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RESUMEN 

En los suelos, el exceso de acidez lleva asociado deficiencias en ciertos nutrientes 

y una alta disponibilidad de aluminio, tóxico para los cultivos propios del ambiente 

mediterráneo. Su laboreo, provoca la pérdida de  materia orgánica (MO), deteriora su 

estructura y reduce la actividad biológica, provocando en última instancia una menor 

calidad del suelo. Es de esperar pues que cuando se labran suelos ácidos, sus 

problemáticas particulares tiendan a agravarse. 

En nuestra zona de estudio, la “raña” de Cañamero (Extremadura, España), 

predominan los suelos muy ácidos y degradados por un laboreo inadecuado. Las rañas 

constituyen amplias plataformas casi horizontales, con unos suelos muy viejos  

(Palexerults), que se caracterizan por tener el complejo de cambio dominado por el 

aluminio, y un pH ácido que decrece en profundidad. Poseen un potente horizonte Bt 

rico en arcillas caoliníticas, que propicia que en periodos con exceso de lluvia, se generen 

capas colgadas de agua cercanas a la superficie. En torno a los años 1940’s estos suelos, 

que previamente sostenían un alcornocal, o su matorral de sustitución, se pusieron en 

cultivo. El laboreo aceleró la mineralización de la materia orgánica,  agravó los 

problemas derivados del exceso de acidez y condujo al  abandono de los campos 

cultivados por falta de productividad. Para recuperar la calidad de estos suelos 

degradados y obtener unos rendimientos compatibles con su uso agrícola es necesario, 

por un lado, aplicar enmiendas que eleven el pH y reduzcan la toxicidad del aluminio y, 

por otro,  favorecer el incremento en el contenido en  MO. 

En 2005 se implantó en esta raña un ensayo de campo para estudiar la influencia 

del no laboreo y de la utilización de una enmienda cálcica en parámetros relacionados 

con la calidad del suelo en un cultivo forrajero. El diseño experimental fue en parcelas 

divididas con cuatro repeticiones donde el factor principal fue el tipo de laboreo, no 

laboreo (NL) frente a laboreo convencional (LC), y el factor secundario el uso o no de 

una enmienda cálcica. La enmienda consistió básicamente en una mezcla de espuma de 
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azucarería y yeso rojo y se incorporó al comienzo del ensayo hasta los 7 cm de 

profundidad.  

Desde el comienzo del ensayo el NL influyó positivamente en el contenido de 

carbono orgánico total (COT) y particulado (COP), mientras que la enmienda tuvo una 

ligera influencia al principio del ensayo en ambos pero su efecto positivo se desvaneció 

con el paso del tiempo. Los mayores contenidos en COT y POC se observaron cuando se 

combinó el NL con la enmienda. La enmienda incrementó con rapidez el pH, y el Ca, y 

disminuyó el contenido en aluminio hasta una profundidad de 50 cm, incluso en NL, y 

mejoró ligeramente la agregación del suelo. El NL por sí solo, gracias al aumento en POC, 

TOC y las proteínas del suelo relacionadas con la glomalina (PSRG), que son capaces de 

formar compuestos estables no tóxicos con el aluminio, también contribuyó a la 

reducción de la toxicidad de aluminio en la capa más superficial. 

Cuando en las campañas con exceso de precipitaciones se generaron capas 

colgadas de agua próximas a la superficie, el NL generó unas condiciones más favorables 

para la germinación y desarrollo del cultivo, resultando en una producción más alta que 

el LC. A ello contribuyó la mayor capacidad de almacenamiento de agua y la  mayor 

transmisividad de esta hacia abajo, en la capa más superficial (0-5 cm) que propició una 

menor saturación por agua  que el LC.  

Respecto a los parámetros relacionados con la agregación, el NL aumentó los 

macroagregados hasta los 10 cm de profundidad y favoreció la acumulación de CO y N 

en todas las fracciones de tamaño de agregados. Sin embargo, la recuperación del grado 

de macroagregación tras el cese del laboreo resulta lenta en comparación con otros 

suelos, posiblemente debido al bajo contenido en arcilla en el horizonte Ap.  En 

comparación con el NL, la enmienda mostró también un efecto positivo, aunque muy 

ligero, en la agregación del suelo. En contradicción con otros estudios en suelos ácidos, 

nuestros resultados indican la existencia de una jerarquía de agregados, y destacan el  

papel importante de la MO en la mejora de la agregación. 
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Tanto el NL como la enmienda favorecieron por separado varias propiedades 

químicas, físicas y biológicas del suelo, pero, en general, encontramos los mayores 

beneficios con su uso combinado. Además, a largo plazo el efecto positivo de NL en las 

propiedades del suelo fue en aumento, mientras que el efecto beneficioso de la 

enmienda se limitó básicamente a las propiedades químicas y se desvaneció en pocos 

años.  

Destacamos que las condiciones meteorológicas a lo largo del ensayo 

beneficiaron la producción de biomasa en NL, y en consecuencia las propiedades 

relacionadas con la materia orgánica, por lo que son un factor a tener en cuenta a la 

hora de evaluar los efectos de la enmienda y el laboreo sobre las propiedades del suelo, 

especialmente en zonas donde esas condiciones son muy variables entre una campaña 

y otra. 

Los resultados de este estudio han puesto de manifiesto que el NL no ha 

mermado la eficacia de la enmienda caliza, posiblemente gracias a la alta solubilidad de 

la enmienda aplicada, es más,  el manejo con NL y enmienda es el que ha favorecido en 

mayor medida ciertos parámetros de calidad del suelo. Por el contrario el LC sí parece 

anular los beneficios de la enmienda en relación con las propiedades relacionadas con 

la MO.  Por tanto, cabe concluir  que la combinación de NL y la enmienda es una práctica 

adecuada para mejorar las propiedades químicas y físicas de suelos ácidos degradados 

por el laboreo. 
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SUMMARY 

Excessive acidity in soils is associated with deficiencies in certain nutrients and 

high concentrations of available aluminum, which is toxic for most Mediterranean crops. 

Tilling these soils results in the loss of soil organic matter (SOM), damages soil structure 

and reduces biological activity, ultimately degrading soil quality. It is expected, 

therefore, that when acid soils are tilled, their particular problems will tend to get worse. 

In our study area, the "Cañamero’s Raña” (Extremadura, Spain), acid soils 

degraded by an inappropriate tillage prevail. Rañas are large and flat platforms with very 

old soils (Palexerults), which are characterized by an exchange complex dominated by 

aluminum and an acid pH which decreases with depth. These soils have a strong Bt 

horizon rich in kaolinite clays, which encourages the formation of perched water-tables 

near the soil surface during periods of excessive rain. During the first third of the 20th 

century, these soils, that previously supported cork oak or its scrub replacement, were 

cultivated. Tillage accelerated the mineralization of the SOM, aggravating the problems 

of excessive acidity, which finally led to the abandonment of the land due to low 

productivity. To recover the quality of these degraded soils and to obtain consistent 

yields it is necessary, first, to apply amendments to raise the pH and reduce aluminum 

toxicity, and second to encourage the accumulation of SOM. 

In 2005 a field trial was established in the Raña to study the influence of no-tillage 

and the use of a Ca-amendment on soil quality related parameters in a forage crop 

agrosystem. The experimental design was a split-plot with four replicates where the 

main factor was tillage type, no-tillage (NT) versus traditional tillage (TT) and the 

secondary factor was the use or not of a Ca-amendment. The Ca-amendment was a 

mixture of sugar foam and red gypsum that was incorporated into the top 7 cm of the 

soil.  

Since the beginning of the experiment, NT had a positive influence on total and 

particulate organic carbon (TOC and POC, respectively), while the Ca-amendment had a 
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small positive influence at the beginning of the study but its effect diminished with time. 

The highest TOC and POC contents were observed when NT and the Ca-amendment 

were combined.  

The Ca-amendment, even under NT, rapidly increased pH and Ca, and decreased 

the aluminum content to a depth of 50 cm, as well as improving soil aggregation slightly. 

NT,  due to the increased POC, TOC and Glomalin-related soil proteins (GRSP), which can 

form stable non-toxic compounds with aluminum, also contributed to the reduction of 

aluminum toxicity in the upper layer. 

When perched water-tables near the soil surface were formed in campaigns with 

excessive rainfall, NT provided more favorable conditions for germination and crop 

development, resulting in higher yields compared with TT. This was directly related to 

the higher water storage capacity and the greater transmissivity of the water 

downwards from the upper layers, which led to lower water saturation under NT 

compared with TT.  

With regards to the aggregation-related parameters, NT increased 

macroaggregation to a depth of 10 cm and favored the accumulation of OC and N in all 

aggregate size fractions. However, the degree of recovery of macroaggregation after 

tillage ceased was slow compared with other soils, possibly due to the low clay content 

in the Ap horizon. Compared with NT, the Ca-amendment had a slight positive effect on 

soil aggregation. In contrast to other studies in acid soils, our results indicate the 

existence of an aggregate hierarchy, and highlight the important role of SOM in 

improving aggregation. 

Both NT and the Ca-amendment separately favored various chemical, physical 

and biological soil properties, but in general we found the greatest benefits when the 

two treatments were combined. In addition, the positive effect of NT on soil properties 

increased with time, while the beneficial effect of the Ca-amendment, which was limited 

to the chemical properties, vanished after a few years. It is important to note that the 

meteorological conditions throughout the experiment benefited biomass production 
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under NT and, as a consequence, organic matter related properties. This suggests that 

meteorological conditions are a factor to consider when evaluating the effects of Ca-

amendments and tillage on soil properties, especially in areas where such conditions 

vary significantly from one campaign to another. 

The results of this study show that NT did not diminish the effectiveness of the 

Ca-amendment, possibly due to the high solubility of the selected amendment. 

Moreover, the combination of NT and the Ca-amendment was actually the management 

that favored certain soil quality parameters the most. By contrast, TT seemed to nullify 

the benefits of the Ca-amendment with regards to the OM related properties. In 

conclusion, the combination of NT and the application of a Ca-amendment is an 

advisable practice for improving the chemical and physical properties of acid soils 

degraded by tillage. 
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GENERAL INTRODUCTION  

Soil plays a key role in the sustainability of terrestrial ecosystems. It acts as a 

support for the vegetation, and supplies water and nutrients for their development as 

well as large number of microorganisms and animals (Karlen et al., 1994). Within the 

water cycle, soil is a temporary reservoir, besides acting as a filter, protecting the quality 

of the water (Larson and Pierce, 1991). In addition, soil is essential for air quality, 

sometimes acting as a sink or as source of CO2 and suspended particles (Doran and 

Parkin, 1996) and so can play a key role in the sequestration of CO2 and in turn in the 

mitigation of climate change.  

In each climatic zone, soils and vegetation are linked by complex relations that 

tends to an equilibrium that can be maintained for a long time, if climate and conditions 

remain relatively stable. In contrast, the transformation from natural ecosystems to 

agroecosystems has always led to the breakdown of this equilibrium, and in turn soils 

can lose their capacity to maintain some of their ecosystem functions (Karlen et al., 

1997). For a long time farmers and specialists have perceived soil as an unlimited 

resource for constantly increasing production. But the reality is far from this; the 

formation of only 1 cm of soil takes between 100 to 400 years. That means that soil must 

be considered as a non-renewable resource and its preservation is a must to maintain 

balanced ecosystems and to guarantee sustainable and satisfactory food production in 

the coming years.  

In most cases, soil degradation is related to changes in land use or agricultural 

practices. Conventional agriculture is normally based on tillage, which is usually 

performed in order to prepare a suitable seed bed, to decompact the soil and to control 

weeds. In the past, tillage has been associated with increased fertility, originating from 

the mineralization of soil organic matter (SOM), but nowadays it is generally accepted 

that in the long term intensive tillage has led to soil degradation and in turn to a decrease 

in yields (West and Post, 2002; So et al., 2009).  
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Intensive tillage has negative impacts on several physical, chemical and biological 

soil properties. Tillage disrupts soil aggregates, compacts soil, and lowers SOM, 

nutrients, and microbial and faunal activity (Plante and McGill, 2002). The destruction 

of the soil structure by tillage is caused not only by the direct breakdown of soil 

aggregates but also through the depletion of certain aggregation agents such as SOM or 

soil macro- and micro-organisms (Lal, 2007). SOM is probably the most important 

component of soil and it is related to nearly all soil properties and, therefore, plays a 

vital role in many soil functions (Franzluebbers, 2010). The negative impacts of tillage on 

SOM are related to increased mineralization (Reicosky et al., 1995) and to the exposure 

of the SOM that was protected within aggregates (Six et al., 2000). With regards to 

biological properties, tillage has also been found to affect soil microorganisms (Wright 

et al., 1999; Six et al., 2004) and earthworms (Chan, 2001), which can play a role in the 

formation of soil aggregates and plant nutrition (Beare et al., 1997; Edwards, 2004; Rillig 

et al., 2002; Ternan et al., 1996). 

1. Conservation agriculture and soil amelioration 

1.1 Conservation agriculture: origins and principles 

Throughout history, soil degradation as a consequence of intensive tillage has 

affected the ability of societies to produce adequate food supplies. A clear example is 

the Dust Bowl during the 1930s in the steppe area (central-west USA), where an 

extensive deep plowing of the virgin topsoil, originally poor in OM as it corresponded to 

a steppary vegetation, followed by drought episodes resulted in an extremely strong soil 

erosion by the wind. This event caused the loss of the fertile topsoil of more than 

400.000 km2 and drove 60% of the population from the region (Montgomery, 2007). 

Forced by these circumstances, farmers, specialists and governments sought an 

alternative to reverse the process and thus the Soil Conservation Service of the EEUU 

was created in 1935 to encourage research into sustainable soil management to 

substitute tillage-based agriculture.  
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In this context conservation agriculture (CA) was proposed as a sustainable 

alternative to tillage systems for soil management (Hobbs, 2007; Pretty, 2008; Goddard 

et al., 2008; Kassam et al., 2009). Although CA was firstly introduced in the US after the 

great dust bowl, due its benefits in terms of reduced soil erosion, water conservation 

(Dao, 1993; Gantzer and Blake, 1978) and increased productivity (Kassam et al., 2012), 

it rapidly expanded to other countries such as Canada and Brazil. Conservation 

agriculture is a resource-saving agriculture that promotes the natural biological 

processes above and below the ground to build soil health and to improve the 

productive capacity of soils (FAO, 2011; Kassam et al., 2009; 2012). CA aims to achieve 

a sustainable intensification of agriculture with acceptable incomes for the farmers 

while concurrently conserving the environment. To reach these objectives, CA is based 

on three principles (FAO, 2014): 

i) Minimum soil disturbance: only in very specific conditions a disturbance of more than 

25% of the soil surface and never deeper than 15 cm is allowed. That means in the 

practice minimum or no tillage. 

ii) Permanent organic soil cover: at least 30% of the soil must be covered using crop 

residues, organic mulch materials or living crops (including cover crops) in order to 

protect the soil from sun, rain and wind and to feed soil biota.  

iii) Diversification of crop species: using crop rotations in annual crops or plant 

associations in perennial crops. 

 1.2 No tillage as a key practice in Conservation Agriculture 

In general, CA relies on no tillage (NT) as the best practice for arable crops (e.g. 

annual crops) and on ground cover (GC) for perennial crops. NT is a technique in which 

crops are sown preferentially without any or very shallow prior loosening of the soil by 

cultivation. In addition, after harvest, at least 30% of crop residues should remain on the 

soil. 

The major benefits of NT derive from the higher SOM content as a consequence 

of lower mineralization rates and higher accumulation rates of organic materials 
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(Paustian et al., 1997; West and Post, 2002). In this way, increases in a specific fraction 

of the SOM, the particulate organic matter (POM), have been found under NT (Bayer. et 

al, 2000; Wander et al., 1998). POM is closely related to the natural soil fertility (Kapkiyai 

et al, 1999; Salas et al., 2003) and in fact, associated increases in nutrient availability 

(Duiker and Beegle, 2006; Ordóñez Fernández et al., 2007), biological nitrogen, and a 

greater ability to release nitrogen have been found under NT compared with soil under 

TT (Crabtree, 2010; Lafond et al., 2008). However, the relationships between NT and 

nutrient dynamics are still the subject of study because results vary with the amount 

and management of crop residues (Bayer et al, 2002; Imaz et al., 2010; Pikul et al., 2007), 

and with time, climate, soil, and other environmental factors (Soane et al, 2012; West 

and Post, 2002). 

With regards to soil structure, NT has been found to enhance the formation of 

water-stable macroaggregates, while decreasing their turnover rate (Six et al., 1999) not 

only due to the accumulation in the top soil of certain aggregation agents such as organic 

compounds, mychorrizal fungi (Beare et al., 1997) and roots (Da Silva and Mielniczuk, 

1997) but also due to the absence of mechanical breakdown of the aggregates (Paustian 

et al., 2000). This effect is closely related to the reduced release of CO2 to the 

atmosphere found in NT compared with tilled soils (Lal, 2002, 2008; Reicosky, 2008; 

Nelson et al., 2009). The promotion of macroaggregate formation under NT (Six et al., 

2000) favors the stabilization of organic carbon (OC) within the microaggregates (Six et 

al., 2000) which are preferentially formed within the macroaggregates. Inside the 

aggregates, OC is physically protected from enzymatic and microbial processes (Six et al., 

2002a), but changes in land use (John et al., 2005) and management practices, such as 

tillage (Beare et al., 1994, Six et al., 1999) can release the OC that was protected within 

those aggregates. Altogether, this results in a positive balance of OC in the soil, in 

contrast to the negative balance found in most tilled fields (Baig and Gamache, 2009; 

West and Post, 2002), and, therefore, NT has been proposed as a key practice for carbon 

sequestration in the soil (Baker et al., 2007; Franzluebbers, 2005). However, in contrast 

to other soils, the dynamics of the aggregate formation in Ultisols are not well 
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understood, the importance of SOM in aggregation is not clear, and what is more, in this 

type of soils the role of NT in carbon sequestration is not evident.  

Another important aspect of soils and crop production are the soil-water 

relationships. Studies under climates with frequent periods of water deficiency have 

found a better use and efficiency of water due to the improved soil-water relationships 

in NT compared with tilled systems, and as a consequence, greater yields (Arrúe et al., 

2007; Cantero-Martínez and Gabiña, 2004; Diaz Zorita et al., 2004; Hill, 1990; Morell et 

al., 2011). In fact, greater plant-available water capacity, soil moisture (Crabtree, 2010; 

Fernández-Ugalde et al., 2009a) and improved water infiltration (Soane et al., 2012) 

have been found under NT compared with TT soils. However, under similar conditions, 

lower yields have been found under NT compared with tilled soil due to soil compaction 

(López and Arrúe, 1997; Moret and Arrué., 2007). Other studies under moister 

conditions and in poorly drained soils have highlighted important yield loses during 

periods of high rainfall due to soil compaction, delayed crops emergence, disease 

susceptibility and weeds (Hill et al., 1985; Lipiec et al., 2006; Strudley et al., 2008). Up to 

now there is no agreement on the suitability of NT with regards to soil–water 

relationships and results depend on climate, crop and type of soil (Lampurlanés et al., 

2001; Soane et al., 2012). 

