 2007),
which further governs landscape evolution on hillslopes and
creates permeability in the Critical Zone (Brantley et al.,
2017). At the regional scale, coarse roots are the primary
route for photosynthate storage in the subsurface, which reg-
ulates long-term carbon sequestration (Jackson et al., 1996)
and determines ecosystem resilience to the changing envi-
ronment (Beerling & Berner, 2005). At the landscape to
global scales, rooting depth of coarse roots is key to model-
ling plant productivity and water-energy-carbon exchange
between the Critical Zone and the surrounding environment
(Fan, Miguez-Macho, Jobbagy, Jackson, & Otero-Casal,
2017). However, field investigation of coarse roots is often
destructive and laborious, such as coring, excavation, the
profile wall technique and the rhizotron technique. Apart
from disturbance to the root zone, results from these point-
based measurements are challenging when characterizing the
spatial distribution of coarse roots at larger spatial scales
(Guo, Chen, Cui, Fan, & Lin, 2013). Geophysical techniques
have become a valuable means of non-invasive detection
and quantification of coarse roots in the field (al Hagrey,
2007; Jayawickreme, Jobbagy, & Jackson, 2014). Among
common geophysical techniques, ground-penetrating radar
(GPR) provides the best combination of data acquisition
rate, detection depth, spatial coverage and time—space reso-
Iution for the detection of coarse roots (Leucci, 2010).

In theory, GPR detects the contrast in dielectric permit-
tivity, a measure of how well the electromagnetic energy is

transmitted through a medium (Jol, 2009). Electromagnetic
energy (usually ranging from 10 to 2000 MHz) generated by
transmitting antenna propagates into the ground as waves.
When radar waves pass across interfaces between media
with different dielectric permittivity, a portion of the radar
energy is reflected to the receiving antenna, while the
remainder continues to penetrate deeper until it is attenuated
thoroughly (Jol, 2009). According to the travel time, ampli-
tude, shape and polarity of reflections in GPR images, the
location and size of the buried objects can be determined
(al Hagrey, 2007). Because water content is the dominant
control of dielectric permittivity, GPR wave velocity and
reflection strength are sensitive to water variation in the sub-
surface (Topp, Davis, & Annan, 1980). The relatively higher
water content in roots in relation to the surrounding soil cre-
ates the necessary contrast in dielectric permittivity and
makes root detection by GPR possible (Butnor et al., 2003;
Guo, Chen, et al., 2013). For further information on GPR
principles and its application in ecohydrology, readers are
referred to the reviews by Huisman, Hubbard, Redman, and
Annan (2003), Jayawickreme et al. (2014) and Parsekian,
Singha, Minsley, Holbrook, and Slater (2015).

So far, GPR has been tested for visualizing the branching
patterns of coarse roots (Guo et al., 2015; Zhu, Huang,
Su, & Sato, 2014), reconstructing root system architecture
and root profiles (Borden, Thomas, & Isaac, 2017; Raz-
Yaseef, Koteen, & Baldocchi, 2013; Wu et al., 2014), quan-
tifying root biomass (Butnor et al., 2003; Liu et al., 2018;
Molon, Boyce, & Arain, 2017) and measuring root zone soil
moisture (Liu et al., 2019). Despite the potential of GPR in
root investigation, its successful application, however,
highly depends on site-specific conditions and the selection
of appropriate GPR systems (Butnor et al., 2003; Guo, Chen,
et al,, 2013). Some factors influence the performance of
GPR-based root detection and quantification, such as field
soil conditions (e.g. soil texture, soil organic content and soil
water content), root water content, root branching patterns
and GPR antenna frequency (Guo, Lin, Fan, Cui, & Chen,
2013; Hirano et al., 2009; Wu, Guo, Li, Cui, & Chen, 2014).
For example, a lower antenna frequency offers a deeper pen-
etration depth but a lower spatial resolution, whereas a
higher frequency picks up finer structural details but has
shallower penetration. The fusion of GPR data collected at a
lower frequency and a higher frequency provides high-
resolution data with a deeper penetration (e.g. De Coster &
Lambot, 2018). Several fusion methods of multifrequency
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GPR data have been developed to maximize the detection
resolution and the investigation depth of GPR
(Hugenschmidt & Kalogeropoulos, 2009; Xiao & Liu,
2015). The recent development of the dual-frequency GPR
system provides a new opportunity to address this issue
without performing GPR data fusion. A dual-frequency
GPR system simultaneously collects data at two centre
frequencies (e.g. 900 and 400 MHz or 600 and 200 MHz)
over the same survey line, which enhances the reliability in
probing structures and processes in both shallow and deep
subsurfaces (e.g. Klenk, Jaumann, & Roth, 2015). Therefore,
whether the dual-frequency GPR system can promote coarse
root detection and mapping is worthy of field tests.

