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A b s t r a c t. Soil pore structure may become highly variable under
different fertilization regimes. This study aims to identify the impacts
of long-term fertilization on the soil pore characteristics in a Vertisol
and their relationships with water-holding capacity, air permeability and penetration resistance, using X-ray computed tomography.
Intact soil cores were sampled from a long-term (37 years) continuous fertilization experiment including treatments with no fertilization
(Control), inorganic fertilization, and organic fertilization. The basic
soil properties, the three-dimensional characteristics of the macropores, water-holding capacity, air permeability and penetration resistance
were all analysed. The results show that, in comparison with the
control, the organic fertilization treatment resulted in increased total
porosity, macroporosity and porosity with a diameter >1000 μm, this
was probably due to the increased soil organic carbon content and
aggregate stability. The inorganic fertilization treatment had a lower
macropore connectivity, air permeability and higher penetration resistance relative to the control, a probable explanation is the decreased
aggregate stability resulting from a large amount of dispersing ions
in the inorganic fertilizers. Air permeability was positively correlated
with macropore connectivity, while water-holding capacity and penetration resistance had no relationship with macropore characteristics.
Our findings demonstrate that long-term organic fertilization can
improve the macroporosity of Vertisol, while long-term inorganic fertilization has a detrimental effect on soil macropore connectivity.
K e y w o r d s: long-term fertilization, computed tomography,
pore characteristics, air permeability, penetration resistance
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INTRODUCTION

Soil pore characteristics determine solute transport, air and
water fluxes, and affect plant water uptake and plant growth
(Naveed et al., 2016; Pires et al., 2017). Thus, major research
efforts have been devoted to predicting air permeability and
saturated hydraulic conductivity under different soil pore
structures (Luo et al., 2010; Zhang et al., 2019). Soil pores
serve as planes of breakage along which aggregates form, and
their sizes and spatial positions determine the micro-environmental conditions for crop root growth (Rabot et al., 2018). It
has been shown that continuous macropores are beneficial for
crop root growth in compacted soils as the macropores can
provide spaces with low resistance and high concentrations of
oxygen (Colombi et al., 2017). Therefore, soil pore structures
such as macropores should be improved by using favourable
agricultural management practices (Sainju et al., 2003).
Soil macropores have been reported to be sensitive to
organic fertilization treatment (Xu et al., 2018). It is generally believed that the addition of organic fertilizer increases
the soil organic matter content and has a positive effect on
soil aggregation and pore system development in a tilled
cropping system (Pagliai et al., 2004; Dal Ferro et al.,
2013). The increased biological activity resulting from
manure application to the soil leads to more continuous
biopores, which in turn contributes to increased macroporosity and pore connectivity (Naveed et al., 2014). Zhang
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et al. (2018) also reported that the presence of large-sized
biopores in organically fertilized soils changed the soil
pore-size distribution and enhanced macroporosity. Many
researchers have reported that the application of inorganic fertilizers increases crop root growth and yields, and
therefore biomass returns to the field, thus improving soil
aggregate stability and the pore system in comparison with
an absence of fertilizer treatment (Haynes and Naidu, 1998;
Naveed et al., 2014). However, it has also been observed
that the application of inorganic fertilizer typically lowers
soil pH, adds ions that can disperse soil aggregates, and
does not improve the pore structure (Haynes and Naidu,
1998; Guo et al., 2010). For example, Zhou et al. (2017)
revealed that inorganic fertilizer application decreased
macroporosity and pore surface density because of the
degradation of soil aggregates and the reduced number of
earthworm burrows. The responses of soil pore characteristics to fertilization treatment are usually inconsistent, this is
probably due to the different soil types, climate conditions
and additional factors (Tian et al., 2015). Therefore, more
studies regarding the effects of long-term fertilization on
the three-dimensional pore structure are still required.
In recent years, non-invasive X-ray computed tomography (CT) scanning has been used to directly assess soil
pore characteristics and their association with air and
water transport properties (Larsbo et al., 2014; Paradelo
et al., 2016). It has been established that CT-derived pore
characteristics have advantages for the estimation of air,
water and solute transport within soils (Katuwal et al.,
2015; Guo et al., 2019b). Macroporosity and limiting layer
macroporosity have been found to be closely related to air
permeability and hydraulic conductivity at a matric potential of –3 kPa (Naveed et al., 2013). Larsbo et al. (2014)
also found significant relationships between macroporosity,
macropore surface area, macropore connectivity and water
flow. However, the relationships between water-holding
capacity, penetration resistance and CT-derived pore characteristics have rarely studied to date.
Vertisols usually have a poor soil structure due to their
high clay content and swelling clay minerals, which results
in high bulk densities and swelling-shrinkage capacities
(Rahman et al., 2017), along with poor water retention
and air permeability (Brierley et al., 2011; Kishne et al.,
2012). In this study, intact soil cores were collected from
three fertilization treatments in a Vertisol: no fertilization as a control (Control), inorganic N, P, K fertilization
(NPK) and organic fertilization (OF). An industrial CT
scanner was used to examine the soil pore characteristics
of the cores. The soil aggregate stability, water-holding
capacity, penetration resistance, and air permeability of the
samples were also measured. We begin with the hypothesis
that long-term fertilization can alter pore characteristics,
which will subsequently impact the functions of the soil
pore structure. In order to test this hypothesis, the objectives of this study were to: 1) investigate the response of

