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Abstract. The study aimed to quantify the relationship
between root parameters and soil macropore characteristics in two
soil layers of Retisol from a hilly landscape in Western Lithuania,
as influenced by different land use systems. The decreases in
root volume and root length density were dependent on land use
and soil depth. The values of root length density and root vol-
ume at 0-20 cm depth tended to decrease in the following order:
grassland > forest > arable land under conventional tillage. The
highest volume in the framework of macropores was recorded
for medium-size pores under arable land (3.02%), for fine pores
(2.56%) in forest soil and very fine pores in grassland soil (below
1.19%) at the 0-10 cm soil depth, while at 10-20 cm soil depth, the
coarse macropores dominated in the arable land system (below
1.41%). Root length density, root volume and the volume of very
fine macropores had close relationships (p < 0.01, r = 0.91 and
r = 0.68, respectively) under different land use at 0-20 cm depth.
In Retisol, the roots were concentrated at 0-10 cm soil depth, and
their volume was higher compared to the 10-20 cm depth. Plant
roots increased the volume of very fine macropores in all land use
systems, within the entire 0-20 cm soil depth.

Keywords: plough layer, porosity, root length, root volume,
tillage, X-ray computed tomography

INTRODUCTION

Studies concerning the relationships between the
macropore networks in the soil and plant roots under differ-
ent land uses are of great interest, since the soil macropores
affect the conductivity of water, air, and mineral solutions
in the soil.

*Corresponding author e-mail: mykola.kochiieru@lammec.lt

The macropores of the soil are large soil voids. Plant
roots use them as paths for growth. The wormholes, soil
cracks and voids between aggregates are often associated
with a high degree of variability in the transport of the
gases, moisture (Helliwell ef al., 2013), and dissolved sub-
stances through the soil (Hu et al., 2010, 2016, 2019).

Many studies have shown that soil porosity and soil
infiltration can be induced by plant roots (Li ef al., 2009,
2013; Wu et al., 2017). Van Schaik (2009) found that
macropores in the soil formed by plant roots are a major
factor affecting downward water movement in pastures.
A recent study has revealed that the complexity of macropo-
re networks may be linked with the age of the soil in the
pedogenesis process (Musso et al., 2019).

X-ray computed tomography (CT) is one of the latest
methods for studying macropores in the soil (Dal Ferro
et al., 2014; Zhang et al., 2017) and preferential water
flow (Gunde et al., 2010; Sammartino et al., 2012). This
method is more accurate and has a higher resolution than
traditional methods, such as spectral analysis, dye track-
ing, and the image analysis of soil thin sections. In recent
times, many studies related to the parameters of the struc-
ture of macropores (which include characterizations such
as macroporosity, volume, distribution of macropore size,
tortuosity and surface area) have been carried out using
X-ray CT for various types of soil, and various systems of
land use and management (Hu et al., 2015; Katuwal ef al.,
2015; Kochiieru ef al., 2018; Larsbo et al., 2014).
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Reconstruction, which is the quantification of networks
of three-dimensional macropores and the visualization of
macropores are important for correlating the parameters
of macropores in the soil with the physical functions of
macropores and also for predicting their dynamics for vari-
ous types of soil and land uses. Various types of macropores
function differently due to their specific geometric shapes
(Luo et al., 2008).

Soil type and land management are among of the
main factors that have an influence over the parameters of
macropores in the soil (Luo et al., 2010). The characteris-
tics of soil macropores are important for a wide range of
essential properties of the soil such as friability (Munkholm
etal.,2012).

This study aimed to quantify the relationship between
the characteristics of plant root parameters and soil
macropores under different land use management: grass-
land, forest and arable land under conventional tillage.

