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Macroporosity of a Typic 
Argiudoll with different cropping 
intensity under no-tillage 
Macroporosidad de un Argiudol Típico bajo siembra directa con diferentes intensidades de cultivo
Macroporosidade de um Argiudol Típico sujeito a plantio direto com diferentes intensidades de 
cultivo

ABSTRACT

Soil macropores are dominant pathways of water flow and their impact on hydraulic properties 
is directly related to their geometrical and topological characteristics. A number of field and 
micromorphological analysis have shown that agriculture management under no-tillage promotes the 
development of a microstructure characterized by platy aggregates and horizontal planes in the topsoil, 
together with a densification at a subjacent layer, thus raising questions about physical properties and 
water dynamics under this system of cultivation. Moreover, scarce information is available about the 
evolution of pore architecture and physical parameters in soils under no-till with different cropping 
intensity. The objective of this work was to evaluate soil porosity in a silty loam A horizon of a Typic 
Argiudoll (Monte Buey series) of northern Pampa Region (Argentina) under two no-tilled contrasting 
managements: Good Agricultural Practices (GAP) –highly intensified cropping sequence including 
corn and wheat in addition to soybean-, Poor Agricultural Practices (PAP) -simplified crop sequence, 
with predominance of soybean- and a Natural Environment (NE) as reference. Topsoil porosity was 
assessed by micromorphology, micromorphometry and water retention curves approach, and the 
values obtained were related to some physical and chemical variables. Results of the morphological 
analysis revealed important differences between both agricultural treatments. In the surface layer in 
GAP, platy aggregates are thick and result from the cohesion of rounded microaggregates of biological 
origin; in PAP they are thin and dense, resulting mostly from compaction of individual soil particles 
and small microaggregates. A soil densification is evident in both agricultural treatments at 5-10 cm  
depth, although the morphology and size of aggregates and pores also differ between them. 
Micromorphometric analyses have shown differences in total macroporosity as well as in the size, 
morphology and orientation of macropores between both treatments. Macroporosity values obtained 
by digital methods were coincidently reflected by the pressure plate method. Porosity variables 
measured by digital analysis, in particular elongated pores and pore orientation, appear more sensitive 
than other soil properties (total carbon, aggregate stability, bulk density) in discriminating treatments. 
Although no-till cultivation led to the formation of platy microstructures and a decrease of soil 
porosity compared to NE, both agricultural treatments presented optimal values of Ks and water 
movement was not impaired. As expected, all morphological and analytical soil variables were better 
in the NE treatment. In addition, it was interesting to verify that the values of several parameters 
were close or similar between GAP and NE. Even when more intensified crop sequence (GAP) 
increases machinery traffic, morphological, physical and chemical soil properties were here improved 
compared to PAP. In this case, the higher proportion of different graminea into the agricultural cycle, 
besides its effect on the development of root biopores, seems to promote a higher fauna activity which 
effectively counteracts the vertical mechanical compression produced by traffic. These results suggest 
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that, in addition to the known benefits of non-tillage on soil conservation, the improvement of various 
soil properties could be achieved by integrating this method of cultivation with suitable agricultural 
managements.

RESUMEN
 
Los macroporos del suelo son vías preferenciales del flujo de agua y su impacto sobre las propiedades hidráulicas está 
directamente relacionado con sus características geométricas y topológicas. Numerosos análisis micromorfológicos 
y de campo han demostrado que manejos agrícolas bajo siembra directa (SD) promueven el desarrollo de una 
microestructura caracterizada por agregados laminares y poros planares en el estrato superior del suelo, asociado 
a una densificación en el estrato subyacente, planteando, de esta forma, incertidumbres sobre la dinámica de las 
propiedades físicas y la dinámica del agua bajo este sistema de cultivo. Además, es escasa la información sobre la 
evolución de la arquitectura poral asociada a parámetros físicos en suelos bajo SD con diferentes manejos agrícolas. 
El objetivo de este trabajo fue evaluar la porosidad del suelo en el horizonte A franco limoso de un Argiudol Típico 
(serie Monte Buey) de la región norte de la Pampa (Argentina) bajo dos intensidades de cultivo contrastantes 
bajo SD: Buenas Prácticas Agrícolas (BPA) – secuencia altamente intensificada incluyendo los cultivos de maíz y 
trigo además de la soja-, Malas Prácticas Agrícolas (MPA) –secuencia de cultivos simplificada con predominio de 
soja- y un Ambiente Natural (AN) como referencia. La porosidad del estrato superficial fue evaluada mediante 
análisis micromorfológicos, micromorfométricos y a partir de la determinación de curvas de retención hídrica. 
Además se evaluaron diversas variables hidrofísicas. Los resultados del análisis morfológico revelaron diferencias 
importantes entre ambos tratamientos agrícolas. En el estrato superior de BPA, los agregados laminares son de gran 
tamaño y resultan de la cohesión de microagregados redondeados de origen biológico; en MPA son de menor tamaño, 
densos, resultantes principalmente de la compactación de partículas individuales y pequeños microagregados. En el 
estrato 5-10 cm, la densificación del suelo es evidente en ambos tratamientos agrícolas, si bien la morfología y el 
tamaño de los agregados y poros difieren entre ellos. Los análisis micromorfométricos mostraron diferencias en la 
macroporosidad total, así como en el tamaño, morfología y orientación de los macroporos entre ambos tratamientos 
agrícolas. Los valores de macroporosidad obtenidos por métodos digitales fueron coincidentes con el método de 
curvas de retención hídrica. Además, las variables de porosidad determinada por análisis digitales, en particular 
los poros alargados y la orientación de dichos poros, parecen más sensibles que otras propiedades del suelo (carbono 
total, estabilidad del agregado, densidad aparente) para discriminar los tratamientos. Aunque la SD dio lugar a 
la formación de microestructuras laminares y una disminución de la porosidad del suelo en comparación con el AN, 
ambos tratamientos agrícolas presentaron valores óptimos de Ks, no afectando el movimiento del agua. Como era 
de esperar, todas las variables morfológicas y analíticas del suelo fueron mejores en el Ambiente Natural. Además, 
fue interesante verificar que los valores de varios parámetros fueran cercanos o similares entre BPA y AN. Incluso 
cuando la secuencia de cultivo más intensificada (BPA) aumenta el tráfico de maquinaria, varias propiedades 
morfológicas, físicas y químicas del suelo se ven favorecidas. En este caso, la mayor proporción de gramíneas en el 
ciclo agrícola, además de su efecto sobre el desarrollo de bioporos radiculares, parece promover una mayor actividad de 
la fauna, la cual contrarresta eficazmente la compresión mecánica vertical producida por el tráfico. Estos resultados 
sugieren que, además de los beneficios conocidos de la SD en la conservación del suelo, es posible la mejora de varias 
propiedades edáficas asociando este sistema de cultivo con manejos agrícolas adecuados.

