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Abstract 

Plant roots influence various soil physical properties by altering the soil structure and 
pore configuration; however, a detailed understanding of these effects remains limited. In 
this study, we applied a relatively simple approach for segmenting plant roots and soil 
constituents using X-ray computed tomography (CT) images to evaluate root-induced 
changes in soil structure. The method combines manual initialization with a layer-wise 
automated region-growing approach, enabling the extraction of the root systems of soy-
bean, Italian ryegrass, and Guinea grass. The method utilizes freely available software 
with a simple interface and does not require advanced image analysis skills, making it 
accessible to a wide range of researchers. The soil particles, pore water, and pore air were 
segmented using a Kriging-based thresholding technique. The segmented four-phase im-
ages allowed for the quantification of the volume fractions of soil constituents, pore size 
distributions, and coordination numbers. Furthermore, by separating the rhizosphere and 
bulk soil, we found that the root presence significantly reduced solid fractions and in-
creased water content, particularly in the upper soil layers. Macropores and fine pores 
were observed near the roots, highlighting the complex structural impacts of root growth. 
While further validation is needed to assess the method’s applicability across different 
soil types and imaging conditions, it provides a practical basis for visualizing and quan-
tifying root–soil interactions, and could contribute to advancing our understanding of 
how plant roots influence key soil hydraulic and thermal properties. 
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1. Introduction 
Plant roots spread widely in surface soil, exerting various mechanical and hydrolog-

ical effects on the soil. For example, the binding effect of soil particles by plant roots in-
creases soil shear and erosion resistance [1,2]. From a hydrological perspective, soil per-
meability and water retention are influenced by plant roots, which are associated with 
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plant water uptake and rearrangement of soil particles [3–5]. Moreover, plant roots are 
thought to play an important role in heat and gas transport in the soil [6,7]. Thus, plant 
roots influence various soil properties by altering the soil structure and pore configuration 
[8–10]; however, the details of these effects have not been fully elucidated. An accurate 
understanding of root system structure, soil particle arrangement, and pore configuration 
in the soil is essential for elucidating these effects. 

In recent years, X-ray computed tomography (CT) has gained attention for the anal-
ysis of soil structure and fluid movement at the microscale [11,12]. With a resolution rang-
ing from several tens to several hundreds of micrometers, X-ray CT enables the identifi-
cation of distinct soil particles, pore water, and pore air, particularly in soil with relatively 
coarse particles [13]. Furthermore, attempts have been made to estimate hydraulic con-
ductivity and gas transport properties based on the volume fraction, size distribution, and 
connectivity of each soil component obtained from X-ray CT [14,15]. X-ray CT has also 
emerged as a powerful alternative for observing plant roots in soil, offering a non-destruc-
tive solution compared to traditional methods, such as excavation [16] and two-dimen-
sional observations with rhizoboxes [17]. In other words, X-ray CT has the potential to 
segment plant roots and other soil components, enabling the evaluation of plant root ef-
fects on the soil particle arrangement and pore structure. 

The segmentation of roots in soil requires relatively complex image analysis. This is be-
cause the density of plant roots is close to that of water, resulting in similar brightness values 
in CT images, and making segmentation based solely on a simple brightness threshold diffi-
cult [18]. Previous studies have introduced several segmentation approaches. For example, 
Gao et al. [19] and Phalempin et al. [20] focused on root shape and successfully segmented 
tubular regions as roots. Teramoto et al. [21] visualized rice roots grown in uniformly particle-
sized clay from CT images using edge detection. Advanced research has also been conducted 
to facilitate root extraction using deep learning [22,23], and other studies have employed fine-
tuned threshold filtering [24–27]. Although these methods offer promising results, they also 
have limitations, such as applicability to only specific soil types, limited detection of fine roots, 
or misclassification of pore water as roots. As a result, researchers are required to evaluate and 
choose the most appropriate segmentation tools depending on the characteristics of their tar-
get samples and the aims of their study. Furthermore, many of these approaches require com-
mercial software, often accompanied by significant licensing fees, or advanced expertise in 
image analysis, which can be barriers to broader use in soil science. Therefore, there is still a 
need for a relatively simple method that does not require specialized software or advanced 
expertise in image analysis, that can segment plant roots reliably, and also allows for further 
segmentation of soil constituents. 