The non-invasive nature of geophysical measurements
allows repeated surveys to better visualize subsurface struc-
tures and dynamics over time. For instance, repeated GPR
surveys after controlled infiltration and irrigation have been
used to monitor the evolution of the subsurface flow net-
work in forested hillslopes (e.g. Angermann et al., 2017;
Guo, Chen, & Lin, 2014). However, previous GPR root
investigation was primarily based on a one-time survey in
the growing season, and non-invasive and repeated surveys
have not been made good use of. Also, studies of the optimal
timing for collecting GPR data to detect and map coarse
roots have rarely been conducted. Therefore, whether
repeated GPR surveys under different field conditions can
help constrain the interpretation of root distribution requires
field validations.

To address these issues and further enhance the use of
GPR in root investigation, we tested a dual-frequency GPR
system that operates at 900 and 400 MHz in a sandy shrub-
land in summer and winter. We examined the influence of
antenna frequency and the time of year on the efficiency of
GPR in detecting lateral coarse roots. Then, we evaluated if
combining root detection results from two antenna frequen-
cies could improve the detection frequency of lateral coarse
roots. Given the increasing use of geophysical methods for
root studies, we expect broader applications of dual-
frequency GPR to characterize coarse roots distribution and
the complex plant—soil interactions.

2 | MATERIALS AND METHODS

2.1 | Study site

The study site (43°55'N, 116°12'E; 1,084 m a.s.l.) is located
in a semi-arid steppe in Xilingol, Inner Mongolia, north
China (Figure 1a). This area has a temperate continental cli-
mate, with a mean annual air temperature of 2.6°C and mean
annual precipitation of ~300 mm (Yiruhan et al., 2014). The
annual potential evapotranspiration is ~1750 mm. The mean
July air temperature is 21°C, whereas the corresponding
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value for January is —18 °C (Chen, Hori, Yamamura,
Shiyomi, & Huang, 2008; Chi, Wang, Li, Liu, & Li, 2018).
Most of the rainfall occurs in summer, and snowfall mainly
occurs from November to March (Zhao, Peth, Wang, Lin, &
Horn, 2010).

This region was formed on basalt plateaus and is mantled
primarily with fine-sand loess (Hoffmann, Funk, Reiche, &
Li, 2011). As formed by aeolian deposits, the soil has rela-

nce

tively homogeneous physiochemical properties (Wu et al.,
2015). Local soil texture types are sand and sandy loam
(Li et al., 2013), classified as Calcic Kastanozems (FAO) or
Calcic Orthic Aridisol (USDA). Average sand, silt and clay
content is 47%, 37% and 16%, respectively (Zhao et al.,
2010). Bulk density ranges from 1.32 to 1.55 g cm ™ (Zhang
et al., 2013). These are deep (> 2 m depth), excessively dra-
ined, rapidly permeable and low organic content soils (Zhao
et al.,, 2011), which provide suitable conditions for GPR-
based root investigation (Guo et al., 2015; Liu et al., 2019).

Grassland degradation and shrub encroachment are tak-
ing place in this region because of the changing climate and
inappropriate land management (e.g. overgrazing) (Cao
et al.,, 2018). The dominant shrub species is Caragana
microphylla Lam. Interspersed small mounds associated
with C. microphylla Lam. colonies dominate the landscape
(Figure 1b). The intershrub areas are occupied by perennial
grasses; for ecample, Stipa krylovii Roshev., Leymus
chinensis (Trin.) Tzvel., Cleistogenes squarrosa (Trin. ex
Ledeb.) Keng and Artemisia frigida Willd. (Figure 1c). The
growing season lasts from May to September (Ren & Zhang,
2018). Caragana microphylla Lam. is selected as the study
species, which controls organic carbon sequestration, nitro-
gen accumulation and the hydrologic cycle in the study area
(Cao et al., 2018).

