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ABSTRACT 
 

A Typic Hapludult was used to evaluate the effect of soil structure and different bulk 
densities (reached after the destruction of macro aggregates) on functional 
characteristics of the pore system. The water retention curve, pore-size distribution, 
shrinkage curve and index were determined in disturbed and structured samples. To 
evaluate the effect of soil structure on the continuity of the pore system the air 
permeability at different matrix potentials was measured. From the relationship between 
the air permeability and air-filled porosity, pore continuity indexes were calculated. The 
destruction of the soil structure affects the function of its pores. The amount of air-filled 
pores increased with the reduction of the bulk density, however, the stability and 
continuity of these pores are low, which affects their functionality. Therefore, the 
formation of a stable and continuous pore system allows the soil to conduct air, even 
though they have a restrictive amount of air-filled pores. On the other hand, the soil 
structure plays a key role in pore stability during drying and, consequently, on the 
equilibrium between phases. Finally, the highest bulk density (1.1 Mg m-3) does not 
reach critical values (compaction). However, depending on the bulk density of the soil, 
it is possible to reach restrictive values of air capacity which affects the air transport in 
the soil, especially if the porous media is not continuous. 
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INTRODUCTION 
 
 

Soil is a three phase system which plays 
different roles in the biosphere, such as: i) 
regulation of biogeochemical cycles, ii) 
microorganism habitat and iii) medium 
for plant roots (Scheffer and 
Schachshaffel, 2002). Another soil 
function, particularly of its pores, is to 
store and conduct fluids like water and 
air. The latter is relevant not only to crop 
production (Horn and Fleige, 2009), but 
also to environmental protection as 
indicated by Ball et al. (1999) when they 
refer to the effect of soil compaction on 
gas emission. The importance of soil 
functions implies that the characterization  

 
 
 
 

 
of the soil structure, through the 
quantification of the pores, plays a key 
role in understanding the soil’s ability to 
store and conduct fluids (Horn et al., 
1994; Dörner and Horn, 2006).  
     Soil structure formation depends on 
the forming material (Hartge and Horn, 
1999). While in coarse textured soils it 
depends on the presence of the elements 
that increase the cohesion between 
particles (e.g. organic matter), the 
aggregates in the fine textured soils are 
formed after the swelling and shrinkage 
processes that conduce to crack formation 
(Horn    and    Smucker,    2005).   During  
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aggregate formation, the rearrangement of 
soil particles depends on the number and 
intensity of wetting and drying cycles, the 
mechanical stability and the presence of 
organic compounds. The latter is relevant 
since it allows the three phase system of 
the soil to reach an equilibrium (Horn et 
al., 1994) determining the ability of the 
soil to store and conduct water, air and 
heat (Horn and Smucker, 2005). 
However, such soil structure dependent 
properties may present spatial and 
temporal variations which has been 
investigated by many researchers as 
Boorman and Klaassen (2008) in a 
Spodosol in Northern Germany, Hu et al. 
(2009) in an Entisol in China, Dec et al. 
(2010) and Dörner et al. (2010) in 
Andisols in southern Chile. These 
variations occur because soils are 
subjected to the action of external forces 
(e.g. tillage and compaction), internal 
forces (e.g. wetting and drying cycles, soil 
freezing) and biological activity (e.g. 
biopore formation by earthworms). The 
latter implies that soil structure dependent 
properties are not constant, especially, if 
the net of pores is destroyed during tillage 
(Osunbitan et al., 2005) or by animal 
trampling (Dec et al., 2010) affecting not 
only the pore volume (increase in bulk 
density due to soil consolidation after 
tillage), but also the pore functions (e.g.  
reduction of hydraulic conductivity) as 
reported by Osunbitan et al. (2005) and 
Moret and Arrúe (2007), among others.  
     Ultisols in southern Chile can present 
more than 50% clay in the upper layers 
and, consequently, bulk densities higher 
than 1.0 Mg m-3 and restricted 
permeability. These soils have been used 
to establish crops (wheat) using 
conventional methods of tillage which 
have destroyed and compacted the labile 
structure of these soils (Ellies and Dörner, 
1999) developing an undesirable physical 
environment for plants (Dörner, 1999). 
The latter implies temporal variations of 

structure dependent properties which have 
not yet been investigated in southern 
Chile. Therefore, the aim of this 
investigation was to characterize the soil 
under in situ conditions and, additionally, 
to simulate the effect of tillage, 
destruction of macro aggregates and 
compaction by means of soil sieving and 
packing samples at increasing bulk 
densities. The objective of working with 
two kinds of soil samples (structured and 
repacked samples) was to evaluate the 
effect of soil structure and bulk density on 
pore functions determined by i) the water 
retention curve, ii) the shrinkage capacity 
and iii) the air permeability.  
 