In this study, we applied a relatively simple root segmentation method that requires only 
a threshold setting as a parameter and can be implemented using two widely available and 
free software tools. Such an approach could potentially lower some of the technical and finan-
cial barriers associated with image analysis, thereby supporting the broader use of X-ray CT 
in the studies of root–soil interactions. To illustrate its usefulness, we demonstrate the appli-
cation of this method to evaluate the effects of plant roots on soil and pore structure. 

2. Segmentation of Plant Roots and Soil Constituents 
2.1. Preparation of Samples and X-Ray CT Scanning 

An acrylic column with an inner diameter of 20 mm and a height of 50 mm was uni-
formly filled to the top with air-dried Toyoura sand at bulk density of approximately 1500 
kg m−3. Toyoura sand is natural silica sand with a particle diameter of 100–500 µm. A 
nylon sheet with a mesh size of 45 µm was attached to the bottom of the column to prevent 
the soil particles from flowing out. One column was prepared for each plant species: soy-
bean, Italian ryegrass, and Guinea grass. Seeds were sown directly onto the surface layer 
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of the filled Toyoura sand and germinated there to initiate growth. The plants were grown 
for two weeks in a temperature-controlled chamber maintained at 20 °C, using lighting 
for ornamental plants. Water was regularly provided during the growth period. 

X-ray CT scanning was conducted to scan the soil sample inside the acrylic column 
using a Metrotom 1500 G1 (Carl Zeiss, Oberkochen, Germany) with a scanning energy 
level of 190 kV and 55 µA. The voxel size corresponding to the resolution was 16.5 µm. It 
should be noted that features below this image resolution are not captured. Cross-sec-
tional images of the soil column were obtained with a horizontal plane resolution of 1378 
× 1432 voxels (approximately 22.7 mm × 23.6 mm) and a depth direction consisting of 3000 
to 4000 cross-sectional slices (49.5 mm to 66.0 mm). 

2.2. Segmentation of Plant Roots 

2.2.1. Preprocessing 

Pre-processing was conducted to segment the plant roots. The free image analysis soft-
ware, ImageJ ver. 1.53t (FIJI distribution; National Institutes of Health, Bethesda, MD, USA), 
was used to convert the resolution of the CT images from 16-bit to 8-bit. This conversion re-
duced the brightness value to 256; however, it did not compromise the image quality or the 
visibility of the soil components. The maximum and minimum brightness values within the 
column were then adjusted, with voxels that had brightness values of 255 changed to 254 and 
those of 0 changed to 1. This adjustment was necessary to facilitate root extraction, where a 
brightness of 255 was assigned to plant roots, and regions outside a soil column with 20 mm 
radius were set to a brightness of 0. Finally, the acrylic column was removed from the CT 
images. 

The acrylic column was removed using an approach proposed by Phalempin et al. [20]. 
Owing to the slight tilt of the column, the center coordinates and radius of the soil column 
varied across the cross-sectional images, necessitating removal on a per-image basis. The cen-
ter coordinates and radii were manually determined from the topmost and bottommost cross-
sectional images. Assuming a linear change in the center of the column and a radius with the 
height owing to the tilt, the center coordinates and inner diameter for all cross-sectional images 
were calculated through linear interpolation based on the values from the topmost and bot-
tommost images. Using the distribution of the center coordinates and inner diameters derived 
from the linear correction, the soil portion within the acrylic column was extracted as the re-
gion of interest, whereas all other regions were set to a brightness of zero. 

2.2.2. Root Segmentation Using a Region-Growing Approach 

Plant roots grow underground while branching out from the seed. Based on this, the 
concept of region growing [28] is sometimes used for root segmentation [29], where root re-
gions progressively change as they extend downward from the stem at the surface. We con-
sidered that this region growing approach offers a relatively simple and suitable framework 
for the method we intend to establish. From the surface layer images, the roots immediately 
beneath the stem were extracted based on their shape characteristics. For the next layer, new 
regions were defined by identifying the voxels with brightness values similar to those of the 
surface roots within the vicinity of the regions detected in the previous layer. By sequentially 
repeating this process down to the lowest layer, we aimed to extract the entire root system. 

