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The hierarchical organization of aggregates in soil is responsible for the presence of inter and intra-aggregate
pores. This research aimed to investigate eﬀects of soil surface liming, considering lime rates of 0, 10 and
15 t ha−1, on the intra-aggregate porous system of soil aggregates with equivalent diameters of 2–4 and 1–2 mm,
from 0 to 10 (A) and 10 to 20 cm (B) soil layers. These aggregates were selected by the wet sieving method
carried out for determination of the mean weight diameter. Synchrotron-based computed microtomography
(μCT) of aggregates was analyzed in terms of porosity, connectivity, tortuosity, and fractal dimension.
Additionally, X-ray ﬂuorescence was used to evaluate the elemental composition of the soil aggregates. All
liming eﬀects were concentrated at layer A, where calcium percentage was elevated in aggregates from 1–2 mm
class as compared to those from 2–4 mm class. Accordingly, the physical parameters studied were generally more
aﬀected in the case of smaller aggregates (1–2 mm). Liming decreased total porosity, increased tortuosity of
pores, and decreased fractal dimension for 1–2 mm aggregates, which was in line with the fact that larger pores
were replaced by smaller ones in 1–2 mm aggregates, as found via both quantitative and qualitative analyses. On
the other hand, liming did not aﬀect pore connectivity under any of the circumstances.
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1. Introduction
Soils that oﬀer good structure for plant growth and adequate water
storage and transport are characterized by the presence of stable aggregates (Hillel, 2004). These stable aggregates are responsible for the
presence of inter and intra-aggregate pores inside the soil. Inter-aggregate pores, in turn, may respond diﬀerently from intra-aggregate
pores to human and natural actions (Kutílek, 2004).
The mean weight diameter (MWD) is the most widely used index in
relating aggregate size to stability (Nimmo and Perkins, 2002). Higher
MWD indicates the dominance of less erodible, larger aggregates in the
soil and, therefore, greater aggregate stability (Piccolo et al., 1997).
However, this index does not oﬀer any type of information about the
porous space inside the aggregates. An important question is whether
diﬀerent aggregate sizes are associated with distinct soil pore space
properties (e.g. porosity, connectivity and tortuosity of pores). Zhou
et al. (2017), as an example, recently investigated eﬀects of fertilizers
on the bimodality of the soil pore structure by combining porosities of
aggregates and core samples determined by computed microtomography. They observed diﬀerences only in the inter-aggregate
⁎

porosity, but not in the intra-aggregate porosity between the diﬀerent
sample sizes.
Individual aggregates are usually denser than a bulk sample (Dexter,
1988; Horn, 1990). Tiny soil aggregates are mainly characterized by the
presence of intra-aggregate pores, which have great inﬂuence on the
water hydrostatics and hydrodynamics (Tisdall and Oades, 1982;
Kutílek et al., 2006). Therefore, the characterization of these pores is
important from the environmental and physical points of view due to
their relevance in other soil physical properties (Wang et al., 2012).
An important tool that can be used to evaluate the porous system of
tiny soil aggregates is the X-ray computed microtomography (μCT).
Synchrotron-based μCT is especially interesting given the spatial resolution achieved (Wildenschild et al., 2013). μCT has been used to
investigate the inﬂuence of management systems in the soil structure,
the long term vegetation restoration eﬀect on soil aggregate structure
and the organic matter distribution in terms of pore networks inside soil
aggregates, to cite a few examples (Ngom et al., 2011; Zhou et al., 2012;
Peth et al., 2014). Additionally, by applying concepts of mathematical
morphology, geometrical characteristics of the intra-aggregate pore
space such as its connectivity, elongation, tortuosity, lacunarity and
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fractal dimension can be evaluated through μCT (Martínez et al., 2015;
Tseng et al., 2018; Borges et al., 2018; Pires et al., 2017; Passoni et al.,
2015; Chakraborti et al., 2003).
Liming is a soil treatment frequently used to reduce acidity problems, which reportedly aﬀects soil structure, involving for example
changes in soil biota and timing of the lime application (Holland et al.,
2018). Liming was found to strengthen bonding related to water stability of aggregates (> 0.25 mm), which may be attributed to calcium
(Ca) ion bridging between organic matter and clay mineral surfaces
(Chan and Heenan, 1999). Ferreira et al. (2018a) showed that surface
liming changed soil attenuation properties, for γ-ray radiation
(59.5 keV and 661.6 keV), as inﬂuenced by the increase of Ca contents
at the limed soil areas. In addition, there is evidence that aggregate
formation, porosity and chemical properties are strongly related
(Regelink et al., 2015) but, to this date, there are few scientiﬁc contributions concerning eﬀects of soil amendments, including lime, speciﬁcally focusing on the intra-aggregate pore space (Zhou et al., 2013;
Naveed et al., 2014; Wang et al., 2017).
The aim of this research was to identify the eﬀects of soil surface
liming (rates of 0, 10 and 15 t ha−1) on the porous system of soil aggregates (diameters of 2–4 and 1–2 mm) by μCT. Analyses of porosity,
connectivity, tortuosity, fractal dimension, and distributions of normalized porosity and number of pores as function of pore volume
classes, were performed. Additionally, the mean weight diameter was
determined to verify eﬀects on soil aggregation, and XRF was used in an
attempt to detect changes in elemental composition of soil aggregates.