RESUMO
 
Os macroporos do solo são vias preferenciais para o escoamento da água e o seu impacto nas propriedades 
hidráulicas está diretamente relacionado com as suas características geométricas e topológicas. Uma série de análises 
micromorfológicas e de campo mostraram que a gestão agrícola em plantio direto (PD) promove o desenvolvimento 
de uma microestrutura caracterizada por agregados laminares e poros planares na camada superior do solo associada 
a uma densificação na camada subjacente, levantando assim questões sobre as propriedades físicas do solo e a 
dinâmica da água sob este sistema de cultivo. Além disso, é escassa a informação disponível sobre a evolução da 
arquitetura dos poros e dos parâmetros físicos em solos sob PD com diferentes intensidades de cultivo. O objetivo 
deste trabalho foi o de avaliar a porosidade do solo no horizonte A franco siltoso de um Argiudol Típico (série 
Monte Buey) da região norte da Pampa Argentina submetido a intensidades de cultivo contrastantes em PD: Boas 
Práticas Agrícolas (BPA) – sequência altamente intensificada incluindo cultura de milho e trigo além da soja-, Más 
Práticas Agrícolas (MPA) – sequência de culturas simplificada com predomínio de soja e um ambiente natural (AN) 
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como referência. A porosidade da camada superficial do solo foi avaliada através de análises micromorfológicas, 
micromorfométricas e pela determinação de curvas de retenção de água. Os dados obtidos foram correlacionados com 
algumas variáveis físicas e químicas do solo. Os resultados da análise morfológica indicaram diferenças importantes 
entre os dois tratamentos. Na camada superficial de BPA, os agregados laminares são espessos a resultam da 
coesão de microagregados arredondados de origem biológica; em MPA aqueles agregados são finos e densos, e são 
principalmente resultantes da compactação de partículas individuais do solo e pequenos microagregados. Na camada 
de 5-10 cm é evidente a densificação do solo em ambos os tratamentos agrícolas, embora a morfologia e a dimensão 
dos agregados e dos poros sejam diferentes. As análises micromorfométricas mostram diferenças na macroporosidade 
total assim como no tamanho, morfologia e orientação dos macroporos entre ambos os tratamentos. Os valores da 
macroporosidade obtidos por métodos digitais eram coincidentes com os obtidos pelas curvas de retenção hídrica. As 
variáveis da porosidade determinada por análise digital, em particular dos poros alongados e da sua orientação 
parecem mais sensíveis do que outras propriedades do solo (carbono total, estabilidade dos agregados, densidade 
aparente) para discriminar os tratamentos. Embora a SD desse lugar à formação de microestruturas laminares e a 
uma diminuição da porosidade do solo quando comparada com AN, ambos os tratamentos agrícolas apresentaram 
valores ótimos de Ks que não afetaram o movimento da água. Tal como esperado, todas as variáveis morfológicas 
e analíticas do solo foram melhores no Ambiente Natural. Além disso, foi interessante verificar que os valores dos 
vários parâmetros eram próximos ou semelhantes entre BPA e AN. Mesmo quando a sequência de cultivo mais 
intensa (BPA) aumentou o tráfego de maquinaria, várias propriedades morfológicas, físicas e químicas do solo 
foram melhoradas comparativamente a MPA. A maior proporção de diferentes gramíneas no ciclo agrícola, além 
do seu efeito no desenvolvimento de bioporos radiculares, parece promover uma elevada atividade da fauna, a qual 
contraria eficazmente a compressão mecânica vertical produzida pelo tráfego. Estes resultados sugerem que, para 
além dos benefícios conhecidos da SD na conservação do solo, poderá obter-se uma melhoria de várias propriedades 
do solo associando este sistema de cultivo com práticas de gestão agrícola adequadas.

1. Introduction

Soil porosity is a key feature determining soil quality. Particularly, macropores are 
dominant pathways of water flow and several studies highlight the fact that their impact on 
hydraulic properties is directly related to their geometrical and topological characteristics 
(Vandenbygaard et al. 1999; Pagliai et al. 2004; Rasa et al. 2012). Elongated pores are 
of particular agronomic interest since various studies indicate that the larger categories of 
this pore type and their number correlate positively with the movement of air and water in 
the soil (Pagliai et al. 2003; Castiglioni et al. 2007), while in turn they are the most affected 
by agricultural management (Pachespky et al. 1996; Fernández et al. 2012; Rasa et al. 
2012). Thus, changes in pore number, pore size distribution and pore shape pattern as a 
consequence of cultivation have been used to assess changes in hydraulic conductivity 
(Kutílek 2004; Morrás et al. 2008; Pires et al. 2017), effects of machinery compaction 
(Pagliai et al. 1984; Vandenbygaard et al. 1999; Álvarez et al. 2014), influence of cattle 
grazing (Fernández et al. 2012; Rasa et al. 2012) and earthworm activity (Vandenbygaart 
et al. 2000).

Changes in soil use and agricultural practices modify soil structure and porosity, frequently 
leading to a decline in soil quality (Reynolds et al. 2002; Bonel et al. 2005; Álvarez et 
al. 2014). Conservation agricultural practices, such as no-tillage (NT) are considered 
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more sustainable than conventional intensive 
practices, because they do not modify the natural 
soil properties as abruptly and deeply, and –
compared to soil ploughing- sometimes improve 
some of them (Derpsch 2002; Kirkegaard and 
Hunt 2010). It has been shown that NT improves 
structural stability (Álvarez and Steinbach 2009; 
Álvarez et al. 2012), increases water storage, 
and reduces soil loss (Derpsch et al. 2010). 
However in Argentina, the widespread use of 
NT is scarcely coupled with crop rotation (Austin 
et al. 2006; Novelli et al. 2011), and a high 
frequency of soybean in the crop sequence is 
often reported (Novelli et al. 2011; Viglizzo et al. 
2011) with associated negative consequences 
for soil carbon content, aggregate stability and 
water infiltration as well as increases in soil 
erosion (Novelli et al. 2011, 2013; Agostini et 
al. 2013; Maggi et al. 2016; Sasal et al. 2006). 
In this system a permanent organic soil cover 
is required to offset some negative aspects of 
no-till farming on soil architecture (Vázquez 
et al. 1989; Bonel et al. 2005), but the scarce 
residue with low C/N ratio of soybean crops 
does not achieve this requirement (Studdert and 
Echeverría 2000).

In fact, contrasting results have been obtained 
concerning the effect of NT on soil porosity 
and compaction. Studies conducted by some 
authors have highlighted that soil density and 
penetration resistance is greater under NT than 
under conventional tillage (Mahboubi et al. 1993; 
Pagliai and De Nobili 1993; Chagas et al. 1994; 
Tebrügge and Düring 1999), often imparing 
water movement through soils. On the contrary, 
Thomas et al. (1996) and Mallory et al. (2011) 
showed lower bulk density values under NT. 

In addition, water entry restrictions in silty soils 
under NT have been reported as consequence 
of the presence of platy structures (Pagliai et 
al. 1983; Ball and Robertson 1994). These 
structures have also been described in field 
evaluations of soils under NT in the Pampas 
region of Argentina (Sasal et al. 2006; Álvarez et 
al. 2014; Lozano 2015; Kraemer et al. 2017) and 
through micromorphological analyses (Morrás et 
al. 2004, 2008, 2012; Bonel et al. 2005; Álvarez 
et al. 2014). Several mechanisms have been 
proposed to explain the common appearance 
of platy structures in non freeze-thaw soils 
under NT: previous compaction of subjacent soil 

layers, soybean monoculture or high soybean 
frequency on the crop sequence (Sasal et al. 
2017a) and machinery traffic (Morrás et al. 2004, 
2012; Álvarez et al. 2014).

Despite the higher bulk density and lower 
total porosity under NT, in many cases water 
infiltration is equal to or higher than systems 
under conventional tillage (Bauder et al. 
1981). This has been attributed to a higher 
aggregate stability leading to more stable and 
interconnected macropores related to a higher 
biological activity (Zacagnini and Calamari 
2001). Also, some authors remark that platy 
structures are not homogenous, varying their 
continuity, thickness and conformation and must 
not be seen as a determinant of soil quality, as 
production yield may not be strongly affected by 
this structure (Cavalieri et al. 2009; Kraemer et 
al. 2017). 