Although out of the scope of the present study, there are more advantages of NT 

that should be briefly pointed out. From a farmer’s point of view it is widely recognized 

that NT can offer a number of economic benefits compared with soils managed under 

traditional tillage mainly due to savings in fuel costs by up to 80% (Juste et al., 1981), 

and other labor costs (Tebrugge, 2001). On a global scale, however, the most important 

benefit of CA is the radical reduction of soil erodibility (Tebrugge, 2001), as a result of 

increased water infiltration, decreased runoff (Verhulst et al., 2010) and the protection 

of soils from impacts of raindrops. This is particularly relevant in the Mediterranean 

basin, where soil preparation for seeding frequently occurs in autumn, coinciding with 

strongly erosive and torrential rains. In conventional agricultural systems, soil remains 
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without cover for long periods prior to seeding, thus being very susceptible to erosion. 

As a result, the average soil erosion rates in Europe (over 16t/ha/year) greatly exceed 

the average rate of soil formation (over 1 ton/ha /year) (Troeh and Thompson, 1993). 

By contrast, NT systems have the potential to reduce soil erosion by up to a 90% 

(Tebrügge et al, 1997), representing a key management for the sustainability of these 

soils. 

In spite of the benefits, according to Eurostat (2010), CA is practiced only in 26% 

of arable land in Europe. Spain is the leading country in terms of NT adoption in Europe 

with 10% of the arable land under CA. However, indicators for progress in the future are 

encouraging. According to AEAC/SV (Spanish Conservation Agriculture Association – 

Suelos Vivos), in Spain, CA is practiced to a much larger extent in perennial crops (25.5% 

of total area) compared with arable crops (7.5% of total area), but in both cases, the 

implementation trend is positive and in the next 2–3 years, NT is expected to reach 9% 

and GC 28% of the total area. 

2. Acid soils 

2.1 Distribution and particularities  

 Around 26% of total ice-free land is constrained for crop production by soil 

acidity (pH < 7) (Eswaran et al., 1997) and 12% of arable land is on acidic soils (ph<5.5) 

(Von Uexkull and Mutert, 1995), so globally the management of acid soils deserves 

special attention. In Spain, acid soils represent 40% of soils and they are located mainly 

in the northwest of the peninsula (Viadé, 2005). Acid soils occur predominantly in 

continental areas with i) a humid tropical climate near the Equator ii) a humid 

subtropical climate in the mid-latitudes of eastern borders of continents; iii) a humid 

northern temperate climate. 

Soil acidification is a natural process resulting from intense soil leaching and 

weathering, that results in the loss of bases from the soil solution and exchange 

complex, which are substituted by H+. When the pH is lower than 5.5, the high 
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concentration of H+ in the clay surfaces causes their protonization and, as a 

consequence, the expulsion of Al3+ ions, which are incorporated into the exchange 

complex and soil solution, further intensifying soil acidity. The Al3+ cation forms hidroxi-

aluminium complexes through the following reactions (Bohn et al., 1985; McBride, 

1994): 

Al(H2O)6
 3++ H2O = Al(H2O)5OH2++ H+   log K1 = -4.97  

Al(H2O)5OH2++ H2O = Al(H2O)4(OH)2++ H+  log K2= -4.93  

Al(H2O)4(OH)2++ H2O = Al(H2O)3(OH)3
0(aq) + H+  log K3= -5.70 

Al(H2O)3(OH)3
0(aq) + H2O = Al(H2O)2(OH)4

-+ H+  log K4= -7.40 

In addition, in temperate regions Al3+ is toxic for most crops. Al3+ inhibits root 

development, affecting the capacity of crops for nutrient and water uptake (Fried y 

Peech, 1946; Schmell et al., 1950; Vlamis, 1953), which is especially problematic in acid 

soils due to the low nutrient availability of the soil and the tendency for water stress 

during low rain episodes.  

Al toxicity, which is the most important factor and a major limitation for crop 

production on 67% of the total acid soil area (Eswaran et al., 1997), and Ca2+ deficiency 

are the main constraints for crop production in acid soils (Adams, 1984).  As a result, 

acid soils are associated with poor fertility caused by toxicities of both minerals 

(aluminum and manganese) and nutrient deficiencies (phosphorus, calcium, 

magnesium, and molybdenum) (Sánchez, 1976). In addition, soil acidity could be related 

to a lower microbial activity, which in extreme cases results in lower SOM mineralization 

and a lower availability of N, P and S (Rowell, 1994). 

In natural ecosystems from the regions where acid soils prevail, natural 

vegetation has adapted to these conditions, and in fact rainforests and jungles from the 

tropics produce large amounts of biomass. In these areas the equilibrium between soil 

and vegetation is regulated by the labile or easily degradable SOM. In these ecosystems 

the big old trees extract the nutrients that they require for their development from deep 

horizons, and with time these nutrients are re-incorporated into the soil surface with 
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the SOM, which is humified and mineralized, releasing nutrients for the young plants. In 

these systems it is usual to find a higher pH in the surface horizons that decreases with 

soil depth. However, the removal of the natural vegetation for crop production causes 

the breakdown of this equilibrium with drastic consequences for soil sustainability.  

In acid soils the risk of soil degradation by cultivating with an inappropriate tillage 

management is very high. In cropping systems, the nutrients absorbed by roots are lost 

with the harvest of the crops, which are never replaced, thus worsening the acidification. 

In addition, SOM forms stable complexes and quelates with Al3+ reducing the aluminum 

toxicity, but tillage, through the reduction of SOM, increases Al3+ toxicity (Bartlett y 

Riego, 1972; Hue et al., 1986; Kerven et al., 1991).  

In acid soils it is common to find significant concentrations of other toxic 

compounds such as Mn and deficiencies in essential nutrients such as Ca, Mg, P, or Mo 

(Foy, 1992). 

2.2 Correction of soil acidity 

To ameliorate acid soils the application of lime and gypsum amendments or the 

combination of both (Ca-amendments) are widespread management practices (Oates 

and Kamprath, 1983; Peregrina et al., 2006; Shainberg et al., 1989). 

Lime provides calcium and generates OH- ions that neutralize soil acidity and 

raise the pH. In addition, the OH- ions reacts with the Al3+ from the exchange complex 

previously displaced by the Ca as follows:  

CO3Ca+H2O ⇔ Ca+2 + CO3H-+ OH- 

2Al + 3CO3Ca + 3H2O ⇔ 3Ca + 2Al (OH)3 + 3CO2 

However lime is fairly insoluble, and acts preferentially in the zone of application, 

without having an impact in deeper layers. This is a particularly relevant for its 

application in soils such as Palexerults in which the pH decreases with depth (Soil Survey 

Staff, 2003). To correct aluminum toxicity in deeper horizons the application of gypsum 
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is recommended due to its higher solubility (Reeves and Sumner, 1972), which at the 

same time delivers Ca2+ and favors the formation of non-toxic aluminum forms at the 

expense of toxic forms of aluminum (Kinraide and Parker, 1987).  

2.3 Effects of Ca-amendments on soil properties 

The effects of Ca-amendments on pH, Al toxicity and biomass production have 

been reported by a number of authors (Pavan et al., 1982; Oates and Kamprath, 1983; 

Shainberg et al., 1989; Fageria and Baligar, 2008). In terms of SOM, opposing effects 

have been found for microbial activity and soil aggregation and the effects of Ca-

amendments are still under study. Some authors have found that Ca-amendments 

promote the accumulation of SOM (Haynes and Naidu, 1998), while others have 

suggested that it increases SOM mineralization, due to the promotion of microbial 

activity (Fuentes et al., 2006). Therefore, controversial effects have been found for soil 

aggregation and microbial activity (Chan and Heenan, 1999; Haynes and Swift, 1988; Six 

et al., 2004; Tisdall and Oades, 1982). To remediate this lack of knowledge and to better 

understand these relationships, further research under different conditions is needed.  

3. Application to the soils of The Cañamero’s raña surface 

Our study was conducted in Cañamero (SW Spain), in a Palexerult located on a 

very old and stable platform (raña). Although this area is nowadays under a 

Mediterranean climate, it was generated in the middle Pliocene (Espejo, 1987) and its 

soils were developed under a humid subtropical precuaternary climate that determined 

the mineralogy and most of the morphological properties. These soils are characterized 

by a low pH that decreases with depth, a low content in exchangeable bases and bio-

available P, and an exchange complex dominated by aluminum (Espejo, 1985; 1987 and 

Espejo and Cox, 1992). 

Until 1920s – 30s these soils were not used for agriculture, but after the Spanish 

civil war, famine and the availability of fertilizers urged people to cultivate these virgin 

soils. Natural vegetation (holm oaks and bushes) was cleared and soils were tilled and 
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cultivated. For over 25 years, the application of phosphorites together with tillage 

practices allowed the cultivation of extensive fields of grasses (mainly rye) to feed cattle. 

In the short term, tillage induced the mineralization of the surface SOM and facilitated 

the release of nutrients, but with time the productivity of the soils dropped to very low 

levels resulting in the abandonment of the fields. The abandoned fields turned into poor 

pasture with very sparse patches of legumes that were rapidly invaded by Cistaceae 

(Cistus ladaniferus L., Halimiumoccimoides (Lam) Wilk) and heather (Calluna vulgaris L., 

Erica umbellate L., E. arborea L.).  After some time, a bush stratum dominated by Cistus 

ladaniferus L., and some evolved bushes near cork oaks colonized the area. 

The main constraints of these soils arise from its acidic character and the loss of 

SOM caused by cultivation and tillage. The conversion from native vegetation to 

agricultural land was extremely harmful due to the low buffering and cation-exchange 

capacity and the high Al3+ concentration (Mariscal-Sancho et al., 2009). Another 

particularity of these soils is the tendency to create perched water tables very close to 

the soil surface during periods of high rainfall. Rañas are vast and flat surfaces (The one 

at Cañamero covers 300 km2 with a slope of less than 1%), with soils characterized by 

thick Bt horizons with a very low permeability, located above ancient miocenic clayey-

silty sediments. Rainy episodes frequently coincide with the germination and emergence 

of crops and in contrast to other Mediterranean areas, which are usually affected by 

droughts, farmers have noticed how yields are severely affected in wet years.  

In summary, in our study area, soils suffer from both high acidity and degradation 

by tillage. To restore the quality of these degraded soils and to maintain a sustainable 

agroecosystem it is necessary to introduce soil conservation practices such as no-tillage, 

together with the use of a Ca-amendment to increase SOM content, to raise pH and to 

alleviate Al toxicity
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GENERAL OBJECTIVES  

The general goal was to evaluate whether the implementation of no-tillage 

practices together with the use of a Ca-amendment would be advisable to restore the 

soil quality of the acid soils degraded by tillage under wet Mediterranean conditions.  

The specific objectives of this study were: 

i) To determine the short and medium term effects of these practices 

together and separately on selected soil properties related to physical, 

chemical and biological soil quality, paying special attention to the 

alleviation of the Al3+ toxicity. 

ii) To analyze the suitability of the proposed managements in a soil with a 

low permeability, under a climate where intensive precipitation events 

have been found to cause severe yield loses. 

iii) To contribute to the clarification of the dynamics that govern aggregate 

formation in these soils, and specifically to evaluate the role of SOM in 

the formation of aggregates. 

iv) To evaluate whether the trend followed by the studied soil properties in 

the short and medium term continues in the long term, while considering 

the influence of the meteorological conditions during the experiment. 
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ABSTRACT 

Ca-amendments are routinely applied to improve acid soils, whilst no-tillage (NT) 

has been widely recommended in soils where traditional tillage (TT) has led to losses of 

organic matter. However, the potential interactions between the two treatments are 

only partially known. Our study was conducted on an annual forage crop agrosystem 

with a degraded Palexerult soil located in SW Spain, in order to assess if the combination 

of NT plus a Ca-amendment provides additional benefits to those of their separate use. 

To this end we analysed the effects of four different combinations of tillage and Ca-

amendment on selected key soil properties, focusing on their relationships. The 

experimental design was a split-plot with four replicates. The main factor was tillage (NT 

vs TT) and the second factor was the application or not of a Ca-amendment, consisting 

of a mixture of sugar foam (SF) and red gypsum (RG). Soil samples were collected from 

3 soil layers down to 50 cm after four years of treatment. The use of the Ca-amendment 

improved pH and Al-toxicity down to 25 cm and increased exchangeable Ca2+ down to 

50 cm, even under NT. Both NT and the Ca-amendment had a beneficial effect on total 

organic carbon (TOC), especially on particulate organic carbon (POC), in the 0–5 cm 

layer, with the highest contents observed when both practices were combined. Unlike 

NT, the Ca-amendment failed to improve soil aggregation in spite of the carbon supplied. 

This carbon was not protected within the stable aggregates in the medium term, making 

it more susceptible to mineralization. We suggest that the fraction of Al extracted by 

oxalate from solid phase (AlOxa-Cu-K) and the glomalin-related soil proteins (GRSPs) are 

involved in the accumulation of carbon within water stable aggregates, probably 

through the formation of non-toxic stable Al-MO compounds, including those formed 

with GRSPs. NT alone decreased AlK in the 0–5 cm soil layer, possibly by increasing POC, 

TOC and GRSPs, which were observed to play a role in reducing Al toxicity. From our 

findings, the combination of NT and Ca-amendment appears to be the best management 

practice to improve chemical and physical characteristics of acid soils degraded by 

tillage. 
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1.1. INTRODUCTION 

 Aluminium toxicity and Ca2+ deficiency are the main constraints for crop 

production in acid soils (Adams, 1984). Tillage, on the other hand, has been reported to 

decrease organic matter (OM), thus affecting in turn other parameters related to soil 

quality (Reeves, 1997). The soils studied in our work (old Ultisols in the Cañamero’s raña 

surface, SW of the Iberian Peninsula) suffer from both high acidity and degradation from 

tillage. Restoration of these degraded soils would require the use of a Ca-amendment 

to raise pH and alleviate Al toxicity, as well as the introduction of conservative practices 

such as no-tillage (NT).  

 Lime and gypsum amendments or the combination of both (Ca-amendments) are 

widely used to solve problems of soil acidity (Oates and Kamprath, 1983; Shainberg et 

al., 1989; Peregrina et al., 2006). Lime provides Ca2+ and generates OH- ions that 

neutralize the acidity, thus raising the pH. This leads to the precipitation of aluminium 

from the soil solution in the form of insoluble hydroxides (Bohn et al., 1985). Lime is 

fairly insoluble, and thus to correct aluminium toxicity in deeper horizons gypsum 

addition is recommended due to its higher solubility (Reeves and Sumner, 1972). 

Gypsum delivers Ca2+ to the deeper horizons, increasing Ca2+ saturation in the exchange 

complex (Shainberg et al., 1989). At the same time it favours the formation of the non-

toxic ionic pars AlSO4
+ in the soil solution (Kinraide and Parker, 1987), thus reducing the 

activity of the toxic Al3+. The increase of the Ca/Al ratio in the soil solution also helps to 

decrease the activity of the toxic Al3+ (Noble et al., 1988) while the sorption of SO4
2- to 

the soil matrix liberates OH- ions that raise the pH. This latter process is known as the 

“self liming effect” (Reeves and Sumner, 1972).  

 Whereas the effects of these amendments on pH, Al toxicity and biomass 

production are well documented (Pavan et al., 1982; Oates and Kamprath, 1983; 

Shainberg et al., 1989; Fageria and Baligar, 2008), their effects on OM are contradictory 

(Haynes and Naidu, 1998). Variations in OM content due to changes in soil management 
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are normally slow and, therefore, monitoring changes on shorter time scales requires 

the selection of OM fractions that are easily degraded and mineralized. Such fractions 

include particulate organic matter (POM), which represents a labile fraction of the OM 

and consists of particles between 0.053 and 2 mm (Cambardella and Elliot, 1992). We 

would expect Ca-amendments to promote the accumulation of OM through the 

enhancement of biomass production (both root and above-ground biomass) as a result 

of a reduction of Al toxicity and nutrient supply (Haynes and Naidu, 1998).   However, if 

the Ca-amendment also promotes microbial activity this effect may be counteracted by 

a higher OM mineralization rate (Fuentes et al., 2006). In fact some authors (Marschner 

and Wilczynski, 1991; Chan and Heenan, 1999) have found lime to decrease organic 

carbon content, but the effect only occurs during the first few years following the 

application and vanishes with time (Caires et al., 2006).  

 Another important aspect is the effect of the Ca-amendments on arbuscular 

mycorrhizal fungi (AMF), which have been reported to increase the access of plant roots 

to limiting nutrients and to enhance stress resistance in acidic environments (Cumming 

and Ning, 2003). AMF are also responsible for the production of glomalin, a glycoprotein 

that has been reported to play a role in soil aggregation (Wright and Upadhayaya, 1998) 

and to help reduce Al toxicity in acid soils (Gonzalez-Chávez et al. 2004; Etcheverría, 

2009; Aguilera et al., 2011). When referring to glomalin we use the term glomalin-

related soil protein (GRSP) proposed by Rillig (2004), since some other heat-stable 

proteins of non-AMF origin may be extracted in the process (Rosier et al., 2006), 

although GRSPs are largely of AMF origin (Rillig 2004). We also distinguish between the 

total fraction (GRSP) and the easily extractable fraction (EE-GRSP), which is supposed to 

represent recent deposits (Wright and Upadhayaya, 1998). Land practices influence 

AMF, thus modifications of the soil pH can alter the distribution of AMF species (Abbott 

and Robson, 1977) and spore production (Raznikiewicz et al., 1994), although in the 

study by Wang et al. (1993) lime hardly affected root colonization. To our knowledge, 

no studies have reported the direct effects of Ca-amendments on GRSPs. 
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The effect of the Ca-amendments on soil aggregation is also unclear (Haynes and 

Naidu, 1998). It would be expected to have a favourable effect by increasing the amount 

of residual biomass (Tisdall and Oades, 1982), adding calcium (Chan and Heenan, 1999), 

favouring the precipitation of aluminium as hydroxides (El-Swaify and Emerson, 1975) 

and promoting biological activity, which results in the production of polysaccharides and 

other microbially-derived binding agents (Six et al., 2004).  However, it can also have 

adverse effects, such as the dispersion of clay by repulsion as a result of increasing 

negative charges in the exchange complex due to the pH increase and reduced Al3+ 

activity (Haynes and Naidu, 1998). Increased OM mineralization as a consequence of the 

stimulated microbial activity (Haynes and Swift, 1988) could also reduce aggregate 

stability in the short term (Chan and Heenan, 1999). These opposing effects can explain 

the contradictory results obtained in both laboratory and field studies. These studies 

have reported positive effects (Chan and Heenan, 1999; Briedis et al., 2012b), negative 

effects (Roth and Pavan, 1991; Koutika et al., 1997; Westerhof et al., 1999), variable 

effects depending on soil type (Castro and Logan, 1991) and even insubstantial effects 

(Stenberg et al., 2000). 

 With regards to tillage, its negative impact on OM is mainly due to i) aeration 

enhancing mineralization (Reicosky., 1995) and ii) the mechanical breakdown that 

exposes the OM that was previously protected within the aggregates to the action of 

microorganisms (Six et al., 2000). The benefits of NT on OM have been described in a 

wide range of studies (Paustian et al., 1997; West and Post, 2002). No-tillage promotes 

the formation of macroaggregates and helps to stabilize and store soil carbon through 

the formation of microaggregates within the macroaggregates (Six et al., 1998). AMF 

have been reported to decrease with tillage mainly due to mechanical disturbances 

(Wright et al., 1999; Kabir, 2005), which cause the direct disruption of roots and hyphas, 

whereas NT practices favour fungal development (Kabir et al., 1998; Galvez et al., 2001). 