carefully breaking them apart at their weakness planes. Then, the disaggregated soil monoliths were gently dry sieved through a 19 mm
sieve, to homogenize the samples (Castro Filho et al., 2002; Briedis
et al., 2012), and retained on an 8 mm sieve. Three portions of aggregates (100 g/portion) with diameters ranging from 8 to 19 mm, from
each of the disaggregated monolith (totalizing 12 portions per treatment and layer), were selected (Fig. 1a) to be wet sieved.
The wet sieving was performed based on the process originally
developed by Yoder (1936) and later adapted by Castro Filho et al.
(1998). For this, a sequence of seven sieves was used, with mesh sizes of
8, 4, 2, 1, 0.5, 0.25, and 0.053 mm (Fig. 1b). The use of the 8 mm sieve
in the wet sieving method is recommended for soils under NTS due to
their capacity to form large stable aggregates (Madari et al., 2005; Tivet
et al., 2013).
After the wet sieving, the set of aggregates retained in each sieve
constituted the following classes: 8–19, 4–8, 2–4, 1–2, 0.5–1, 0.25–0.5,
and 0.053–0.25 mm. The proportion of fragments > 0.25 mm constitutes the water-stable aggregates, whereas the 0.05–0.25 mm fraction
represents the water-stable microaggregates (Dexter, 1988). In addition, the following classiﬁcation was used in Tivet et al. (2013): macroaggregates (2–4 to 8–19 mm), mesoaggregates (0.25–0.5 to 1–2 mm)
and microaggregates (0.053–0.25 mm), which applies to the present
study. The aggregates from each class were dried at 40 °C in plastic
containers. The mean weight diameter (MWD) was determined, for
each portion (Fig. 1c), by using the equation presented in Hillel (2004),
and the data distributions were displayed graphically using box plots.
Equal aliquots of aggregates from corresponding classes, among the
four original monoliths of each treatment/layer, were selected and
grouped; as a result, only one sample portion of aggregates for each
class was formed for L0, L10, and L15 at soil layers A and B (Fig. 1d).
Aggregate classes of 1–2, 0.5–1, 0.25–0.5 mm were mixed and the following classes were adopted for further analyses (to be described in the
next paragraphs): 8–19 mm (c1), 4–8 mm (c2), 2–4 mm (c3),
0.25–2 mm (c4), and 0.053–0.25 mm (c5) (Fig. 1e).
For the X-ray ﬂuorescence (XRF) measurements, equal portions of
aggregates were taken from classes c1, c2, c3, c4, and c5, which were
powdered and reduced to diameters lower than 45 μm (Fig. 2a,b). Approximately 2 g was placed into proper sample analysis cups covered
with Mylar ﬁlm (6 μm thickness) and a total of 30 samples was analyzed
(5 classes × 3 treatments × 2 layers) (Fig. 2c). Three measurements
were carried out for each sample using an energy dispersive XRF
spectrometer model EDX-720 (Shimadzu), equipped with an Rh X-ray
tube, in semi-quantitative mode. The voltage varied from 5 to 50 kV
and its tube current from 1 to 1000 μA. The system detector was a Si(Li)
semi-conductor cooled with liquid N at −196 °C. The measuring time
for each sample was 100 s in Na-Sc (15 kV) and Ti-U (50 kV) energy
bands. Measurements were performed under 30 Pa pressure and the
spectral output was acquired in terms of elements. Standard procedures
of calibration were performed whenever necessary (Pires et al., 2016).
For each soil treatment and layer, three water-stable aggregates