Many other factors may explain these divergent 
results obtained under NT, such as differences 
on soil type, climatic conditions, and crop 
sequences intensification (CI). On this last 
point, and opposite to crop simplification due 
to soybean monoculture, in the Pampas region 
(the main crop area in Argentina), many farmers 
have intensified the crop sequence due to the 
inclusion of two crops per year, such as wheat/
soybean or wheat/late corn (Caviglia and 
Andrade 2010) with different results in terms 
of soil quality. Higher CI have shown increases 
in carbon storage and aggregate stability and 
a reduction in soil erosion (Novelli et al. 2011, 
2013; Agostini et al. 2013;) while in contrast 
Wilson et al. (2010) and Duval et al. (2015) found 
lower soil porosity and higher bulk density with 
increasing CI. Due to these contrasting effects, 
the consequences of CI under NT on edaphic 
properties are still uncertain. Moreover, scarce 
information is available about the evolution 
of pore architecture and physical parameters 
under NT with crop intensification. 

The objective of this work was to evaluate soil 
macroporosity in the A horizon of a silty loam 
Typic Argiudoll (Monte Buey series) of the 
northern Pampa Region (Argentina) under two 
NT treatments contrasting in cropping intensity 
and a Natural Environment (NE) as reference. 
To obtain quali-quantitative integrative data on 
pore sizes and shapes, a micromorphometric 
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study was carried on soil thin sections by 
means of image analyses. Macroporosity was 
also determined by the water retention curve 
approach for comparison purposes, and porosity 
parameters were related to some chemical and 
physical variables.

2. Materials and Methods

2.1. Study site and soil treatments

Soil site and managements were selected by 
scientists and farmers of the BIOSPAS consor-
tium. This interdisciplinary project has the long 
term goal of defining ecological indicators of sus-
tainability under no-till farming (Wall 2011). The 
study site is located in Monte Buey (Córdoba 
province, Argentina; 32º58´14´´S; 62º27´61´´W) 
in a flat area in the limit between the Piedmont 
Pampa and the Rolling Pampa. The soil under 
study is a silty loam Typic Argiudoll (Soil Survey 
Staff 1999), Monte Buey series, with a moder-
ately developed illuvial Bt horizon.

Two agricultural practices were evaluated under 
NT: Good Agricultural Practices (GAP) and Poor 
Agricultural Practices (PAP), both following the 
criteria of the AAPRESID program for Certifica-
tion in Good Agricultural Practices (http://www.
aapresid.org.ar/ac/buenas-practicas-agricolas/) 
and the Good Agricultural Practice guidelines 
developed by FAO (www.fao.org/prods/GAP/in-
dex_en.htm). 

GAP is characterized by intensive crop sequenc-
es (more crops during the year mainly due to the 
inclusion of winter crops), a low soybean crops/
total crops ratio (0.28), high stubble cover, good 
nutrient replacement and optimal use of agro-
chemicals. The index of intensification proposed 
by Caviglia and Andrade (2010) and Sasal et al. 
(2010) (ISI: intensification of the crop sequence 
index) reaches here a value of 0.64. This plot 
has been cultivated 28 years under NT.

PAP is distinguished by a lower crop intensifica-
tion (ISI: 0.49), high soybean crops/total crops 

ratio: 0.75, low nutrient replacement, high use 
of agrochemicals and low yields. The plot has 
been 10 years under NT. It must be noted that 
only GAP could be considered to follow all of 
the NT system assumptions (diverse crop rota-
tion, optimal use of agrochemical, pest control, 
etc.) according to Aapresid criteria and Derpsch 
et al. (2014), whereas PAP only share the non-
soil remotion characteristics of this method of 
cultivation. In addition, results were compared 
with a reference system designated as Natural 
Environment (NE), a natural grassland that had 
not been tilled for at least 30 years, located less 
than 5 km from the sampling area of GAP and 
PAP treatments.

Granulometry data of the A soil horizon for each 
treatment were: NE: 22.6% clay, 60.8% silt; 
GAP: 24.6% clay, 58.1% silt; PAP: 20.2% clay, 
62.3% silt. All treatments presented mild acidity 
(5.9-6.3). Clay fraction is composed mainly by 
illites followed by interestratified illite/smectite, a 
low proportion of kaolinite and accessory min-
erals such as quartz and feldspars (Kraemer et 
al. 2014).  Soil and climate characteristics are 
described in more detail elsewhere (Figuerola et 
al. 2012; Rosa et al. 2014; Kraemer et al. 2017)

2.2. Micromorphology and micromorphometric 
analyses

Undisturbed soil samples were taken in Kubiena 
boxes at 0-5 cm and 5-10 cm for agricultural 
managements (GAP and PAP) and only from 
topsoil for the reference plot (NE). Previous 
works in the same locations have shown 
that the first 15 cm depth in NE have a rather 
homogeneous macrostructure and behaves as 
an isotropic horizon (Kraemer et al. 2017). Soil 
samples were air dried and impregnated under 
vacuum with polyester resin. Polymerization time 
was approximately 8 weeks at room temperature 
including final curing for 1 day at 40 ºC in the oven. 
Oriented soil thin sections (thickness: 30 µm)  
were analyzed by optical microscopy in 
transmitted and cross-polarized light (Leica Wild 
MZ8). Micromorphological descriptions were 
made according to the criteria and terminology 
proposed by Stoops (2003) and its updating in 
Loaiza et al. (2015). 

http://www.aapresid.org.ar/ac/buenas-practicas-agricolas/
http://www.aapresid.org.ar/ac/buenas-practicas-agricolas/
http://www.fao.org/prods/GAP/index_en.htm
http://www.fao.org/prods/GAP/index_en.htm
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Digital images were obtained from each sample 
with a Cannon Powershot S3IS 6MP, coupled 
with Image Capturec software and soil porosity 
parameters were assessed by image analysis 
with the JMicro-Vision v1.2 program (Roduit 
2008). 

Following the procedure described by Pastorelli 
et al. (2013) a portion of each thin section was 
selected, avoiding edges where disruption 
could have occurred. Details on digitalization 
and segmentation procedures can be found 
in Kraemer et al. (2018). After digitalization, 
subsets of the thin section were selected  
(n: 4, 2.25 cm2 each) in order to avoid gray 
tone differences that could lower segmentation 
accuracy. Due to the high proportion of white 
minerals (e.g. quartz, feldspar) in the samples, 
the procedure proposed by Moretti et al. (2012) 
was followed to remove them from the images 
to obtain correct porosity values. Taking into 
account area selection and false pore deletion, a 
segmentation threshold (~150) did not vary more 
than two units. This threshold was supervised in 
each sample by visual inspection and most of 
those thresholds were located near the inflection 
point of the image spectral curve. 

This study focused on the analysis of macropores, 
considered to be those greater than 50 μm 
(Pagliai 1987; Pagliai and Kutilek 2008), as they 
are responsible for the movement of air, water and 
root growth (Greenland 1977; Vandenbygaard et 
al. 1999). The areal porosity (AP) was obtained 
by dividing the total area of the selected cross-
section of the pore space by the total sample 
area and it was expressed as a percentage 
(Pires et al. 2008). Thus, porosity of the image is 
here termed digital macroporosity (DM > 50 µm).  
The size distribution of pores was classified 
according to their equivalent pore diameter 
into seven size classes (50-100, 100-200,  
200-400, 400-800, 800-1000 and > 1000 µm.  
The > 1000 µm class (DM > 1000 µm)  
was particularly considered as this size was 
suggested as a large macropore variable 
(Watson and Luxmoore 1986; Imhoff et al. 
2010). Also, transmission pores (DM 50-500 µm)  
related to water provision to vegetation, were 
additionally quantified (Greenland 1977).