We would expect, therefore, that GRSPs are sensitive to management changes in the 

same direction. Indeed, a higher concentration of these proteins has been found in soils 

under NT compared with tilled ones (Borie et al., 2006; Curaqueo et al., 2011).  
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In addition, NT improves soil aggregation by stopping the mechanical breakdown 

and by the promotion of OM (Paustian et al., 2000; Six et al., 2000b). The POM fraction 

is, above all, reported to be important for the formation and stabilization of 

microaggregates within macroaggregates (Jastrow, 1996; Six et al., 2002a). No-tillage 

also favours fungal development, which increases soil aggregation through hyphal 

trapping and the production of binding substances (Six et al., 2004). Such substances 

include GRSPs, which have been associated with aggregate stability since they are 

reported to act as a glue stabilizing aggregates, possibly due to their recalcitrant nature 

and hydrophobic characteristics (Wright and Upadhyaya, 1998; Rillig et al., 2002).  

The increase of both OM and GRSPs under NT would not only enhance soil 

aggregation, but could also help to alleviate Al toxicity. The role of OM in this process 

has been widely reported (Hargrove and Thomas, 1981a; Haynes and Mokolobate, 2001; 

Wong and Swift, 2003) and has been attributed to i) the increase of pH resulting from 

the decomposition of OM, which leads to the precipitation of exchangeable and soluble 

Al, and ii) the production of non-toxic stable complexes formed by the OM and the 

aluminium. More recently, GRSPs have been reported to be a response by AMF to 

reduce Al toxicity in acid soils (Seguel et al., 2013). Due to their high cation exchange 

capacity and high affinity for polyvalent cations (Etcheverría, 2009), GRSPs have the 

capacity to sequester substantial quantities of Al by forming stable compounds (Aguilera 

et al., 2011).  

The combination of NT with Ca-amendment, therefore, seems to be a suitable 

management approach for acid soils degraded by an excess of tillage, such as the soils 

studied here. Some studies have examined the combined use of these practices (Arshad 

et al., 1999; Stenberg et al., 2000; Conyers et al., 2003; Soon and Arshad, 2005), although 

they have only focused on a few variables and none of them have studied the use of 

lime+gypsum. Regarding the role of OM in reducing Al toxicity, this has mainly been 

investigated in laboratory studies (Hargrove and Thomas, 1981b; Mokolobate and 

Haynes, 2002; Naramabuye and Haynes, 2007), and only occasionally in the field 
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(Godsey et al., 2007; Brown et al., 2008). The role of GRSPs in reducing Al toxicity has 

only been reported recently and further research is needed to confirm its relevance 

under different conditions. 

 We hypothesized that NT could: i) compensate the possible negative effects of 

the Ca-amendment on OM content and soil aggregation; ii)  contribute to decrease 

aluminium toxicity through the enrichment of OM and GRSPs. We sought to determine 

if the combination of NT plus a Ca-amendment can provide additional benefits to those 

obtained when used separately. To this end, we examined the effects of i) traditional 

tillage (TT) compared with no-tillage (NT), and ii) the use or not of a Ca-amendment on 

selected soil properties, with special emphasis on their inter-relationships and 

effectiveness in increasing organic matter content, reducing Al toxicity and promoting 

soil aggregation.  

1.2. MATERIAL AND METHODS 

1.2.1. Study site and experimental design 

The study was conducted on an experimental plot established in October 2005 

in the Cañamero’s Raña (SW Spain). The average altitude of the study site is 580 m and 

its slope is less than 0.5%. The climate is moist Mediterranean (Csa), based on Köppen’s 

classification. The mean annual temperature is 15.0ºC, the mean annual precipitation is 

869 mm and the mean annual evapotranspiration (Penman–Monteith method) is 1248 

mm. As a result of the subtropical climate that prevailed when these soils were formed 

in the middle Pliocene (Espejo, 1987) they have the following characteristics: Kaolinite 

as the dominant mineral in the clay fraction, low pH ranging from 5.1-5.3 at the surface 

to 4.4-4.6 at 150 cm depth, low content in exchange bases, Al-dominated exchange 

complex,  low bio-available P content; as well as having a high content of rock fragments 

(Espejo, 1987; Espejo and Cox, 1992). According to Soil Taxonomy the soil is a clay-

skeletal, kaolinitic, acid, thermic Plinthic Palexerult; Table 1.1 shows selected chemical 

and physical properties of the representative soil profile.  
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Table 1.1. Selected properties of the representative soil profile.  

 
OM: organic matter, RF: rock fragments (> 2mm; mainly 2-30cm), nd: not determined. 

 The experiment was established as a split-plot design with four replicates and a 

total of 16 plots, 4 m × 16 m each. The main factor was tillage: no-tillage (NT) versus 

traditional tillage (TT), and the second factor was the use or not of a Ca-amendment. 

The four treatments studied, therefore, were traditional tillage without Ca-amendment 

(TT+no-amended), traditional tillage plus Ca-amendment (TT+amended), no-tillage 

without Ca-amendment (NT+no-amended) and no-tillage plus Ca-amendment 

(NT+amended). The Ca-amendment consisted of a mixture of sugar foam (SF) and red 

gypsum (RG). We used a combination of these products because SF, a by-product rich in 

CaCO3, acts preferentially on the surface Ap horizon, whereas RG, a by-product rich in 

CaSO2.2H2O affects the AB and Bt horizons due to its higher solubility. The composition 

of the amendments is shown in Table 1.2, adapted from Peregrina et al., (2006, 2008). 

The SF was applied at a rate of 3.9 Mg dry product ha–1 and RG at a rate of 7.5 Mg ha–1.  

We also added 100 kg MgO ha–1 in the form of converter basic slag (CBS) plus 100 kg 

MgO ha–1 in the form of MgSO4 in order to compensate Mg losses from the exchange 

complex as a result of the RG addition (O’Brien and Sumner, 1988).  

 

Horizon OM Al3+ RF
(cm) (%) H2O KCl Ca2+ Mg2+ Na+ K+

(%) Sand Silt Clay

cmolc kg
-1

Ap (0-25) 3.38 5.3 4.3 0.76 1.12 0.21 0.05 0.65 52 80.1 6.1 13.8

AB (25-35) 1.59 5.0 4.0 1.01 0.85 0.16 0.04 0.08 47 69.1 5.6 25.3

Bt (35-90) 0.25 4.9 3.7 1.75 0.82 0.11 0.03 0.07 56 59.9 4.7 35.4

Btv (90-200) nd 4.6 3.4 2.23 1.12 0.1 0.05 0.06 75 56 5.1 38.9

pH Exchangeable bases Texture

cmolc kg
-1 (%)
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Table 1.2. Chemical composition of the amendments.                             

                                                                                                            
SF: sugar foam, RG: red gypsum, CBS: converter basic slag,  nd: not 

detected,*total calcium equivalent,**calcium carbonate reactive with 

ammonium oxalate *** loss on ignition (100-1000ºC). 

 The experimental area was cropped and tilled (disturbing the upper 20 cm of soil) 

from approximately 1940 to 1990, and then abandoned due to the declining 

productivity. Natural vegetation became established and the soil was undisturbed for 15 

years. In September 2005, the natural vegetation was cleared throughout the 

experimental area using a cultivator (two passes) and a power tiller (one pass) that 

affected the upper 20 cm. The Ca-amendment was applied once only at the beginning 

of the experiment and it was incorporated into the top 0-7 cm soil layer using a power 

tiller in order to avoid losses due to the wind and to prepare the soil for seeding. The 

same management was applied in the unamended plots to keep the conditions identical. 

Following the establishment of the experiment, the NT plots were not ploughed again. 

The soil in the TT plots was disturbed every year down to 20 cm, using a cultivator (2 

passes) for soil preparation and a power tiller for fertilizer incorporation and weed 

control. Weeds were controlled in the NT plots with glyphosate (36% purity) at a rate of 

SF RG CBS

CaO 437 231 395

SO4
2- 5.1 465 nd

SiO2 17.3 11.2 9.6

F
- nd nd nd

P2O5 8.1 nd 0.23

Al2O3 24.2 12.3 nd

Na2O 1.05 0.9 <0.8

K2O 1.95 <0.5 nd

Fe2O3 1.31 38.8 21

TiO2 nd 41.3 nd

MnO <0.1 1.1 0.3

MgO 47.3 1.5 401

OM 86.7 nd -

Lime* 765 nd 83

Active lime ** 213 nd nd

LI*** 467.6 162 175

Component
g kg-1
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2.5 L ha–1 prior to seeding. Each year 36 kg N ha–1, 92 kg P ha–1 and 92 kg K ha–1 were 

added to all plots in autumn. All plots were sown each autumn using a direct drill seeder 

with a mixture of Avena sativa (57%), Tritico secale (17%) and Vicia sativa (26%), at a 

rate of 140 kg ha–1. Every year at maturity (July), the crop was harvested at a height of 

20 cm above ground and crop residues were left on the soil.  

1.2.2. Soil sampling and analysis 

In October 2009, after four years of the experiment, 3 soil samples from each 

plot were collected at depths of 0–5, 5–10, 10–25 and 25–50 cm. The samples from each 

plot and depth were combined, air-dried and passed through a 2 mm sieve. All 

biochemical and physical analyses were performed on duplicate or triplicate. Soil pH was 

determined in de-ionized water (1:2.5 soil/water ratio). Exchangeable calcium was 

extracted with ammonium acetate at pH 7 and then determined by atomic absorption 

spectrophotometry. An adaptation of the method of Soon (1993) was used to extract 

various forms of aluminium from the solid fraction. Extracts were obtained by shaking 3 

g of soil with 30 mL of 1 M KCl for 30 min (AlK); shaking 3 g of soil with 30 mL 0.1 M CuCl2 

+ 0.5 M KCl for 1 h (AlCu); and shaking 0.25 g of soil with 0.2 M ammonium oxalate at pH 

3.0 in the dark for 4 h (AlOxa). Aluminium in the extracts was determined by atomic 

absorption spectrophotometry. Following Alvarez et al. (2009) and Vieira et al. (2008) 

we assumed that AlK represents exchangeable Al3+, the difference between AlCu and AlK 

(AlCu-K), the Al-OM compounds with low-medium stability, and AlOxa minus AlCu-K (AlOxa-Cu-

K), the amorphous Al plus the highly stable Al-OM compounds plus the Al from the 

octahedric layer of 2:1 clay mineral. In order to assess changes in OM we determined 

TOC by the Walkley-Black method and POC according to Cambardella and Elliot (1992). 

Water-stable and -unstable aggregates (WSA, WUA) were determined by wet-sieving of 

air-dried 1–2 mm aggregates through a 250 µm sieve (Kemper and Rosenau, 1986). WSA, 

in fact water-stable macroaggregates, was calculated as the weight of stable aggregates 

divided by the sum of stable and unstable aggregates. Organic carbon was determined 

in both aggregate fractions (C-WSA and C-WUA). EE-GRSP was extracted with 20 mM 
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sodium citrate at pH 7.0 at 121 C for 30 min and GRSP was extracted with 50 mM 

sodium citrate at pH 8.0 at 121C in sequential cycles of 1 h (Wright and Upadhyaya, 

1998) until the supernatant was straw-coloured (10–12 cycles). Soil protein in the 

extracts was quantified in duplicate, using the Bradford protein assay with bovine serum 

albumin as the standard.   

Data were analysed statistically with the general linear model (GLM) ANOVA for 

a split-plot design and simple and multiple regressions were applied in the software 

Statgraphics Centurion XVI.  

1.3. RESULTS 

1.3.1. Total and particulate organic carbon and glomalin-related soil proteins 

Table 1.3 shows that after 4 years, tillage and the Ca-amendment only influenced 

TOC and POC in the top soil layer (0–5 cm). NT increased TOC by 19% with respect to TT 

in the same layer. Application of the Ca-amendment had a less marked effect, which was, 

however, enhanced by the NT treatment (Fig. 1.1). TOC content decreased in the 

following order: NT+amended (39.9 g kg–1) > NT+no-amended (36.8 g kg–1) > 

TT+amended (32.8 g kg–1) = TT+no-amended (31.5 g kg–1). POC was more sensitive to 

tillage than TOC, with contents of 44% and 19% in the NT and TT plots, respectively. We 

also found a positive effect of the Ca-amendment on POC with a difference of 15% 

between amended and unamended plots. POC decreased in the following sequence: 

NT+amended (16.0 g kg–1) > NT+no-amended (13.7 g kg–1) > TT+amended (10.9 g kg–1) > 

TT+no-amended (9.7 g kg–1). 

 As shown in Table 1.3, EE-GRSP was more sensitive to the treatments than GRSP. 

Only tillage had an effect on these proteins in the 0–5 cm layer. NT plots had higher 

average EE-GRSP and GRSP contents than TT (4% and 8%, respectively). In the 5-10 cm 

layer the Ca-amendment reduced the EE-GRSP, with values of 2.14 mg g–1for the 

amended plots compared with 2.23 mg g–1for the unamended ones. No similar effect on 

GRSP content or interactions between treatment factors was observed. 
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Fig. 1.1. Vertical profile of total organic carbon (TOC), particulate organic carbon (POC) and 
organic C associated with water stable macroaggregates (C-WSA). TT, traditional tillage; and 
NT; no-tillage. Bars represent standard error of the mean. 
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Table 1.3. Effect of tillage and Ca-amendment on total and particulate organic carbon, glomalin-

related soil proteins, water stable aggregates and organic C associated with water stable 

macroaggregates. 

 
             +:p<0.1; *:p<0.05;**:p<0.01; ***:p<0.001; ns: not significant; nd: not determined. 

TOC POC EE-GRSP GRSP WSA1-2mm C-WSA

(g kg
-1 

) (g kg
-1 

) (mg g
-1

) (mg g
-1

) (%) (g kg
-1 

WSA)

0-5 
Tillage 

TT 32.2 10.3 2.26 11.18 82.2 31.0

NT 38.3 14.8 2.35 12.02 91.6 34.6
Ca-amendment 

Not amended 34.2 11.7 2.30 11.61 86.8 32.4

Amended 36.3 13.4 2.31 11.59 87.0 33.2
Effects

T ** ** ** * ** ns

A ** ** ns ns ns ns
TXA * + ns ns ns +

5-10
Tillage 

TT 31.3 10.1 2.17 10.55 92.0 33.0

NT 31.9 10.2 2.21 10.56 96.6 35.6
Ca-amendment 

Not amended 31.7 9.8 2.23 10.51 94.7 34.1

Amended 31.5 10.6 2.14 10.60 93.9 34.5
Effects

T ns ns + ns * ns

A ns ns ** ns ns ns
TXA ns ns ns ns ns ns

10-25 
Tillage 

TT 24.8 5.7 nd nd 74.0 22.0

NT 24.5 5.3 nd nd 78.1 25.6
Ca-amendment 

Not amended 24.7 5.3 nd nd 77.5 24.5

Amended 24.5 5.7 nd nd 74.6 23.1
Effects

T ns ns ns ns

A ns ns ns ns
TXA ns ns ns ns

25-50
Tillage 

TT 7.7 2.7 nd nd nd nd

NT 7.3 2.5 nd nd nd nd
Ca-amendment 

Not amended 8.3 2.8 nd nd nd nd

Amended 6.8 2.4 nd nd nd nd
Effects

T ns ns

A ns ns
TXA ns ns

Depth 
(cm)

Treatment
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1.3.2. pH and Ca 

The Ca-amendment significantly raised pH down to a depth of 25 cm (Table 1.4). 

The effect was especially marked in the 0-5 and 5-10 cm soil layers, where the pH 

increased by nearly one unit. By contrast, the increase in the 10–25 cm layer was only 

0.5 units and insubstantial at greater depths. There was a weak (p< 0.1) interaction 

between tillage and Ca-amendment in the 0–5 cm layer. In this layer, the pH in the 

amended plots was higher for NT than for TT (6.3 vs 6.0, Fig. 1.2). Tillage also influenced 

the 10–25 cm layer where pH was slightly higher (p< 0.1) for TT than for NT plots (5.2 vs 

4.9). No effect on pH was observed at greater depths (25–50 cm layer). 

 

Fig. 1.2. Vertical profile of pH, exchangeable Ca, AlK and AlOxa-Cu-K. TT: traditional tillage; NT: 
no-tillage. Bars represent standard error of the mean. 
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The distribution of Ca with depth followed a similar trend as the pH (Table 1.4, 

Fig. 1.2), but in this case the Ca-amendment increased Ca content down to 50 cm. The 

differences between amended and unamended plots were especially marked in the 0–

10 cm layer, with values up to four times greater in the amended plots; but still being 

double at a depth of 10-25 cm. Tillage influenced Ca content down to 25 cm in the 

amended plots. NT plots had higher Ca contents in the 0–5 cm layer than TT (6.4 vs 5.3 

cmolc kg–1, p< 0.1, Fig. 1.2). As for pH, the Ca content displayed a different pattern deeper 

in the soil (5 to 25 cm) with the TT+amended plots containing more Ca than their untilled 

counterparts (NT+amended). Tillage had no effect on the Ca content in the unamended 

plots.  

1.3.3. Al forms in the solid fraction 

The Ca-amendment had a strong effect on AlK down to a depth of 25 cm in both 

NT and TT plots. In the top 10 cm, AlK was completely removed  and from 10 to 25 cm 

the content in the amended plots was reduced to approximately a third of that in the 

unamended plots (0.31 vs. 0.83 cmolc kg–1) (Table 1.4, Fig. 1.2). The differences between 

amended and unamended plots in the deepest layer were not statistically significant. An 

interaction between the two factors occurred in the 0–5 cm layer, such that NT in the 

unamended plots reduced the AlK content to almost the half with respect to TT (0.32 vs 

0.56 cmolc kg–1). No significant effect of tillage on AlK was observed in deeper layers. 

Unlike AlK, AlCu-K was not affected by the Ca-amendment. The 5–10 cm soil layer in the 

NT plots had higher AlCu-K levels than in the TT plots (0.94 vs 0.76 cmolc kg–1). The AlOxa-

Cu-K content displayed the opposite trend to AlK; namely, AlOxa-Cu-K levels were higher in 

the amended plots than in the unamended plots (20% higher in the 0–5 cm layer, 16% 

in the 5–10 cm layer and 13% in the 10–25 cm layer). The AlOxa-Cu-K content down to 10 

cm was increased by NT as follows: in the 0-5 cm layer it was higher in NT+amended 

(19.8 cmolc kg–1) compared with TT+amended (17.4 cmolc kg–1), and in the 5–10 cm layer 

it was higher in NT (20.2 cmolc kg–1) compared with TT (18.9 cmolc kg–1 ). 
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Table 1.4. Effect of tillage and Ca-amendment on soil acidity, exchangeable Ca and Al forms. 

                              
+:p<0.1; *:p<0.05;**:p<0.01; ***:p<0.001; ns: not significant; nd: not determined. 