the three-dimensional soil pore characteristics to long-term
organic and inorganic fertilization treatments in a Vertisol,
and 2) to determine their relationships with water-holding
capacity, air permeability and penetration resistance.
MATERIALS AND METHODS

A long-term fertilization experiment with a cropping
system of winter wheat (October to June) and summer
maize (June to October) was established in 1981 at the
Yangliu Experimental Station (116°23′E, 33°16′N, elevation 28 m) of the Anhui Academy of Sciences in Suixi
county, Anhui Province. The mean annual temperature and
precipitation of the site is 16℃ and 750 mm (Chen et al.,
2014), respectively. The soil under investigation is classified as a Vertisol according to the USDA Soil Taxonomy
(Soil Survey Staff, 2015).
From this long-term experiment, three fertilization treatments were chosen for this study: no fertilizer (Control),the
sole application of chemical fertilizer, N 525 kg ha-1,
P2O5 210 kg ha-1, K2O 210 kg ha-1 (NPK), the sole application of organic bean-cake fertilizer with an equivalent of
N 525 kg ha-1 (OF). All three treatments were applied to
plots with a size of 30 m2. For the NPK treatment, 33.3%
nitrogen, 50% phosphorus and 50% potassium were
applied as a base fertilizer and 22.2% nitrogen (urea) as
a topdressing fertilizer during the wheat-growing period,
and 16.6% nitrogen, 50% phosphorus and 50% potassium
were applied as a base fertilizer and 27.7% nitrogen (urea)
as a topdressing fertilizer during the maize-growing period. For the OF treatment, all of the organic fertilizer was
applied annually in the wheat growing season as a base
fertilizer. For all treatments, rotary tillage (0-15 cm) was
carried out before wheat sowing and the maize was directly
sown after the wheat harvest. Crop residues were removed
after harvest with stubble and root biomass left in the soil.
Other management practices, including weed control, irrigation and the use of pesticide, etc., were also identical for
all of the treatments.
Soil cores were taken from each of the 30 m2 trial plots
in October 2018, after the maize harvest. The sampling
sites were randomly selected in the middle of the rows of
maize. Intact soil cores (50 mm in height and 47 mm in
diameter) were sampled using PVC rings from the topsoil
(2.5-7.5 cm) of each treatment plot. The PVC rings were
hammered into the soil with a metal handle after the surface
soil (0-2.5 cm) was removed. The soil cores were sealed
with plastic film and transported to the laboratory carefully in order to avoid any disturbance or evaporation and
weighed before storage in a refrigerator at 4°C. Seven cores
were taken from each fertilization treatment plot, resulting in a total of twenty-one intact cores being collected.
Additionally, some mixed soil samples (0-10 cm) in each
fertilization plot were also taken adjacent to each sampling
location for the soil cores.
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Two replicates of mixed soils were taken for each treatment in order to measure the soil organic carbon content,
total nitrogen content, soil particle-size distribution, pH,
cation exchange capacity (CEC) and soil aggregate stability.
Soil organic carbon content and total nitrogen content were
measured using a CNS Organic Elemental Analyser (Vario
MAX, Elementar, Germany). The soil particle-size distribution was measured using a pipette method (Yi, 2009).
Soil pH was determined using a glass electrode with a 1:2.5
soil water ratio. Cation exchange capacity was determined
using the ammonium acetate extraction method (Sumner
and Miller, 1996). The soil aggregate stability of the sampled soil was measured using a fast wetting technique (Le
Bissonnais, 1996). A series of three sieves with 2.0, 0.25,
0.053 mm openings were used to obtain four aggregate size
distributions. Finally, the aggregate stability was estimated
using the mean weight diameter (MWD) of each sample,
MW D =