2. Material and methods
The soil samples were collected from a rural site (25°28′S, 50°54′W,
821 m above sea level) located in the SE region of the Paraná State,
Brazil. The soil was classiﬁed as Dystrudept silty-clay (Soil Survey Staﬀ,
2013; Ferreira et al., 2018a, 2018b).
The study was established in May 2012 in a soil under no-till system
(NTS). Lime rates of 0 (L0), 10 (L10), and 15 (L15) t ha−1 were applied
on the surface without disturbing the soil. The lime used had
285 g kg−1 of CaO, 200 g kg−1 of MgO, 100.6% neutralizing power,
74.7% reactivity, and 75.1% total neutralizing relative power. Two soil
layers, 0–10 cm (A) and 10–20 cm (B), were studied.
Eﬀects of liming on chemical attributes of the soil under study were
published elsewhere (Ferreira et al., 2018a) and are presented in
Table 1 for a better understanding of the eﬀects addressed here.
A total of 24 undisturbed monoliths (4 monoliths × 3 treatments × 2 layers) were manually collected (12 × 12 × 12 cm). The
sample collection was carried out during the common bean (P. vulgaris
L.) reproductive stage period (ﬂowering), thirty months after the liming
procedure. The reader is referred to Auler et al. (2017) for a more detailed description of the history of crop rotation adopted for the experiment under study.
The collected soil monoliths were manually disaggregated by

Table 1
Average chemical attribute (n = 4) results for 0–10 cm (layer A) and 10–20 cm (layer B) soil depths (Ferreira et al., 2018a).
pH

Layer A
L0
L10
L15
Layer B
L0
L10
L15

Al3+

Ca2+

Mg2+

4.15 (1.09)
0.13 (0.15)
0.10 (0.14)

1.53 (0.85)
7.50 (2.16)
8.95 (2.63)

2.55 (1.44)
3.69 (2.45)
4.63 (1.32)

5.85 (1.29)
5.28 (1.86)
5.73 (0.67)

1.05 (0.61)
1.61 (1.42)
1.16 (0.43)

1.02 (0.54)
1.53 (0.53)
1.33 (0.17)

OC

H + Al

(g kg−1)

———————(cmolc dm−3)———————

3.93 (0.11)
5.13 (0.43)
5.59 (0.72)

36.50 (2.65)
40.25 (7.59)
42.00 (6.16)

15.35 (1.41)
5.97 (2.04)
4.31 (2.06)

3.89 (0.09)
4.01 (0.17)
3.98 (0.09)

25.25 (2.06)
23.50 (6.24)
21.00 (1.63)

16.84 (1.29)
15.42 (2.19)
13.78 (3.80)

pH = in CaCl2; OC = organic carbon content (Walkley-Black method); H + Al = potential acidity; Al3+, Ca2+ and Mg2+ = exchangeable aluminum, calcium and
magnesium; n = number of repetitions; values between parentheses represent the standard deviation.
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Fig. 1. Schematic representation of experimental procedures adopted for the separation of aggregates. Each portion contained 100 g of aggregates. Mesh sizes of 8, 4,
2, 1, 0.5, 0.25, and 0.053 mm were used for the wet sieving procedure. The mean weight diameter (MWD) was determined for each portion of each monolith and the
mean value of this index, per soil treatment and layer, was calculated considering the 12 total number of portions in each case. Aggregates with diameters from 0.25
to 2 mm were mixed to generate ﬁve aggregate classes (c1, c2, c3, c4, and c5).

according to the backprojection formulation proposed in Miqueles et al.
(2018).
The image visualization, processing, and analysis were performed
using the commercial Avizo Fire™ software (v. 9.3). The raw data (I′)
was denoised with a non-local means ﬁlter (ÎNL), search window: 15;
local neighborhood: 3; similarity value: 1 (Buades et al., 2005). The
gradient mask (20% standard deviation) was then applied (ÎNL+IG) to
detect partial volume voxels at phase edges (Schlüter et al., 2014). The
chosen search window parameter for the non-local means ﬁlter was
evaluated based on the result of the image gradient mask. The adjustment of the local neighborhood parameter was a key step to reach a
good result with the non-local means ﬁlter. If this value is either much
smaller or much larger than ﬁne structures in the data, the algorithm
shows little or no eﬀect (FEI, 2017).
The watershed segmentation algorithm was used to binarize the

with diameters ranging from 2 to 4 mm (belonging to class c3 - macroaggregates) and from 1 to 2 mm (belonging to class c4 - mesoaggregates) were selected to be imaged in 3D (Fig. 2d). This selection was
based on the ﬁeld-of-view allowed by the μCT equipment.
Scanning was carried out at the Brazilian Synchrotron Light Source
Facility (LNLS – CNPEM) at the IMX Beamline. Over an angle range of
180°, 1024 projections were acquired per sample, with a voxel size of
1.64 × 1.64 × 1.64 μm, pink beam, and 550 μm Silicon ﬁlter (around
50 min per sample). The detector was placed at a distance of 260 mm
from the sample. A pco.2000 camera with sensor size of 2048 × 2048
pixels was used to image the scintillator, allowing a ﬁeld-of-view of
3.4 × 3.4 mm for a 5× objective. The reconstruction procedure was
carried out using in-house software, developed by the scientiﬁc computing group of LNLS (Miqueles et al., 2014). A conventional ﬁlteredbackprojection was used to reconstruct all three-dimensional datasets
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Fig. 2. (a) Classes of aggregates (c1, c2, c3, c4, and c5) that were (b) powdered and sieved for (c) X-ray Fluorescence (XRF) analysis; (d) selection of three aggregates
from classes c3 and c4 for synchrotron-based X-ray μCT.