Ca AlK AlCu-K AlOxa-Cu-K

(cmolc kg-1) (cmolc kg-1) (cmolc kg-1) (cmolc kg-1)

0-5 
Tillage 

TT 5.6 3.25 0.28 0.67 16.02

NT 5.8 3.85 0.16 0.69 18.00
Ca-amendment 

Not amended 5.2 1.73 0.44 0.70 15.43

Amended 6.1 5.87 0.00 0.66 18.60
Effects

T ns * * ns ns

A *** *** *** ns **
TXA + + ** ns *

5-10
Tillage 

TT 5.5 2.87 0.29 0.76 18.88

NT 5.4 2.46 0.34 0.94 20.17
Ca-amendment 

Not amended 4.9 1.21 0.62 0.83 18.04

Amended 6.0 4.12 0.00 0.86 21.01
Effects

T ns * ns * +

A *** *** *** ns **
TXA ns + ns ns ns

25-50
Tillage 

TT 5.2 1.14 0.50 1.19 18.65

NT 4.9 0.84 0.64 1.24 19.63
Ca-amendment 

Not amended 4.8 0.66 0.83 1.14 18.00

Amended 5.3 1.32 0.31 1.28 20.28
Effects

T + * ns ns +

A *** *** *** ns **
TXA ns * ns ns +

25-50 
Tillage 

TT 5.0 0.71 0.88 nd nd

NT 4.9 0.82 0.86 nd nd
Ca-amendment 

Not amended 4.9 0.52 0.96 nd nd

Amended 4.9 1.02 0.78 nd nd
Effects

T ns ns ns

A ns * ns
TXA ns ns ns

Depth 
(cm)

Treatment pH
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1.3.4. Aggregate stability and organic C associated with water-stable 

macroaggregates 

Aggregate stability was influenced by tillage but not by the Ca-amendment (see 

Table 1.3). The effect was significant in the top layer (0–5 cm), with WSA values 

approximately 10% higher in the NT plots than in the TT plots. Although this difference 

is not large, it is substantial considering the intrinsic high stability of the soils studied. 

The difference in WSA in the 5–10 cm layer amounted to 5%, whereas in the 10–25 cm 

layer there was no difference. Water-stable aggregates in the top soil layer (0–5 cm) had 

significantly larger (p< 0.05) organic C contents relative to water-unstable aggregates 

(data not shown) for all the treatments, but especially for NT (12% higher). We observed 

an interaction in the 0–5 cm layer: water-stable aggregates accumulated more C in 

NT+no-amended (35.0 g kg–1
WSA) than in TT+no-amended (29.8 g kg–1

WSA, Fig. 1.1). 

1.4. DISCUSSION 

1.4.1. Organic carbon and glomalin-related soil proteins 

The beneficial effect of NT on soil organic carbon content depends on time, 

climate, soil, crop, and other environmental factors and the effect has been reported to 

decrease with depth (West and Post, 2002; Soane et al., 2012). In our case, we found a 

higher content of both POC and TOC in the top layer (0-5 cm) of the NT plots compared 

with the TT plots. The larger increase in POC than in TOC is in agreement with 

Cambardella and Elliot (1992) who stated that POC was more sensitive to management 

changes, especially tillage, than TOC. Unlike other authors (Marschner and Wilczynski, 

1991, Chan and Heenan, 1999), we found a positive influence of the Ca-amendment on 

both TOC and POC, although this improvement was restricted to the surface 0-5 cm layer. 

The highest carbon contents were obtained with the combination of the Ca-amendment 

and no-tillage (Fig. 1.1), suggesting that this combination is the best management 

practice for accumulating organic carbon. Briedis et al. (2012b) also found that TOC and 

POC was increased by lime addition in untilled plots and attributed this effect to higher 
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biomass (above-ground and roots) production; however, as in our work, the effect was 

only significant in the 0–5 cm layer. Taking into account the small addition of OM 

provided by the sugar foam, we also attribute the increase in TOC and POC in the 

amended plots to an increased biomass production. As a result of the higher nutrient 

bioavailability and the reduced Al toxicity resulting from the Ca-amendment, the 

aboveground biomass production in the amended plots was higher throughout the 

experimental period (2005-2009) (data not shown). The average above-ground biomass 

production in the amended plots was 5190 kg/ha versus 3636 kg/ha in the unamended 

plots. The reduction of aluminium toxicity must have also facilitated better root 

development in the amended plots (Foy, 1992) and, therefore, an additional input from 

plant residues.    

Despite the larger average 2005-2009 above-ground biomass production in the 

TT+amended plots (4930 kg ha–1) compared with TT+no-amended (3311 kg ha–1), 

differences in TOC and POC were not significant. These results suggest that tillage 

suppressed the beneficial effect of the Ca-amendment on organic carbon, possibly as a 

result of the destruction of aggregates, which exposed the OM to mineralization 

(Cambardella and Elliott, 1992; Reicosky et al., 1997). 

Considering the GRSP as AMF activity indicators (Wright and Upadhyaya, 1998; 

Lovelock et al., 2004), the decreased EE-GRSP and GRSP contents found in the TT plots 

could be attributed to damage to arbuscular mycorrhizal fungi (AMF) caused by tillage, 

as suggested by Wright et al., (1999) and Kabir (2005). Adverse effects of soil tillage on 

EE-GRSP and GRSP have also been observed previously by several authors (Borie et al., 

2006; Hontoria et al., 2009). The effect of the Ca-amendment on GRSPs is still unknown 

but considering the production of GRSPs as a mechanism to protect against aluminum 

toxicity, we might expect a lower production of these proteins in the amended plots, as 

found in the 5-10 cm layer for EE-GRSP. The lack of response in the upper layer could be 

attributed to opposing effects that need to be researched further. 
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1.4.2. Soil acidity and exchangeable Ca  

The effects of lime and gypsum on acidity have been widely studied and are 

known to change down the soil profile (Adams, 1984, Shainberg et al., 1989). Comparing 

the pH and Ca profiles in the amended versus the unamended plots, we found the 

greatest differences in the 0-5 and 5-10 cm layers, with smaller differences in the 10-25 

cm layer. In these layers, the pH increase down to 25 cm was caused by the SF due to its 

high content in active or easily soluble lime, whereas the Ca increase was caused by both 

the CaCO3 of the SF and the CaSO4.2H2O of the RG.  In the 25-50 cm layer we only found 

differences in the Ca content and we attribute these differences to the CaSO4.2H2O of 

the RG, which due to its higher solubility can be transported by water down to this depth. 

Despite the self-liming effect of the gypsum, pH did not change in this deeper layer, 

probably because OH– ions released from the soil matrix by sulphates were removed by 

H+ and Al3+ that were displaced from the exchange complex by Ca2+ (the “salt effect”  

reported by Shainberg et al.,1989). This effect of gypsum has been reported by Garrido 

et al. (2003) and Peregrina et al. (2006) in laboratory studies carried out with soils from 

the same area, treated with RG. 

In the amended plots, we observed that pH and Ca in the surface layer were 

higher in NT compared with TT, while below 5 cm they were higher in TT compared with 

NT, although the profiles with depth had the same form in both NT and TT. We attribute 

these differences and similarities in the profiles to the tillage and the solubility of the 

amendment. Bearing in mind that at the beginning of the experiment, the Ca-

amendment was incorporated in the upper 7 cm using a power tiller, the absence of 

tillage in the NT plots meant that most of the Ca-amendment remained in the surface 

layer, explaining the higher pH and Ca content. On the other hand, in the tilled plots, the 

cultivator contributed to partially incorporate the Ca-amendment in deeper soil layers, 

and thus below 5 cm we found higher pH and Ca levels. Although the cultivator used for 

tilling did not mix the soil layers thoroughly (Dickey, 1990) compared with a moldboard 

or a disk harrow, which homogenize the soil, a small amount of soil from the upper layer 



 

Tesis doctoral de Clara GÓMEZ-PACCARD

 

34 

 

would have been incorporated into deeper layers. As a result the pH and Ca profile in 

the tilled plots below 5 cm was gradual and had a similar pattern to NT. 

Despite the absence of tillage, the effect of the Ca-amendment in the NT plots 

was significant down to 25 cm for pH and down to 50 cm for Ca. Other authors, such as 

Brown et al., (2008), Caires et al., (2005) or Conyers et al., (2003) also found that, in the 

short term (2-4 years), the surface addition of CaCO3 on NT plots raised pH and Ca 

contents down to a depth of 20 cm. In our case the content of active or easily soluble 

lime (21.3%) of the SF together with the high solubility of the RG probably extended the 

effect of the Ca-amendment to greater depths. 

1.4.3. Forms of Al in the solid fraction and their relationships with organic 

carbon and GRSPs 

KCl-extracted aluminium represents exchangeable Al3+, which is typically used to 

calculate soil liming requirements (Juo and Kamprath, 1979). As shown in Fig. 2, AlK 

changed in the opposite direction to pH and exchangeable Ca. In fact, AlK was negatively 

correlated with pH (r = –0.86***) and exchangeable Ca (r = –0.87***) in the top two soil 

layers. In the 0-5 and 5-10 cm layers of the amended plots, the pH increase caused the 

precipitation of Al3+, probably in the form of insoluble amorphous hydroxides (Haynes 

and Naidu, 1998), reducing the AlK  content to zero. In the 10-25 cm layer the decrease 

of AlK was also due to the effect of the SF and the Ca supplied by the RG. In the deepest 

layer (25-50 cm), AlK tended to decrease due to the effect of the Ca supplied by the RG 

(Shainberg et al., 1989), although the differences were not significant. Our results are in 

agreement with the processes reported by Kinraide and Parker (1987) and Noble et al. 

(1988), who studied the role of gypsum in the reduction of Al3+ activity. They also 

support previous findings from Peregrina et al. (2007) and Mariscal-Sancho et al. (2009), 

who demonstrated the effectiveness of RG for decreasing Al3+ activity in these soils. 

With regards to the unamended plots, in the 0-5 cm layer we observed the lowest 

AlK contents in the NT plots (0.32 cmolc kg–1) where both TOC and POC (36.8 g kg–1 , 13.7 
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g kg–1) contents were significantly higher. On the other hand, the highest AlK contents 

were observed in the TT plots (0.56 cmolc kg–1) which had the lowest organic carbon 

contents for both TOC and POC (31.5 g kg–1, 9.7 g kg–1). In this layer we also observed a 

strong negative correlation of AlK with both POC (r = –0.89***) and TOC (r = –0.74***). Our 

results confirm the above-mentioned positive effect of OM on the reduction of Al toxicity 

and the higher coefficient with POC suggests a more active role of this labile fraction in 

reducing Al toxicity.  To our knowledge, there are no studies on the relationship between 

POM and the decrease of AlK. The detoxifying effect of Al by OM could be related to the 

complexation of the Al with decomposing residues. Since the POM is a labile easily-

decomposed fraction of the OM, this process would be enhanced by the greater POM 

content in the NT plots.  Although the difference in pH between the NT and TT 

unamended plots was not significant, the increase of OH-, as a result of chemical and 

biological decomposition (Wong and Swift, 2003) of POM could result in the 

precipitation of Al, which would also contribute to reducing aluminum toxicity.  

Along the same lines, we also found a positive effect of the GRSPs, which were 

enhanced in the absence of tillage, on the reduction of Al+3 toxicity. In the two layers 

with protein measurements (0-5 and 5-10 cm), the reduction of the AlK in the NT+no-

amended plots could also be attributed to the GRSP effect, since we found an inverse 

relationship between AlK and both GRSP (see Figs 1.3a, 1.3b), and more markedly with 

EE-GRSP (R2=68.8%) in the 0–5 cm layer (Fig. 1.3c). Our results support previous findings 

from Aguilera et al. (2011) who suggested that, in the absence of Ca-amendment, GRSPs 

immobilize some of the AlK, thus reducing aluminium toxicity. Our results highlight the 

special role that EE-GRSP seems to play, although further studies are needed to properly 

understand the process. With respect to AlCu-K, which represents the aluminium that 

forms compounds with OM of low and medium stability,   we observed no effect of the 

Ca-amendment.  
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Fig. 1.3. Relationships between aluminum and glomalin-related soil proteins. (a) Al with total 
(p = 0.05) and (b) easily extractable glomalin-related soil proteins (p = 0.02) for both 0–5 and 
5–10 depths in unamended plots; (c) Al and easily extractable glomalin-related soil proteins for 
0–5 cm depth in unamended plots (p = 0.02) and (d) Al KOxa-Cu-K and total glomalin-related 
soil proteins for 0–5 cm depth in amended plots (p = 0.01). 

These results differ from those of Garrido et al. (2003), who looked at the effect 

of red gypsum and sugar foam separately on the top three horizons of a Plinthic 

Palexerult from our area under laboratory conditions and observed that both 

amendments decreased AlK and increased AlCu-K. They attributed the increase of AlCu-K to 

the lime, which caused a partial depolymerization of organic unhydrolysable 

compounds, which in turn facilitated the extraction of the Al bound to OM by CuCl2. 

However, this effect may be short-lived since Álvarez et al. (2009) observed an increase 

in the Al extracted with 0.5 M CuCl2 during the first year of their study that turned into 

a decrease by the third year. This last result is consistent with the decrease in this form 

of Al with increasing pH reported by Godsey et al. (2007). In our work, we found a very 

weak inverse linear relationship (r = –0.34*) between AlCu-K and pH when considering all 

soil layers  together, which vanished, however, when considering each layer in isolation. 

The lack of a response of AlCu-K to Ca-amendment suggests a balance between the Al 

released from the OM and the increasing ability of the organic matter to bind Al with 

increasing pH (Hargrove and Thomas, 1981b). With regards to tillage, we did not observe 

an effect in the 0-5 cm layer, whereas in the 5-10 cm layer the NT plots had a higher AlCu-
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K content compared with TT.  According to Haynes and Mokolobate (2001) some of the 

Al-OM compounds are soluble and we suggest that some of them could have moved 

from the surface to the 5-10 cm layer. 

In relation to the AlOxa-Cu-K, which represents the amorphous Al plus the highly 

stable Al-OM compounds and the Al from the octahedric layer of 2:1 clay mineral, 

concentrations considerably exceeded those of the other forms of Al (AlK and AlCu-K).  The 

prevalence of kaolinite in the clay fraction of these soils (Espejo, 1987) suggests that the 

Al coming from the octahedric layer of 2:1 clay mineral was very low. The effect of the 

Ca-amendment on AlOxa-Cu-K was opposite to that on AlK, with higher AlOxa-Cu-K contents 

observed in the amended plots. A similar effect was observed by Álvarez et al. (2009) 

three years after liming and also by Garrido et al. (2003) in a laboratory experiment. The 

increase in AlOxa-Cu-K in the amended plots is in agreement with the process described 

above: that Al3+ in the soil solution and the Al3+ displaced from the exchange complex by 

the Ca2+ is precipitated as amorphous hydroxides of aluminium as a result of the pH 

increase (Haynes and Naidu, 1998).  The inverse linear relationship between AlOxa-Cu-K and 

AlK (r = –0.71**), and the direct relationship between AlOxa-Cu-K and pH (r= 0.77***) in the 

top layer also supports this hypothesis. The latter relationship is especially marked in the 

NT+amended plots (r= 0.99**). In addition, the strong relationship found in the surface 

layer of the amended plots between AlOxa-Cu-K and the GRSPs, most marked with the GRSP 

(R2=87.2%; Fig. 1.3 d), suggests that the AlOxa-Cu-K includes non-toxic stable compounds of 

Al with the GRSPs.  Bearing in mind the strong relationship between AlOxa-Cu-K   and GRSPs, 

together with the fact that NT increased the content of GRSPs, this could explain the 

higher content of AlOxa-Cu-K in NT+amended plots compared with the TT+amended. 

With regards to the relationship between organic carbon and AlOxa-Cu-K we found 

a positive linear relationship with TOC (r = 0.79*) and POC (r = 0.71*) in the 0–5 cm layer 

of the unamended plots. Not tilling the unamended plots raised the correlation 

coefficient of AlOxa-Cu-K with POC (r = 0.79*) whist weakening the relationship with TOC (r 

= 0.91, p = 0.09). These results, together with the decrease of  the AlK attributed to the 
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OM in the NT unamended  plots, suggest that the reduction of Al toxicity was more 

closely related to the formation of amorphous Al and highly stable Al-OM compounds 

(AlOxa-Cu-K ) than to the Al-OM compounds with low and medium stability (AlCu-K). Since 

the differences in pH between the NT and TT unamended plots are not significant, the 

increase in AlOxa-Cu-K in in the 0-5 and 5-10 cm layers could be related more to the highly 

stable Al-OM compounds than to the Al in the form of amorphous hydroxides.  This idea 

is also supported by the strong linear relationship between GPRS and AlOxa-Cu-K (r = 0.94; 

p = 0.05*) observed in the surface layer of the NT+no-amended plots. 

1.4.4. Water stable aggregates 

 The higher WSA1–2 mm found in the 0–5 cm layer under NT compared with TT 

confirms that even in very stable soils, NT improves soil aggregation, as previously 

demonstrated by several studies in various environments (Six et al., 1999; Six et al., 

2002b; Madari et al., 2005; Fernández-Ugalde et al., 2009a).  We did not observe either 

a negative or positive effect of the Ca-amendment, possibly due to the opposing effects 

of the Ca2+ on soil aggregation mentioned above. Also, in coarse textured soils such as 

ours, aggregation depends more on OM than on Ca2+ content (Berglund, 1971; Ledin, 

1981). Contrary to Wuddivira and Camps-Roach (2007), who found an additive effect of 

Ca and OM on WSA in acid sandy and kaolinitic soils like ours, we found no improvement 

in aggregation when combining the Ca-amendment and NT. This is possibly because the 

positive effect of the addition of Ca2+ through bridging is expected only in the long term, 

as reported by Six et al. (2004). In addition, we found no direct relationship between 

WSA and GRSPs, as reported by other authors (e.g., Wright and Upadhyaya, 1998).  

However, we found WSA to be directly related to some variables that were increased by 

both the Ca-amendment and the absence of tillage in the surface layer: WSA was 

positively correlated with TOC (0.67**) and POC (0.64**), confirming that in our coarse-

textured soils, OM plays an important role. In our soils, we expect a positive effect of the 

combination of Ca-amendment and NT on aggregate stability in the long term, as 

previously found by Briedis et al. (2012b) after 15 years in Brazilian soils using the 
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distribution of aggregate classes.  It is worth reconsidering the suitability of WSA for 

describing soil aggregation in these stable soils. Perhaps the use of another 

measurement such as the distribution of aggregate classes may be more sensitive to 

changes in soil management.  

 Another parameter related to aggregate stability is C-WSA. As expected, we 

observed a higher C-concentration of stable macroaggregates compared with the 

unstable fraction. Similar results were found by Puget et al. (2000) who attributed them 

to the additional OM binding microaggregates within stable macroaggregates.  By 

contrast, the unstable aggregates were simple associations of microaggregates and 

primary particles, with no additional material. The positive effect of NT on C-

concentration of stable macroaggregates has already been reported by a number of 

studies (e.g. Pinheiro et al., 2004; Mikha and Rice, 2004). Our results confirm that no-

tillage not only increased the amount of stable aggregates, but also promoted their 

accumulation of carbon. Combining NT with the Ca-amendment did not result in higher 

carbon accumulation in the stable macroaggregates, suggesting that the extra TOC and 

POC present in the NT+amended plots is not protected within the stable aggregates, at 

least during the first four years. This carbon would, therefore be susceptible to 

mineralization.  

In general, C-WSA exhibited stronger relationships with the studied parameters 

than WSA1–2 mm. In the 0-5 cm layer, C-WSA was positively correlated not only with TOC 

(r = 0.63**) and POC (r = 0.69**), but also with EE-GRSP (r = 0.76***), GRSP (r=0.62*) and 

AlOxa-Cu-K (r = 0.61*), with the latter relationships being stronger in the amended plots. In 

these plots, the correlation coefficient with EE-GRSP was r = 0.93*** (Fig. 1.4 b), with 

GRSP it was r = 0.98** (Fig. 1.4 c) and with AlOxa-Cu-K  it was r = 0.82* (Fig. 1.4 a). The strong 

correlation between C-WSA and GRSPs allow us to speculate that a sizeable fraction of 

organic C in water-stable aggregates could be of fungal origin. The relationship with AlOxa-

Cu-K is in agreement with Barthès et al. (2008), who highlighted the importance of Al 
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sesquioxides (extracted with ammonium oxalate) in the formation of stable 

macroaggregates and the protection of OM in soils with low-activity clay in tropical soils.   