The processing procedure was as follows. First, using ImageJ software, the regions in the 
cross-sectional image of the uppermost layer that were judged to be plant roots based on their 
shape were manually filled with a brightness value of 255. The filling process was performed 
using a pen-display tablet (XP-Pen Artist 15.6 Pro, Hanvon Ugee Technology Co., Shenzhen, 
China). Figure 1 shows the uppermost layer images before and after filling as well as the pro-
cedure. Next, the threshold corresponding to the filled voxels in the uppermost layer was de-
termined. This threshold was fixed and consistently applied to all subsequent layers. The 
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extraction of the plant roots from the second layer onward was automatically performed using 
a program written in Python. An overview of the automatic plant root extraction program for 
layers beyond the second layer is shown in Figure 2. 

   
(a) (b) (c) 

Figure 1. Segmentation of roots in the cross-sectional image of the uppermost layer: (a) original 
image; (b) image with roots manually filled in; (c) scene of the filling process. 

 

Figure 2. An overview of the sequential plant root extraction based on the upper layer voxels iden-
tified as plant root. 

In this program, the exploration area of the plant roots was first set. The position 
information of the plant roots in the first layer was reflected in the cross-sectional image 
of the second layer. The voxels identified as plant roots in the first layer, along with the 
adjacent voxels, were included in the exploration area of the second layer. After setting 
the exploration area for the plant roots, voxel segmentation was then performed using the 
same threshold determined from the first layer. Following the initial segmentation of the 
plant roots, the exploration area was reset, that is, additional adjacent voxels were added 
to the exploration area based on the positions of the plant roots identified in the first ex-
ploration, and further segmentation was conducted using the unchanged threshold from 
the first layer. This process was repeated until the exploration area no longer changed. In 
the third layer, the exploration area included the voxels identified as plant roots in the 
second layer along with those adjacent to them, and the same procedure was applied con-
tinuously through to the bottom layers. Plant roots do not always grow vertically down-
ward; occasionally, they grow in an upward direction. Therefore, after completing the 
exploration down to the bottom layer, the exploration direction was reversed and a similar 
exploration process was performed from the bottom to the top layer. 
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As mentioned earlier, plant roots and pore water have similar densities; therefore, 
there is only a minor difference in their brightness values. It is possible that the pore water 
was incorrectly extracted during plant root segmentation. To suppress such false detec-
tions, an erode–dilate process was applied after each exploration. The erode process in-
volves contracting and removing the outermost voxel layer of the extracted plant roots, 
whereas the dilate process involves expanding the outermost voxels, thereby restoring the 
structure. Plant roots are relatively large in diameter, typically at least 20 voxels, whereas 
pore water is much smaller (approximately 10 voxels). Therefore, after the erode–dilate 
process, the plant roots are restored to their original shape, whereas the pore water is 
likely to be removed. Furthermore, the boundaries between the plant roots and the sur-
rounding soil components were often highly irregular and unclear. To improve the visi-
bility of these boundaries, a 3D median filter (σ = 3) was applied using ImageJ software to 
reduce the noise and smooth the structure. Additionally, the segmented plant root images 
included some voxels inside the root that were not segmented, probably because of their 
lower density. To address this issue, a Python script was used in the final step to fill all 
the internal holes smaller than 250 voxels by assigning a brightness value of 255. 

The three-dimensional images of the segmented plant roots are shown in Figure 3. 
Differences in root thickness and growth patterns were observed depending on the plant 
species. In the soybean and the Italian ryegrass, root development was prominent in the 
horizontal direction near the soil surface, followed by downward vertical growth along 
the column walls. Due to the influence of the column wall, root elongation may have dif-
fered from that under actual field conditions, highlighting the need for larger column sizes 
in future studies. By contrast, the Guinea grass exhibited poor aboveground growth and 
its root development was less pronounced than that of the other plant species. These re-
sults demonstrated that the roots of each plant were reasonably extracted. Although the 
proposed method involves some manual processing, it is considered to be effective, 
straightforward, and accessible for segmenting plant roots. 