the porosity associated to each class (Pi = VPi/TVS) by P. Therefore, the
distribution of normalized Pi and NPi as function of pore volume classes
were displayed in graphics.
The connectivity and tortuosity of the porous space of each aggregate were characterized using Avizo modules Euler 3D and Centroid
Path Tortuosity, respectively. The Euler number is an indicator of how
connected a pore is to other pores: the smaller (more negative) the
Euler number is, the better the pore connectivity (Wildenschild and
Sheppard, 2013; Herring et al., 2013; Lehmann et al., 2006). A tortuosity number of one denotes a straight channel, while higher numbers
indicate sinuous channels (Peth, 2010).
The Avizo module Fractal Dimension 3D was also employed to
characterize the porous structure of the aggregates in terms of complexity. This module provides a number > 2 and strictly lower than 3,
with numbers close to 2 representing standard geometric surfaces
(Schmitt et al., 2016). When applied to 3D images, the fractal dimension is an eﬀective indicator to measure and compare the roughness of a
surface. In the case of segmented soil samples, the surface can be understood as the boundaries of the pores. The less smooth the surface is
(which characterizes a more complex porous system), the higher the
fractal dimension (FEI, 2017).
Diﬀerences between the three studied treatments (L0, L10, and
L15), in each layer, were evaluated using a one-way ANOVA (considering results of MWD, P, Euler number, Tortuosity, and Fractal
Dimension). If the ANOVA results were signiﬁcant (p < 0.5), means
were separated using a Tukey's studentized Range (HSD) test. For each
treatment, the t-test (LSD) was used for comparisons between layers A
and B. The Levene's test was performed to test for homogeneity of
variances. All statistical analyses were performed using SAS software
(University Edition; SAS Institute, Cary, NC, USA).

images (Vincent and Soille, 1991; Iassonov et al., 2009; Schlüter et al.,
2014). Since there was no clear separation between the peaks of phases
in the histogram, the threshold values were manually set, ﬁrst capturing
the air space as much as possible, without invading the solid phase, and
then capturing the solid phase without bleeding into the air phase. The
boundaries between phases were then delimited by the algorithm which
additionally takes into account the detected phase edges, as it considers
ÎNL+IG as an input. The largest window of gray values left for the algorithm to resolve consisted of eight consecutive values (e.g. 132 and
140 being respectively the threshold values for the air and the solid
phases).
The majority ﬁlter (kernel size: 3) was applied on the segmented
images in order to prevent that isolated voxels or very small groups of
voxels, with high probability of being associated with artifacts from the
segmentation process, were considered as real pores (Peth et al., 2008;
Katuwal et al., 2017).
The Avizo module Volume Edit was used to select the region of interest inside the μCT images for the subsequent analyses. The eﬃciency
of the segmentation step, considering 2D slices from the selected region
of interest, can be evaluated in Fig. 3. The largest possible volume was
selected for each aggregate using a free-hand tool (draw + cut outside)
and, in order to obtain the volume of that region (total volume of the
sample, TVS), the Avizo module Create Mask was applied. The image
based soil porosity (P, %) was evaluated by the ratio between the total
volume of pores (TVP) - obtained with the Avizo module Volume
Fraction - and the TVS: P = TVP/TVS (Hillel, 2004).
The total number of pores (TNP), assumed as the total number of
disconnected pores, as well as the volume of each isolated pore (VP),
were obtained using a labeling algorithm in Avizo module Label
Analysis. Values of TNP and VP were distributed in diﬀerent pore volume classes: 0–10; 10–102; 102–103; 103–104; 104–105; 105–109 μm3,
for each sample. The resulting number of pores and volume of pores
enclosed in each of these classes (NPi and VPi, respectively) were normalized by the TNP and TVP of each sample, respectively. In the last
case, normalization of VPi by TVP is equivalent as the normalization of