  

Fig. 1.4. Relationships of C-WSA with AlOxa-Cu-K (a) and glomalin-related soil proteins (b and 
c) for 0-5 cm depth of amended plots (p-val<0.01). 

Although we did not observe a direct relationship of WSA with GRSPs or with 

AlOxa-Cu-K, their relationship with C-WSA suggests that they play a role in aggregate 

stabilization. Their relevance was confirmed by a multiple linear regression, with C-WSA 

as the dependent variable and all other factors that potentially play a role in soil 

aggregation (viz. TOC, POC, Ca, GRSPs, AlCu-K and AlOxa-Cu-K) as independent variables. For 

the top two soil layers, EE-GRSP and AlOxa-Cu-K   explained 43% of the total variance, while 

including exchangeable Ca in the regression model only explained an additional 6%. In 

the 0–5 cm layer the variance explained by EE-GRSP and AlOxa-Cu-K was even greater (63%), 

confirming that both EE-GRSP and AlOxa-Cu-K are important for protecting organic carbon 

within stable aggregates in our soil. 
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1.5. CONCLUSIONS 

After four years the Ca-amendment raised TOC and POC slightly in the 0-5 cm soil 

layer, although this effect vanished with tillage. We obtained the highest OM contents at 

this depth by combining NT with the Ca-amendment, with the largest increase being in 

the POC fraction. Soil aggregation was enhanced by NT, but the Ca-amendment had no 

effect on aggregation, despite increasing TOC and POC. The protection of C within stable 

aggregates was closely related to AlOxa-Cu-K, which includes the stable Al-OM compounds, 

of which some are possibly formed with GRPSs. 

Our results confirm the beneficial effect of OM, especially the easily-decomposed 

POC fraction, and GRSPs, possibly through the formation of non-toxic stable compounds 

with the aluminium. NT helped to reduce Al toxicity by increasing both the OM and the 

GRSPs.  

The combination of NT with the Ca-amendment significantly improved TOC, POC, 

pH, Ca, Alk, and AlOxa-Cu-K in the 0–5 cm soil layer, without adversely affecting other soil 

parameters. From our findings we can conclude that managing soil with NT plus a Ca-

amendment appears to be the most suitable choice for ensuring sustainable production, 

through the accumulation of OM and the improvement of chemical properties in acid 

soils, at least in the top layer. 
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CHAPTER 2 

 

 

Soil-water relationships in the upper soil layer 

in a Mediterranean Palexerult as affected by                              

no-tillage under water excess conditions.                                                      

Influence on crop yield 
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ABSTRACT 

In Mediterranean regions, the performance of conservation tillage under water-

deficit conditions has been widely reported, but conversely there exists a lack of studies 

investigating its effects during periods of water excess, which are common in these 

regions between fall and spring. Our experiment was established in 2005 on a degraded 

Palexerult from a raña, a continental detritic formation, of western Spain to study the 

influence of soil tillage and Ca amendments on soil quality.  During high precipitation 

periods, perched water tables can be formed in very flat raña surfaces with the upper 

limit close to soil surface due to the presence of Bt horizons with low permeability. In 

the 2010-2011 and 2012-2013 campaigns, when perched water tables developed very 

close to the soil surface between November and March, we studied the effects of no-

tillage (NT) versus traditional tillage (TT) on selected soil hydraulic properties in the 0-5 

cm soil layer and on crop yield. We observed the lowest bulk density and the highest soil 

organic matter content (SOM) for this soil layer under NT. As a result of the higher SOM 

content and higher total porosity as well as the potential to preserve soil biopores under 

NT, water content at saturation (SAT), plant-available water capacity (AWC), water 

infiltration and saturated hydraulic conductivity were also higher in the NT plots 

compared with those under TT. During wet periods, the degree of water saturation (Sr) 

under TT was higher, and sometimes close to saturation. Crop development and yield 

were strongly affected by near-saturation conditions in the 0-5 cm surface layer, 

resulting in substantial yield losses under TT.   
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2.1. INTRODUCTION 

It is well documented that soils managed under no-till (NT) can offer a number 

of benefits compared with soils managed under traditional till (TT) and thus NT has been 

widely proposed as a good practice to control soil degradation (Arshad et al., 1999 

; Chan, 2001; Liebig et al., 2004). Many studies have demonstrated that soils 

managed under NT have a higher soil organic matter (SOM) content, at least in the 

surface layer (West and Post, 2002). Under NT, the preservation of soil structure due to 

the absence of tillage together with direct or indirect effects of SOM accumulation, 

generally lead to improved physical properties that are related to soil-water 

relationships, although results are not always consistent.  Thus, soil aggregation is 

enhanced by NT (Paustian et al., 2000; Six et al., 2000; Hernanz et al., 2002), while bulk 

density tends to increase from 5 cm to deeper layers (Kay and VandenBygaart, 2002; 

Strudley et al., 2008) reducing total porosity. NT modifies pore distribution, generally 

reducing 30-100 µm but increasing 100-500 µm macropore class (Kay and 

VandenBygaart, 2002).  Earthworm populations, responsible together with the roots for 

the formation of a large number of macropores (Edwards et al., 1979) are consistently 

higher under NT compared with TT (Soane et al., 2012). As a result, the biopore network 

is enhanced, developing a vertically orientated structure (Vogeler et al., 2009). Due to 

this vertically oriented macroporosity and the protection of the surface by crop residues, 

water infiltration tends to be higher under NT (Soane et al., 2012), although results 

might be time and space dependent (Strudley et al, 2008).  The higher macropore 

connectivity also tends to increase the hydraulic conductivity (Strudley et al, 2008). In 

addition, the plant-available water capacity also seems to be enhanced by NT 

(Fernandez-Ugalde et al., 2009b). The mulch layer formed by crop residues has also been 

reported to protect the soil from the impacts of rain drops (Triplett et al., 1968) and to 

reduce evaporation from the soil (Dao, 1993). As a result of all these potential benefits, 

many authors (Hill, 1990; Norwood, 1994; Diaz-Zorita et al., 2004; Morell et al., 2011) 

have reported increased yields under NT compared with TT with a tendency of relatively 
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greater yields under low precipitation conditions (Soane et al., 2012). However, the 

suitability of NT with regards to soil-water relationships is still debated and it is highly 

dependent on climate, crop and the type of soil (Soane et al., 2012; Lampurlanés et al., 

2001).   

For instance, despite beneficial effects of NT on water-related physical 

properties, some studies showed poor performance of NT under cool and wet conditions 

or during periods of high rainfall.  Besides delayed emergence, disease susceptibility, 

weeds and crop residues, compaction and anaerobic conditions in poorly drained soil 

seem to be the main problems of NT (Hill et al. 1985; Lipiec et al, 2006; Strudley et al., 

2008). As a result, under NT important yield reductions are found in soils with poor 

drainage especially in wet seasons (Soane et al., 2012).   

In Mediterranean and semiarid areas, where soil moisture is below field capacity 

for nearly the entire growing season (Bescansa et al., 2006), water availability is the main 

limitation for crop production in most cases. Therefore, interest in NT has increased due 

to the above-mentioned beneficial effects on water related properties, especially the 

beneficial effects on the available water capacity (AWC) (Lal, 1991). Higher yields under 

NT have been reported by some studies in Spain (Lampurlanés et al., 2001; Fernández-

Ugalde et al., 2009a) and Italy under water deficit conditions (De Vita et al., 2007) 

although some authors (Bescansa et al., 2006, Ferreras et al., 2000; Lopez-Bellido et al., 

1996) have found no differences or even lower yields under NT, even though the soil 

had a higher AWC. 

Most studies involving NT carried out in Mediterranean regions have focused on 

the effects under water deficit conditions. However, in Mediterranean climates, 

characterized by its irregularity, high rainfall events are frequent between fall and 

spring, coinciding with the emergence and first stages of winter crop development. In 

flat areas with soils containing a Bt horizon characterized by poor drainage, perched 

water tables can be formed resulting in unfavorable conditions for the emergence and 

development of winter crops, which could lead to important yield losses. There are very 
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few studies regarding the effects of NT in Mediterranean climates during periods of 

water excess, in soils with a tendency to generate perched water tables. For example, in 

a laboratory experiment, Basch and Carvalho (1997) did not find any influence of the 

tillage system and the effects of water-logging on crop growth, although concluded that 

as a result of the higher infiltration rate, NT facilitates the earlier development of a 

perched water table which could cause an earlier occurrence of water logging 

conditions. On the other hand, the risk of waterlogging in Mediterranean areas under 

NT during rainy episodes has been speculated upon by Martinez et al. (2008), but not 

specifically in soils with perched water table.   

In the western part of the Iberian Peninsula under a moist Mediterranean 

climate, leveled raña formations are very common and cover large areas. Rañas are 

continental detritic formations which constitute glacis-piedmont type of surfaces; they 

were formed in the middle-upper Pliocene and support very old soils whose properties 

are principally the result of a pre-Quaternary climate with subtropical features (Espejo, 

1987). The soils of these old surfaces are characterized by a sandy or sandy loam Ap 

followed by an AB and a thick Bt horizon. The low permeability of the Bt horizon, 

together with the flatness of the terrain, gives rise to perched water tables near the soil 

surface (5-10 cm) during periods with excessive precipitation. Unlike other studies 

(Douglas and Goss, 1987), dominant conditions are not hydromorphic because there is 

lateral water movement toward river valleys. Information obtained from farmers in this 

area coupled with our own observations indicates that in wet years, crop yields under 

TT are extremely low while under NT crop yields are higher. We hypothesized that the 

higher yield obtained in soils managed under NT could be the result of unsaturated 

conditions at the soil surface due to better water-soil relationships in the upper soil 

layer.  

The aim of our study was to evaluate the effects of tillage system (NT vs. TT) on 

soil-water relationships in the 0-5 cm soil layer and crop yield of a plinthic Palexerult 

during two campaigns (2010-2011 and 2012/2013) with excessive precipitation during 
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crop emergence and the first stages of development. For this purpose, we analyzed the 

following selected soil properties: soil organic matter content, fine earth bulk density, 

water content at saturation, water retention at -33 and -1500 kPa, water infiltration and 

saturated hydraulic conductivity, soil moisture as well as crop development related 

parameters: plant survival, ground cover and yield. 

2.2. MATERIAL AND METHODS 

2.2.1. Study site and experimental design 

Our study was conducted in an experimental field established in 2005 in the raña 

of Cañamero (SW Spain), a broad glacis–piedmont plateau covering a large flat area. 

Based on Köppen’s classification, the climate is moist Mediterranean (Csa), with hot dry 

summers and cool wet winters. The average annual temperature is 15.0°C, the average 

annual precipitation is 869 mm and the average evapotranspiration (ETo Penman–

Monteith) is 1248 mm. Under this climate, almost all the precipitation (P) occurs 

between November and April, the wet season, coinciding with the lowest temperatures 

and the first stages of winter crop growth. As a consequence, during this period, P is 

usually higher than evapotranspiration and soil moisture is often between field capacity 

(FC) and saturation. By contrast, during the dry season from May to October, there is a 

lack of precipitation coinciding with the period of highest temperatures and greatest 

winter crop growth rates. As a result evapotranspiration is higher than P and soil 

moisture is frequently near the wilting point (WP), signifying a period of water deficiency 

for crops.  

According to Soil Taxonomy, soils in the study area are clay-skeletal, kaolinitic, 

acid, thermic plinthic Palexerults, characterized by a low pH that decreases with depth, 

a low content in exchange bases, an exchange complex dominated by Al and a high 

content of non-porous quartzite rock fragments, which are hard in the upper 50 cm 

(mainly of diameter 3-4 cm) and are coarse and very below a depth of 50 cm (Espejo, 
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1987; Espejo and Cox, 1992). Prior to the experiment, a representative soil profile from 

the area was characterized and selected properties are shown in Table 2.1. 

 The experiment was established as a split-plot design with four replicates and a 

total of 16 plots, 4 m × 16 m each. The main factor was tillage: no-tillage (NT) versus 

traditional tillage (TT), and the second factor was the use of a Ca-amendment (Amended 

versus Not-amended plots). In September 2005, the natural vegetation, consisting in a 

natural pasture and isolated specimens of Halimium ocymoides (Lam) Wilk and Cistus 

ladanifer L.was cleared throughout the experimental area using a cultivator (two passes) 

and a power tiller (one pass) that affected the upper 20 cm.  

Table 2.1. Selected soil properties of the plinthic Palexerult in the experimental site. 

Horizon SOM pH   RF   Texture Textural class 

(cm) (%) H2O KCl   (%)   Sand  Silt Clay   
              (%)   

Ap (0-25) 3.4 5.3 4.3   52   80.1 6.1 13.8 Sandy loam 

                      

AB (25-35) 1.6 5.0 4.0   47   69.1 5.6 25.3 Sandy clay  loam 

                      

Bt (35-90) 0.3 4.9 3.7   56   59.9 4.7 35.4 Sandy clay 

                      

Btv (90-200) nd 4.6 3.4   75   56.0 5.1 38.9 Sandy clay 
SOM: soil organic matter; RF: rock fragments (>2 mm) 

Two Ca-amendments were applied from the beginning of the field experiment. 

The first one was applied in September 2005 and consisted of a mixture of sugar foam 

waste (3.9 Mg ha-1) and red gypsum (7.5 Mg ha-1). In order to balance the Ca/Mg ratio 

we also added 100 kg ha-1 of MgO from converter basic slag (CBS) and 100 kg ha-1of 

MgO in the form of MgSO4. In total, we added 3.535 Mg ha-1 of CaO and 0.396 Mg ha-

1 of MgO (Gómez-Paccard et al., 2013). This amendment was applied once at the 

beginning of the experiment and it was incorporated into the top 0-7 cm soil layer in all 

amended plots with a power tiller. To keep conditions identical the unamended NT and 

TT plots were also ploughed to a depth of 7 cm. After that, the NT plots were not 

ploughed again. In October 2012, 7 years after the first Ca-amendment application, a 
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dose of 1.11 Mg ha-1of sugar foam waste, 2.14 Mg ha-1of red gypsum, 28.55 kg of MgO 

from CBS and 28.55 kg ha-1of MgO (as MgSO4), equivalent to 2/7 of the first application, 

was applied. On this occasion, the amendment was spread over the soil surface in both 

NT and TT plots previous to tilling; but only in the latter the Ca-amendment was 

incorporated into the soil with the power tiller. 

 Tilled plots were managed following the traditional system in the area: 2 

passes with cultivator to 20 cm depth, one after the first rains of September and the 

other before sowing (Oct-Nov), followed by a pass with a rotary harrow hoe with a cage 

roller, which in our case was replaced by a power tiller. During the 2005-2013 period, 

the crop was a mixture of local varieties of Avena sativa L. (57%), XTriticosecale Wit. 

(17%) and Vicia sativa L. (26%), except in 2009-2010 when the crop was Brassica napus 

L.PA (Jura variety), and in 2012-2013 when the crop was a XTriticosecale Wit. In both 

the TT and NT plots, sowing was done with a direct sowing machine.  In NT plots weeds 

were controlled with Glyphosate (36% purity) applied at a rate of 2.5 L ha–1 prior to 

sowing. In our experiment, fertilizer was applied manually before sowing and 

incorporated by a power tiller pass in TT plots and left on surface in NT plots whereas 

local farmers normally combine a drill for sowing and fertilization. Each year 36 kg N ha–

1, 92 kg P ha–1 and 92 kg K ha–1 were added to all plots in the autumn, except in the 2009-

2010 campaign when 70 kg N ha–1,  92 kg P ha–1 and 92 kg K ha–1 were added to all plots 

in the autumn plus 70 kg N ha–1 in spring, and in the 2012-2013 campaign when 36 kg N 

ha–1, 92 kg P ha–1 and 92 kg K ha–1 were added in autumn plus 30 kg N  ha-1 in spring. At 

maturity (July), the crop was manually harvested at a height of 20 cm above ground and 

crop residues were left on the soil in both TT and NT plots. 

2.2.2. Field and laboratory methods 

In September 2011 and 2013, before the TT plots were ploughed, three soil 

samples of about 1 Kg each were taken at 0-5 cm depth from each plot. Bulk samples 

from each plot were mixed and sieved (< 2 mm) and subsamples were analyzed for pH, 

SOM and texture characterization. The pH was measured in a soil/water ratio of 1:2.5; 
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SOM was determined by loss on ignition method (Nelson and Sommers, 1996) and 

texture following Kilmer and Alexander (1949). All of these laboratory analyses were 

performed in duplicate (for texture) and triplicate (for the rest). 

Additionally, in September 2011, six randomly-selected undisturbed soil core 

samples were collected from each plot at 0-5 cm depth, using bevel-edged steel rings of 

5 cm diameter. In these very stony soils is very hard to insert the steel cylinders and for 

that reason we only took two samples per plot for the measurements that needed this 

technique. Two of these samples were used to determine the gravimetric and 

volumetric content of rock fragments (RF) (assuming a density of 2.65 Mg m-3for 

quartzite) and the bulk density of the fine earth (BD). Total porosity (TP) was calculated 

from BD and particle density, correcting the values of the particle density using the SOM 

content (De Leenheer and Waegemans, 1970). We assumed TP to be similar to the 

volumetric water content at saturation (SAT). In September 2013, two undisturbed soil 

core samples were collected from each plot at 0-5 cm depth, using bevel-edged steel 

rings of 10 cm diameter to determine the bulk density of the fine earth fraction. BD 

measurements were not made more frequently due to the fact that in this sandy loam 

soil with such high RF it is quite difficult to extract intact cores in both dry and wet 

conditions. Besides, although BD diminishes in the surface layer immediately after 

tillage, this effect is short-lived due to the rapid reorganization of soil particles after the 

first heavy autumn rains (Green et al., 2003). For these reasons, only one BD 

measurement was made per year, in autumn before tillage. 

Two of the other soil cores taken from each plot in 2011 were used to measure 

soil water retention characteristics at matric potentials of  -33 kPa and -1500 kPa in 5 

and 15 bar pressure plate extractors (Soil Moisture Equipment Corp., Santa Barbara, CA), 

as described by Dirksen (1999). Volumetric values were calculated from the gravimetric 

measurements using BD and RF to refer values to fine earth. The gravitational water 

content (GWC) was calculated as the difference in volumetric water content between 0 

kPa and -33 kPa. Volumetric water content at -33 kPa and volumetric water content at -
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1500 kPa were assumed to be FC and WP, respectively, and consequently the plant-

available water capacity (AWC) was calculated as the difference in volumetric water 

content between -33 kPa and -1500 kPa. 

Saturated hydraulic conductivity (Ksat) was measured in the remaining two 

undisturbed samples (2011) using the Darcy’s law by a constant head permeameter 

method (Klute and Dirksen, 1986). In addition, water infiltration was determined in situ 

at two points per plot in April 2011, using the single ring (flooded/pounded) method 

(Lowery et al., 1996) and recording the time taken for the second inch of water to 

infiltrate into the soil, after the first inch of water raised the soil moisture content of the 

top five cm soil layer to between FC and SAT.   