2.2 | GPR survey grid setup

A survey grid (4.8 x 11.0 m?) was established in a relatively
flat area on a smooth rolling landscape (slope < 5°) for root
detection and mapping (Figure 1c, d). Four shrub plants
(C. microphylla Lam.), namely Pl to P4, are distributed
within the survey grid. Distance from other shrub plants to
the survey grid was over 5 m (Figure 1c, d). Thus, the
detected roots were likely to be growing from the shrubs
within the survey grid. We measured the size and height of
the canopy of the shrubs (Figure 2). To avoid disturbance to
shrub growth, we did not set up survey lines across the can-
opy. The survey grid comprised 14 lines (each 11.0 m long)
spaced 0.2 m apart along the southwest to northeast direc-
tion, and 32 lines (each 4.8 m long) spaced 0.2 m apart along
the southeast to northwest direction (Figure 2). The starting
and ending points of survey lines X1, X14, Y1 and Y32
(i.e. boundary survey lines) were anchored into the ground
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with Caragana microphylla Lam. as the
dominant shrub species. Locations of the
GPR survey grid and 12 ground truthing
transects are shown. (c, d) Vegetation
cover and ground surface condition in
summer and winter, respectively. P1-P4
indicates four shrubs (C. microphylla
Lam.) within the GPR survey area that is
defined by the dashed lines. GPR survey
directions include southwest (SW) to
northeast (NE) and southeast (SE) to
northwest (NW)
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by plastic stakes to ensure the reproducibility of GPR data
(Figure 1c, d). The boundary survey lines were marked
every 0.2 m to indicate the starting and ending points of the
other survey lines.

2.3 | GPR system and seasonal surveys

We used an IDS GPR system with two pairs of antennae
shielded in the same antenna box (RIS MF Hi-Mod,
Ingegneria Dei Sistemi Inc., Pisa, Italy). This dual-frequency
GPR system simultaneously collects data from the same sur-
vey line at two frequencies (900 and 400 MHz). A survey

shown

wheel attached to the antenna box recorded the distance
along the survey line. We collected 512 samples per trace at
a timestep of 0.0586 (or 0.1172) ns for a total record length
of 30 (or 60) ns for the 900 (or 400) MHz antenna. The
traces were triggered every 1.6 (or 3.2) cm for the
900 (or 400) MHz antenna along each survey line. The GPR
surveys were conducted on July 16, 2017 and January
13, 2018 (Figure Ic, d) to represent the summer and winter
conditions, respectively. The litter layer and snow cover
were removed from the survey grid before the GPR survey
to ensure good coupling between the antenna and the ground
surface.
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Average volumetric soil water content (¢) and soil temperature (7) at different depths on experiment days and in two seasons

Winter

Jul. 16, 2017

Average (Jun. to Aug.)

Jan. 13, 2018 Average (Nov. to Jan.)

Soil depth (cm) 0 (%) T (O 0 (%)
20 6.2 20.7 4.3
50 7.8 17.7 6.1
80 6.1 15.2 5.8

110 5.5 13.8 5.5

150 5.0 10.2 5.2

Five soil moisture probes (ECH20-5TE; METER Group,
Inc., U.S.A.) were installed 0.5 m away from the survey grid at
five depths (20, 50, 80, 110 and 150 cm depth). All probes
were connected to an EM50 datalogger (METER Group, Inc.,
Pullman, USA) that recorded soil moisture and temperature
every hour. Table 1 lists the average soil water content and soil
temperature measured on both experiment days as well as the
average value for summer and winter, respectively.

2.4 | Lateral coarse roots detection

The following post-processing steps were performed in
Reflex-Win 7.2 (Sandmeier Scientific Software, Germany)
to enhance the signal-to-noise ratio in GPR images: (1) first
break correction by aligning the first breaks across the traces
and first-arrival time zero adjustment; (2) DC drift removal
by detrending and dewow filtering; (3) inverse amplitude
gain to compensate energy attenuation with propagation
depth using the same gain factor in both seasons for consis-
tent comparison; (4) first-order Butterworth filtering to
remove both the high-frequency and low-frequency noise;
(5) background removal to wipe off antenna reverberation,
and (6) travel time to depth conversion using wave velocity
calculated from the travel time from the ground surface to a
buried reflector at a known depth.