Pore shape was assessed using a shape factor 
[Area/Perimeter2] proposed by Bouma et al. 

(1977), where a factor < 0.015 correspond to 
elongated pores, a factor between 0.015-0.04  
is attributed to irregular pores and a factor > 0.04  
to rounded pores. Pores classified as elongated 
were studied in more detail. Number of elongated 
pores for each size classes was measured 
and two categories of elongated pores were 
established according to their orientation: vertical 
and oblique pores (30º-150º) and subhorizontal 
pores (0-30º/150-180º).

2.3. Physical and chemical characteristics

Samples for bulk density (BD), total porosity, 
macroporosity > 50 µm (PMac > 50 µm), 
macroporosity > 1000 µm (PMac > 1000 µm) and 
for total organic carbon (TOC) were obtained 
at three soil depths (0-5, 5-10 and 10-20 cm) 
adjacent to the undisturbed soils samples used 
for microscopic analyses. BD values (core 
method, Blake and Hartge 1986) were extracted 
from Duval et al. (2013). These results were 
obtained in the same sampling sites and moment 
of the others determinations described here. 
Porosity variables were determined by means 
of the water retention curve approach (depth: 
n = 9, cores 100 cm3) using pressure plates 
(Richards 1948). Data were fitted to the van 
Genuchten (1980) water retention model with 
Mualem restriction m = 1-1/n (Mualem 1986). 
Porosity values were obtained with the fitted 
water retention curves considering the Or and 
Wraith (2000) equation. Total organic carbon 
was measured by the dry combustion method 
using a LECO (LECO, St. Joseph, MI, USA).

Aggregate stability (AS) was determined 
according to Le Bissonnais (1996). Data were 
obtained from Rosa et al. (2014). In this study 
only the mean of the three tests proposed was 
used (MWDmean). To determine this variable, 
undisturbed soil cores (1500 cm3) were taken 
from the topsoil (0 to 15 cm) (12 samples for 
each treatment). Finally, saturated hydraulic 
conductivity (Ks) was measured in undisturbed 
soil samples (9 cores per treatment, 135 cm3) 
collected at 0-5 cm by using the falling-head 
technique (Klute and Dirsken 1986). Reynolds 
et al. (2008) and Castellini et al. (2013) consider 
optimal values of Ks, those ranging between 
43.2-432 cm d-1.
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2.4. Statistical analyses

To determine the significance of treatments on 
porosity variables (both methods) and physical 
and chemical soil variables, ANOVA models 
coupled with LSD (Fisher) was applied with the 
statistical package InfoStat version 2012 (Di 
Rienzo et al. 2012). All variables except for PMac 
(> 1000 µm) attained normality (Shapiro Wilkis, 
P < 0.05). This variable was Log10 transformed 
and presented in their original units in Table 4.  
Linear regression was performed between  
DM > 50 µm and total porosity and PMac > 50 µm  
(Snedecor and Cochran 1980). Associations 
between selected physical and chemical 
soil variables (TOC, BD, PMac > 1000 µm, 
AS and Ks) and image analyses variables  
(DM > 50 µm, DM > 1000 µm elongated 
and rounded pores, transmission pores  
(DM 50-500 µm), and elongated pore orientation: 
> 400µm vertical+oblique (O.V) or horizontal (H) 
and < 400 µm vertical+oblique or horizontal) 
were assessed by principal component analysis 
(PCA) performed on the correlation matrix 
(Balzarini et al. 2008).

3. Results

3.1. Micromorphological description

Representative microstructural features of the 
three different soil treatments at two soil depths 
are shown in Figure 1, and some morphological 
details are presented at higher magnification in 
Figure 2.

In all the treatments evaluated in this silty loam 
Argiudoll, the groundmass of the A horizon have 
a c/f 2 µm ratio about 80/20, the c/f related 
distribution is single spaced porphyric, and the 
b-fabric is undifferentiated. The coarse fraction is 
composed mainly of quartz, feldspars and micas, 
a low proportion of volcanic glass, and some 
phytolites. It has a random basic distribution 
with grains sizes around 50 µm. A difference is 
observed in the colour of the groundmass: it is 
brown in the GAP and PAP treatments, while it 

is dark-brown in the NE treatment reflecting its 
higher humus content. Plant residues are also 
more abundant in this treatment.

Concerning the microstructure, in the NE 
treatment the dominant aggregates are 
subangular blocks (Figures 1a, b, c) and some 
wavy irregular plates (Figure 1b), all of which are 
highly porous. Abundant excrements fill channels 
(Figures 1a and 2a) or they form irregular groups 
in the groudmass (Figures 1b, c). In some areas, 
small crumbs and granules clearly related to a 
coalescence of excrements are frequent. Most 
of the excrements are small, with a mean size of 
about 400 µm (Figure 2a). The dominant voids 
are subhorizontal planes and compound packing 
voids between aggregates, while in the interior 
of blocks and plates there are small vughs, also 
frequently resulting from the coalescence and 
welding of excrements. Thus, the microstructure 
of the A horizon in NE varies over short distances 
between subangular blocky and crumb types. 

In GAP and PAP treatments the microstructure 
differs noticeably between both sampling 
depths. In GAP at 0-5 cm depth, the structure 
is composed by rounded dense aggregates 
(granules) of about 2-3 mm in size (Figure 1d), 
which in turn coalesce to build up wavy plates 
(Figure 1e) and subangular blocks, in general 
highly separated (Figure 1f). The ¨primary¨ 
spheroidal peds seems to be excrements from 
Lumbricidae (Figure 2b). The dominant voids 
are compound packing voids (Figure 1d) and 
large planes, many of them having a horizontal-
subhorizontal orientation; the walls of planes are 
unaccommodated to partially accommodated 
and their surfaces are undulating to rough 
(Figures 1e, f; Figure 2c). The microstructure at 
this depth level varies between granular (Figure 
1d), platy (Figure 1e) and subangular blocky 
(Figure 1f). 

In this same treatment at 5-10 cm depth, the 
aggregates are subangular blocks, bigger (about 
4 mm in size) than in the surface level, but 
moderately or weakly separated (Figures 1g, h, i).  
The most frequent voids are vughs, commonly 
with a star shaped morphology (Figure 1i), and 
planes, which are mostly subvertical (Figure 
1g). The structure at microscopic level should 
be described as vughy, and it appears as to 
be the result of a densification of the ¨primary¨ 
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Figure 1. Micrographs of soil thin sections from the A horizon of different treatments in Monte Buey series. NE: Natural 
environment (0-5 cm). GAP: Good agricultural practices and PAP: Poor agricultural practices (0-5; 5-10 cm). Topsoil field 

structure in the reference treatment (NE) was homogeneous between 0-20 cm (Kraemer el al. 2017) and thus only 0-5 cm depth 
was sampled. 
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big granules, less individualized than in the 
previously described surface level. 

In the PAP treatment, at 0-5 cm the soil particles 
are arranged in thin, moderately separated, 
partially to well-accommodated horizontal 
plates (Figures 1j, k, l). These small plates are 
commonly arranged in secondary thicker plates, 
separated by somewhat thicker voids (Figure 
1j). The dominant voids are horizontal wavy thin 
planes; their walls are partially accommodated 
and undulating. In some sectors the groundmass 
looks denser, and the porosity is composed by 
small vughs (Figure 1k). Few channels with 
excrement infillings and compound packing 
voids are observed in other areas (Figure 1l). 