 
 
 

MATERIALS AND METHODS  
 
 

Soil and management 
 
A Typic Hapludult (Serie Cudico), 
normally known as Rojo Arcilloso, was 
used to evaluate the effect of the soil 
structure and the bulk density (reached 
after the destruction of macro aggregates) 
on soil pore functions. According to 
CIREN (2003), the soil was formed from 
old-volcanic ashes and presents deep 
profiles. The topography is complex with 
slopes ranging from 5 till 20%. The soil 
textural classes are clay loam to clay 
between 0-35 cm deep, and clay in deeper 
horizons (Bt horizon > 35 cm depth). The 
soil structure is relatively well developed 
in the profile presenting fine sub-angular 
blocky aggregates (0-35 cm) and a 
prismatic structure (> 35 cm). The climate 
is Mediterranean cold with a mean annual 
temperature of 16.6°C and precipitations 
of 1267 mm (Novoa and Villaseca, 1989).  
     The soil was used for prairies 
dominated by Lollium multiflorum 
associated with Avena strigosa. Both 
species were established with pasture 
regeneration without major soil 
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disturbances. These prairies were used as 
the main source for livestock feeding 
during the year. 
 
Soil sampling 
 
Undisturbed and disturbed soil samples 
were collected (May, 2006) between 2 
and 10 cm of soil depth. The undisturbed 
soil samples were taken on metallic 
cylinders of 250 cm3 (height: 5.5 cm and 
diameter: 7.0 cm). The disturbed material 
was used to define some general 
characteristics of the soil and, mainly, to 
pack soil samples (250 cm3) with different 
bulk densities. The water retention and 
shrinkage curves as well as the air 
permeability were measured for both 
kinds of samples.  
 
Soil samples packing 
 
The disturbed soil was dried at 30°C for 
four days and then sieved (< 2 mm). In 
order to allow a better arrangement of soil 
particles during packing, the 
homogenized soil was then moist until a 
20% volumetric water content was 
reached. Finally, the soil samples were 
packed at different bulk densities (0.8, 
0.9, 1.0, 1.1 Mg m-3) following the 
methodology proposed by Demond et al. 
(1996). The selected bulk densities are 
below and above those defined for the 
undisturbed soil (1.05 Mg m-3). A bulk 
density of 1.1 Mg m-3 was the highest 
reached using a Proctor Test. A defined 
amount of soil was put into the cylinder in 
layers between 5 and 7 mm to pack the 
samples; each layer was homogeneously 
distributed and, then, according to the 
defined bulk density, the layers were 
compacted with different pressures for 
three minutes. The following treatments 
were defined: disturbed soil (dBd(0.8), 
dBd(0.9), dBd(1.0), dBd(1.1)) and structured 
soil (eBd(1.05)). 

Laboratory analysis 
 
In order to have a general characterization 
of the soil the pH (H20) and the amount of 
organic matter was determined (Sadzawka 
et al., 2006). The particle density was 
measured with the liquid pycnometer 
method using de-aired water as the 
displacing liquid (Blake and Hartge, 
1986). For all this analysis 3 repetitions 
were used.  
     The water retention and shrinkage 
curves were determined simultaneously. 
The samples were first carefully saturated 
from beneath during a two day period to 
avoid air inclusions in pores, and then, 
drained at water potential values of -1, -2, 
-3, -6, -15, -33, and -50 kPa. To define the 
volume of fine pores samples in cylinders 
of 20 cm3 were equilibrated at a water 
potential of -1500 kPa. The water content 
was registered at each water potential 
with an electronic balance. To 
characterize the shrinkage behaviour at 
water potentials lower than -50 kPa, 
samples were shifted to air dry conditions 
(20 ± 2°C) for 14 days and then stepwise 
oven dried at 30, 60, and 105°C. From 
saturation and throughout the different 
water tensions and dehydration 
temperatures, the water content and 
vertical deformation (measured in 7 
points for each soil sample) were recorded 
with an electronic balance (Precisa, 0.01 g 
accuracy) and caliper gauge (Holex, 0.05 
mm accuracy), respectively. The vertical 
deformation of the soil was used to 
correct the water retention curve (Dörner 
et al., 2010). To calculate the void ratio 
and total porosity a particle density value 
of 2.42 Mg m-3 was used.  
     The shrinkage curve was characterized 
in relation to the void ratio (e) and 
moisture ratio (ϑ) as previously done by 
Peng  and  Horn  (2005), Cornelis et al. 
(2006)  and  Dörner  et al. (2009 a, b).  To 
register  the  unidimensional  deformation 
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of the soil from saturated to dry 
conditions, the coefficient of linear 
extensibility (COLE), described by 
Grossman et al. (1968), was calculated:  
 