The post-processed GPR images were used for the identi-
fication of lateral coarse roots that generate hyperbolic
reflections (Guo, Chen, et al., 2013). We used the Random-
ized Hough Transform (RHT) algorithm proposed by Li
et al. (2016) to automatically identify hyperbolic reflections
in GPR images (Figure 3). The peak of a hyperbola was con-
sidered the location of a lateral coarse root (Liu et al., 2019).
As the Xilingol steppe has been a deposition region for aeo-
lian sediments for centuries (Hoffmann et al., 2011), the
chance of encountering non-root reflectors (e.g. rocks) in the
root zone (0—2 m depth) that can form hyperbolic reflections
is very low. These processes were performed with
MATLAB (The MathWorks, Inc., Natick, USA). For the
detailed description of automatic identification and location

T (°C) 0 (%) T(CC) 0 (%) T (°C)
19.6 4.1 -14.9 5.1 -8.6
16.7 35 -12.0 4.8 =52
14.3 42 -10.1 4.6 -2.6
12.9 4.4 =73 4.3 0.2
9.2 4.1 —4.3 4.1 3.1

Depth /m

Surface distance /m

FIGURE 3 Anexample of detecting and locating lateral coarse
roots by identifying hyperbolic reflections in the GPR image collected
over the survey line Y10. The peak of the hyperbola indicates the
location of a lateral coarse root

of coarse roots, readers are referred to Li et al. (2016) and
Liu et al. (2019).

2.5 | Pairing root distribution derived under
different experimental conditions

We first compared the distribution of detected root points in
two seasons for the same antenna frequency. To provide an
intuitively understandable comparison, all of the detected root
points were projected into the two-dimensional (2-D) scale,
including the top view and the cross-section view. Further, all
of the detected root points in both seasons were plotted
together in the 3-D space. We divided the root points into
three groups, including roots detected in both seasons, roots
only detected in summer and roots only detected in winter.
For the i root point (R;) detected in summer, a spherical
searching window with a diameter of 5 cm and centred at R;
was created in the 3-D space. If multiple root points detected
in winter were found in the searching window, the one with
the least distance to R; was considered the same root point
(R;) that was identified again in winter (i.e. detected in both
seasons). If no root point appeared in the searching window,
R; was considered detected only in summer. Root points
detected in winter that could not be associated with any root
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point detected in summer were considered only detected in
winter. Then, we combined the root points detected in two
seasons into an improved root distribution map, including all
of the root points detected in summer plus those only detected
in winter. Furthermore, the improved root distribution maps
obtained under two antenna frequencies were compared in the
3-D space. In the same procedure described above, root points
were divided into those detected by both antenna frequencies,
only detected by 900 MHz and only detected by 400 MHz.
Finally, root points detected by the 900 MHz GPR and those
only detected by the 400 MHz GPR were combined into an
optimal root distribution map with the maximized detection
frequency of coarse roots.

2.6 | GPR wave velocity

The velocity of the GPR wave in each season was calibrated
by hammering a steel rebar into the soil at a depth of 0.35 m
in a soil pit 0.5 m from the GPR survey grid, running a GPR
scan over the rebar, and picking the corresponding arrival
time to the top of the rebar in the GPR images. Change in
GPR wave velocity and penetration depth was used to
explain the varied efficiencies of GPR in detecting lateral
coarse roots between summer and winter.

2.7 | Ground truthing

Ground truthing data were collected from 12 transects (each
5 m long) near the survey grid (Figure 1b), six transects in
August 2017 (i.e. the peak of the growing season) and six
more in October 2018 (i.e. after the growing season). Each
transect was scanned by the dual-frequency GPR and then
excavated to the depth of ~1 m to expose and document the
distribution of lateral coarse roots (Figure S1). Lateral coarse
roots identified in GPR images were compared with those
recorded on the corresponding soil profiles to determine the
detection frequency of the number of coarse roots (Figure S1).
Because of the frozen soil conditions, excavation in winter
was impracticable and, thus, ground truthing data were not
collected in winter. Further, soil layering patterns were docu-
mented in a natural outcropping of soil (2.5 m depth) located
~500 m away from the survey grid. Because soil at the study
site was formed by aeolian deposits and with relatively uni-
form soil layering patterns, the observation on the outcrop can
represent the condition of the GPR survey grid.