The microstructure at this soil level is classified 
as platy.

At 5-10 cm depth of PAP treatment the aggre-
gates are big subangular blocks, moderately 
separated. Some planar voids related to the 
walls of these peds are visualized at this level 
of observation (Figure 1n). Nevertheless the 
dominant pores are small vughs, around 60 µm 
in size, in the interior of peds (Figures 1m, n, o). 
In several areas, the abundant vughs –many of 
them starshaped (Figure 2d) – result from the 
coalescence by compaction of small spheroidal 
microaggregates (excrements). The microstruc-
ture at this soil depth is classified as vughy.

Figure 2. Selected microstructural features from micrographs in Figure 1, at higher magnification; a) (NE, 0-5 cm): tubular pores 
with excrement infillings; b) (GAP, 0-5 cm): welded big excrements; c) (GAP, 0-5 cm): horizontal plane; the walls are partially 

accommodated and rather rough; d) (PAP, 5-10 cm): small coalescent excrements and rounded, irregular and starshaped small 
vughs in a densified groundmass.

3.2. Pore micromorphometry 

Results on selected porosity size variables and 
on pore shapes (measured as pore area in both 
cases) are presented in Table 1. NE and GAP 
presented similar trends showing statistical 
differences with PAP (P < 0.05). DM > 50 µm, 
DM > 1000 µm and elongated pores were 
higher in NE and GAP than in PAP. For those 

both treatments, DM > 50 µm was dominated 
by elongated shapes (72% and 65%, for NE 
and GAP, respectively) while rounded and 
irregular pores contributed in low proportion to 
macroporosity.

Conversely, PAP treatment showed a 
significantly higher rounded and irregular pore 
area compared to NE and GAP; thus, in PAP 
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Table 1. Digital macroporosity (measured as pore area). Total macroporosity (DM > 50 µm), large macroposity (> 1000 µm), 
transmission pores (DM 50-500 µm) and pore shape for different treatments: natural environment (NE); good agricultural 

practices (GAP) and poor agricultural practices (PAP) at two sampling depths for the agricultural managements (0-5 cm and 
5-10 cm). Results are average of five thin sections. Standard deviations are displayed between brackets. Different lowercase 

letters indicates statistical significances (LSD, P < 0.05)

Treatment Depth 
(cm) Pore size (%)

Pore shape (%)

Absolute Relative

DM > 50 µm DM > 1000 µm DM 50-500 µm Rounded (R) Irregular (I) Elongated (E) R I E

NE 0-5 13.0 (4.7) A 6.3 (3.8) A 5.3 (0.4) b 1.6 (0.2) c 2.1 (0.6) A 9.3 (4.2) A 12.3 16.1 71.5

GAP
0-5 13.9 (3.2)

A
8.3 (3.0)

A
4.4 (1.0) b 1.4 (0.2) c 2.2 (0.3)

A
10.4 (2.9)

A
10.0 15.7 74.3

5-10 9.6 (2.5) 4.1 (3.3) 4.4 (0.7) b 1.7 (0.2) c 2.6 (0.9) 5.3 (3.4) 17.7 27.1 55.2

PAP
0-5 8.8 (2.1)

B
1.3 (1.0)

B
6.6 (0.8) a 3.0 (0.3) a 3.4 (0.5)

B
2.3 (2.1)

B
34.5 39.1 26.4

5-10 8.2 (1.7) 2.2 (1.5) 4.9 (0.6) b 2.2 (0.3) b 2.7 (0.1) 3.2 (1.7) 27.2 33.3 39.5

the three different pore shapes are in relatively 
equivalent proportions. It is to be noted that, 
according to these quantitative results, PAP 
at 0-5 cm depth have the lowest proportion of 
elongated pores among the samples analyzed, 
which seems not to fit exactly with its qualitative 
evaluation. Transmission pores (DM 50-500 µm)  
presented the lowest statistical significance  
(P = 0.04) and no differences were found 
between treatments, though a slightly higher 
value appear at PAP (0-5 cm).

As elongated pores presented a major 
contribution to DM > 50 µm and due to its 
agronomical significance, other features of 
this pore shape were further analyzed. Thus, 
frequency and orientation of elongated pores 
were related to their size (Tables 2 and 3). 

Total elongated pore counts were higher in GAP, 
followed by PAP and NE (Table 2). In general, 
frequency of elongated pores was related to 
medium to large pore classes. On the contrary, 

rounded pores were found mostly in small pore 
sizes (data not shown). Almost all elongated 
pores in NE measure between 100-800 µm 
with only a few pores located in larger pore size 
ranges. For the agricultural treatments, pore 
frequency distribution shifted to larger pore 
sizes. In GAP, a slightly higher proportion of the 
elongated pores belong to the 1000-3000 µm  
class, whereas elongated pores in PAP treatment 
were more uniformely distributed from 400-3000 
µm (Table 2).

For all treatments, most of the total elongated 
porosity, for horizontal, vertical and oblique 
pores, was found in the 400-800 µm and 
1000-3000 µm classes (Table 3). In NE, larger 
elongated pores (1000-3000 µm) are slightly 
more frequently found within vertical and oblique 
orientations (Table 3). On the contrary, in GAP 
and PAP, most of the elongated pores were 
horizontally oriented and within the larger size 
category (1000-3000 µm) (70.8% for GAP and 
64.3% for PAP). However abundance of this 

Table 2. Digital macroporosity of elongated pore frequency according pore shape size classes (for GAP 
and PAP, results correspond to 0-12 cm soil depth). NE: natural environment; GAP: good agricultural 

practices; PAP: poor agricultural practices

Pore  
frequency

Elongated pore size (µm)

50-100 100-200 200-400 400-800 800-1000 1000-3000 Total 

NE 0 15 25 14 3 5 62

GAP 0 5 21 30 31 35 121

PAP 0 5 15 21 22 23 87



SJSS. SPANISH JOURNAL OF SOIL SCIENCE           YEAR 2018           VOLUME 8           ISSUE 2

224

[ BEHRENDS KRAEMER F. & MORRÁS H. J. M. ]

pore shape between agricultural treatments 
differs according to the sampling depth. Most 
of horizontal pores were found at 0-5cm in GAP 
and at 5-10 µm in PAP. For other pores sizes 
this trend is opposite (Table 3). Larger pores  
(> 800 µm) clearly constitute a higher part of 
total porosity in GAP compared to PAP, while for 
smaller sizes it depends on the depth considered. 

From this analysis, the results showed that 
horizontal pores are within the larger sizes while 
vertical and oblique elongated pores tends to 
be distributed more homogeneously among 
different sizes but differs according treatment 
and sampling depth.

3.3. Physical and chemical variables

The results obtained from the measurement of 
OC, BD and soil porosity by conventional indirect 
methods were valuable to differentiate the three 
treatments compared, and confirm the impact 
of different NT managements on soil properties. 
Data obtained from these analyses are shown 
in Table 4. 

Total porosity and macroporosity (> 1000 µm) 
presented an interaction between treatment 
and depth (P < 0.05), macroporosity (> 50 µm) 
was affected by treatment and depth factor  
(P < 0.001), whereas BD and TOC were only 
affected by the treatment factor (P < 0.001).