C

C

L
LLCOLE

º105

º1050 −=  [-]                       (1) 

where, 

L0 = Length of the sample at 
saturation (0 hPa) 
 

L105ºC = Length of the sample alter 
oven drying at 105ºC 

 
The air permeability (ka) was measured in 
an air permeameter (Leiva, 2009; 
Sandoval, 2009) when the soil samples 
reached matrix potentials of -6, -15, -33 
and -50 kPa. The air permeability ka 
[μm2] was calculated from the air 
conductivity kl [cm s-1] as follows: 
 

gl
l ⋅
⋅=
ρ
ηkka

  [μm2]       (2) 

 

where η is the air viscosity [g s-1 cm-1], ρl 
is the air density [kg m-3] and g is the 
gravitational acceleration [m s-2].  
     In order to evaluate functional 
characteristics of the pore system, the 
pore continuity index K1 was calculated 
(Groenevelt et al., 1984): 
 

a

akK
ε

=1
 [μm2 / cm3 cm-3]            (3)                   

                                              
which relates the air permeability (ka) to 
the air filled porosity (εa). The latter was 
calculated from the water retention curve, 
as the difference between total porosity 
and the volumetric water content at a 
given matric potential. Large values of K1 
indicate that the pore system had a high 
capacity to transmit fluids due to a great 
continuity and interconnection between 
pores (Schjønning et al., 1999). Ball et al. 

(1988) also suggested that ka and εa may 
be related as follows: 
 
log (ka) = log (M) + N log (εa)          (4)               
                                                                 
where M and N are empirical parameters. 
N is a pore continuity index, which 
reflects the increase of ka with increasing 
εa or the decrease of pore tortuosity and 
surface area with the increasing fraction 
of pores available for flow (Ahuja et al., 
1984; Ball et al., 1988). The latter also 
proposed that an estimate of blocked air-
filled pore space (equation 5) may be 
derived from equation 4. Soils with an air 
permeability as little as 1 μm2 may be 
considered as impermeable; therefore, the 
intercept of the abscissa may be regarded 
as an estimate of blocked air-filled pore 
space (blocked porosity εb), which does 
not take part in the transport of air by 
convection (Ball et al., 1988). 
 
εb = 10(-log M)/N                      (5) 
 
Statistical analysis 
 
Averages and standard errors were 
calculated for each treatment. In order to 
determine the effect of soil structure and 
bulk density on physical properties of the 
soil, an analysis of variance was applied 
(p ≤ 0.05). The differences of means were 
assessed by the Tukey-test (p ≤ 0.05). 
                                
 
RESULTS  
 
 
The amount of organic matter, soil 
texture, bulk density and pore-size 
distribution (Table 1) registered from the 
site presented typical values for the soil 
Serie according to IREN-UACh (1978) 
and Ellies and Dörner (1999). 
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Table 1. General characteristics of studied soil (Typic Hapludult). 
 
 

TC OM pH Bd Pd TP wCP nCP MP FP 

[%] [-] --------[mg m-3]------ --------------------[%]---------------------- 

Clay 

loam 
6.5±0.1 5.6±0.1 1.05±0.01 2.42±0.1 57±0.2 3±0.5 5±0.8 20±1.3 33±0.5 

 

TC: Textural class; OM: organic matter; Bd: bulk density; Pd: particle density; TP: total porosity; wCP: 
wide coarse pores (> 50 μm) ; nCP: narrow coarse pores (50-10 μm); MP: middle pores (<10-0,2 μm); 
FP: fine pores (< 0,2 μm). 
 