3 | RESULTS

3.1 | Seasonal signal change in GPR images

The GPR images collected over the same survey line with
two antenna frequencies in two seasons are compared in

Figure 4. Two antenna frequencies generate similar GPR
reflection patterns, but the 400 MHz GPR penetrates deeper
than the 900 MHz GPR in both seasons. Winter conditions
promote GPR wave propagation to the deeper soil. The
effective detection depth (showing clear reflection patterns
that allow the identification of subsurface features) increases
from 1 m (or 2 m) in summer to 2.5 m (or 3.5 m) in winter
for the 900 MHz (or 400 MHz) GPR. Reflection amplitude
at the 0—1-m soil depth also intensifies in winter for both
antenna frequencies.

The 900 MHz GPR images capture more detailed subsur-
face structures than those collected with the 400 MHz GPR,
which helps the identification of coarse roots. In summer,
37 root points are identified by the 900 MHz GPR
(Figure 4a), but 27 are identified by the 400 MHz GPR
(Figure 4c). The 900 MHz GPR also reveals more root points
in winter than the 400 MHz GPR (Figure 4b, d). Twenty-five
of 37 (or 21 of 27) root points identified in summer are cap-
tured again in winter by the 900 MHz (or 400 MHz) GPR.
The consistency between seasonal surveys demonstrates the
effectiveness of GPR in identifying and mapping lateral
coarse roots. For both antenna frequencies, the summer sur-
vey reveals more root points in the topsoil (<0.5 m depth;
Figure 4a, c), whereas the winter survey reveals more in the
deeper soil (0.5-1.5 m depth; Figure 4b, d).

The lower antenna frequency is more effective in differ-
entiating soil layering patterns. Two horizontal reflections
are visible in the 400 MHz GPR image collected in winter
(Figure 4d), which match with observations on a nearby out-
crop of soil (Figure 4e¢). The shallower interface (~1.5 m
depth) is likely to indicate the top of the caliche layer mar-
ked by a light colour due to CaCOj3 accumulation, and the
deeper interface (~2.5 m depth) shows the transition from
the caliche layer to the CR horizon (Tamura, Asano, &
Jamsran, 2013). Figure 4d also suggests that the majority of
the lateral coarse roots of C. microphylla Lam. are distrib-
uted above the caliche layer.

3.2 | Root distribution obtained in two seasons

The spatial distribution of lateral coarse roots derived by the
900 MHz GPR is compared between summer and winter in
Figure 5. The top view of the distribution pattern of lateral
coarse roots is similar between two seasons (Figure 5a, c), dem-
onstrating the reproducibility of root detection results by GPR
under different field conditions. The distribution of lateral coarse
roots shows preferential proliferation in space in that fewer root
points are identified under the intershrub area (Figure 5a, c).
The cross-section view indicates that more root points are
detected in the deeper soil (>1 m depth) in winter, but the spa-
tial pattern of root distribution is similar in the shallower soil
(<1 m depth) between two seasons (Figure Sb, d). It is also
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Seasonal change in GPR reflection patterns and root detection results. (a, b) GPR images collected by the 900 MHz antenna; (c, d)

images by the 400 MHz antenna. (a, c) are collected in summer and (b, d) in winter. All of the GPR images were collected over the same survey line

(i.e. X95). For the same antenna frequency, the yellow dots indicate the lateral coarse roots that are identified in both seasons, and the red (or blue)

dots indicate the roots that are only identified in summer (or winter). (e) Photograph of a typical soil profile in the study area (~100 m from the GPR

survey grid) showing interfaces between soil horizons (indicated by the dashed lines) that are distinguishable in the 400 MHz GPR image collected

in winter (d)

noticeable that lateral coarse roots cluster at a depth of ~0.5 m
in the soil, and fewer lateral coarse roots are distributed under
the canopy (Figure 5b, d). Soil moisture monitoring in summer
(June to August) shows that the soil at this depth is the wettest
at the study site from the surface to 1.5 m depth (Table 1).