3. Results and discussion
From the distribution of MWD values shown in Fig. 4, it is noticed
that all means are between 8 mm and 10 mm, which belongs to the
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Fig. 3. 2D slices from the region of interest inside one of the 3D μCT images (a) in gray scale, after ﬁltering step, where darker shades represent the air phase and
brighter shades represent the solid phase; (b) after segmentation by the watershed method and application of the majority ﬁlter, where the blue color is labeled as the
air phase. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

the soil was not aﬀected by liming, at neither of the soil layers, L15
presented a higher diﬀerence between OC contents from layers A and B,
in comparison with L0 and L10. In corroboration, layers A and B are
signiﬁcantly diﬀerent, for L15, regarding MWD (Fig. 4).
Detrimental eﬀects of liming on the soil structure, such as aggregate
breakdown and reduced inﬁltration rates, have been reported due to
clay dispersion promoted by the initial increase of soil pH, when negative charges are increased and repulsive forces between particles are
dominant (Roth and Pavan, 1991; Castro Filho and Logan, 1991).
However, such detrimental eﬀects generally occur in the ﬁrst three
months following lime applications and, after long periods, liming
usually improves soil aggregation and aggregate stability (Haynes and
Naidu, 1998; Bronick and Lal, 2005; Carmeis Filho et al., 2016; Chan
and Heenan, 1998). This is related with the fact that pH also aﬀects the
concentrations of multi-valent cations, which reduces the repulsive
force between particles and promotes ﬂocculation (Haynes and Naidu,
1998).
Higher concentrations of exchangeable Ca, as seen in Table 1, increases aggregate formation since the interaction between organic
matter and mineral particles depends on the concentration of exchangeable multi-valent cations (Regelink et al., 2015). According to
Ghezzehei (2011), Ca and Mg promote formation of stable clay domains
and, thus, their presence is crucial to the stability of soil structure.
At layer B (Fig. 4b), lime application did not present any eﬀect on
soil aggregation, which is in line with the lack of correction in soil
acidity at this depth (Table 1).

largest aggregate size class (c1). A few other studies have determined
the MWD for soils under NTS, using a methodology similar to the one
adopted here, and showed that NTS promotes indeed macroaggregation. For example, Madari et al. (2005) reported means of 7.9–5.4 mm,
in diﬀerent depths from 0 to 20 cm; Tivet et al. (2013) reported means
in the range of approximately 11.0 to 9.0 mm, in diﬀerent depths from
0 to 40 cm; and Briedis et al. (2012) found a mean of 10.3 mm in the
0–2.5 cm layer. Tivet et al. (2013) showed that the 8–19 mm aggregate
size fraction, when compared to 4–8, 2–4, 1–2, and < 1 mm fractions,
stocks 70% of the soil organic carbon (SOC), for a soil under NTS.
According to the last mentioned authors, this illustrates the importance
of large macroaggregates in protecting and stabilizing SOC.
In the case of Briedis et al. (2012), eﬀects of lime treatments were
evaluated in association with a long-term NTS experiment. These authors showed that a total lime rate of 9 t ha−1 (6 t ha−1 initially applied
and 3 t ha−1 applied seven years later) increased the MWD from
10.3 mm to 11.4 mm over 15 years. In the present study, lime rates also
increased the MWD at layer A, as seen from comparing L10 and L15
with L0 (Fig. 4a). Although L10 and L15 did not diﬀer statistically, at
layer A, it is possible to identify that the median tends to increase
(Fig. 4a).
According to Briedis et al. (2012), the increase in MWD may be
associated with the greater production of biomass and dry matter
carbon input into the system due to liming. The closest attribute to infer
on carbon in the present study is the measured content of organic
carbon (OC) in the whole soil (Table 1). Although the content of OC in

Fig. 4. Boxplot of mean weight diameter (MWD) (n = 12) of aggregates from a no-till soil without lime (L0) and under surface application of 10 (L10) and 15 (L15)
t ha−1 lime rates, at soil layers (a) A (0–10 cm) and (b) B (10–20 cm). The horizontal line inside each box is the median. Data (•) outside of the range of the whiskers
are regarded as outliers. Diﬀerent letters represent signiﬁcant diﬀerences between lime treatments within each layer (Tukey's HSD; p < 0.05) and asterisks represent
signiﬁcant diﬀerences between layers within each lime treatment (LSD t-test; p < 0.05).
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L0

L10

L15

(a)
Layer A

(b)
Layer B

Fig. 5. Energy dispersive semi-quantitative XRF analysis of soil aggregates classiﬁed in the following size classes: 8–19 (c1), 4–8 (c2), 2–4 (c3), 0.25–2 (c4), and
0.053–0.25 (c5) mm at soil layers (a) A (0–10 cm) and (b) B (10–20 cm), from a no-till soil without lime (L0) and under surface application of 10 (L10) and 15 (L15)
t ha−1 lime rates. Elements contributing with < 0.5% were disregarded. Vertical bars represent the standard deviation.