    
(a) (b) (c) 

Figure 3. Three-dimensional images of the segmented plant roots: (a) soybean; (b) Italian ryegrass; 
(c) Guinea grass. 
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2.3. Segmentation of Soil Constituents 

The voxels identified as plant roots in Section 2.2 were filled with a brightness value 
of 255. Consequently, in the CT images, the background region (outer space) had a bright-
ness value of 0, the plant roots had a brightness value of 255, and the soil constituents had 
brightness values ranging from 1 to 254. Based on these images, the soil constituents were 
segmented using a thresholding approach based on the brightness values. In this process, 
segmentation was not based solely on a simple brightness value comparison of individual 
voxels, but incorporated spatial relationships among the voxels using a Kriging method. 
Kriging is a statistical spatial interpolation technique widely used in various fields, in-
cluding soil science [14]. It estimates the brightness values of the voxels by considering 
the values of the neighboring voxels, which helps to statistically classify the voxels with 
brightness values near the threshold. This approach reduces ambiguity in the boundary 
regions and enables more accurate segmentation. The segmentation was conducted using 
the image analysis software ExFact VR 2.1 (Nihon Visual Science, Inc., Tokyo, Japan). 

In addition to the plant roots, segmented images of the soil components were gener-
ated. As an example, the segmented image for the soybeans is shown in Figure 4, and the 
volumetric proportions of each constituent obtained from the segmentation of the soil cul-
tivated with different plants are presented in Table 1. The volumetric fraction of the soil 
particles can be estimated by dividing the bulk density of the Toyoura sand (approxi-
mately 1500 kg m−3) by the density of quartz, which is considered to be the main compo-
nent (2660 kg m−3) [30]. The calculated volumetric fraction of the soil particles was 56%, 
which was generally consistent with the results obtained from the present analysis. 
Through this segmentation, the plant roots, soil particles, water, and air were successfully 
distinguished. These segmented images facilitated the analysis of the impact of the plant 
roots on the soil structure. 

 

Figure 4. Cross-sectional image of soybean-cultivated soil segmented into four constituents. The 
image represents the section at a height of 39 mm from the bottom of the column and spans 8.25 
mm × 8.25 mm (500 voxels × 500 voxels). 
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Table 1. The volumetric fractions of plant roots and soil constituents based on the segmented im-
ages. 

Plant 
Volume Fraction * (%) 

Soil Particle Water Air Plant Root 
soybean 56.9 34.0 3.3 5.8 

Italian ryegrass 56.5 32.1 9.1 2.4 
Guinea grass 52.6 29.5 17.7 0.2 

* Calculated by dividing the voxel count of each region by the total voxel count of the soil. 

3. Evaluation of Plant Root Effects on Soil Structure 
A demonstration was conducted to evaluate the impact of plant roots on soil struc-

ture using segmented CT images. For this demonstration, CT images of soybean-culti-
vated soil were used. Initially, the segmented images were divided into rhizosphere and 
bulk soil. The rhizosphere soil was defined as the region within 100 voxels (approximately 
1.65 mm) of the voxels identified as plant roots. Conversely, areas more than 100 voxels 
away from the plant roots were classified as bulk soil. The rhizosphere and bulk soil were 
separated using a custom Python program. Figure 5 shows the cross-sectional images of 
the original image (entire soil), rhizosphere soil, and bulk soil. 

Additionally, to evaluate the growth of the plant roots at different depths, images 
from specific layers of the column were used: images from 9.1–14.0 mm (measured up-
ward from the bottom end of the scanned region) were designated as the lower layer, 
21.7–26.6 mm as the middle layer, and 35.7–42.3 mm as the upper layer. These images 
were cropped and used for analysis. A total of 300 images from the lower and middle 
layers, and 400 images from the upper layer were analyzed. The difference in the number 
of images used for each layer was due to the varying number of images that could be 
processed during the analysis, which was influenced by the density of the plant roots, as 
explained in the subsequent analysis. The volume ratios of the rhizosphere soil to the bulk 
soil for each layer are shown in Table 2. The rhizosphere region was broader in the surface 
layer, where the root density was higher, and this region became smaller with the increas-
ing depth. 