 
Effect of bulk density and soil structure 
on porosity and their stability  
 
The soil reached a volumetric water 
content at pF 0 (water saturation, similar 
to total porosity, TP) which ranged 
between  58%  and  72%  (Figure 1).  The  
 
 

 
 
disturbed soil, with the exception of  
dBd(1.1),  reached  a   water   content   at 
pF 0   higher   than the structured 
samples. In general, the shapes of the 
curves differ between treatments 
particularly in the pF range between 0 and 
2.52.   
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Figure 1. Water retention curves for the disturbed (dBd(0.8-1.1)) and undisturbed soil 
(sBd(1.05)). Bars indicate ± 1 standard error (n = 7). 
  
. 
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Figure 2 presents the effect of the bulk 
density and structure on the pore-size 
distribution. While the volume of wide 
coarse pores (wCP; φ > 50 μm also 
defined as air capacity) decreases, the 
narrow coarse pores (nCP; φ 50-10 μm) 
and fine pores (FP; φ < 0.2 μm) tend to 
increase. Treatment dBd(0.8) presented the  
 

highest volume of wCP (48%), but had 
the lowest amount of other pores as 
compared  to   the  other  treatments.  The 
structured soil (eBd(1.05)) presented the 
lowest air capacity, but the highest 
amount  of  middle    pores     (MP; φ <10-
0.2 μm; 32.3%)  and  fine  pores   
(49.7%).  
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Figure 2: Pore-size distribution for the disturbed (dBd(0.8-1.1)) and structured soil 
(sBd(1.05)). wCP (wide coarse pores, ∅ > 50 μm); nCP (narrow coarse pores, ∅ 50-10 
μm); MP (middle pores, ∅ <10-0.2 μm); FP (fine pores, ∅ <0.2 μm). Different letters 
indicate significant differences between treatments for the same pore type. Bars indicate 
± 1 standard error (n = 7). 
 
 

All soil samples shrunk as a consequence 
of soil drying (Figure 3). The samples 
with lower bulk densities presented a 
larger deformation at higher moisture 
ratios. Additionally, it was assessed that 
eBd(1.05) and dBd(1.1) presented   almost    
the   same   shrinkage curve.     The    
coefficient      of       linear extensibility 
(COLE) decreased as the bulk density 
increased (Figure 4; p ≤ 0.10). However, 
it has to be remarked that notwithstanding 
its higher bulk density, dBd(1.1) presented 
a larger COLE than eBd(1.05).    

 
 

Effect of bulk density and structure on 
pore functions 
 
The air permeability (ka) decreased 
exponentially as the bulk density of the 
disturbed soil increased (Figure 5). 
However, it was observed that eBd(1.05) 
presented a higher ka as compared to the 
disturbed soil samples with similar bulk 
densities (dBd(1.0) y dBd(1.1)) and the same 
volume of coarse pores (dBd(1.1)).  
     The air permeability increased with a 
greater    amount     of     air-filled    pores 
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available to air transport by convection 
(Figure 6). The latter, however, was not 
observed by dBd(0.8) since no significant 
relationship  was   found    (p > 0.1).  The 
structured and disturbed soil presented 
remarkable differences: while the first  
group of samples is located above the 1:1 
lines, the second   are below this line. The 
 
 

parameters M, N and the blocked porosity 
(Table 2) tend to decrease with the 
increment of bulk density from dBd(0.9) to 
dBd(1.1). The structured soil presented the 
lowest values of N and εb. Finally, Figure 
7 shows that the disturbed soil had less 
pore continuity than the structured soil (p 
≤ 0.05).  
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Figure 3. Shrinkage curves for the disturbed (dBd(0.8-1.1)) and undisturbed soil (sBd(1.05)). 
Bars indicate ± 1 standard error (n = 7). 
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Figure 4. Coefficient of linear extensibility (COLE) as a function of soil bulk density. 
Bars indicate ± 1 standard error (n = 7). 
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Figure 5. Air permeability (ka) as a function of the bulk density of the disturbed soil for 
different water tensions. The white points correspond to the structured soil. Bars 
indicate ± 1 standard error (n = 7). 
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Figure 6. Air permeability (ka) as a function of the air-filled porosity (εa) for the 
disturbed (dBd(0.8-1.1)) and undisturbed soil (sBd(1.05)).  
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Table 2. Regression parameters and blocked porosities derived from equations 4 [log 
(ka) = log (M) + N log (εa)] and 5 [εb = 10(-log M)/N].  
 