MATERIALS AND METHODS

The experiment was conducted near Bijotai village
(55°31'12" N, 22°36'55" E), Silale district, Western
Lithuania. The climate of the study site is semi-continental
with an average annual temperature of 6°C, and an average
annual rainfall of 1276 mm. The soil of the experimental
site is classified as Dystric Retisol (Loamic, Bathygleyic)
according to WRB (2015). Samples were taken from two
soil layers (0-10 and 10-20 cm depths) of: 1) arable land
managed under conventional tillage, winter wheat (7riticum
aestivum L.) was the crop grown; 2) grassland with the fol-
lowing prevailing grass species: cocksfoot grass (Dactylis
glomerata L.), sheep fescue (Festuca ovina L.), autumn
hawkbit (Leontodon autumnalis L.), common dandelion
(Taraxacum officinale L.), and white clover (Trifolium
repens L.) and 3) forest soil with the following prevail-
ing tree species: Norway maple (Acer platanoides L.),
European oak (Quercus robur L.), and grasses: ground elder
(Aegopodium podagraria L.), wood anemones (4dnemone
nemorosa L.) and unspotted lungwort (Pulmonaria obscu-
ra L.). The basic soil properties are provided in Table 1.

Table 1. Basic physical soil properties of the study site
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Soil monoliths (soil cylinder — 46 mm in diameter and
50 mm in length) were sampled from each variety of land
use at 3-8 and 15-20 cm depths of soil under different land
uses in May 2017. The collected samples (cylinders) were
secured with two plastic caps for the purposes of natural
soil water content preservation and stored in a refrigera-
tor at a constant 3-4°C until analysed. The analysis of the
soil macropore networks was conducted at the Institute
of Agrophysics, Polish Academy of Sciences, Laboratory
of X-ray Computed Tomography. Each X-ray computa-
tional tomography (XRT) scan was performed as a single
measurement. The scan resolution, i.e. voxel size was
0.0215%0.0215x%0.0215 mm. The XRT acquisition param-
eters were as follows: X-ray source voltage 150 kV, X-ray
source current 40 pA and 0.2 mm Cu filter were used to
avoid any beam hardening effect. During the XRT scan, the
samples were rotated 360°. The recorded 1200 2D radio-
grams were the averages of 12 2D images taken at the same
angular position in order to minimize detector noise. The
next step was a 3D soil sample image reconstruction based
on recorded 2D radiograms. A reconstruction was conduct-
ed using software DatosX 2.0 (GE Sensing & Inspection
Technologies GmbH). As a result, 16 bit grey-level 3D
images were generated. An image analysis was performed
using VG Studio Max 2.0 (Volume Graphics GmbH,
Germany), Fiji (National Institutes of Health, USA) and
software Avizo 9 (Field Electron and Ion Company, USA).
The first step was the region of interest (ROI) selection
and the extraction of the soil core image from the whole
3D scanned volume. Cylindrical ROI size was: 44.8 mm
in diameter and 38.2 mm in height. The next step includ-
ed median filtering with a kernel size of 3px to minimize
the noise before thresholding the images. Thresholding
was implemented using the IsoData algorithm (Ridler,
Calvard, 1978) with a thorough inspection of the thresh-
older images. After that, the labelling of the detected pores
was performed. Any group of voxels connected by at least
one voxel face was treated as an individual pore. As a result
of this labelling, the volumes, surface and equivalent diam-
eters of the individual macropores were determined.

Soil particle composition (%)

Depth Bulk density
Land use method (cm) Sand Silt Clay Texture (Mg m”)
>0.063 mm 0.002-0.063 mm <0.002 mm
Arable land under 0-10 40.4 38.6 21.0 Loam 1.58
conventional tillage 10-20 373 44.4 183 Loam 1.65
0-10 63.0 27.7 9.3 Sandy loam 1.37
Grassland
10-20 64.3 23.5 12.2 Sandy loam 1.55
0-10 49.5 41.1 9.4 Loam 0.83
Forest
10-20 424 43.2 14.4 Loam 1.23
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Monoliths of the soil 10x10x10 ¢cm from two layers of
the topsoil (0-10 and 10-20 cm) were taken from each land
use treatment. Samples (three replications) were taken at
the flowering stage of plants (BBCH 61-65) from arable
land, grassland and forest according to the Lapinskiené
(1993) method. The collected samples were packed into
plastic bags and stored in a freezer at -20°C until they were
analysed. Before analysis, the soil samples with roots were
carefully washed with water using 500 um and 250 pm
sieves. Admixtures were removed from the washed roots.
The roots were dyed with ‘Neutral Red’ reagent and
chopped into 2 cm — long pieces. An analysis of the root
length density, the volume of the root and also the mean
root diameter was conducted using the software WinRhizo
(Arsenault et al., 1995; Bouma et al., 2000).