identiﬁed CaO in disturbed samples from L0 at layer A and in disturbed
samples from neither of the treatments at layer B. This means that, in
semi-quantitative XRF analyses, the low concentration of Ca present in
small aggregates (Fig. 5) turns out to be insigniﬁcant in disturbed
samples, in such a way that it does not reach the limit of the equipment
detection. It should be mentioned that, instead of absolute concentration values, semi-quantitative XRF analysis provides the relative concentration (%) of each element in relation to the total.
From Fig. 5a, it is observed that the contribution of Ca progressively
increases, at layer A, with lime rates. Speciﬁcally, in c4 and c5 classes,
the amount of Ca increases from ~0.6% (L0) to ~1.3% for L10, and
~2% for L15. Although this variation is slight, it is relevant in comparison with the more stable contributions of the other elements among

The semi-quantitative elemental characterization of soil aggregates
classiﬁed in classes c1 – c5 (Fig. 2a), for layers A and B, is seen in Fig. 5.
For all samples, Si, Al, and Fe are the major elements, followed by the
contribution of minor ones (K, Ti, S, and Ca). The presence of Ca in
smaller aggregates (c4 and c5 classes) for L0 - without lime application at layer A and all treatments at layer B – where lime application (L10
and L15) was not eﬃcient to improve soil chemical attributes (Table 1)
– suggests that a small concentration of Ca is already inherent to the
soil.
The elemental composition of soil aggregates shown in Fig. 5 agrees
with the oxide composition of disturbed samples from the same soil
under study here, as demonstrated in Ferreira et al. (2018a) by semiquantitative XRF analyses. However, Ferreira et al. (2018a) have not
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(a)

(b)

c3: 2-4 mm

c4: 1-2 mm

Fig. 6. Soil porosity (P) determined by μCT, from images with voxel size of 1.64 μm, for soil aggregates with diameter sizes of (a) c3: 2–4 mm and (b) c4: 1–2 mm,
from a no-till soil without lime (L0) and under surface application of 10 (L10) and 15 (L15) t ha−1 lime rates, at soil layers A (0–10 cm) and B (10–20 cm). Vertical
bars represent the standard deviation. Diﬀerent letters represent signiﬁcant diﬀerences between lime treatments within each layer (Tukey's HSD; p < 0.05) and
asterisks represent signiﬁcant diﬀerences between layers within each lime treatment (LSD t-test; p < 0.05).

by a reduction in P due to liming in the case of c4 aggregates at layer A
(Fig. 6b), but not in the case of c3 aggregates (Fig. 6a). On the other
hand, Naveed et al. (2014) examined natural soil aggregates (8–16 mm
diameter), using an industrial CT scanner with spatial resolution of
30 μm, from diﬀerently managed soils, one of them under lime application; it turned out that aggregates from the limed ﬁeld were more
porous than the ones from non-limed ﬁelds.
Because P did not vary at layer B for any of the aggregate size classes
(Fig. 6), most likely due to the non-successful eﬀect of liming at this
depth (Table 1, Fig. 5b), the distribution of normalized Pi and NPi as
function of pore volume classes for each soil treatment is shown in
Fig. 7 only for soil layer A. It can be noticed that the distribution of
normalized NPi did not vary among treatments considering both c3 and
c4 classes (Fig. 7). In all cases, the higher normalized NPi happens for
pore volumes enclosed in the 10–100 μm3 class.
Although the distribution of normalized Pi is also practically the
same among treatments for c3 (Fig. 7a), an interesting variation is
observed for c4 (Fig. 7b). In the latter case, it is noticed that the normalized Pi decreases from L0 to L15 in the highest class of pore volumes
(105–109 μm3), while the normalized Pi increases in lower classes. This
means that with a lime rate of 15 t ha−1, larger pores were replaced by
smaller ones in c4 aggregates.
As a matter of fact, Fig. 8a,b show that in the case of c4 at layer A,
L0 has a much more porous structure than L15, in agreement with
Fig. 6b. The highest pore volume identiﬁed for L0 is clearly much larger
than the highest pore volume identiﬁed for L15 (Fig. 8c,d), in agreement with the change in normalized Pi distribution (Fig. 7b). In addition, Fig. 8e,f show isolated pores (excluding the highest pore volume
shown in Fig. 8c,d) from which a denser structure is visualized for L15
in comparison to L0. It is important highlighting that, for being less
porous and consisting mainly of smaller pores, aggregates from L15
tend to hold water more strongly than aggregates from L0, when considering c4 class at layer A (Kutilek and Nielsen, 1994; Hillel, 2004).
From Fig. 9a,b, it is notable that connectivity has not changed with
liming for neither of the aggregate size classes at none of the soil layers.
This suggests that the lower contribution of more voluminous pores
(105–109 μm3) identiﬁed for L15 in comparison with L0 (Figs. 7b and
8c,d), in the case of aggregates from c4, was not relevant for the connectivity evaluation of the pore space as a whole. In addition, according
to Lehmann et al. (2006), Euler number is negative for highly connected networks and positive for a set of isolated elements. Therefore,
because of a high amount of small and isolated pores that constitutes
the soil porous system of aggregates (Figs. 7 and 8e,f), the degree of