Furthermore, we plot root distribution density against soil
depth in both seasons (Figure 6). The 2-D root profile shows
that more root points are detected in the shallower soil
(<0.6 m depth) in summer with the 900 MHz GPR, whereas
more roots are detected in the subsoil (0.6-2 m depth) in win-
ter (Figure 6a). Compared to the 900 MHz GPR, the
400 MHz GPR (Figure 6b) identifies fewer root points from
the surface to 1.5 m depth but more in the deeper soil
(>1.5 m depth). The 400 MHz GPR captures more root points
than the 900 MHz GPR in winter at all depth intervals except
for the near-surface layer (0-0.2 m depth). Root profiles
obtained with the two antenna frequencies are consistent, both
suggesting a unimodal pattern of lateral coarse root density
that peaks at a depth of 0.4 to 0.6 m (Figure 6).

Root distribution maps obtained by the 400 MHz GPR in
two seasons are compared in Figure 7. Although fewer root
points are detected by the 400 MHz GPR than by the 900 MHz
GPR, the general pattern of lateral coarse root distribution in
both the top view and the cross-section view is similar to that
derived by the 900 MHz GPR (Figures 6 and 7). Avoidance of
intershrub overlap and the higher density of lateral coarse roots

at a depth of ~0.5 m are also revealed. The consistency
between root distribution maps derived by different antenna
frequencies and under various field conditions helps robust
interpretation of GPR results to map lateral coarse roots.

3.3 | Refined root distribution map by
integrating seasonal dual-frequency GPR
measurements

We first combine root detection results in both seasons for
each antenna frequency (Figures Se, f and 7e, f). From the
top view, both antenna frequencies suggest that more lat-
eral roots are distributed in the lower left, southern corner
of the survey grid (Figures 5e and 7e). The survey grid is
tilting to the south (Figure lc, d), making the southern cor-
ner the lowest point in topography within the survey grid.
As the survey grid is located on a gently rolling slope,
water probably converges to this depression after rainfall
via overland flow and subsurface lateral flow that leads to
a higher soil water content as well as more lateral coarse
roots. The cross-section view of the root distribution map
(Figures 5f and 7f) suggests that the distribution density of
lateral coarse roots increases with the increasing distance
from the canopy. In addition, deeper lateral coarse roots
(>1 m depth) are primarily found below the midpoint of
the intershrub area to avoid intershrub root competition at
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the same depth. The higher abundance of lateral coarse
roots below the surface depression area and deeper rooting
depth under the intershrub area are more noticeable on root
distribution maps after the results of two seasonal surveys
are combined (Figures Se, f and 7e, f) than on those only
based on the results of each season (Figures 5a—d and
7a—d).

In addition, we combine root detection results derived by
two antenna frequencies in two seasons to obtain the optimal
lateral coarse root distribution map (Figure 8a). The winter
survey complements the summer survey by adding root
points in the deeper soil layer (>1 m depth). The distribution
of lateral coarse roots in the 3-D space is clearly anisotropic,
which creates the opportunity to link root distribution to
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also shown

edaphic conditions (e.g. soil structure) and biotic factors
(e.g. root competition between neighbouring plants). Addi-
tionally, an optimal 2-D root profile is obtained (Figure 8b),
which can help model the vertical distribution of lateral
coarse roots of C. microphylla Lam. Integrating root detec-
tion results obtained by dual-frequencies GPR in two sea-
sons leads to the maximum number of detected root points
(Figure 8b). The 400 MHz GPR or the winter survey com-
plements the 900 MHz GPR or the summer survey by
detecting more roots in the deeper soil (Figures 6 and 8),
and the 900 MHz GPR or the summer survey complements
the 400 MHz GPR or the winter survey by recognizing more
root points in the shallower soil (Figures 6 and 8).

3.4 | The difference in GPR wave velocity and
GPR energy attenuation in two seasons

The GPR images collected over the metal rebar by two
antenna frequencies and in two seasons are compared in

increases from
1

Figure 9. The GPR wave velocity
0.142 m ns™! (or 0.140 m ns™") in summer to 0.187 m ns~
(or 0.184 m ns™') in winter for the 900 MHz (or 400 MHz)
antenna frequency. After energy attenuation is compen-
sated using the same gain factor in both seasons, the reflec-
tion amplitude is higher in winter, especially after 8 ns in
the 900 MHz image (Figure 9c¢) and after 10 ns in the
400 MHz image (Figure 9f). The faster wave velocity and
less GPR energy attenuation together lead to the deeper
detection depth in winter for both antenna frequencies
(Figures 4-8).