   
(a) (b) (c) 

Figure 5. Separation of rhizosphere and bulk soil: (a) whole soil image; (b) rhizosphere soil image; 
(c) bulk soil image. 
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Table 2. Volumetric fractions of rhizosphere and bulk soil at different depth layers. 

 
Volume Fraction (%) 

Upper Layer Middle Layer Lower Layer 
Rhizosphere 55.2 23.8 8.0 

Bulk soil 44.7 76.2 92.0 

The analysis was conducted using image analysis software ExFact VR 2.1 and ExFact 
Analysis ver. 6.2.0 (Nihon Visual Science, Inc.). First, the total voxel counts for the entire 
soil, the rhizosphere soil, and the bulk soil, as well as the number of voxels for each con-
stituent (roots, soil particles, water, air), were determined from the 3D images segmented 
using the Kriging method in ExFact VR. The solid-phase ratio, volumetric water content, 
and gas-phase ratio of the soil were calculated from the voxel counts. Next, the pore net-
work information (pore size distribution and pore coordination number) was analyzed 
using ExFact Analysis. This analysis was based on the 3DMA-Rock data analysis [31], 
which divides pores into nodal pores separated by throats. Based on the calculated vol-
ume of each nodal pore, the equivalent pore diameter was calculated, assuming that the 
pores were perfect spheres. Additionally, the coordination number of the nodal points 
was simultaneously output. The details of this analysis method can be found in Hama-
moto et al. [14,32]. The analysis was conducted in two ways: one for the pores, and the 
other for the pore water. 

Figure 6 shows the volumetric solid, water, and air fractions of the rhizosphere and 
the bulk soil at each depth. When calculating these volumetric fractions, the voxels iden-
tified as roots were excluded. The rhizosphere soil tended to exhibit a lower solid fraction 
than the bulk soil. For example, in the upper layer, the solid fraction was 44% in the rhi-
zosphere soil and 76% in the bulk soil. Because the soil samples used in this study had 
low air fractions and were nearly saturated, the reduction in the solid fraction of the rhi-
zosphere soil was offset by an increase in the volumetric water content. The difference in 
the solid fraction between the rhizosphere and the bulk soil decreased with depth, with 
differences of 32%, 31%, and 21% in the upper, middle, and lower layers, respectively. 
Given that the root density decreased with depth (Table 2), the reduction in the solid frac-
tion in the rhizosphere soil was likely attributable to the influence of the roots. 

 

Figure 6. Three-phase distribution of rhizosphere and bulk soil at each depth. In the horizontal axis, 
“Upper,” “Middle,” and “Lower” indicate the upper, middle, and lower soil layers, respectively, 
while “Rhizo” and “Bulk” represent the rhizosphere and bulk soil. 
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Previous studies have reported that bulk density tends to decrease in the immediate 
vicinity of the roots [33,34], and similar results were obtained in the present study. 
Phalempin et al. [35] also reported that, in homogeneously repacked soil, such as the soil 
used in this study, roots create pores around themselves by pushing away the surround-
ing soil particles. A visual inspection of the X-ray CT images taken in this study clearly 
showed the presence of macropores around the roots at all depths (Figure 7). For instance, 
when the two roots extended in parallel, it was reasonable to assume that the soil particles 
were displaced, resulting in pore formation. It is also possible that, as the roots grow while 
bending, macropores form on the inner side of the curved surface. In the present study, 
the plant roots exhibited a tendency to grow along the column wall, and macropores were 
frequently observed near the wall. Therefore, the roots are considered to have displaced 
the soil particles adjacent to the column wall, leading to pore formation in these regions. 

    
(a) (b) (c) 

Figure 7. Cross-sectional images near the root, where the roots are colored with a brightness value 
of 255: (a) upper layer; (b) upper layer; (c) lower layer. 