Soil moisture variations were monitored during the two campaigns with water 

excess, 2010-11 and 2012-13. The 2011-12 campaign was extremely dry and data are 

not included in this study. In 2010-11, the gravimetric soil moisture of the fine earth 

(GSM) at 0-5 cm depth was determined once or twice per month at two random points 

per plot. The degree of saturation (Sr) was calculated by dividing the volumetric soil 

moisture (GSM x BD) by the volumetric water content at saturation. Sr= 1 indicates 

saturation and Sr< 1 indicates below saturation. The level of the perched water layer was 

determined monthly using a piezometer placed in the middle of the experimental farm. 

Climatic and meteorological data were obtained from the meteorological station of 

Cañamero-El Pinar (Lat. 39° 18' 51'' N – Long. 5° 22' 8'' W), located 3 km from the 

experimental site.  

Plant Crop Survival (PCS) and ground cover (GC) indices were measured about 

four months after sowing. The number of plants on either side of a 1 m rule was counted 

at four random locations per plot, counting the legumes and the other crops separately. 

The distance between adjacent rows was used to calculate the number of surviving 

plants. GC was randomly measured twice per plot using a 0.5 × 0.5 m2 quadrat, as 

described by Ramirez et al. (2012).  Briefly, GC was determined from digital images 

processed with SigmaScan Pro 5 software. Photos were taken using a 3 megapixel 
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camera attached facedown to a tripod at a height of 1.5 m. A layer was created in each 

picture by separating the green surface (crop) from the brown (soil). The GC was 

calculated as the number of pixels in the crop layer divided by the total number of pixels 

in the image. Yield was measured in each campaign at harvest time by taking two 

random 1 × 1 m2 subsamples from each plot. Fresh weight was measured in the field 

and dry weight was recorded after drying the samples for 48 hours at 60ºC. 

Data were analyzed statistically with the general linear model (GLM) ANOVA for 

a split-plot design with the software Statgraphics Centurion XVI. Comparison of means 

between treatments was done using the least significance difference (LSD) test at 

p<0.05. Simple regression analysis was carried out to explain relationships between 

variables.  

2.3. RESULTS AND DISCUSSION 

Tillage had the largest influence on most of the soil properties. Given that the Ca-

amendment only influenced soil pH (Table 2.2) and crop development characteristics 

and that we found no interaction between the two factors, we focus our analysis mainly 

on the effect of tillage. 

2.3.1. Bulk density and related properties  

We found no effect of tillage on pH, soil texture and RF while BD and SOM 

content were significantly affected. NT had lower BD compared with TT in both 

campaigns (0.91 vs. 1.04 in 2011 and 0.95vs. 1.09 Mg m-3 in 2013) (Table 2.2). 

Contrasting results have been reported on the effect of tillage on BD under 

different climates and conditions. Some studies have reported an increase in BD under 

NT (Bescansa et al., 2006; Fabrizzi et al., 2005; Ferreras et al., 2000; Soane et al., 2012). 

However, some of  these studies did not take into account the surface 0-3 cm (Fabrizzi 

et al., 2005; Ferreras et al., 2000), where higher SOM contents have been found, and, 

therefore, the lowest BD would be expected (Franzluebbers, 2002b; Kay and 
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VandenBygaart, 2002; Tebrügge and Düring, 1999). By contrast, other studies have 

found unchanged (Arshad et al., 1999; Azooz et al., 1996; Martinez et al., 2008) or even 

lower values of BD under NT (Lal et al., 1994; Carter et al., 1994; So et al., 2009). 

Table 2.2. Effect of tillage on texture, rock fragments (RF), pH, soil organic matter (SOM) and 

bulk density of the fine earth (BD) at 0-5 cm depth. 

 
Four field replicates of each treatment (N=16); ***: p< 0.001; **: p<0.01; ns: not significant. 

In their review, Kay and VandenBygaart (2002) point out that NT tended to 

increase BD with respect to TT, although in the top layer BD may be lower as a result of 

SOM accumulation. It should also be considered that the gradual compaction of the soil 

observed in the first years following the implementation of NT is reported to be 

compensated in the long term by the development of soil pores of biological and root 

origin as well as by the accumulation of SOM (Dalal, 1989; Ismail et al., 1994; Jemai et 

al., 2013). By contrast, traditional tillage tends to decrease BD, although this effect is 

short term due to reconsolidation by rain and other natural forces (Green et al., 2003; 

Alletto and Coquet, 2009). 

Since soil texture was not affected by tillage, we attribute our differences in BD 

to the differences in SOM content, which was significantly higher by about 30% under 

NT compared with TT in both campaigns (Table 2.2). In addition, we found that bulk 

density was negatively correlated with SOM (-0.82***). Surface accumulation of SOM in 

NT systems has been observed in different soils and under different climates (West and 

Treatment 

Sand Silt Clay > 20 mm 2-20 mm

Year 2011 2013 2011 2013 2011 2013

Tillage 

Tillage 75.1 13.1 11.8 21 28 5.3 5.7 6.45 6.48 1.04 1.09

No-tillage 74.3 14.7 11.0 18 26 5.4 5.8 8.42 8.62 0.91 0.95

Amendment

Amended 75.0 13.1 11.9 23 28 5.7 6.3 7.44 7.62 0.96 1.01

No amended 74.7 13.3 12.0 26 24 5.0 5.2 7.43 7.49 0.98 1.03

Effects

T ns ns ns ns ns ns ns *** ** *** **

A ns ns ns ns ns *** *** ns ns ns ns

TxA ns ns ns ns ns ns ns ns ns ns ns

BD

(Mg m
-3

)

Texture

(%)

SOMpH

(%)

RF         

(%)

2011
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Post, 2002), as a result of the accumulation of crop residues and lower mineralization 

rates due to the absence of tillage (Reicosky et al., 1995). This effect is especially marked 

in the soil surface layer (0-5 cm) where crop residues accumulate, leading to the 

stratification of SOM (Franzluebbers, 2002a). In contrast, the loosening effect of tillage 

in our soils is expected to be very short-lived in the 0-5 cm layer since the sandy loam 

texture and high RF may accelerate the rain effect on soil particle reorganization 

resulting in higher BD in TT plots. On the other hand, it might be argued that the manual 

harvest used in our experiment would avoid the compaction found in other studies 

under NT. However, the very low water content usually found in the Ap horizon at harvest 

time (July month) together with the coarse texture does not favor the soil compaction 

usually attributed to harvesting operations. 

2.3.2. Soil water retention characteristics 

Significant tillage effects were found for volumetric saturation water content 

(SAT), water retained at -33 kPa (FC), and water retained between -33 and -1500 kPa 

(AWC), but neither for water retention at -1500 kPa (WP) nor for water retained 

between 0 and -33 kPa (GWC) (Table 2.3). Thus compared with TT, NT slightly increased 

SAT (about 7%) and substantially increased FC (about 18%). The AWC under NT was 36% 

higher than under TT. A higher SAT under NT compared with TT has also been found by 

Dao (1993, 1996), So et al. (2009), Jemai et al. (2013) but not by Bescansa et al. (2006), 

Fernandez-Ugalde et al. (2009a) and Martinez et al. (2008). Bescansa et al. (2006) and 

Fernandez-Ugalde et al. (2009a) also found higher AWC under NT. In our skeletal soil 

with a high content of non-porous quartzite RF and, therefore, a low soil volume for 

water retention, an increase in SAT and specially in AWC is very beneficial for crop 

development under a Mediterranean climate.  
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Table 2.3. Volumetric soil water retention (cm3 cm-3) in undisturbed soil samples (0-5 cm).   

 
Samples from September 2011 (N=16). SAT: saturation; FC: field capacity; WP: wilting point; GWC: gravitational water 
content; AWC: available water capacity. Means followed by standard errors. Within columns, different letters indicates 
significant differences (p<0.05). 

According to the capillary rise equation (Marshall and Holmes, 1988), the volume 

of GWC is related to the content of pores >9 µm diameter, the volume of water at FC is 

related to the volume of pores <9 µm and the volume of water at WP is related to the 

volume of pores <0.2 µm. Bescansa et al. (2006) found a higher volume of pores >9 µm 

under TT compared with NT, which is in agreement with our results. In agreement with 

Hill et al., (1985), Bescansa et al. (2006), Bhattacharyya et al. (2006), Martinez et al. 

(2008), Fernandez-Ugalde et al. (2009a) and Jemai et al. (2013) (most of them working 

in areas with a Mediterranean climate), we found higher FC (pores <9 µm) under NT 

compared with TT, but unlike them, we found a similar WP (pores <0.2 µm) under both 

tillage systems. 

SOM affects water retention properties in soils (Hudson, 1994). It is a property 

that together with texture is involved in most of the pedotransfer functions to estimate 

soil water retention (Rawls et al., 2003; Xiao-Gang et al., 2007). However, reports on the 

effect of an increase in SOM on water retention are contradictory, depending on texture 

and initial SOM content (Rawls et al., 2003). According to Rawls et al. (2003) and Saxton 

and Rawls (2006), in soils with a low clay content like ours, water content at -33 kPa is 

very dependent on SOM, whereas at -1500 kPa water retention is more related to soil 

texture. Also Bauer and Black (1992) reported that in sandy soils the slope of the line 

that relates the water retention at -33 kPa to the increase of SOM is greater than the 

slope of the line that relates this increase to the water retention at -1500 kPa. In our 

case, the higher SOM content under NT, together with the sandy loam texture could 

explain the higher FC and the similar WP. 

Traditional 0.59 ± 0.007 b 0.27 ± 0.010 b 0.13 ± 0.005 a 0.33 ± 0.010 a 0.14 ± 0.008 b
No-tillage 0.63 ± 0.006 a 0.32 ± 0.003 a 0.13 ± 0.004 a 0.31 ± 0.009 a 0.19 ± 0.005 a

GWC 
(0 to -33 kPa) (-33 to -1500 kPa)

AWC Tillage SAT Matric potential
-33 kPa (FC) -1500 kPa (WP)
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2.3.3. Water infiltration and saturated hydraulic conductivity 

Water infiltration and Ksat (Table 2.4) were strongly affected by tillage, both being 

significantly higher under NT compared with TT (56% and 59% higher, respectively). In 

general, water infiltration has been found to be higher or similar under NT compared 

with TT (Strudley et al., 2008; Soane et al., 2012). This effect has been attributed to: i) 

the higher SOM content (Arshad et al., 1999; Ghuman and Sur, 2001; Shukla et al., 2003; 

Lal and Vandoren, 1990) since SOM affects soil structure development and, therefore, 

increases inter-aggregate pores, which facilitate water transmission (Blevins et al., 1983; 

Franzluebbers, 2002b, Sasal et al., 2006); in our case, infiltration and SOM were 

positively correlated (r = 0.65**); ii) the role of crop residues in both protecting the soil 

from the impact of rainfall and surface crust formation increasing water infiltration 

(Triplett et al., 1968; Dao, 1993), and iii): the continuity of the vertical pore network 

(Francis et al., 1988; Soane et al., 2012).  

The same trend has been reported for Ksat, which has also been found to be 

greater under NT compared with TT and this effect has been attributed to: i) the higher 

SOM content since SOM appears in most pedotransfer functions used to estimate Ksat 

(Wösten et al., 2001; Rawls et al., 2005; Wang et al., 2009); in our case Ksat was directly 

related to SOM (r = 0,76***); ii)  the higher content of water-stable aggregates, closely 

related to SOM content as mentioned before; iii)  the greater number of macropores 

(Azooz et al., 1996; Osunbitan et al., 2005; So et al., 2009), and iv) the preservation of 

the vertically-orientated structure of existing earthworm and root channels (Kay and 

VandenBygaart, 2002; Vogeler et al., 2009).  

Table 2.4. Soil water transmission characteristics in the 0-5 cm soil layer. 

Tillage 
Infiltration      K sat   
(cm min -1)     (cm min -1)   

Traditional 0.41 ± 0.100 b   1.84 ± 0.410 b 

No-tillage 0.91 ± 0.180 a   4.47 ± 0.480 a 
Ksat: hydraulic saturated conductivity from samples taken in September 2011. 

Infiltration measured in April 2011 (N=16). Means followed by standard errors. 

Within columns, different letters indicates significant differences (p<0.05). 
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Conversely, some authors have questioned the suitability of NT during wet years 

or intense rainfalls due to lower values of Ksat and infiltration. Hill et al. (1985) found a 

greater Ksat under TT compared with NT as a result of the higher macropore content, 

suggesting that in wet years NT might not provide sufficient drainage. Martinez et al. 

(2008) and Lipiec et al. (2006) found a lower infiltration under NT as a result of the higher 

soil compaction. 

In our study, despite we found no difference in the content of pores >9 µm (GWC) 

between tillage systems, infiltration and Ksat were higher under NT. Even with higher 

content in pores >9 µm under TT, a higher infiltration and Ksat  were found by Arshad et 

al. (1999) and Azooz et al. (1996) who, as shown before, attributed their results to the 

greater continuity of the pores under NT. The absence of soil disturbance and the 

improved biological activity, especially by earthworms (Chan and Heenan, 1993; 

McGarry et al., 2000), could have better preserved the pore continuity and the 

development of a vertically orientated structure improving water transmission into the 

soil profile. According to Kay and VandenBygaart (2002), NT favors the development of 

>500 µm and 100-500 µm biopores, both related to soil fauna and roots of previous 

crops. In our case the population of earthworms (Eisenia foetida) was significantly higher 

in the uppermost 0-10 cm soil layer of NT plots (data not shown). In addition, the 11% 

higher content in water-stable aggregates (1-2 mm) found under NT in a previous study 

(Gómez-Paccard et al., 2013), together with a 64% higher mean weight diameter of the 

size distribution of water stable aggregates under NT (data not published) probably 

contribute to explain our results. 

It should also be considered that, as suggested by Douglas et al. (1986) in our 

case NT better preserves  the pore continuity and functional macroporosity that 

presumably developed under the grassland that was present after the cultivation and 

successive abandonment of our experimental site in the 1990s (Gómez-Paccard et al., 

2013). Although at the beginning of our experiment, the natural vegetation was cleared 

using a cultivator (two passes) to 20 cm depth and a power tiller (one pass) to 5-7cm 
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depth, these tillage operations were probably not sufficient to destroy the soil structure 

developed under the grassland from a depth of 5 cm to deeper layers. The NT system 

could, therefore, have preserved part of this favorable structure. 

2.3.4. Changes in soil moisture throughout the growing season  

Monthly precipitation and temperature from October to September of the 2010-

2011 and 2012-2013 campaigns, as well as the average monthly precipitation and 

temperature for the last 17 years are shown in Figure 2.1a and 2.1c.  

In the 2010-2011 campaign, annual precipitation was 725 mm, while the 

cumulative precipitation during the growing season (November 2010-July 2011) was 641 

mm. During the wet season (November to April), the precipitation was close to (Jan, Feb 

and March) or even below (November) the long-term average, except in December, 

when a large peak occurred (180 mm vs. an average of 107 mm) (Fig 1a and b).  

 

Fig. 2.1. Evolution of temperature and precipitation and average precipitation for the 1996-2013 
period during 2010- 2011 campaign (a) 2012-2013 campaign(c).Ten days precipitation 
distribution from October 2010 to April 2011 (b) and from October  2012 to April 2013 (d). Data 
from Cañamero-El Pinar meteorological station. 
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As a result, a perched water table was formed saturating the soil below 10 cm 

depth from the middle of this month. These conditions, with little variation in the depth 

of perched water table, prevailed from mid-December 2010 to the end of February 2011 

because P was much higher than ET during this period. In March 2011 the perched water 

table was at 15-20 cm depth;  in April 2011, even though the rainfall was slightly higher 

than average, the perched water table moved below 20 cm due to crop and weed uptake 

and to the higher ET and by May it was below 50 cm depth. 

Changes in the GSM in the surface layer (0-5cm) from October 2010 to July 2011 

are shown in Figure 2.2a. Throughout this period, GSM was higher in the NT plots 

compared with those under TT, although differences were significant only in October 

(21% higher) and between April and July (17% higher in April, 14% in May, 13% in June 

and 12% in July). It is worth noting that during the wet period the higher GSM values 

found in the NT plots (although differences were not significant) were apparently 

contradictory to our in situ observations.  Between November 2010 and March 2011, 

every time samples were taken, the 0-5 cm soil layer was apparently much wetter under 

TT compared with NT.  Figure 2.2a also shows the degree of water saturation (Sr) from 

December 2010 (after the beginning of the heavy rains in the second half of November, 

when we can assume that BD in the TT plots had increased to the pre-tillage value) to 

July 2011 and can help to explain this apparent contradiction. During the wet period, 

the highest Sr under NT (0.74) was reached in the beginning of January 2011 whereas 

under TT Sr was 0.87 (18% higher) on this date. During the rest of the wet period, values 

of Sr in the NT plots reached 0.65 in December 2010 and 0.60 in both February and 

March 2011, whereas in the TT plots values were 0.70 in both December and February 

and 0.66 in March 2011 (8%, 17% and 10% higher, respectively). The lower Sr under NT 

suggests that the soil had a significantly lower percentage of water-filled pores than in 

the TT plots. 

With regards to the dry season (May–July 2011) GSM was always significantly 

higher in NT plots which agrees with the generally reported findings that NT has a 



Chapter 2. Soil-water relationships in the upper soil layer in a Mediterranean Palexerult as affected by   

no-tillage under water excess conditions-Influence on crop yield. 2015. Soil and Till. Res. 146, 303-312. 

 

63 

 

beneficial effect for water storage during periods of water deficit (Arshad et al., 1999; 

Lampurlanés et al., 2002; Bescansa et al., 2006; Jemai et al., 2013). The crop residues 

under NT would also have contributed to a lower water loss by evaporation (Dao, 1993; 

Fabrizzi et al., 2005). 

 

Fig. 2.2. Gravimetric soil moisture (GSM) and degree of saturation (Sr) as affected by tillage at 
0-5 cm depth in (a) 2010-2011 and (b) 2012-2013 campaigns. NT: No-tillage; TT: Traditional 
tillage. Bars followed by different letter are significantly different (p<0.05). 

During the wet period of the 2012-13 campaign (October to March), November 

precipitation was moderately higher than average (121.8 vs. 109.5 mm) but in March 

the precipitation was much higher than average (291 vs. 86.4 mm) (Figure 2.1c and d). 

The timing of precipitation contributed to the early development of a perched water 

table (Figure 2.1d): in October precipitation was concentrated in the last ten days, while 

in November most of the precipitation occurred during the first ten days. The perched 

water table was at a depth of about 10 cm by the end of November, varying between 10 
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and15 cm during December-February. In March, it rained almost every day and the 

perched water table rose to a depth of 5-10 cm. During April-June, precipitation was 

lower than average and the perched water table dropped to a depth of 20 cm in April 

and fell below 50 cm in May. 

Figure 2.2b shows the GSM in the surface layer (0-5cm) from October 2012 to 

July 2013. GSM was higher in the NT plots compared with the TT plots at the beginning 

of both October and November 2012 and from April to July 2013. Similarly to the 2010-

2011 campaign, in situ observations gave the impression of wetter conditions in the TT 

plots.  Figure 2.2b also shows Sr values from mid-November 2012 to July 2013; (as in the 

2010-2011 campaign, we have assumed that BD in TT plots had increased to the pre-

tillage value by mid-November). For this campaign, SAT was significantly higher (p<0.05) 

in NT (0.62 cm3 cm-3) with respect to TT (0.57cm3 cm-3), as was the gravimetric water 

content at saturation (65.6% in NT and 52.5% in TT). Monthly Sr was significantly higher 

under TT than under NT (20% higher in average), except in the dry period. Sr was very 

high in the TT plots from mid-November 2012 to February 2013, reaching an 

extraordinarily high value in March (0.97). By contrast, during the wet period Sr varied 

between 0.58 and 0.7 in the NT plots, only reaching 0.82 in mid-March. 