n


XWi

(1)

i=1

where:
is the mean diameter for each aggregate size,
Wi is the mass proportion of aggregates remaining on each
sieve, and n is the number of sieves.
Four soil cores from each treatment plot were saturated
from the bottom for one week before being drained freely
in a sandbox for 48 hours to measure the soil water-holding
capacity (WHC: –10 kPa). Then, the soil water content of
the treated soil cores was drained to achieve an approximately 90% water-holding capacity. The other three cores
from each treatment plot were evaluated for water content
to ensure that the soil cores reached 90% of their waterholding capacity. An industrial X-ray CT scanner (Phoenix
Nanotom, GE, Sensing and Inspection Technologies,
GmbH, Wunstorf, Germany) was used to scan the soil cores
using a voltage of 110 kV and a current of 110 μA, creating
1200 projection images over a 360° rotation. A 0.2 mm Cu
filter was used to reduce the beam hardening effect. Datos|x
2.0 software and the filtered back-projection algorithm
were used for image reconstruction. For each column after
reconstruction, approximately 2200 slices with voxel size
25 × 25 × 25 μm3 were generated.
The resulting greyscale images were first filtered with
a 3D Gaussian blur filter to reduce noise using ImageJ 1.52a
software. To remove the edge effect caused by sampling,
a region of interest (ROI) of 45 mm in both diameter and
height was selected from the central part of each soil core.
The ROI was downsized by a factor of 2 using a bilinear interpolation algorithm to acquire a new ROI with
a resolution of 50 μm for further image analysis due to the
limited computation capacity of the available computer.
Segmentation of the greyscale images was performed using
Yen's auto thresholding method (Yen et al., 1995, Sezgin
and Sankur, 2004). This method considers the image foreground and background to be two different signal sources,

so that when the sum of the two class entropies reaches its
maximum, the classification number of the grey levels could
be classified by minimizing the cost function. The threshold values can then be determined automatically (Yen et al.,
1995). The “Auto Threshold” plugin in the ImageJ software
processed the full greyscale space, and the threshold of each
slice was computed separately. The thresholds varied with
different samples. The images were also visually inspected
to verify the quality of the segmentation procedure.
After segmentation, pores smaller than 5 voxels were
removed to reduce noise by using the “Particle Analysis”
plugin of the ImageJ software (Peth et al., 2008). The binary images were analysed to determine a set of macropore
structure parameters using the ImageJ software, i.e.: macroporosity, mean diameter (MD), global connectivity (Γ),
specific Euler number (Χν), compactness (CP) and the macroporosity of the limiting layer (MPLL). The macroporosity
was calculated by dividing the number of voxels classified as
macropores (> 50 μm) by the number of voxels present within the ROI. The diameter of each macropore was determined
using a local thickness algorithm in the “BoneJ” plugin of
ImageJ (Dougherty and Kunzelmann, 2007). The mean
diameter of the macropores (MWD) was then calculated as:
n
i=0 Di Vi
MD = 
(2)
n
i=0 Vi
where: Di and Vi are the diameter and the volume of each
macropore, and n is the number of macropores, respectively. The global connectivity (Γ) defines the average degree
of connectivity of the macropore networks, which may be
calculated as follows:
n
(Vi2 )
Γ = i=0
(3)
n
( i=0 Vi )2
when Γ = 1, all macropores are connected in one percolating macropore, and when Γ is close to 0, macropores with
a similar size are scattered (Hovadik and Larue, 2007).
The local macropore connectivity is commonly
expressed by the function of the number of isolated pores
(N), the genus (C), the number of completely enclosed
cavities (H), and the Euler number (N–C+H) (Smet et al.,
2018). The Euler number may be determined by using an
algorithm calculating voxel neighbourhoods in the “BoneJ
connectivity” plugin of ImageJ, then the specific Euler
number (Χν) may be calculated as follows:

Xv =

n

i=0

Vr

δx

(4)

where: Vr is the volume of the ROI and δx is the Euler number
for each macropore. The more negative the Χν is, the more
connected the macropore networks (Vogel and Roth, 2001).
The compactness of the macropore was defined as follows:
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A1.5
compactness =
V