TOC followed the trend NE > GAP > PAP with 
significant difference between NE and PAP 
(Table 4). GAP presented higher bulk density  
(1.34 Mg m-3) than NE and PAP treatments  
(1.22, 1.25 Mg m-3, respectively). It must be 
noted that, in both agricultural treatments, and 
particularly in GAP, BD increased at 10-20 cm 
depth. Total porosity showed higher values in 
NE and GAP and lower values in PAP. Only 
slight differences between NE and GAP were 
detected. In both agricultural treatments, total 
porosity decreased with depth, reaching the 
lowest values at 10-20 cm layer. PMac > 50 µm 
showed a clear and significant trend NE > GAP 
> PAP where 0-5 cm layers presented higher 
porosity values respect to deeper layers. Higher 
values of PMac > 1000 µm were also found in the 

Table 3. Digital macroporosity. Absolute and relative pore orientation percentage for elongated pore shape 
according size classes and sampling depth. NE: natural environment; GAP: good agricultural practices; 

PAP: poor agricultural practices (PAP)

Management 
Treatment

Depth 
(cm)

Pore 
orientation

Pore size (µm)

100-200 200-400 400-800 800-1000 1000-3000

Total
(%)

Relative Total Relative Total Relative Total Relative Total Relative 

NE 0-5
Horizontal 0.08 0.90 0.36 4.82 1.04 10.87 0.64 5.44 2.19 29.76

Vertical + 
Oblique 0.12 1.40 0.50 6.22 0.87 7.71 0.58 6.16 2.90 26.72

GAP

0-5
Horizontal 0.02 0.20 0.29 3.18 0.46 4.49 0.12 0.87 5.57 51.46

Vertical + 
Oblique 0.06 0.65 0.46 4.46 1.19 10.95 0.82 10.47 1.41 13.25

5-10
Horizontal 0.02 0.25 0.24 4.09 0.32 5.31 0.12 4.17 1.49 19.39

Vertical + 
Oblique 0.04 0.75 0.45 8.34 0.89 18.92 0.54 9.06 1.21 29.72

PAP

0-5
Horizontal 0.03 1.70 0.13 6.36 0.31 18.93 0.07 2.31 0.66 13.31

Vertical + 
Oblique 0.04 2.32 0.18 11.54 0.32 19.05 0.07 7.96 0.54 16.52

5-10
Horizontal 0.02 0.89 0.09 3.61 0.31 11.56 0.25 5.25 1.96 50.95

Vertical + 
Oblique 0.0115 0.24 0.13 7.49 0.34 17.60 0.00 0.00 0.13 2.42
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upper layer (0-5 cm) of NE and GAP, and in the 
deeper layer (10-20 cm) of the GAP treatment. 
Overall PAP presented the lower PMac > 1000 µm 
values.

Mean aggregate stability measured the by 
Le Bissonnais method at 0-15 cm presented 
significant differences between all treatments 
following NE > GAP > PAP (Figure 3a). Hydraulic 
conductivity was clearly higher in NE compared 
to both agricultural treatments while no statistical 
differences were detected for Ks between GAP 
and PAP (Figure 3b). 

3.4. Association between physical and chemical 
variables and micromorphometric porosity

Principal component analysis (PCA) based on 
mean soil physical and chemical variables and 
micromorphometric variables showed a clear 
grouping of treatments across PC1 (Figure 
4). This axe, which retained 67.7% of the total 
variability, was explained mainly by elongated 
pores, aggregate stability and vertical and 
oblique pores < 400 µm. PC2 retained 24.0% 
of the total variability to reach 92% of the total 
variability in the first two axes. Main variables 
of this axe consisted in OC and BD. As it was 

Table 4. Mean bulk density (BD), total organic carbon (TOC), total porosity and macroporosity (PMac > 50 µm 
and > 1000 µm) of different treatments. NE: natural environment, GAP: good agricultural practices, PAP: poor 

agricultural practices at three depths (0-5, 5-10, 10-20 cm). WRC: Water retention curve. Uppercase letter 
indicates significant differences among management treatments; lowercase case letter indicates significant 

differences among management treatment x depth interaction (LSD, P < 0.05). Standard errors are displayed 
between parenthesis.

Treatment Depth 
(cm)

BD TOC
WRC Porosity

Total porosity PMac > 50 µm PMac > 1000 µm

(g cm-3) (%) (m3 m-3)

NE

0-5 1.00 (0.03)

B

2.22 (0.57)

A

0.66 (0.03) d 0.35 (0.07)

A

0.0516 (0.256) d

5-10 1.32 (0.00) 2.03 (0.46) 0.67 (0.06) d 0.20 (0.04) 0.0076 (0.003) abc

10-20 1.37 (0.01) 1.83 (0.10) 0.54 (0.03) bc 0.12 (0.07) 0.0029 (0.002) a

GAP

0-5 1.29 (0.01)

A

1.44 (0.72)

AB

0.70 (0.07) d 0.22 (0.07)

B

0.0164 (0.009) bcd

5-10 1.52 (0.01) 1.49 (0.18) 0.55 (0.05) c 0.12 (0.03) 0.0065 (0.005) ab

10-20 1.56 (0.00) 1.81 (0.63) 0.44 (0.04) a 0.15 (0.03) 0.0217 (0.015) cd

PAP

0-5 1.19 0.02

B

1.30 (0.90)

B

0.50 (0.08) abc 0.15 (0.08)

C

0.0031 (0.002) a

5-10 1.44 0.02 1.32 (0.41) 0.48 (0.04) ab 0.08 (0.02) 0.0037 (0.001) a

10-20 1.48 0.01 0.94 (0.16) 0.44 (0.01) a 0.09 (0.02) 0.0042 (0.003) a

Figure 3. a) Mean aggregate stability measured by the Le Bissonnais method (1996) and b) saturated hydraulic conductivity 
(Ks) for each treatment. NE: natural environment; GAP: good agricultural practices; PAP: poor agricultural practices at three 

depths (0-5, 5-10, 10-20 cm). Different letters indicate significant differences (LSD, P < 0.05).
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presented in ANOVA analyses (Table 1), different 
pore shapes were related to each agricultural 
treatment (elongated for GAP and rounded for 
PAP). In this sense the discrimination ability of 
DM > 50 µm was lower compared to pores shape 
and orientation (Figure 4). Aggregate stability 
was mainly associated with elongated pores 
in their two size classes (> 400 and < 400 µm)  
and with vertical and oblique orientations. 

BD presented negative correlations with Ks  
(r:-0.77) and TOC (r:-0.86) and positive with 
large horizontal elongated pores (r:0.88). Ks 
present low correlations with digital porosity 
variables but it was grouped with NE treatment. 
PMac > 1000 µm was associated with vertical and 
oblique elongated pores, DM > 50 µm and with 
AS. 

Figure 4. Scores on the first (PCA1) and second axes (PCA2) of the principal component analysis. NE: natural environment; 
GAP: good agricultural practices; PAP: poor agricultural practices. (AS: aggregate stability; BD: bulk density; TOC: total organic 

carbon; Ks: saturated hydraulic conductivity; H: pores horizontally oriented; O.V: pores with oblique and vertical orientation). 
The length of the vectors represents the magnitude of the representation of each variable for each component and the angles 
between the variables indicate the correlation between them. Angles of 90º between two variables indicate that they are not 

correlated. Below both axes principal autovectors are presented in parenthesis.

4. Discussion

Textural and mineralogical differences between 
treatments are low (Kraemer 2015) and fall 
within the variability range of this series, although 
they could have been eventually influenced by 
agricultural management. However the main 
drivers explaining TOC and microstructure 
differences are clearly management variables 

such as cropping intensity, crop diversification 
and years under no-till.