Treatments log M N R2 εb 

[-] ------------------------------[-]--------------------------------  [Vol. %] 

dBd(0.8)  3.19 0.74 0.05 0.005 

dBd(0.9)  4.08 ac 3.36 a 0.80* 6.11 a 

dBd(1.0) 3.69 a 2.95 a 0.81* 5.61 a 

dBd(1.1) 2.62 c 1.35 b 0.89* 1.14 b 

sBd(1.05) 3.45 b 0.68 c 0.60* 0.001 c 
 

p ≤ 0.01.  
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Figure 7. Pore continuity index K1 for the different treatments. Different letters indicate 
significant differences between treatments. Bars indicate ± 1 standard error (n = 7). 
 

 
DISCUSSION  
 
 
The role of soil structure on pore 
volume and their stability  
 

Tillage activities induced a destruction of 
the    soil   structure    which    may    have  
 

 
resulted, depending on the type of tillage, 
in a complete homogenization of the soil. 
The bulk density reached after tillage 
depends on the soil texture, the amount of 
organic matter, the water content and the 
pressure on the soil (Horn et al., 1994). 
Considering  that  the  studied  soil  is  the 
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same, the observed differences between 
the homogenized and structured material 
can be ascribed to: i) aggregate 
destruction during sieving (like after 
tillage) and subsequent compaction 
(dBd(0.8-1.1)) y ii) structure formation due 
to biological activity (e.g. roots and 
earthworms) and to the occurrence of 
wetting and drying cycles (eBd(1.05)), as 
discussed by Horn and Smucker (2005). 
In these terms, Moret and Arrúe (2004) 
studied the hydraulic properties of a 
Xerollic Calciorthid before and after 
tillage and concluded that these properties 
change temporarily due to tillage 
activities (bulk density decreases and 
hydraulic conductivity increases) and 
natural consolidation of the soil (bulk 
density increases and hydraulic 
conductivity decreases). On the other 
hand, Leiva (2009) analysed the pore-size 
distribution of a homogenized and 
structured Ultisol (the same soil as the 
present study) subjected to wetting and 
drying cycles. He concluded that these 
cycles induced an increment in MP (water 
available for plants) instead of macro 
pores (available for gas transport), mainly 
in the disturbed soil.    
     The changes in bulk density affected 
the soil structure and its dependent 
properties. The water retention curve 
(Figure 1), as a consequence of the 
increasing bulk density, showed changes 
in the slope mainly in the range of macro 
pores (pF 0 – pF 2.5) tending to converge 
in the micro pore range since those pores 
are texture dependent. The soil 
homogenization increased the air 
capacity, which in the case of the studied 
soil is relevant since it normally presents 
a deficient amount of macro pores; 
however, at the same time creates an 
unstable pore system susceptible to be 
deformed after drying (Figure 4; COLE > 
0.06 is considered a great shrinkage 
capacity according to Peng et al., 2007), 
which probably increased the temporal 

variations of the soil structure. On the 
other hand, the soil texture did not change 
with soil compaction, therefore, the 
amount of micro pores should remain 
constant (Kutilek et al., 2006). However, 
some differences were observed (Figure 
2) which has also been assessed by 
Garnier et al. (2004), Hayashi et al. 
(2006) and Dec et al. (2008). They 
mentioned that structured soils may 
present a higher amount of micro pores 
than disturbed (or non-structured) soils as 
a consequence of aggregation. Therefore, 
we have a dynamic pore system 
presenting changes mainly in the macro 
pore range, which has a major impact in 
pore functions as discussed by many 
authors (Fazekas, 2005; Hayashi et al., 
2006; Horn and Smucker, 2005; Horn and 
Fleige, 2009).   