Very few studies have looked at the influence of tillage in soils with a tendency 

to generate perched water tables in years with an excess of water under a 

Mediterranean climate. To our knowledge, only Basch and Carvalho (1997) have studied 

the soil-water relationships in a laboratory experiment with a Luvisol, concluding that 

an earlier development of water-logged conditions may occur under NT. Martinez et al. 

(2008) also highlighted the risk of water-logging in Mediterranean areas during episodes 

of heavy rain but not specifically in soils with a tendency to generate perched water 

tables. However, our results suggest that the water-logging risk, at least in the 0-5 cm 

layer, where the seedbed is located, is lower under NT than under TT due to a higher 

SAT, leading to a lower Sr together with better water transmission properties (higher Ksat 
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and higher infiltration) and, therefore, a better aeration status under water excess 

conditions. 

2.3.5. Crop performance and yield 

In the 2010-2011 campaign the crop was sown at the end of October; a month 

later a large rain event occurred (Figure 2.1a and b), just when the crop was starting to 

develop, influencing subsequent crop development; at the beginning of January, Sr in 

the TT plots reached 0.87, whereas in the NT plots it reached 0.74. Due to the very high 

precipitation in December 2010, we can suppose that even from the middle of 

December, when the crop was in the first stages of development, Sr could have reached 

higher values, close to 1, in the TT plots.  

 

Table 2.5. Crop development characteristics in 2010-11 and 2012-13 campaigns.  

 
Four field replicates of each treatment (N=16). PCS: plant crop survival; GC: ground cover; ***: p< 0.001;                  

**: p<0.01; ns: not significant. 

Table 2.5 shows PCS and GC indices at the beginning of March 2011, four months 

after sowing, and yield at maturity for this campaign. Under NT, the number of surviving 

plants was more than double that of the TT plots, with the difference being especially 

marked in the legumes (near four times higher). The higher cereal/legume ratio found 

under TT (3.72) compared with NT (2.45) is consistent with this and is due to the higher 

sensitivity of the legumes to water saturation during the first development stages 

Campaign
GC Yield PCS GC Yield
% (kg ha

-1
) (plant m

-2
) % (kg ha

-1
)

Treatment Cereal Leguminous Total Cereal

Tillage 

Traditional 32 9 41 34.9 1238 33 38.1 929

No-tillage 78 32 109 58.5 3163 81 56.7 3841

Amendment
Amended 54 18 72 47.5 2894 58 51.4 2454

Not-amended 56 22 78 46.0 1506 55 43.4 2316

Effects

T ** *** ** ** *** *** ** ***

A ns ns ns ns *** ns ns ns

TxA ns ns ns ns ns ns ns ns

(plant m
-2

)

2010-2011 2012-2013 
PCS
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(Muslera and Ratera, 1991).Consequently, at this time, near 60% of the soil surface was 

covered by the crop under NT, while under TT it was only 35%.  

Crop yields (Table 2.5) in this campaign were nearly three times higher in NT 

compared with the TT plots (3163 vs. 1238 kg ha-1). The maximum yields were obtained 

in amended NT plots (3.996 kg ha-1of average) while minimum yields were obtained in 

unamended TT plots (686 kg ha-1of average). Unlike the other properties studied, Ca-

amendment significantly increased crop yield. The fact that Ca-amendment affected 

crop yield but not PCS and GC indices can be explained by the fact that the surviving 

plants found better chemical conditions for development in the amended plots (Gomez-

Paccard et al., 2013). 

In the 2012-2013 campaign, sowing was carried out in mid-October just before 

the beginning of a period of abundant precipitation as mentioned before (Figure 2.1d), 

when the perched water table was at about 10 cm depth. In the TT plots, water excess 

problems appeared around mid-November 2012 after germination when Sr reached 

0.82. In March, when crop development speeded up, rainfall was extremely high and Sr 

almost reached 1 in the TT plots, while in the NT plots it was 0.82. In mid-February, the 

CPS index was significantly higher under NT than under TT (by a factor of 2.5) and GC 

was about 50% higher under NT (Table 2.5). This resulted in a crop yield four times lower 

under TT than under NT. In this case no amendment effect was observed. Thus we 

measured a yield of 922 and 935 kgha-1 for non-amended and amended TT plots, 

respectively versus 3697 and 3995 kg ha-1for non-amended and amended NT plots, 

respectively. The high Sr values during March under both tillage systems, especially 

under TT, probably cancelled-out any positive effect provided by the Ca-amendment. 

Data suggest that under TT the crop development and yield were strongly 

affected by near saturation conditions in the 0-5 cm layer generated by water excess. In 

the NT plots, as a result of improved water-related physical properties, the 0-5 cm soil 

layer reached saturation conditions later and for a shorter time, providing more 
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favorable conditions for seedling survival and crop development during the growing 

period, leading to higher yield. 

2.4. CONCLUSIONS 

After eight years, our results show that NT has benefits for crop yield compared 

with TT in Mediterranean raña regions containing soils with a Bt horizon with very low 

permeability, in years when a perched water table is formed close to soil surface. Under 

these conditions, quite common under a Mediterranean climate in other flat areas with 

soils with a Bt horizon, we found that NT improved some water-soil relationships in the 

upper 0-5 cm of the soil, resulting in a higher water content at saturation, higher 

available water capacity and better water transmission properties. Some of these 

properties contributed to avoid waterlogging, giving conditions more favorable to 

germination and the first stages of crop development, which maintained crop yield 

potential under NT whereas under TT it dramatically decreased. We confirm the critical 

role of water-soil relationships in the upper soil layer (where the seedbed is located) 

when a perched water table is formed very close to the soil surface. In view of the 

scarcity of studies, more investigation is needed to confirm our results in other 

Mediterranean areas with a tendency to develop perched water tables. 

https://www.upm.es/webmail_personal/#NOP
https://www.upm.es/webmail_personal/#NOP
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ABSTRACT 

The physical protection and stabilization of soil organic carbon in soil aggregates 

are important processes for the mitigation of greenhouse gas emissions through carbon 

sequestration. Compared with temperate soils, the relationships between management 

practices, soil aggregation and soil organic matter (SOM) are not well understood in 

subtropical and tropical soils.  The objectives of this study were to assess the influence 

of tillage system and Ca-amendment on the size distribution of soil aggregates and 

aggregate-associated organic C and N, as well as to contribute to the understanding of 

the role of soil organic matter in the aggregation process in a soil with tropical 

mineralogical characteristics. Our study was conducted on an annual forage agrosystem 

with a degraded Palexerult soil in SW Spain with mineralogical and morphological 

characteristics inherited from a pre-Quaternary humid-subtropical climate. The 

experiment had a split-plot design with tillage (no-tillage vs. traditional tillage) as the 

main factor and the application or not of a Ca-amendment as the second factor. 

Aggregation size distribution was dominated by microaggregates (0.053-0.250 mm). 

Compared with tilled plots, after six years, no-tillage increased the macroaggregates (> 

0.250 mm) to a depth of 10 cm by about 40%. The relatively small clay content of the 

surface soil may explain the strong impact of tillage on macroaggregation and the 

relatively slow recovery after the adoption of no-tillage. In contrast to the tillage system, 

the Ca-amendment barely influenced aggregation parameters. No-tillage also favored 

accumulation of organic C and N in all aggregate fractions but no size preference 

between macro and microaggregates was observed while Ca-amendment enhanced 

accumulation only in large macroaggregates. Our results indicate an aggregation 

hierarchy in these kaolinitic soils, as well as an important role of SOM in enhancing soil 

aggregation.
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3.1. INTRODUCTION 

The recognition of soil carbon sequestration as a means of mitigating greenhouse 

gas emissions has encouraged the study of the mechanisms involved in the protection 

of soil carbon within soil aggregates (Six and Paustian, 2014). Aggregates protect soil 

organic carbon (OC) via the formation of physical barriers which separate substrate and 

microbial biomass, thus preventing enzymatic and microbial processes (Six et al., 2002a). 

The physical protection of OC is mainly due to the soil microaggregates, although soil 

macroaggregates are also important in cases of low turnover: Microaggregates are 

preferentially formed within the macroaggregates and the stabilization of OC takes place 

within these microaggregates (Six et al., 2000).  Different studies have look at how tillage 

practices (e.g. Beare et al., 1994, Six et al., 1999), fertilizers (Yang et al., 2007), lime 

(Briedis et al., 2012a), and land use change (John et al., 2005) influence the role of 

aggregates in the protection of OC. 

The type of soil is also important when studying aggregation mechanisms and OC 

protection (Denef et al., 2004; Fabrizzi et al., 2009). One traditional view has been the 

distinction between temperate and tropical soils although this separation is 

controversial. Besides climate and vegetation, the distinction between these two broad 

soil categories is based on soil mineralogy (Six et al., 2002b), i.e. the type of clay (1:1 

versus 2:1 clays) and the presence of Fe and Al oxi-hydroxides. In temperate soils, 2:1 

minerals dominate the mineralogy, whereas in the more abundant tropical and 

subtropical soils (Oxisols and Ultisols), 1:1 clays (low activity clays) are dominant (Feller 

and Beare, 1997), together with oxi-hydroxides. In temperate soils, a number of studies 

(e.g. Beare et al., 1994; Six et al., 1999) have shown that an aggregate hierarchy exists 

and that organic matter provides the most important binding agents and constitutes the 

main motor of soil aggregation. By contrast, in highly weathered tropical soils (mainly in 

clayed Brazilian Oxisols), some studies do not show an aggregate hierarchy and suggest 

a less influential role of organic matter in aggregation processes since Fe and Al oxides 

together with 1:1 clay minerals provide mineral-mineral bindings, resulting in 
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“physicochemical” aggregates (Six et al., 2002b; Denef and Six, 2005). Nevertheless, 

other studies also carried out in Brazilian Oxisols have found an aggregate hierarchy and 

highlighted the role of organic matter (Castro Filho et al., 2002; Tivet et al., 2013). The 

fact that these clayed Oxisols have substantial contents of clay and oxi-hydroxides in the 

surface layer means that the generalization to other tropical soils should be done with 

care. For a better understanding of soil aggregation and OC stabilization mechanisms, 

more studies are needed in a range of soils under different management practices.  

The soils of this study are Palexerults located on very old and stable platforms 

(raña) that are nowadays under a Mediterranean climate, but their mineralogy and most 

of their morphological properties were generated under a humid subtropical 

precuaternary climate. The dominance of kaolinite throughout the soil profile and a high 

content of Fe oxi-hydroxides in the argillic horizon containing plinthite (Espejo, 1987), 

allow these soils to be considered as tropical soils, in the context of this study. The main 

constraints of these soils arise from its low pH and the loss of SOM as a result of 

cultivation and tillage (Mariscal-Sancho et al., 2009). The combination of no-tillage 

together with Ca-amendment has been shown to be a good management practice to 

restore the quality of these degraded soils (Gomez-Paccard et al., 2013). The application 

of Ca-amendments alleviates the aluminum toxicity and the calcium deficiency (Oates 

and Kamprath, 1983), both being important constraints in acidic soils. On the other hand, 

no-tillage stimulates SOM accumulation in the surface layer (West and Post, 2002) and 

enhances soil aggregation (Paustian et al., 2000).  

The objectives of this study were i) to assess the response of soil aggregation-size 

distribution and OC accumulation in aggregates to the management practices applied: 

no-tillage versus traditional tillage and the application or not of a Ca-amendment, and 

ii) to assess the role of soil organic matter in aggregation in this soil. 
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3.2. MATERIALS AND METHODS 

3.2.1. Experimental site and design 

This study was performed in an experimental field established in autumn 2005 in 

the Cañamero’s raña (SW Spain), a broad glacis–piedmont plateau that occupies a very 

large flat area. The climate is moist Mediterranean (Csa; Köppen), with a mean annual 

temperature of 15.0ºC, a mean annual precipitation of 869 mm and a mean 

evapotranspiration (Penman–Monteith) of 1248 mm. Soils in the study area are clay-

skeletal, kaolinitic, acid, thermic Plinthic Palexerults with the following characteristics: 

low pH that decreases with depth, low content of exchange bases, low bio-available P, 

an exchange complex dominated by Al, kaolinite as the dominant mineral in the clay 

fraction and a high content of free Fe oxi-hydroxides (8 %) in the argillic horizons with up 

to 20 % in the ferruginous accumulation of plinthite (Espejo, 1987). Table 3.1 summarizes 

selected properties of a representative soil profile from the experimental field 

characterized prior to the experiment. 

The experiment had a split-plot design with four replicates and plot dimensions 

of 4 m × 16 m. Tillage systems, no-tillage (NT) versus traditional tillage (TT), were the 

main plots and the use or not of a Ca-amendment were the sub-plots. TT was applied in 

a way similar to traditional systems in the area and consisted of two passes of cultivator 

(20 cm depth) in autumn followed by a power tiller for fertilizer incorporation and weed 

control. In the NT plots glyphosate (36% purity) was applied at a rate of 2.5 L ha–1 for 

weed control prior to seeding. 

Table 3.1. Selected soil properties of the plinthic Palexerult in the experimental site.

 
SOM: soil organic matter; Al3+: KCl-extractable Al; RF: rock fragments (>2 mm) 

Horizon SOM Al3+ RF Textural class
(cm) (%) H2O KCl Ca2+ Mg2+ Na+ K+

(%) Sand Silt Clay USDA

cmolc kg-1

Ap (0-25) 3.38 5.3 4.3 0.76 1.12 0.21 0.05 0.65 52 80.1 6.1 13.8 Sandy loam

AB (25-35) 1.59 5.0 4.0 1.01 0.85 0.16 0.04 0.08 47 69.1 5.6 25.3 Sandy clay loam

Bt (35-90) 0.25 4.9 3.7 1.75 0.82 0.11 0.03 0.07 56 59.9 4.7 35.4 Sandy clay

Btv (90-200) nd 4.6 3.4 2.23 1.12 0.1 0.05 0.06 75 56 5.1 38.9 Sandy clay

pH Exchangeable bases Texture

cmolc kg-1 (%)
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The Ca-amendment consisted of a mixture of 3.9 Mg ha–1 of sugar foam plus 7.5 

Mg ha–1 of red gypsum together with 100 kg ha–1 of CaO, 100 kg ha–1 of MgO from 

converter basic slag (CBS) and 100 kg ha–1 of MgO from magnesium sulfate. This 

amendment was incorporated into the top 7 cm with a power tiller in September 2005, 

just once at the beginning of the experiment. In order to keep the conditions identical, 

unamended plots were also ploughed to the same depth at the same time. All plots were 

sown each autumn using a direct drill seeder with a mixture of Avena sativa L.(57%), X 

Triticosecale Wit.(17%) and Vicia sativa L. (26%) at a rate of 140 kg ha–1, except in 2009-

2010 when Brassica napus L was sown. Each year 36 kg N ha–1, 92 kg P2O5 P ha–1 and 92 

kg K2O K ha–1 were added to all plots in autumn, except in 2009-2010 when the N dose 

was modified and 70 kg N ha–1 were added in autumn plus other 70 kg N ha–1 in spring. 

Every year at maturity (July), the crop was manually harvested at a height of 20 cm above 

ground and crop residues were left on the soil. 

 

3.2.2. Soil sampling and analysis 

In September 2011, before the TT plots were ploughed, 3 disturbed soil samples 

were collected at depths of 0–5, 5–10 and 10–25 cm from each of the 16 plots. Bulk 

samples from each plot and depth were thoroughly combined, air-dried and passed 

through a 2 mm sieve. Subsamples of fine earth were analysed for total organic carbon 

(TOC), particulate organic carbon (POC), N, pH, exchangeable calcium and exchangeable 

aluminium (AlK). TOC and N were determined using an elemental CN analyzer (LECO 

Trumac®). The C/N ratio was calculated by dividing TOC by N. POC was determined 

according to Cambardella and Elliott (1992). Soil pH was determined in de-ionized water 

(1:2.5 soil/water ratio). Exchangeable Ca2+ was extracted with ammonium acetate at pH 

7 and then determined by atomic absorption spectrophotometry and AlK was extracted 

with 1 M KCl for 30 min and then determined by titration (Soon, 1993). Once harvested, 

biomass was collected and weighed in each campaign by taking two random 1 × 1 m2 

subsamples from each plot. Dry biomass was recorded after drying a subsample for 48 

hours at 60ºC. 
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In addition, 3 undisturbed soil samples from each plot were collected from the 

same depths using bevel-edged steel rings of 10 cm diameter.  Samples from each plot 

and depth were combined and carefully broken by hand at the planes of weakness and 

stored in plastic containers.  

In the laboratory, the moist soil samples were sieved with an 8 mm-sieve, air-

dried and stored at room temperature. For each sample, water-stable aggregate 

distributions were obtained following Elliott (1986). Briefly, aggregates were separated 

by wet-sieving through three sieves (2, 0.250 and 0.053 mm), having previously removed 

large debris and roots by hand. Sieving was done in triplicate for each sample of the 0-5 

and 5-10 cm layers and in duplicate for the 10-25 cm layer. A 100 g subsample of air-

dried aggregates was submerged for 5 min in deionized water at room temperature (17-

20°C) on top of the larger sieve. Separation was achieved by moving the sieve manually 

up and down (3 cm) 50 times during 2 min.  After removing floating organic material > 2 

mm, the stable aggregates > 2 mm were gently transferred into a pan, oven dried (50°C), 

weighed and stored at room temperature. Soil passing through this sieve was transferred 

to the intermediate sieve and the process was repeated. The same procedure was 

repeated for the smallest sieve. In this way, four water-stable aggregate fractions were 

obtained: (i) large macroaggregates (>2 mm), (ii) small macroaggregates (0.250–2 mm), 

(iii) microaggregates (0.053–0.250 mm) and (iv) silt + clay size particles (<0.053 mm), 

what we call the <53 class. Sand content of the aggregate classes (>0.053 mm) was 

determined by dispersing 5 g of a subsample of aggregates in a sodium 

hexametaphosphate solution (5 g L−1). The sand correction was performed in each 

aggregate-size in order to make correct comparisons between aggregate size classes 

(Elliott et al., 1991).  

Mean weight diameter (MWD) was calculated using the proportion by weight 

and the mean diameter of each size class. C and N concentrations were measured with 

a LECO Trumac® CN analyser for each aggregate size class. Concentrations were 

corrected for the sand content in each aggregate size class in order to make comparisons 
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(Elliott et al., 1991). The C contribution of each aggregate class to the total soil carbon 

was calculated taking into account the % by weight of each fraction together with its OC 

concentration. All laboratory analyses were performed in duplicate or triplicate. 

Statistical analysis of the data was conducted with Statgraphics Centurion XVI. 