3.5 | Ground truthing

The detection frequency of the number of lateral coarse
roots is compared between during the growing season

(August) and after the growing season (October)
(Figure 10). A total of 96 (or 88) lateral coarse roots were
documented in the excavation of six transects in August
(or October). Root size, root depth and antenna frequency
together determine the effectiveness of GPR in detecting
lateral coarse roots. For example, roots with smaller diam-
eters and deeper depths are more difficult to detect by
GPR (Figure S1). The average detection frequency of the
900 MHz (or 400 MHz) GPR is 56.5% (or 50.7%) in
August and 62.5% (or 59.1%) in October, suggesting con-
sistent detection frequency between the two periods. Inte-
gration of root detection results of two antenna
frequencies improves the detection frequency to 65.4% in
August and 70.45% in October. The enhanced detection
effectiveness by combining two antenna frequencies is
most considerable in the deeper soil (0.6-0.9 m deep).
Ground truthing data indicate that the 400 MHz GPR com-
plements the 900 MHz GPR by detecting more roots in
deeper soil, and the 900 MHz GPR complements the
400 MHz GPR by detecting more roots with smaller diam-
eters at shallower depths (Figure 10). Because of site-
specific conditions, the number and depth of roots in a
root diameter class varied between survey lines, leading to
some discrepancy in the detection frequency of the same
diameter class in two surveys. Moreover, the observation
on the natural outcropping of soil indicates no presence of
non-root reflectors in the root zone (0—2 m depth), which
ensures the high accuracy of root detection by GPR at the
site (Figure 4e).

4 | DISCUSSION

Our results indicate that the 900 MHz antenna was more
effective in detecting lateral coarse roots from the surface
to 1 m depth, whereas the 400 MHz antenna revealed
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more roots in the soil deeper than 1 m (Figure 6). Integra-
tion of root detection results obtained with a lower
antenna frequency and a higher frequency allows a high
detection resolution in the shallower soil and a deeper
penetration than using a single antenna frequency
(Figures 4-7). Previous studies reported that single-
frequency GPR underestimated the number and biomass

of coarse roots under various field conditions (Butnor
et al., 2016; Hirano et al., 2012). This study demonstrates
the effectiveness of the dual-frequency GPR system in
maximizing the detection frequency of coarse roots in
sandy soils (Figure 8b). More field tests are needed to
demonstrate the performance of the dual-frequency GPR
in detecting coarse roots in other areas.
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frequency after combining root detection results of two antenna frequencies

Because the lower antenna frequency is more capable of
probing subsurface stratification (e.g. soil layering patterns
and the soil-bedrock surface) (Figure 4e), the dual-frequency
GPR can gain more insight into the relationship between
coarse root distribution and subsurface structures. This study
provides such an example by showing that the presence of a
caliche layer in the Calcic Kastanozems soil impedes the
deep rooting of C. microphylla Lam. (Figure 4d, e). The
caliche layer impeding deep rooting of shrubs in an arid
environment has also been reported by Gile, Peterson, and
Grossman (1966) and Li, Zhang, Peng, Hu, and Ma (2013).
The consistency between root distribution patterns derived
by two antenna frequencies also served as a cross-validation
to help reliable interpretation of GPR data (Figures 5 and 7).
Compared to conducting GPR surveys with a high antenna
frequency and a low antenna frequency separately, the dual-
frequency GPR system simultaneously collects data with
two frequencies over the same survey line. This not only
saves time and labour for data collection but also ensures the
comparability between the GPR images collected with dif-
ferent antenna frequencies.