The topsoil microstructure differs remarkably 
between the three treatments compared in 
this study. Although a difference between NE 
and the agricultural treatments was expected, 
differences were also particularly clear between 
GAP and PAP. In both treatments under NT, 
the anisotropy in the upper twelve centimeters 
of the soil was noticeable. The formation of 
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soil structure is the result of the actions and 
interactions of numerous physical, chemical 
and biological factors with intricate feedback 
mechanisms (Six et al. 2004) and therefore 
the evolution of structure and porosity with 
different cropping intensities is quite complex to 
understand.

The results of the two methods used to quantify 
porosity (core samples and thin sections) were 
in concordance and showed the same trend 
between treatments (Tables 1 and 4). This was 
also supported by a reasonable determination 
coefficient (R2: 0.66; P < 0.09) between  
DM > 50 µm and PMac > 50 µm (Figure 5). This 
association was close to the 1:1 line. However, 
macroporosity measured by WRC was 40% 
higher than digital macroporosity. Association 
between DM > 50 µm and total porosity showed 
a determination coefficient of 0.99 (Figure 5). 
However, the 1:1 line was lost as consequence of 
different porosity size ranges accounted by each 
method. As intrinsic soil characteristics (texture, 
mineralogy) and microporosity (< 50 µm) did not 
differ substantially between treatments (Kraemer 
2015), differences in total porosity could be 
related to changes in macroporosity, which 
were coincidently reflected by the pressure 
plate method and micromorphometric analyses. 

Thus, micromorphometry gave sound results 
and allowed the discussion of further porosity 
variables. 

These porosity variables measured by image 
analyses appeared statistically more sensible 
than OC, BD or Ks to evaluate differences 
between treatments (Figure 4). In this sense, 
pore orientation, in particular vertical and oblique 
pores, retained more variability in the PCA 
than DM > 50 µm (Figure 5). Moreover, they 
presented a close association with aggregate 
stability, one of the most sensitive soil properties 
to assess changes in agricultural practices 
(Perfect et al. 1990). These associations could 
be linked to biological agents as plant roots, 
earthworms, bacteria and fungi leading to 
stability improvement by exudates, glomalin, 
ergosterol and organic carbon fractions at 
different scales (Lavelle et al. 2004; Carrizo et 
al. 2015; Duchicela et al. 2013).

In this study, DM > 50 µm and DM > 1000 µm 
showed higher values in NE and GAP compared 
to PAP. According to the criteria proposed by 
Pagliai (1988) for micromorphometric analyses, 
NE and GAP from 0-10 cm are classified as 
moderately porous (macroporosity between 
10-25%) while PAP porosity corresponds to the 

Figure 5. Regression between digital macroporosity > 50 µm and the total porosity and macroporosity > 50 µm.
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compact category (0-10%). Several authors 
have observed a reduction in macroporosity 
under NT compared to natural situations using 
micromorphometric analyses (Pagliai et al. 
1983; VandenBygaart et al. 1999). Concordance 
between NE and GAP could be explained by the 
longterm cultivation under NT in GAP treatment 
(28 years). Recent studies suggest that after 
nearly 15 years, NT plots could overcome 
settling or compaction through the development 
of biological pores, and could present many 
similarities with uncropped soils (Sasal et al. 
2017b). Although DM > 50 µm from GAP was 
similar to NE, differences in pore architectures 
were evident between both situations (Tables 1, 
2, 3; Figures 1, 2).

Elongated pores explained most of the total 
digital macroporosity (DM > 50 µm) and the 
differences between treatments, particularly in 
large pore size classes (Tables 1 and 2), which 
is in accordance with other studies (Pagliai et al. 
1983; Castiglioni and Morrás 2007; Fernández 
et al. 2012; Morrás et al. 2008). As shown in the 
PCA, the proportion of elongated pores (higher 
in NE and GAP) was one of the main variables 
that allowed the discrimination between the three 
treatments (Figure 4). The number of elongated 
pores and their distribution were also different 
between treatments. Pachepsky et al. (1996) 
also found that management practices affected 
the number and the area of large elongated 
pores mainly in large pores. 

Costantini et al. (2006) suggested that in soils 
of vineyards and olive groves, the proportion of 
elongated and irregular pores should be at least 
80% to reach an optimal drainage. In this study, 
NE and GAP presented a proportion of irregular 
and elongated pores higher than that threshold 
(88%, 86% respectively) while PAP presented a 
lower proportion (69%). In the NE treatment, that 
threshold is associated with high proportion of 
vertical and oblique pores, relative low BD, high 
aggregate stability and high Ks. These adequate 
physical variables are in turn related to the high 
OC content and to the abundant biological 
features observed in thin sections (Figures 1, 2) 
which are due to the lack of disturbance and the 
presences of active roots during all year (Räty et 
al. 2010; Novelli et al. 2011). 

Quantification of transmission pores  
(50-500 µm) showed only small differences 
between treatments (Table 1). These findings 
agree with those of Rasa et al. (2012) and 
Pastorelli et al. (2013) that detected no 
differences in this pore size range between 
treatments in Cambisols, including NT, minimum 
tillage, grazing and a natural environment. 
On the contrary, Pagliai and de Nobili (1993) 
found significant differences between minimum 
tillage, ripper subsoiling and conventional deep 
ploughing. It must be noted that in the present 
study and in the works of Pastorelli et al. (2013) 
and Rasa et al. (2012), the treatments studied 
imply a lower disruption energy of soil structure 
compared to ripper subsoiling and conventional 
deep ploughing.

In this study, micromorphological analyses 
provided sound evidence about the role 
and the intensity of biological activity on the 
development of soil structure in the three 
treatments. In NE, abundant features such as 
excrements and channels indicate an intense 
biological activity, thus giving rise to a ¨bio-built¨ 
soil structure (Morrás et al. 2012; Morrás 2014). 
In GAP, the biological activity appears also quite 
intense, though differing from NE; on one hand, 
excrements are mostly bigger than in NE, thus 
suggesting a different fauna; on the other hand, 
they are evidently affected by some compaction 
caused by cultivation. In PAP, fauna activity is 
less intense, tubular infillings are disrupted and 
the small excrements appear mostly compacted.
Optical observations also clearly show that the 
morphology and evolution of aggregates and 
voids differ between the three treatments. In 
NE, some plates, moderately developed and 
internally highly porous are observed at 0-5 cm  
depth. In GAP, platy aggregates are more 
frequent and better developed than in NE, but 
they look dense, resulting from the juxtaposition 
and packing of big granules of biological origin. 
In PAP, the dominance of small plates separated 
by thin planes is notorious, thus forming a 
denser platy microstructure, only slightly 
disturbed by biological activity (Figure 1). These 
results coincide with the usual observation of 
platy structures in different Mollisols under NT 
in the Pampean region (Álvarez et al. 2004; 
2014; Morrás et al. 2004; Lozano 2015; Sasal 
et al. 2017b; Kraemer et al. 2017), though 
in this study their different morphology and 
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development appear related to differences in 
their management. Image analysis confirms 
that GAP presented a few large elongated 
pores with horizontal orientation, mainly in the 
topsoil (0-5 cm), while horizontal pores in PAP 
appear distributed in different pore sizes mostly 
in 5-10 cm layer (Table 3). Nevertheless, it is 
interesting that morphological evaluation of thin 
sections from PAP at 0-5 cm depth suggests 
a dominance of thin plane pores, and thus 
microstructure is qualified as platy (Figures 1j, k, 
l), while micromorphometry shows that this layer 
has the lowest proportion of elongated pores 
among the samples analyzed (Table 2). These 
different results, which would be based on the 
particularities of each procedure (synthetic 
appreciation of relevant morphological units 
in the qualitative visual description and area 
measurements in the digital quantification), are 
indicative of a useful complementation between 
both methods.