The statistical significance of the differences between
the mean values were assessed using Fisher’s least signifi-
cant difference (LSD) test at the probability level p < 0.05.
Pearson correlation analyses of the relationship between
the different parameters were also carried out.

RESULTS AND DISCUSSION

The six columns of soil from different land uses (forest,
grassland and arable land) and soil depths (3-8 and 15-20 cm)
are presented in Figs 1 and 2 in the form of 3D visualiza-
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tions of macropores in the soil. According to literature, the
formation of smaller macropores is influenced by freezing
and thawing, or the wetting and drying processes occurring
in the soil (Hellner et al., 2018; Luo et al., 2010).

Soil macropores from a depth of 3-8 cm are presented in
Fig. 1. It may be stated that macropores are more abundant
in the soil from grassland than from arable land and forest
soil. At both depths (3-8 and 15-20 cm) of grassland soil,
the influence of the roots of the perennial grasses on macr-
oporosity was observed. Similar results were published by
Kuka et al. (2013) (Fig. 1).

The parameters of the soil macropores differed depend-
ing on the soil depths and land use system. Figure 3 shows
the volumes of various macropore sizes in the soil samples.

The characteristics of the soil macropores from differ-
ent land use systems and two soil depths are presented in
Table 2.

The macroporosity from the 3-8 cm soil depth of forest
was found to be the highest — 0.039 m® m”. It was approxi-
mately three times higher compared to the 15-20 cm
depth of the grassland soil (0.015 m’ m™), and forest soil
(0.012 m* m™), and about two times higher compared to
the 3-8 cm depth of the arable land under conventional till-
age (0.029 m’ m”) and the same depth of grassland soil
(0.023 m* m™). Luo et al. (2010) reported that one of the

Fig. 1. Three-dimensional (3D) visualization of soil macropore networks for the soil columns in Retisol of: a — arable land under con-
ventional tillage, b — grassland and ¢ — forest at 3-8 cm depth. Different colours are used for distinguishing between individual pores

detected by labelling procedure.

Fig. 2. Three-dimensional (3D) visualization of soil macropore networks for soil columns in Retisol of: a — arable land under conven-
tional tillage, b — grassland and c — forest at a depth of 15-20 cm. Explanations as in Fig. 1.
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Fig. 3. Volumes of different sizes of macropores under contrasting land use methods.

Table 2. Macropore characteristics under different land uses and soil depths

Depth Macroporosity Total surface area Mean pore diameter
Land use 3 4 )
(cm) (m” m™) (mm”) (mm)
Arable land under 3-8 0.029 25934.2 0.27
conventional tillage 15-20 0.029 15111.5 033
3-8 0.023 32484.9 0.22
Grassland
15-20 0.015 23826.3 0.23
3-8 0.039 37830.5 0.26
Forest
15-20 0.012 13055.8 0.24

main factors affecting the difference between pasture and
arable land soil was the increased earthworm activity under
perennial grassland. In addition, the significant develop-
ment of plant roots under pastures resulted in a large number
of macropores in the soil (Hu et al., 2019). Our results have
revealed that in arable land under conventional tillage, the
same macroporosity (0.029 m’ m™) was observed at both
(3-8 and 15-20 cm) soil depths. This may be explained by
top-soil layer homogenization due to annual mouldboard
ploughing.