(5)

where: A and V are the surface area and the volume of the
macropore, respectively. The compactness is a pore shape
factor and is minimized by a sphere (Bribiesca, 2000). The
larger the compactness value of a macropore, the more
complex is the structure. The mean compactness (CP) was
calculated as the volume weighted average of compactness
for each macropore:
n
i=0 CPi Vi
CP = 
(6)
n
i=0 Vi
where: i is the index of a macropore, n is the number of
macropores, and Vi is the volume of a macropore. The minimum value of macroporosity along the ROI depth (a 50 μm
depth of each slice) was referred to as the macroporosity of
the limiting layer (MPLL). Furthermore, the macroporosity for diameters of 50-100 μm, 100-300 μm, 300-500 μm,
500-1000 μm, and >1000 μm were also calculated (Pagliai
et al., 2004). In addition, the total porosity was calculated
using the bulk density (BD):

T otal porosity = 1 −

BD
ρ

(7)

where: ρ is the soil particle density (i.e., 2.65 g cm-3).
After CT scanning, the air permeability of the samples
under 90% water-holding capacity (Ka90) was determined
using the steady state method (Yi, 2009). The air permeability was calculated according to Darcy’s law:

Ka90 =

QLη
A∆P

(8)

where: Q is the air flow rate (L3 T-1), L is the length of the
soil sample (L), η is the dynamic air viscosity (M L-1 T-1), A
is the cross-sectional area of the soil sample (L2), and ΔP is
the pressure difference (M L-1 T-2).
The penetration resistance of the soil cores was measured at a water content of 90% water-holding capacity
using a microcomputer-controlled electronic universal testing machine fitted with a 0.05 N entrance force (Shenzhen
New Sansi Measurement Technology Co. Ltd., Shenzhen,
China). A conical steel needle with a 2 mm diameter at a 60°
angle was inserted vertically into the soil column down to
a depth of 40 mm at a speed of 10 mm min-1. Each core was
measured three times at different locations. The penetration
resistance of the soil is defined as the mean value of the
penetration stress measured during the process of needle
penetration. Finally, the soil cores were weighed after drying at 105°C for 72 h to obtain their bulk density.
All of the data obtained were checked for normality and
homogeneity of variance. Analysis of variance (ANOVA)
was performed and means were compared using least

significant difference (LSD) at the p < 0.05 level. A spearman rank correlation analysis was performed to assess the
relationships between soil water-holding capacity, air permeability, penetration resistance and pore characteristics.
All of the statistical analyses above were performed by
using the SPSS 19.0 Statistical Package. The results are presented as the mean and standard error in tables and figures.
RESULTS

The SOC of the NPK and OF treatment plots were
46.6 and 67.9% higher than that of the control treatment
plot (8.18 g kg-1), respectively (Table 1). The soil was high
Ta b l e 1. Basic soil properties of surface soil (0-10 cm) for three
long-term fertilization treatments in a Vertisol
Soil properties
SOC (g kg–1)
Total N (g kg–1)
Sand (%)
Silt (%)
Clay (%)
pH
CEC (cmol kg–1)
MWD (mm)

Control
8.18
0.86
4.49
49.90
45.60
7.54
29.90
1.50

NPK
12.00
1.04
4.33
49.70
46.00
4.95
33.80
1.45

OF
13.70
1.29
4.56
50.50
45.00
6.67
30.00
1.62

Control – no fertilization, NPK – inorganic fertilization,
OF – organic fertilization, SOC – soil organic carbon content,
CEC – cation exchange capacity, MWD – mean weight diameter.