In addition to combining root detection results obtained
by two antenna frequencies, we also paired GPR measure-
ments under contrasting soil conditions (i.e. wetter soil in
summer and frozen soil in winter) (Figures 5 and 7). To
the best of our knowledge, this is the first time that
repeated GPR surveys have been conducted to enhance
GPR-based root detection. Many efforts have been made
to apply repeated geophysical approaches to look for the
temporal evolution and spatial distribution of soil moisture
and subsurface flow (e.g. Guo et al., 2014; Steelman, End-
res, & Jones, 2012). This study demonstrates the potential
of repeated GPR surveys under different field conditions
to maximize the detection frequency of coarse roots by
GPR. In summer, the shrubs have a higher biological
activity (e.g. stronger evapotranspiration and root water
uptake to support shrub growth) (Figure 1c). The higher
root moisture and, thus, the larger contrast in dielectric
permittivity between coarse roots and the surrounding soil
(Guo, Lin, et al., 2013) in summer may explain the higher
detection frequency of coarse roots in the shallower soil in
summer for both antenna frequencies (Figures 4 and 6). In
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winter the soil is relatively drier than in summer (Table 1),
which allows faster propagation of the GPR wave. When
the liquid water transforms into ice, its dielectric constant
decreases from ~80 to ~3 (Evans, 1965), which also ele-
vates GPR wave velocity. Also, the electrical conductivity
of water can decrease four orders of magnitude when it
turns to ice (Liu, Gao, Han, Ma, & Gao, 2016). The much
lower electrical conductivity of the frozen soil than the
summer soil weakens the attenuation and dispersion of
GPR energy (Jol, 2009). Therefore, the frozen soil has a
faster wave velocity and less GPR energy attenuation and
dispersion, which is favourable for a deeper detection
range (Figures 4 and 6), and the integration of results of
detection of coarse roots in summer and winter allows a
higher detection frequency in both the shallow and deep
soil (Figure 8). Similar to the comparison between two
antenna frequencies, the correspondence of root distribu-
tion patterns in two seasonal surveys can be considered as
cross-validation to constrain the interpretation of GPR
results. Therefore, in addition to ground truthing via bore-
hole data or excavation, which is destructive and labori-
ous, GPR measurements with different
frequencies and under different field conditions can be
coupled to enhance reliable and non-invasive investigation
of coarse roots.

Through pairing the dual-frequency measurements in

antenna

two seasons, we revealed the influence of microtopography
(i.e. the surface depression area) and interplant root compe-
tition on the distribution of coarse roots in the survey area
(Figures 5 and 7). Fewer lateral roots are distributed under
the intershrub area (Figure 5a, c), which is likely to be a
result of interplant root competition (Borden et al., 2017).
The inhibition of interplant root overlap in shrub species
was also reported in Mahall and Callaway (1992) and
Schenk (1999). In addition, fewer lateral coarse roots are
detected under the canopy, reflecting that lateral spread and
branching of coarse roots under the canopy are limited for
shrub species (Kummerow, Krause, & Jow, 1977; Schenk &
Jackson, 2002). Because of the fast data acquisition rate of
GPR (i.e. data collection for all 46 survey lines took about
2 hours), we believe that the GPR method can be applied to
a larger spatial scale to determine the controls of coarse
root distribution. The optimal distribution map of lateral
coarse roots (Figure 8a) also benefits root biomass estima-
tion (Butnor et al., 2016) and root system architecture
reconstruction (Wu, Guo, Cui, et al., 2014) using the GPR
method by adding more root points. Apart from seasonal
surveys, the recent development in soil moisture mapping
by GPR (Liu et al., 2019) makes it possible to compare the
spatial pattern of soil moisture and coarse roots if GPR sur-
veys are repeated for a period of several days after a rain-
fall. Given the increasing use of GPR in field root studies,
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we expected broader applications of our experimental pro-
tocol to enhance the GPR-based root investigation.

0il Science

S | CONCLUSIONS

The dual-frequency GPR system (operating at 900 and
400 MHz) was tested for detecting and mapping lateral
coarse roots of shrubs (C. microphylla Lam.) in sandy soils
in the temperate semi-arid shrubland in China. Ground-

2 aréa were

penetrating radar surveys over a 4.8 X 11 m
repeated in summer and winter with contrasting soil condi-
tions. The lower antenna frequency detected more lateral
coarse roots in the deeper soil due to a larger penetration
depth, whereas the higher antenna frequency recognized
more lateral coarse roots in the shallower soil due to the
higher detection resolution. More lateral coarse roots were
detected in the shallower soil in summer, probably because
of a higher root water content. The frozen soil reduced the
attenuation of GPR energy and was favourable for identify-
ing coarse roots in the deeper soil. Pairing dual-frequency
GPR measurements in two seasons revealed the influence of
microtopography and interplant root competition on the spa-
tial distribution of lateral coarse roots that was not evident in
GPR images collected with a single frequency or a one-time
survey. Ground truthing confirmed that pairing GPR data
collected at two frequencies improved the detection fre-
quency of the number of lateral coarse roots. More field tests
are needed to enhance the application of the dual-frequency
GPR and repeated GPR surveys in field root investigation
under different site conditions.
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