The type of land use system and the depth of the
soil influenced the total surface area and density of the
macropore network. The 3-8 cm soil depth sample from
the forest had the greatest total surface area for the entire
column (37 830.5 mm®) and macroporosity (0.039 m’ m?),
while the sample from the 15-20 cm soil depth had the low-
est — 13055.8 mm’ total surface area and (0.012 m’ m”)
macroporosity.

The size of the macropores were classified as: coarse
>5000 pum, medium 2 000-5000 um, fine 1000-2000 pm
and very fine 75-1000 um according to Brewer (1964).

Table 2 shows the range of macropore size distribution in
the soil for different land uses and soil depths, while Table 3
presents a matrix of the correlation between the volumes of
the macroporosity of different sizes of macropores from the
two depths of the soil sampled (3-8 and 15-20 cm).

The soil samples from a 3-8 cm depth showed signif-
icant correlations (p < 0.01) between the volumes of the
coarse and fine sizes of macropores as well as between the
volumes of the coarse and very fine sizes of macropores.
A significant correlation (p < 0.01) was also recorded bet-
ween the volumes of fine and very fine sizes of macropores
in the soil samples from a depth of 15-20 cm. All of the soil
samples revealed negative relationships (p < 0.01) between
the volumes of the pore medium and the very fine sizes of
the macropores.

The soil surface area, the volume of the macropores,
and macropore size were highly correlated (Table 4). These
results are in line with the data published by Luo et al.
(2010) and Kochiieru et al. (2018).

The root characteristics under the three land uses and
two soil depths (0-10 and 10-20 cm) of Retisol are present-
ed in Table 4. The root volume for the 0-10 cm soil depth of
the grassland was the highest value recorded at — 9.83 cm’.
It was about 20 times higher compared to the 10-20 cm
soil depth of the arable land under conventional tillage
(0.51 cm’), and about three times higher compared to the
10-20 cm soil depth of the grassland (2.72 cm’) and forest
soils (3.21 c¢m®), and about twice higher compared to the
0-10 cm soil depth of the arable land (4.12 cm®) and the
same depth of forest soil (6.07 cm®). The decrease in root
volume and the root length density depended on land use
and soil depth (Ning et al., 2015). The grassland sample
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Table 3. Correlation matrix of macropores with different diameters at 3-8 and 15-20 cm depths

Depth Macropore Range (%) Correlation matrix
(cm) diameter from medium fine very fine
Coarse 0.00 0.52 0.42 0.99** 0.99**
18 Medium 1.02 3.02 1.00 0.28 -0.99%*
Fine 1.47 2.56 1.00 -0.25
Very fine 0.45 1.19 1.00
Coarse 0.00 1.41 0.99** -0.56* -0.56%*
1520 Medium 0.47 2.73 1.00 -0.47 -0.80**
Fine 0.47 1.09 1.00 0.90%**
Very fine 0.17 0.97 1.00
The least significant difference at: *p < 0.05 and **p < 0.01.
Table 4. Effects of the land use system on plant root parameters at different soil depths
Mean root diameter Root volume Root length density
Land use (mm) (cm’) (km m™)
0-10 cm 10-20 cm 0-10 cm 10-20 cm 0-10 cm 10-20 cm
Arable land
under 04740.03a  025£0.002b  4.12£022b 0.5140.04 b 245.7+308b  1063+10.7b
conventional
tillage
Grassland 0.68+0.16 a 0.23+0.002 b 9.83+2.01 a 2.72+0.27 a 1517.3£95.1 a 671.6£63.2 a
Forest 0.48+0.07 a 0.72+0.130 a 6.07+0.45 ab 3.21+0.49 a 361.3£77.8 b 84.6£16.1 b
Contrasts
Forest vs arable 0.01 ns 0.47%+ 1.95 ns 2.70%* 115.6 ns -21.7ns
land
Forest vs -0.20 ns 0.49%* -3.76 ns 0.49 ns -1156.0%* -587.0%*
grassland
Grassland vs
0.21 ns -0.02 ns 5.71%* 2.21%* 1271.6%* 565.3**

arable land

a — b indexes mean different groups of means according to the Fisher’s test at the significance level of p < 0.05, mean + standard error
(SE); the least significant difference at: *p < 0.05 and **p < 0.01, ns — not significant.