in clay content with little variation between the fertilization
treatments. The soil pH was much lower in the NPK-treated
plot than in the control and OF plots. The stability of the
soil aggregates, as indicated by MWD
MWD,, decreased by 3.33%
after NPK treatment and increased by 8.00% after OF treatment, relative to the control treatment.
The total porosity was significantly increased by the
OF treatment relative to the control treatment (Table 2,
p < 0.05). Macroporosity and MD were significantly higher
in the OF-treated soil than in the control and NPK-treated
soils. Macropore global connectivity (Γ
(Γ) was significantly
Ta b l e 2. Effect of long-term fertilization treatments on soil pore
characteristics with an analysis of variance (ANOVA)
Pore characteristics
Control
NPK
OF
Total porosity (%) 47.5 (0.52) b 49.0 (0.90) ab 50.4 (0.61) a
Macroporosity (%) 11.9 (0.61) b 12.0 (1.11) b 16.1 (1.54) a
MD (mm)
0.57 (0.03) b 0.55 (0.05) b 0.76 (0.08) a
Γ
0.85 (0.01) ab 0.79 (0.03) b 0.87 (0.02) a
0.48 (0.08) b 1.03 (0.13) a 0.80 (0.16) ab
Χν (mm-3)
CP
1726 (103) a 1908 (134) a 1723 (87) a
MPLL (%)
4.24 (0.93) a 4.20 (0.56) a 5.62 (0.30) a
Different letters indicate a significant difference between the
three fertilization treatments using the least significant difference
(LSD) test at p < 0.05, respectively (n = 4). Numbers in brackets
indicate the standard error of the mean. Control – no fertilization, NPK – inorganic fertilization, OF – organic fertilization,
MD – mean diameter of macropore, Γ – global connectivity of
macropore, Χν – specific Euler number of macropore, CP – compactness of macropore, MPLL – macroporosity of limiting layer.
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lower in the NPK-treated plot as compared to that of the OF
treatment. The NPK treatment rather than the OF treatment
had significantly greater specific Euler numbers (Χν
(Χν)) than
the control treatment, which suggests that the macropore
local connectivity was reduced by the NPK treatment relative to the control treatment.
From the CT-derived three-dimensional images of
the soil macropores (Fig. 1), a more complex and denser
macropore structure was observed in the OF-treated cores
than in the control and NPK-treated cores. For pore sizes
of >1000 μm, the porosity in the OF-treated soil was significantly higher than in the control and NPK-treated soils
(Fig. 2). However, there were no significant differences
between all three treatments in terms of porosity for sizes
of 50-100, 100-300, 300-500 and 500-1000 μm (Fig. 2).

Fig. 1. Three-dimensional computed tomography (CT) images of
soil macropores for three fertilization treatments. control – no fertilization, NPK – inorganic fertilization, OF – organic fertilization.

Fig. 3. Soil water-holding capacity (WHC), air permeability under
90% WHC (Ka90) and penetration resistance (PR) under three
different fertilization treatments using an analysis of variance
(ANOVA). * indicates a significant difference between fertilization treatments using least significant difference (LSD) tests at
p < 0.05. control – no fertilization, NPK – inorganic fertilization,
OF – organic fertilization.
Ta b l e 3. Spearman rank correlation coefficients between WHC,
Ka90, PR and soil pore characteristics
Total porosity
Macroporosity
MD
Γ
Χν
CP
MPLL

WHC

Log10Ka90

PR

0.60*
ns
ns
ns
ns
ns
ns

ns
ns
ns
0.64*
–0.62*
ns
ns

ns
ns
ns
ns
ns
ns
ns

ns – not significant, * – significant correlations at p < 0.05,
MD – mean diameter of macropore, Γ – global connectivity of
macropore, Χν – specific Euler number of macropores, CP – compactness of macropores, MPLL – macroporosity of limiting layer,
WHC – water-holding capacity, Ka90 – air permeability, PR – penetration resistance.
DISCUSSION

Fig. 2. Porosity for five pore size classes in three fertilization
treatments using an analysis of variance (ANOVA). Bars indicate
standard errors (n = 4). Different letters indicate a significant difference between all of the treatments using the least significant
difference (LSD) test at p < 0.05 (n = 4). control – no fertilization,
NPK – inorganic fertilization, OF – organic fertilization.

The soil water-holding capacity was not significantly different for the three fertilization treatments (Fig. 3). Log10 Ka90
was significantly reduced by the NPK treatment relative to
the control and OF treatments (p < 0.05). On the contrary, the
NPK-treated soil presented a significantly higher penetration
resistance than the control and OF-treated soils (p < 0.05).
The WHC was positively correlated with total porosity
(Table 3, p < 0.05). Also, Log10 Ka90 was only significantly
correlated with macropore global connectivity and local
connectivity (p < 0.05). There was no significant correlation between these soil pore characteristics and penetration
resistance.