Concerning the 5-10 cm layer, a soil densification 
in both agricultural treatments is evident from 
the morphology. Although the microstructure 
should be described as vughy in both cases, the 
morphology and size of aggregates and pores 
differs between them. In GAP, a compaction of 
rounded microaggregates is observed, giving 
rise to rather large vughs and some planes, 
while PAP is characterized by a high number 
of rather small vughs. In this study, GAP and 
PAP presented a BD exceeding the average 
BD for the Pampa region (1.2-1.3 Mg m-3)  
(Álvarez and Steinbach 2009) as well as the 
critical threshold of 1.4 Mg m-3 proposed by 
Jones (1983) for silty soils. The formation of 
platy structures at the upper 0-5 cm layer in GAP 
may be related to this higher densification at a 
deeper layer. Sasal et al. (2017a) have recently 
suggested the formation of platy structures under 
NT as consequence of a previous compaction of 
deeper soil layers (older plough pan). In the GAP 
treatment, and although biological activity and 
several soil parameters are better than in PAP, its 
higher degree of intensification is accompanied 
by an increase in machinery traffic. Thus, in spite 
of the improvement of several soil properties 
produced by this agriculture management, the 
increment of compaction produced by traffic in 
the subsurface would subsequently promote the 
development of plates at the topsoil.

Inversely, the occurrence of platy structures 
in the PAP treatment may be related to the 
simplification of the crop sequences, which 
paradoxically would increase the impact of lower 
traffic intensity. As mentioned by Pittelkow et al. 
(2015), the lack of crop rotations could lead to 
both SOC and productivity losses even under 
NT. Aggregate stability is higly dependent on the 
OM content, while macropore features and water 
flow depend on aggregate stability as it controls 
the risk of structural collapse (Peng et al. 2015). 
In the Pampa region, no-tilled soils with a high 
proportion of soybean in the crop sequences are 
sparsely covered by crop residues, subsurface 
horizons show a poor distribution of root 
systems and the soil experiences long fallow 
periods (Sasal et al. 2017b). In this region, 
Sasal et al. (2009) found the lowest values of 
macropores (> 50 µm) in no-tilled soils with 
soybean monoculture. In our PAP treatment, the 
reduction of the macroporosity (both methods) 
and the higher proportion of horizontal pores 
are also associated with the high soybean/total 
crops ratio (0.71), leading to a low TOC content 
and thus to a lower aggregate stability (Table 4, 
Figure 3). In this study, NE and GAP presented 
highly stable aggregates according to the 
categories proposed by Le Bissonnais (1996) 
while PAP was included in the medium stability 
category (Figure 3). The lower macroporosity 
and aggregate stability values found in PAP 
under NT could thus reflect the inability of silty 
soils to counteract compaction in the absence 
of a high biological activity (Taboada et al. 1998; 
Morrás et al. 2012; Sasal et al. 2017a). 

On the other hand, the higher porosity in NE 
and GAP, mainly in the large pore sizes, and 
the relationship between PMac (> 1000 µm) with 
oblique and vertical pores and AS (Figure 5), also 
suggest the key role of root density on structure 
formation. NE and GAP presented a higher ISI 
index (1, 0.64, respectively) than PAP (0.49), 
indicating the presence of live roots throughout 
the year. This pore size is considered highly 
fragile and therefore the evidence of a positive 
relationship with AS can be considered as an 
indication of the persistance of these pores. 
In addition, Pagliai (1987) indicated that pores 
larger than 500 μm can act on root penetration 
and water movement, especially in soils with fine 
textures as analyzed here.
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Although GAP treatment presented higher 
macroporosity by direct and indirect methods, 
as well higher AS and OC, no differences were 
found in Ks between GAP and PAP. Contrary to 
the reports of Pagliai et al. (2004) and Fox et 
al. (2004), no association was found in this work 
between Ks and elongated pores. According 
to the thresholds proposed by Reynolds et 
al. (2008) and Castellini et al. (2013), all Ks 
measures in both treatments were included into 
the optimal range. This supports the findings 
that in many plots with platy structures water 
movement was not impaired (Cavalieri et al. 
2009; Kraemer 2015). Clearly further research is 
needed to understand cropping intensity effects 
on soil structure features and the influence of 
platy structures on water movement.

Finally, some inconsistences between bulk 
density values and porosity results obtained by 
micromorphometry and the soil water retention 
curve approach should be noted (Tables 1 
and 4). We do not have an explanation for 
these differences. The replication number in all 
methods used here seems to be reasonable. 
In the case of agricultural management, this 
inconsistency may be explained by the influence 
of different type, abundance and location of platy 
structure on bulk density determinations. Thus 
for example, in soils with an abundance of platy 
structures, Sasal et al. (2006) obtained different 
bulk density results according to the orientation 
of sampling cores (vertical versus horizontal).

5. Conclusions

Field and micromorphological analyses have 
shown that agriculture management under 
no-tillage promotes the development of platy 
microstructures in the topsoil, and raised 
questions and studies about physical properties 
and water dynamics under this system of 
cultivation. The microscopic study performed 
here was carried out in the A horizons of two 
contrasting no-till treatments that showed platy 
microstructures in both treatments: a highly 
intensified cropping sequence including corn 

and wheat as well as soybean (GAP) and a 
simplified crop sequence with predominance of 
soybean (PAP). A non-cultivated soil treatment 
(NE) included in this study as a reference 
helped to show the modifications produced 
by soil cultivation under different agricultural 
managements.

Results of the morphological analysis revealed 
important differences between both agricultural 
treatments. In the surface layer in GAP, platy 
aggregates are thick and result from the cohesion 
of rounded microaggregates of biological origin; 
in PAP they are thin and dense, resulting 
mostly from compaction of individual soil 
particles derived from mechanical destruction 
of aggregates during the previous conventional 
tillage management. A soil densification is 
evident in both agricultural treatments at 5-10 cm  
depth, although the morphology and size of 
aggregates and pores also differ between them. 
On the other hand, micromorphometric analyses 
have shown differences in total macroporosity as 
well as in the size, morphology and orientation 
of macropores between both treatments. 
Macroporosity values obtained by digital methods 
were coincidently reflected by the pressure plate 
method. Porosity variables measured by digital 
analysis, in particular elongated pores and pore 
orientation, appear more sensitive than other soil 
properties (total carbon, aggregate stability, bulk 
density) to discriminate treatments. Although 
no-till cultivation led to the formation of platy 
microstructures and a decrease of soil porosity 
compared to NE, both agricultural treatments 
presented optimal values of Ks and water 
movement was not impaired. As expected, all 
morphological and analytical soil variables were 
better in the NE treatment. In addition, it was 
interesting to verify that the values of several 
parameters were close or similar between GAP 
and NE. 

Even when more intensified crop sequences 
(GAP) increase machinery traffic, which has 
been reflected by a higher soil bulk density, 
values of several morphological, physical and 
chemical soil properties were less impaired 
compared to PAP with lower cropping intensity. 
As suggested previously (Morrás et al. 2012), 
the topsoil microstructure under no-till is the 
result of mechanical stresses and biological 
actions that act in opposition to each other. 
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In GAP treatments, the higher proportion of 
graminea in the crop sequence, besides its 
effect on the development of root biopores, 
seems to promote a higher faunal activity that 
effectively counteracts the vertical mechanical 
compression produced by traffic. These results 
suggest that, in addition to the known benefits 
of non-tillage on soil conservation (i.e. erosion 
control, moisture conservation, etc.), the 
improvement of various soil properties could be 
achieved by integrating this method of cultivation 
with suitable agricultural managements.
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