(0-10 cm soil depth) had the greatest root length density
(1517.3 km m’) and mean root diameter (0.68 mm), while
the arable land under conventional tillage (10-20 cm soil
depth) had the lowest — 106.3 km m” root length density
and mean root diameter (0.25 mm). The distribution of
roots under the grassland is different from that in arable
land (Luo et al., 2010).

The correlation matrix between the investigated root
characteristics and root volume is presented in Table 5.
Significant correlations between root volume and mean
root diameter (p < 0.01) and between root volume and root
length density (p < 0.05) were recorded under grassland
and arable land under conventional tillage at 0-20 cm soil
depth. No such relationships were established in forest soil

at this depth. Relationships (p < 0.05) between the mean
root diameter and the root length density were observed in
both the grassland and arable land use system of Retisol.
A negative correlation was established in the forest soil
because the samples had roots with a diameter of more than
10 mm.

The results of correlation analyses comparing the vol-
umes of different pores and root characteristics for different
land uses and depths of Retisol are shown in Table 6.

It was revealed that the root volume was significant-
ly (p < 0.01) correlated with the volume of fine and very
fine macropores (r = 0.61 and r = 0.68, respectively). Also,
the root length density had a positive correlation with
the volume of very fine macropores (r = 0.91, p < 0.01).
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Table 5. Correlation matrix among different plant root characteristics at 0-20 cm soil depth under different land use systems

o Range Correlation matrix
Land use Root characteristics
from to root volume root length density

mean root diameter (mm) 0.24 0.52 0.97** 0.78
Arable land under e om) 0.42 447 1.00 0.91*
conventional tillage

root length density (km m™) 85.90 307.30 1.00

mean root diameter (mm) 0.22 1.01 0.98** 0.81
Grassland root volume (cm®) 2.43 13.74 1.00 0.89*

root length density (km m™) 584.10 1662.00 1.00

mean root diameter (mm) 0.39 0.99 -0.35 -0.78
Forest root volume (cm®) 2.35 6.86 1.00 0.76

root length density (km m™) 53.10 445.30 1.00

The least significant difference at: *p < 0.05 and **p < 0.01.

Table 6. Correlation matrix among variously sized volumes of pores and root characteristics for different land uses and depths

Correlation matrix

Properties macro-  mean root root root
coarse medium fine very fine . . length
porosity  diameter volume .
density
Coarse (%) 1.00
Medium (%) 0.47* 1.00
Fine (%) -0.30 0.38 1.00
Very fine (%) -0.71%* -0.63%* 0.34 1.00
Macroporosity (%) 0.36 0.89%** 0.71%* -0.29 1.00
Mean root 034 -026 0.10 0.18 017 1.00
diameter (mm)
Root volume (cm®) -0.56* -0.16 0.61** 0.68** 0.14 0.67** 1.00
Root length density (km m™) -0.49* -0.43 0.35 0.91** -0.10 0.21 0.75%* 1.00
The least significant difference at: *p < 0.05 and **p < 0.01.
A significant correlation between macroporosity and root ACKNOWLEDGEMENTS

density for enclosed shrub lands and grazed shrub lands
was recorded by Hu et al. (2019).

CONCLUSIONS

1. In Retisol, roots were concentrated in the 0-10 cm
soil layer in arable land under conventional tillage, grass-
land and forest, and their volume was higher than in the
10-20 cm soil depth.

2. Plant roots increased the volume of very fine macropo-
res in all land use systems, within the entire 0-20 cm
soil depth.
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