 
Soil structure and pore functions  
 
The effect of soil tillage, compaction and 
resilience should not be evaluated only 
through the changes in the pore-size 
distribution and their stability (Figure 2 
and 4), but also according to the ability of 
the soil pores to conduct water and air 
(Figure 6 and 7). The latter is enhanced 
by the fact that the structured soil, in spite 
of its lower air-filled porosity (only 
comparable to dBd(1.1)), presented the 
second highest air permeability (Figure 5 
and 6) and the maximum pore continuity 
index K1 (Figure 7).  
     Horn and Fleige (2009) presented 
critical values of different soil physical 
properties to verify a damaging subsoil 
compaction concerning crop production. 
The highest bulk density reached in the 
present study (1.1 Mg m-3) did not 
overcome the critical value   (>  1.7 Mg 
m-3) proposed by the mentioned authors, 
however, the air capacity of that treatment 
exceeded the limit (< 8%) showing the 
impact of soil compaction after tillage. On 
the other hand, the structured soil reached 
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restrictive values of air capacity (< 8%), 
however, the air conductivity of these 
pores (0.009 cm s-1) is greater than the 
critical value (0.0012 cm s-1) presented by 
Horn and Fleige (2009). The latter 
highlights the relevance of the 
interconnection and continuity of the pore 
system reached after the soil structure 
formation (Horn and Smucker, 2005), 
which allows the soil to conduct air in 
spite of the high level of water saturation 
(low volume of blocked pores, Table 2). 
In this sense, large values of K1 indicate a 
high level of soil pore organization, which 
allows the soil to conduct air although the 
air-filled pores available to transport by 
convection are low. A high pore 
organization is relevant to conduct water 
to plant roots (Horn and Smucker, 2005) 
but at the same time may induce 
preferential flow in soils (Dörner and 
Horn 2006; Fazekas, 2005).  
     The relevance of a continuous pore 
system has been mentioned by many 
authors (Horn and Smucker, 2005; Dörner 
and Horn, 2006) considering those that 
have studied the temporal variation of soil 
porosity and continuity as a consequence 
of soil management (Osunbitan et al., 
2005), land use (Hu et al., 2009) and 
grazing (Dec et al., 2010). Osunbitan et 
al. (2005) in an Oxic Tropudalf (sandy 
loam) assessed that the bulk density 
increases and hydraulic conductivity 
decreases few weeks after tillage (they 
considered four treatments from No-
Tillage till conventional tillage). 
However, they highlighted that the soil 
that maintains its structure (No-Tillage) 
presented a higher hydraulic conductivity 
as compared to ploughed soils. Finally, 
they concluded that tillage systems with a 
high degree of manipulation of the soil 
break (interrupt) the pore interconnections 
affecting the water movement in the soil. 
On the other hand, Hu et al. (2009) 
mentioned that the benefits of tillage (e.g. 
reduction of bulk density) has a limited 

effect in time since soil structure 
dependent properties present temporal 
variations due to soil management 
(Logsdon and Jaynes, 1996), biological 
activity (Petersen et al., 2008), rainfall 
(Somaratne and Smettem, 1993), soil 
consolidation (Moret and Arrúe, 2007), 
wetting and drying cycles (Bormann and 
Klaassen, 2008) and soil erosion 
(Genereux et al., 2008). The latter 
underlines the importance of a stable and 
functional pore system according to the 
crop requirements, i.e. enough contact 
points to improve the mechanical stability 
of the soil which should not affect the root 
development, but allow, at the same time, 
a sufficient volume of interconnected 
pores to assure the gas exchange, water 
movement and heat transport.  

 
 
 

CONCLUSIONS 
 
 
The destruction of soil structure affects 
the pore functions. As a consequence of a 
reduction of the bulk density, the air 
capacity was improved; however, the pore 
stability was affected as well as its 
continuity. The formation of a stable and 
continuous pore system allowed the soil 
to conduct enough air, although a critical 
volume of air capacity was reached. 
Therefore, along with evaluating the soil’s 
capacity to retain fluids, we conclude that 
it is of great importance to know the soil’s 
ability to conduct water and air.  
     The studied soil presents a great 
shrinkage capacity (COLE > 0.06) which 
decreases as the bulk density increases. 
The structured soil presents a lower 
COLE indicating that the soil structure 
formation plays an important role in pore 
stability allowing a particle arrangement 
that assures the equilibrium between 
phases.  
     The air permeability decreased 
exponentially with the increment of the 
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bulk density of the undisturbed soil 
samples. The structure development 
induced the formation of a continuous 
pore system which allows the soil to 
conduct a large amount of air, even at 
similar bulk densities when disturbed and 
undisturbed soil sample were compared.  
Finally, the highest bulk density reached 
in laboratory conditions did not exceed a 
critical value of subsoil compaction 
concerning crop production. However, 
depending on the bulk density of the soil, 
it is possible to reach critical values of air 
capacity, especially if the pore system is 
not continuous (e.g. as a consequence of 
compaction after tillage).  
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