Figure 8 shows the pore size distributions of the rhizosphere and bulk soil. A com-
parison of the pore size distributions between the rhizosphere and the bulk soil revealed 
broadly similar patterns in the upper and middle layers. However, the rhizosphere soil 
appeared to contain a slightly greater proportion of smaller pores than the bulk soil. Alt-
hough this observation seems to contradict the marked decrease in the solid-phase ratio 
in the rhizosphere soil (Figure 6), the close-up image in Figure 7 suggests that, while large 
pores were present around the roots, fine pores were also observed. These findings imply 
that both macropores and fine pores may form near the roots. It is presumed that the 
bending elongation of the roots results in the formation of macropores on the inner side 
of the curvature and smaller pores on the outer side. Because there are relatively few 
macropores, their impact on the overall pore size distribution is likely to be limited. In the 
lower layer, a clear difference in the pore size distribution between the two regions was 
observed compared to the upper and middle layers. The rhizosphere contains a greater 
proportion of smaller pores. As shown in Figure 3, the roots of the soybeans in the lower 
layer extended vertically downward without bending, and only a few roots were present. 
This suggests that, in the lower layer, the formation of macropores is limited, and pore 
compression may have mainly occurred in the rhizosphere. 

Figure 9 shows the distribution of the coordination number of the pore water. Alt-
hough there was no significant difference between the rhizosphere and the bulk soil in the 
middle layer, opposite trends were observed in the upper and lower layers; the coordina-
tion number was higher in the rhizosphere in the upper layer, whereas it was higher in 
the bulk soil in the lower layer. The coordination number tends to increase when large 
pores are formed and surrounded by smaller pores. Therefore, in the upper layer, it is 
likely that the simultaneous formation of macropores and small pores, induced by the 
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bending growth of the roots, as mentioned earlier, contributes to a higher coordination 
number. By contrast, in the lower layer, where only a few roots extended straight without 
bending, as discussed previously, the decrease in the coordination number in the rhizo-
sphere soil may simply be due to soil compaction. 

Thus, based on the segmented images of the plant roots, soil particles, water, and air, 
we demonstrated an approach for evaluating the influence of plant roots on soil structure. 

   

(a) (b) (c) 

Figure 8. Pore size distributions of rhizosphere and bulk soil: (a) upper layer; (b) middle layer; (c) 
lower layer. 

(a) (b) (c) 

Figure 9. Pore-water coordination numbers of rhizosphere and bulk soil: (a) upper layer; (b) middle 
layer; (c) lower layer. 

4. Conclusions 
In this study, we applied a relatively simple method based on the concept of region 

growing to segment plant roots from X-ray CT images of soil columns under cultivation 
conditions, with the aim of evaluating the impact of plant roots on soil structure. The pro-
posed method extracts roots by tracing them vertically downward from the soil surface, 
and successfully segments the root systems of soybean, Italian ryegrass, and Guinea grass. 
In addition, soil particles, pore water, and pore air were segmented using a Kriging-based 
approach, enabling the construction of three-dimensional images consisting of four com-
ponents: roots, soil particles, pore water, and pore air. Using these four-phase images, we 
quantified the structural characteristics, such as volume fraction, pore size distribution, 
and coordination number. Although this approach requires that soil particles and pore 
sizes be sufficiently larger than the resolution of the X-ray CT, it also allows for an analysis 
of the soil particle arrangement and contact points, and is expected to facilitate 
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quantitative evaluation of the effects of plant roots on key soil properties, including hy-
draulic conductivity, water retention, thermal conductivity, gas permeability, and diffu-
sivity. 

While a variety of root segmentation methods have already been developed, the 
method used in this study, which relies only on ImageJ and Python software, with the 
threshold setting as the only required parameter, is considered to be easy to use and ac-
cessible to researchers across a wide range of disciplines, including soil science. However, 
like other methods, it was selected because it suited the specific characteristics of our sam-
ples, and its applicability to different soil types or imaging conditions remains uncertain 
and should be evaluated in future studies. Furthermore, although the segmented roots 
appeared reasonable based on visual inspection and volumetric analysis, quantitative val-
idation of segmentation accuracy through a comparison with other established methods 
has not yet been conducted, which is also a future task. Additionally, a comprehensive 
assessment of the applicability and segmentation accuracy of various methods, including 
the approach proposed in this study and previously established techniques, warrants fur-
ther investigation in future studies. 
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