soil treatments. Besides, Ca is identiﬁed in class c3 only for L15. It is
important to mention that, if a diﬀerent method of soil management
was used, which could promote lime incorporation in depth, it is likely
that amounts of Ca among soil aggregates at layer B would also be
changed. This hypothesis is based on ﬁndings of Auler et al. (2017),
who showed that lime has improved the soil chemical attributes at this
depth with incorporation methods.
To this day, similar results were not reported in other studies and
represent an important ﬁnding that can help explain processes related
to soil aggregation as aﬀected by liming. Because of that, the authors
felt compelled to investigate whether higher amounts of Ca in smaller
water-stable aggregates aﬀect their porous space. The ﬁeld-of-view allowed by the μCT equipment made it possible to scan aggregates exactly
from the size classes of interest (c3: 2–4 mm and c4: 1–2 mm). It is
important to mention that the selection of aggregates, which were
subjected to aggregate stability tests, for μCT analyses was reported
before (Rabbi et al., 2016). The μCT characterization of the intra-aggregate pore space in terms of porosity, number of pores, Euler number,
tortuosity, and fractal dimension is presented in Figs. 6-9.
Lime treatments did not aﬀect P in the case of larger aggregates
(c3), at neither of the soil layers (Fig. 6a), even though a slight increase
in contents of Ca for L15 in relation to L0 was observed at layer A for c3
(Fig. 5a). However, L15 promoted a reduction in P for smaller aggregates (c4), only at layer A (Fig. 6b). Considering that Ca is the only
element that underwent relevant percentage changes in aggregates
from c4 among treatments, at layer A (Fig. 5a), this may have collaborated to make the aggregates denser for L15 than for L0 and L10
(Fig. 6b).
The described reduction in P for c4 at layer A contrasts with most of
the studies addressing eﬀects of lime on the soil core-scale, which often
report an increase in P due to this practice (Ferreira et al., 2018b;
Haynes and Naidu, 1998; Auler et al., 2017). However, it must be taken
into account that pore structure is highly diﬀerent depending on the
scale of analysis, e.g. soil-core and aggregate scales (Zhou et al., 2017).
Only a few investigations have been made concerning liming eﬀects on
the pore system of soil aggregates, some of which show certain agreement with the results of the current research while some show opposite
trends (Wang et al., 2017; Naveed et al., 2014).
When it comes to soil aggregates of diﬀerent sizes, Wang et al.
(2017) reported that the impact of lime treatment on size and morphology of macropores is higher for smaller aggregates because more
cementitious compounds are expected in this case, leading to the decrease of the eﬃciency of airﬂow. In the same way, airﬂow is impaired
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L0

L10

L15

(a)
c3: 2-4 mm

(b)
c4: 1-2 mm

Fig. 7. Distribution of normalized Pi and NPi as function of pore volume classes (0–10; 10–102; 102–103; 103–104; 104–105; 105–109 μm3) for soil layer A (0–10 cm),
considering soil aggregates with diameters of (a) c3: 2–4 mm and (b) c4: 1–2 mm from a no-till soil without lime (L0) and under surface application of 10 (L10) and
15 (L15) t ha−1 lime rates. Pi and NPi, which represent the porosity and number of pores associated to the diﬀerent pore volume classes, were normalized by soil
porosity (P) and total number of pores (TNP), respectively. Vertical bars represent the standard deviation.

management systems (conventionally tilled vs. grassland), is found in
Peth et al. (2008). At layer B, tortuosity has not changed with liming in
the case of aggregates from c4 (Fig. 5b).
Fig. 9f shows that fractal dimension decreased for L15 in comparison with L0 considering aggregates from c4 at layer A. The lower
fractal dimension found for aggregates from L15 indicates that their
pore structure became more homogeneous. A good representation of
such enhanced homogeneity is seen in Fig. 8a,b, and, in addition,
Fig. 10 shows that fractal dimension and P are indeed strongly related,
as other studies have also demonstrated (Zhao et al., 2017; Dal Ferro

connectivity is low (positive values) in all cases (Fig. 9a,b).
Tortuosity has also not changed for class c3 at neither of the soil
layers (Fig. 9c). However, tortuosity reached a maximum value for L15
in the case of aggregates from c4 at layer A (Fig. 9d). Therefore, in
combination with the lower P and lower contribution of more voluminous pores (105–109 μm3), identiﬁed in aggregates from c4 for L15 at
layer A (Figs. 6b, 7b and 8c,d), the more tortuous aggregate pore space
in the corresponding cases (Fig. 9d) is associated with a less favorable
ﬂuid transport through and into the intra-aggregate pore space. A similar relationship, regarding aggregates from diﬀerent soil
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L0