Total porosity was significantly higher in the OF-treated
soil than in the control soil (Table 2), which was consistent
with a recent study on a Vertisol with a high clay content by
Zhou et al. (2020). Furthermore, in our study, the OF treatment resulted in a significantly greater macroporosity than
the control and NPK treatments, and this resulted from an
increase in the number of large sized macropores (diameter
> 1000 μm) (Table 2 and Fig. 2). Zhou et al. (2013) obtained
similar results with an Ultisol, and they reported that organic fertilization increased porosity with a diameter > 560 μm.
On account of the increase in large-size macropores, MWD
was also increased by the OF treatment. These results may
be attributed to the greater degree of aggregate stability and
biological activities such as the rooting of crops and burrowing of earthworms (Naveed et al., 2014). The higher
organic matter content due to organic fertilization served as
a binding agent for macroaggregates, resulting in better soil
aggregation (Table 1) and inter-aggregate pore structure
(Zhou et al., 2013; Guo et al., 2019a). A recent study found
that long-term organic fertilization had a significantly positive influence on biological activities and the formation
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of biopores on an upland soil (Zhang et al., 2018). These
results may also partially explain the increase in the volume
of large size pores in this study.
In contrast to the OF treatment, the NPK treatment
had no positive effect on soil macroporosity relative to the
control treatment even though it presented a much greater
SOC value (Table 1 and 2). As shown by the specific Euler
number, inorganic fertilization exerted negative effects on
the local connectivity of macropores (Table 2). This result
is in close agreement with recent studies which concluded
that the application of inorganic fertilizers affects the pore
structure by reducing the connectivity of the pore system
as compared with an absence of fertilization (Dal Ferro et
al., 2013; Lu et al., 2019). Even though inorganic fertilization treatment increased biomass yield and soil organic
matter content, it usually reduced soil aggregate stability
(Table 1) by introducing dispersive ions (e.g. NH4+, K+) and
decreasing soil pH (Blanco-Canqui and Schlegel, 2013). It
was also noted that soil acidification, caused by long-term
inorganic fertilization, was harmful to soil fauna activities,
and consequently detrimental to the formation of connected
macropores (Zhou et al., 2017). An investigation conducted
with a corn-soybean rotation soil revealed that aggregated
structure and pore structure under NPK treatment were
degraded (Singh et al., 2021).
Soil pore characteristics usually have crucial impacts on
soil water retention and air permeability (Naveed et al., 2014;
Zhang et al., 2019). In this study, the total porosity was significantly correlated to WHC (Table 3). It has been reported
that OF treatment may increase the water retention of soils by
altering pore-size distribution and soil specific surface area
because of the higher organic matter content (Naveed et al.,
2014). With the increase in organic matter content, the waterholding capacity could also increase and be accompanied by
a decrease in total porosity (Zhou et al., 2019).
Our results showed that NPK treatment significantly
decreased air permeability relative to the control (Fig. 3).
Similar results have revealed that long-term NPK treatment
reduces the air flux in soil cores (Zheng et al., 2019). This
may be attributed to the significantly lower pore connectivity created by the NPK treatment (Schjønning et al., 2005;
Naveed et al., 2014). Our results showed that air permeability was significantly correlated with global connectivity and
local connectivity (Table 3). Similarly, Zhang et al. (2019)
also demonstrated that macropore connectivity is closely
related to air permeability, and it is generally considered
that the degree of pore connectivity can be used to predict
air permeability to a significant extent (Smet et al., 2018).
Soil penetration resistance significantly increased in the
NPK-treated soil as compared to the control soil in this study
(Table 2). This result was only consistent with previous studies using a high level of N input (160 kg N ha-1) treatment
(Głąb and Gondek, 2014). Many studies have confirmed
that soil penetration resistance is highly correlated with total
porosity (Bengough et al., 2006). However, no significant

relationship between penetration resistance and total porosity was observed (Table 3). This result may be attributed to
the lower aggregate stability in the inorganic fertilizationtreated soil relative to the control soil (Table 1). As a result
of 525 kg ha-1 chemical N input, the inorganic fertilization
treatment introduced large amounts of dispersed ions which
resulted in the dispersion of soil particles and even in the
deterioration of soil aggregates (Haynes and Naidu, 1998).
The decrease in aggregate stability can increase soil penetration resistance in long-term fertilized soil (Celik et al.,
2010; Nciizah and Wakindiki, 2012).
CONCLUSIONS

1. X-ray computed tomography scanning toallowed for
the assessment of the effect of long-term fertilization on
soil pore characteristics.
2. In comparison with the control treatment (no fertilization), organic fertilization ameliorated the total porosity,
macroporosity and porosity for diameters > 1000 μm, while
inorganic fertilization resulted in a lower macropore connectivity which was probably due to decreased soil
aggregate stability.
3. Air permeability was significantly lower and penetration resistance was significantly greater following the
inorganic fertilization treatment as compared with the control treatment.
4. Water-holding capacity was related to total porosity
to a significant extent. Air permeability was closely correlated with macropore connectivity.
5. Long-term inorganic fertilization has a detrimental
effect on soil aggregation, pore connectivity, air permeability and penetration resistance, whereas organic fertilization
can improve soil organic carbon content, soil aggregation
and soil pore structure.
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