L15

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 8. (a,b) Cross sections, (c,d) most volumous pore and (e,f) porous space without the most volumous pore, with diﬀerent colors representing isolated pores from
the μCT images of 1–2 mm sized aggregates (c4) from L0 (no-till soil without lime) and L15 (no-till soil under surface application of 15 t ha−1 lime rate) treatments at
soil layer A (0–10 cm).

identiﬁcation of nicer trends.
It is worth highlighting that, when working with irregular porous
media, such as soil aggregates, a common diﬃculty is to delineate the
boundaries of the media within μCT images, at the segmentation step,
in order to separate it from the background (Wang et al., 2012). In brief,
this may be accomplished by using a local thickness analysis, to obtain
a rough outer surface, followed by morphological operations such as:
closing, to close the smaller outer pores, and ﬁlling, to ﬁll the largest
internal voids, with post masking to preserve small features (Voltolini
et al., 2017; Nunan et al., 2006). Delineating the aggregate would be
the ideal way to investigate the intra-aggregate porous space because it
would allow to account for the conﬁguration of pores not only in the
core region of the aggregate, as was done in the current research, but

et al., 2013). As previously described, in the case of c4 aggregates from
L0, at layer A, P was found to consist of a higher proportion of more
voluminous pores in comparison to L15 (Fig. 7b). The surfaces of those
pores are naturally less smooth and consequently more complex than
that of smaller and isolated pores.
From a general point of view, a smaller variability is often observed
for c3 in comparison with c4 aggregates, considering results of P,
connectivity, tortuosity, and fractal dimension. It should be mentioned
that this might be related to the porosity exclusion principle (Dexter,
1988). According to this principle, each order of compound particles
excludes the pore spaces between the particles of the next higher order,
which explains the smaller standard deviation seen for the measured
pore space properties of the smallest aggregates, allowing the
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(a)

(b)

(c)

(d)

(e)
c3: 2-4 mm

(f)
c4: 1-2 mm

Fig. 9. Euler number, tortuosity and fractal dimension determined by μCT, from images with voxel size of 1.64 μm, for soil aggregates with diameter sizes of (a, c, e)
c3: 2–4 mm and (b, d, f) c4: 1–2 mm, from a no-till soil without lime (L0) and under surface application of 10 (L10) and 15 (L15) t ha−1 lime rates, at soil layers A
(0–10 cm) and B (10–20 cm). Vertical bars represent the standard deviation. Diﬀerent letters represent signiﬁcant diﬀerences between lime treatments within each
layer (Tukey's HSD; p < 0.05) and asterisks represent signiﬁcant diﬀerences between layers within each lime treatment (LSD t-test; p < 0.05).

increase in tortuosity of pores, and a decrease in fractal dimension for
aggregates from c4. Such results suggest that, in aggregates from c4,
liming has impaired the eﬃciency of air and water ﬂow as well as has
provided a more homogeneous intra-aggregate pore space. The last
mentioned characteristic was corroborated by the fact that larger pores
gave place to smaller ones in aggregates from c4, as quantitatively
analyzed by the distribution of normalized porosity as function of pore
volume classes and qualitatively by the visualization of the μCT images.
Pore connectivity was not aﬀected by liming at neither of the aggregate
sizes and soil layers.

also at its surface.
4. Conclusions
Surface liming improved soil aggregation by increasing the mean
weight diameter at shallow depth, layer A (0–10 cm), but not deeper in
the soil proﬁle at layer B (10–20 cm). Calcium (Ca) was identiﬁed by
XRF in aggregates selected from the wet sieving method with equivalent diameters ranging from 0.053 to 2 mm for all lime treatments (L0,
L10, and L15) and both layers. However, the percentage of Ca in these
aggregates progressively increased with the lime rates at layer A, where
aggregates with equivalent diameter of 2–4 mm also turned out to show
a low content of Ca in its elemental composition for L15.
The soil physical parameters analyzed by μCT images, considering
aggregate sizes of 2–4 (c3) and 1–2 mm (c4), were in general more
inﬂuenced by liming in the case of smaller aggregates. At shallow depth
(layer A), liming was associated with a decrease in total porosity, an
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