Analyses of variance were performed using a linear model (GLM) for a split-plot design 

with blocks for the tillage as the main factor and Ca-amendment as secondary factor. Log 

transformations were applied when necessary to meet ANOVA assumptions. Data were 

analyzed for each depth, independently. Mean separation between treatments was 

obtained using the least significance difference (LSD) test at p<0.05. Pearson’s bivariate 

correlation was evaluated between the aggregation parameters and selected soil 

properties. Multiple regression analysis was carried out to find the soil properties with 

the greatest explanatory power. Multiple regression models were selected according to 

the Akaike information criterion, which penalizes the number of parameters in the 

model.    
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3.3. RESULTS 

3.3.1. Water-stable aggregate size distribution and mean weight diameter 

The water-stable aggregate size distribution of our soil was dominated by the 

microaggregate fraction for all treatments and depths in the following order: 

microaggregates > small macroaggregates > silt and clay (<53 class) > large 

macroaggregates. The tillage system influenced the aggregate size distribution and 

MWD in the 0-5 and 5-10 cm soil layers (Table 3.2; Fig. 3.1). In the 0-5 cm layer NT had 

three times more macroaggregates and more small macroaggregates but less 

microaggregates and <53 class, when compared with TT. In the 5-10 cm layer we found 

the same effect on large and small macroaggregates and the <53 class, although the 

differences due to tillage system were smaller (Fig. 3.1).  

 

 

Table 3.2 Effects of tillage and Ca-amendment on water-stable aggregate size                       

distribution and mean weight diameter (MWD) for all depths. Sand-free data. 

 
*: p <0.05; **: p< 0.01; ***: p< 0.001; ns: not significant. 

 

0-5 

5-10

10-25

TxA

Tillage 

Amendment 

TxA

Tillage 

Amendment 

TxA

Tillage 

Amendment 

ns ns ns ns ns

ns ns ns ns *

ns ns ns ns ns

ns ns ns ns ns

* * ns * *

ns ns ns ns ns

ns ns ns ns ns

* * ** ** ***

ns ns ns * ns

Depth 
(cm)

Factor Aggregate class (mm)
MWD

>2 0.250-2 0.053-0.250 <0.053
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Fig 3.1. Water-stable aggregate size distribution (g aggregate g soil -1, sand free) in each 
aggregate class as affected by (a) tillage and (b) amendment. Different lower case letters indicate 
significant differences between (a) NT vs TT or (b) A vs NA for each aggregate class (p<0.05). 
Different upper case letters indicate significant differences between aggregate classes for each 
treatment (p<0.05, LSD test). Bars represent standard errors of the means.  

 

MWD ranged from 0.9 mm in the 0-5 cm layer to 0.4 mm in the deepest layer. 

No-tillage increased MWD by 64% and 4% in the 0-5 and 5-10 cm layers, respectively 

(Table 3.2; Fig.3.2). The Ca-amendment only influenced aggregate size distribution in the 

0-5 cm layer, resulting in a small but significant reduction (13%) of the <53 class. MWD 

was significantly higher in the combination NT + amended than in NT + non-amended in 

the 10-25 cm soil layer (Table 3.2; Fig. 3.2). This increment is probably due to a higher 

content of small macroaggregates for the NT + amended combination although the 

differences were only statistically significant at p<0.1. 
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Fig. 3.2. Mean weight diameter (MWD, sand-free)                                                
as affected by tillage and Ca-amendment. 

 

 

3.3.2. Aggregate-associated organic carbon, nitrogen and C/N ratio. 

In general, macroaggregates had the highest OC and N concentrations and the 

highest C/N ratios. In the surface layer, the aggregate-associated OC decreased with 

decreasing aggregate size as follows:  large macroaggregates ≈ small macroaggregates > 

microaggregates > silt + clay. Nitrogen content and C/N ratios followed the same pattern, 

which was similar in the deeper layers (Table 3.3; Fig. 3.3 and 3.4).  
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Table 3.3. Effects of tillage and Ca-amendment on aggregate-associated organic C (%), N (%) 

and C/N ratio for all depths. Sand-free data.  

 
*: p <0.05; **: p< 0.01; ns: not significant. 

 

In the 0-5 cm layer, OC was significantly higher under NT for all aggregate classes: 

by 17% in the large macroaggregates, 15% in the small macroaggregates, 26% in the 

microaggregates and 9% in the <53 class. Although the sum of large and small 

macroaggregates fractions by weight was never higher than the sum of microaggregates 

and <53 class, total macroaggregates contributed up to nearly 60% of the total amount 

of soil OC under NT in this layer. In the 5-10 cm layer, NT tended to increase the OC 

associated with the large and small macroaggregates (p<0.1). In the deepest layer (10-

25 cm), we only found an effect of tillage on the OC associated with <53, being 8% higher 

in the NT plots (Fig. 3.3).  

>2 0.250-2 0.053-0.250 <0.053 >2 0.250-2 0.053-0.250 <0.053 >2 0.250-2 0.053-0.250 <0.053

0-5 

** * ** ** ** ** ** ** * * ns *

* ns ns ns ** ns ns ns * ns ns ns

TxA ns ns ns ns ns ns ns ns ns ns ns ns
5-10

ns ns ns ns ns ns ns ns ns ns ns ns

ns ns ns ns ns ns ns ns * ns ns ns

TxA ns ns ns ns ns ns ns ns ns ns ns ns
10-25

ns ns ns * ns ns ns * ns ns ns ns

ns ns ns ns ns ns ns ns ns ns ns ns

TxA ns ns ns ns ns ns ns ns ns ns ns ns
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Fig. 3.3. Organic carbon ( g C g sand free aggregate -1) in each aggregate class as affected by 
each studied factor (a) tillage system and (b) Ca-amendment. Different lower case letters 
indicate significant differences (a) between no-tillage and traditional tillage or (b) between 
amended and not amended for each aggregate class within each depth (p<0.05). Different upper 
case letters indicate significant differences between aggregate classes for each treatment within 
each depth (p<0.05, LSD test). Bars represent standard errors of the means.  

The aggregate-associated N followed a similar pattern (Fig. 3.4). In the 0-5 cm 

layer the aggregate-associated N increased under NT for all aggregate classes (26% 

higher in the large macroaggregates; 21% in the small macroaggregates; 29% in the 

microaggregates and 16% in <53 class). In the 5-10 cm layer, NT tended to increase the 

N associated with the large macroaggregates (p<0.1). In the 10-25 cm layer the N 

associated with the <53 class was 11% higher in the NT plots compared with the TT plots. 

In the 0-5 cm layer the C/N ratio of the large and small macroaggregates and that of the 

<53 fraction were lower under NT (values of 17.3, 17.3, and 14.3 respectively) compared 

with TT (values of 18.5, 18.3, and 15.5 respectively).  
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Fig. 3.4. Nitrogen (g N g sand free aggregate-1) in each aggregate class as affected by each studied 
factor (a) tillage system and (b) Ca-amendment. Different lower case letters indicate significant 
differences (a) between no-tillage and traditional tillage or (b) between amended and not 
amended for each aggregate class within each depth (p<0.05). Different upper case letters 
indicate significant differences between aggregate classes for each treatment within each depth 
(p<0.05, LSD test). Bars represent standard errors of the means. 

The Ca-amendment influenced the aggregate-associated OC and N and the C/N 

ratio to a much smaller degree than the tillage system (Table 3.3; Fig. 3.3 and 3.4). In the 

0-5 cm layer the amendment increased the large macroaggregate-OC by 13% and the N 

by 21%, whereas the C/N ratio was higher in the non-amended plots compared with the 

amended ones (18.4 vs. 17.4, respectively). In the 5-10 cm layer, the amendment also 

decreased the C/N ratio of large macroaggregates (19.2 vs. 18.3).  
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3.3.3. Selected soil properties and their relationship with aggregation variables 

NT had a beneficial effect on variables related to organic matter (TOC, POC, N and 

C/N) in the 0-5 cm layer but, in general, unfavorable effects were found in deeper layers 

(mainly at a depth of 10-25 cm) on properties considered to be related to acidity in a 

broad sense, i.e. pH, AlK and Ca2+ (Table 3.4). In the 0-5 cm layer, NT increased TOC by 

34%, POC by 47%, N by 27% and Ca2+ by 48%. In the 5-10 and 10-25 cm layers, NT plots 

had higher AlK than TT plots (0.64 vs. 0.49 cmolc kg-1) and at the deeper depth, NT also 

reduced pH and Ca2+. With regards to the relationships between the selected soil 

properties and the aggregation variables (MWD, aggregate classes and aggregate-

associated OC), we found a direct positive relationship of TOC, POC, N and to a lesser 

extent Ca2+ with the MWD and the proportion of large and small macroaggregates, and 

a corresponding negative relationship with microaggregates and the <53 class (Table 

3.5). 

 

 

Table 3.5. Pearson’s bivariate correlation between selected soil properties and some 

aggregation parameters using entire dataset (MWD, aggregate classes and aggregate-associated 

OC) (sand-free data).  

ns: not significant ; * :p<0.05 ; ** :p<0.01 ;*** :p<0.001.  

 

 

 

 

 

MWD

>2 0.250-2 0.053-0.250 <0.053 >2 0.250-2 0.053-0.250 <0.053

TOC (g kg
-1

)  0.80***  0.76***  0.79***  -0.85***  -0.35*  0.85***  0.80***  0.90***  0.69***

POC (g kg-1)  0.80***  0.76***  0.81***  -0.84***  -0.41**  0.91***  0.82***  0.88***  0.60***

N total (g kg-1)  0.81***  0.77***  0.81***  0.86***  -0.37**  0.93***  0.90***  0.95***  0.70***

C/N  -0.54***  -0.52***  -0.51*** 0.53*** 0.30*  -0.67***  -0.63***  -0.66***  -0.42**

pH  0.29* ns  0.38** ns  -0.41**  0.46** ns  0.33* ns

AlK (cmolc kg
-1

)  -0.34* ns  -0.35* 0.29* 0.34*  -0.48***  -0.32*  -0.38** ns

Ca
2+ 

(cmolc kg
-1

)  0.46**  0.41**  0.52***  -0.45**  -0.37*  0.61***  0.46***  0.60***  0.36*

Aggregate class Aggregate associated OC 

(mm) (mm)
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Table 3. 4. Selected soil properties as affected by tillage system and Ca-amendment for all soil 

depths. 

*: 

p <0.05; **: p< 0.01; ***: p<0.001; ns: not significant. Means followed by standard errors. 

 

By contrast, C/N and AlK tended to show the opposite trend, especially in the 

non-amended plots (data not shown), where AlK had a positive relationship with 

microaggregates (r=0.58**) but a negative one with macroaggregates (r=-0.55**). When 

plots were tilled, the influence of the acidity-related variables disappeared and the 

influence of SOM-related variables was reduced. TOC, POC, N and, to a lesser extent, 

Ca2+ enhanced accumulation of aggregate-associated OC in all aggregation size classes, 

while AlK did not favor it. The influence of the SOM-related variables tended to be 

maintained irrespective of the management option (data not shown). 

0-5 

Tillage 

NT 40.2 ± 1.16 19.3 ± 1.07 2.27 ± 0.08 18.3 ± 0.34 5.4 ± 0.15 0.29 ± 0.10 3.13 ± 0.33

TT 29.9 ± 0.60 13.1 ± 0.75 1.79 ± 0.07 19.3 ± 0.27 5.3 ± 0.11 0.36 ± 0.14 2.12 ± 0.42

Amendment 

Amended 34.7 ± 1.90 16.9 ± 1.64 2.07 ± 0.11 18.5 ± 0.30 5.6 ± 0.07 0.01 ± 0.00 3.40 ± 0.20

Not amended 35.5 ± 2.40 15.8 ± 1.39 1.98 ± 0.12 19.0 ± 0.39 5.0 ± 0.06 0.64 ± 0.04 1.85 ± 0.38

Effects

T

A 

TXA

5-10

Tillage 

NT 30.5 ± 0.88 9.0 ± 0.50 1.57 ± 0.07 20.4 ± 0.64 5.1 ± 0.17 0.64 ± 0.19 2.50 ± 0.67

TT 29.0 ± 0.53 9.5 ± 0.56 1.55 ± 0.05 20.1 ± 0.34 5.2 ± 0.13 0.49 ± 0.16 2.28 ± 0.54

Amendment 

Amended 29.5 ± 0.90 9.5 ± 0.64 1.60 ± 0.07 20.1 ± 0.27 5.5 ± 0.08 0.11 ± 0.05 3.85 ± 0.36

Not amended 30.0 ± 0.64 9.1 ± 0.40 1.52 ± 0.04 20.5 ± 0.67 4.8 ± 0.07 1.01 ± 0.06 0.95 ± 0.11

Effects

T

A 

TXA

10-25

Tillage 

NT 22.7 ± 1.06 4.3 ± 0.38 0.96 ± 0.06 24.0 ± 1.32 4.9 ± 0.09 0.88 ± 0.14 0.72 ± 0.21

TT 21.8 ± 0.76 3.9 ± 0.26 0.89 ± 0.06 24.0 ± 0.74 5.1 ± 0.11 0.71 ± 0.15 0.92 ± 0.26

Amendment 

Amended 22.2 ± 1.00 4.0 ± 1.00 0.94 ± 0.07 24.1 ± 0.67 5.2 ± 0.06 0.50 ± 0.11 1.35 ± 0.18

Not amended 22.3 ± 0.88 4.2 ± 0.34 0.90 ± 0.06 23.8 ± 1.36 4.8 ± 0.07 1.09 ± 0.09 0.29 ± 0.05

Effects

T

A 

TXA

ns

pH

ns ns ns ns

ns ns ns ns *

Depth 
(cm)

Factor TOC POC N total AlK Ca
2+

(g kg-1) (g kg-1) (g kg-1) (cmolc kg
-1

) (cmolc kg
-1

) 

C/N 

* 

ns ns ns ns *** *** **

** ** *** * ns ns

ns
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ns ns ns *** *** ***
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In the different regression models used to explain the variation of MWD and 

aggregation size classes (total macroaggregates, microaggregates and <53 class), with 

the minimum information criteria (Table 3.6), the soil properties that had most 

explanatory power in general were N and POC, with pH playing a role in the smallest size 

class. The proportions of variance explained (entire dataset) varied between 76% for 

microaggregates and only 20% for <53 class.  The variance explained by the models were 

higher for NT plots (89% to 34%) than for TT ones (57% to 22%). With regards to 

aggregate-associated OC (total macroaggregates, microaggregates and <53), N was one 

of the most influential properties.  The proportion of variance explained ranged between 

91% for microaggregate-OC and 50% for <53-OC (entire dataset). Acidity-related 

variables contributed to explain the variability of OC of the smaller size classes. 

 

Table 3.6. Variables included in the regression models obtained with the minimum information 

criteria to explain the variation of the aggregation variables (entire, NT and TT datasets).  

 

 

 

 

Variables R2 adj Variables R2 adj Variables R2 adj

MWD N 65 N 83 POC 52

N, POC 71 N 89 POC 51

N, TOC, C/N 76 N, C/N 89 POC, pH 57

pH, POC 20 C/N, pH 34 pH 22

N 85 N, C/N 91 N, pH 86

N, Ca2+, Al3+ 91 N 90 N 88

N, Al
3+ 50 TOC, POC, pH, Al

3+ 59 N, Ca
2+

, pH 68

0.053-0.250

<0.053

Entire dataset No-Tillage Traditional Tillage

 > 0.250

0.053-0.250

<0.053

 > 0.250

Aggreggate 

associated OC 

Aggregate 

classes (mm)
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3.4. DISCUSSION 

3.4.1. Aggregate-size distribution  

In our soils, microaggregates dominated the water-stable aggregate size 

distribution in the upper layers. This agrees with other studies on Ultisols (e.g. Bossuyt 

et al., 2002; Simpson et al., 2004; Conceição et al., 2013) for which macroaggregates are 

not always dominant. In this kind of soils, the clay content is quite low in the surface 

horizon (14% in the top 25 cm in our case) due to eluviation processes. We associate this 

low clay content (or greater sand-content) with the relatively small aggregate sizes and 

consequently with the smaller degree of macroaggregation (Barthès et al., 2008). This 

result contrasts with other tropical soils, such as Oxisols, which usually show a 

remarkable degree of macroaggregation. Most studies involving Oxisols were carried out 

in Brazil (e.g. Zotarelli et al., 2005; Peixoto et al., 2006; Briedis et al., 2012a) and they all 

showed that macroaggregates, specially the very large ones, constitute the most 

abundant class.  Most of these soils were clayed or at least the clay content was about 

40 %.  

The influence of tillage systems on aggregate size distribution was patent up to a 

depth of 10 cm.  NT increased the proportion of total macroaggregates (large + small) in 

our soil so that they exceeded microaggregates (43% versus 37% by weight respectively) 

in the 0-5 cm layer, which resulted in a 64% higher MWD. The proportion of 

macroaggregates increased mainly at the expense of microaggregates and to a much 

lesser extent the <53 class. In the 5-10 cm layer, NT also increased the proportion of 

macroaggregates but not enough to exceed microaggregates, although an increase in 

MWD of 40% was observed. The positive impact of NT on macroaggregation has been 

observed in several studies carried out in temperate soils (e.g.: Six et al., 2000; Plaza-

Bonilla et al., 2013), as well as in tropical ones (e.g., Pinheiro et al., 2004; Tivet et al., 

2013). Due to the absence of soil disturbance, NT is well known to enhance the 

formation of water-stable macroaggregates and to decrease their turnover rate (Six et 

al., 1999). NT concentrates certain aggregation agents in the topsoil, such as TOC, POC 



Chapter 3. Aggregate size distribution and associated organic C and N under different tillage systems 

and Ca-amendment treatments in a degraded Ultisol. 

 

 

89 

 

and other labile organic compounds as well as mychorrizal fungi (Beare et al., 1997) and 

roots (Da Silva and Mielniczuk, 1997) that also enhance the formation of larger 

aggregates. This enhancement of macroaggregates is important due to the fact that they 

act as a “wet nurse” in the formation of microaggregates and the corresponding 

stabilization of OC within (Six et al., 2000).   

By contrast, tillage causes the mechanical breakdown of the large and small 

macroaggregates and, at the same time, increases mineralization of the TOC and POC 

that was previously protected within the aggregates (Elliot, 1986). Tillage has been also 

reported to reduce the development of fungi and other microbes (Kabir, 2005), to break-

up the root network and to reduce the presence of earthworms (Mackay and Kladivko, 

1985), with negative impacts on soil aggregation. In our study, the unfavorable effect of 

tillage was particularly noticeable: Tillage reduced macroaggregation by half (30% vs. 

60%) when compared with the same soil under pasture (Hontoria et al., 2012). The use 

of a conservative management such as no-tillage in our soils was able to increase 

macroaggregate content up to only 40% after six years of treatment, suggesting that the 

resilience of our soil is relatively low or at least relatively slow. Therefore, in vulnerable 

soils such as ours, the use of tillage should be advised against. By contrast, some studies 

carried out in Brazilian Oxisols (e.g. Fabrizzi et al., 2009; Tivet et al., 2013) found that NT 

had the potential to restore aggregation to the same degree as for native vegetation, 

although this may be related to the time under treatment as they were long-term 

studies.  

In contrast to the tillage system, the effect of Ca-amendment on aggregate size 

distribution is small.  In general, Ca-amendment can result in opposing effects on soil 

aggregation leading to contradictory results in both laboratory and field studies (Haynes 

and Naidu, 1998). In this study, we found that the Ca-amendment reduced the <53 class 

in the 0-5 cm layer, which may due to the aggregating role of the Ca2+. Calcium has been 

reported to bind primary soil particles together through cationic bridging resulting in 

higher aggregation (Chan and Heenan, 1999). In addition, the pH increase and the 
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corresponding precipitation of aluminium hydroxides can also contribute to enhance 

aggregation (El-Swaify and Emerson, 1975), reducing the smallest size class. However, 

Briedis et al. (2012a) reported a larger effect of Ca-amendment, which increased the 

MWD as well as the larger aggregation size classes. They attributed this effect to the 

increase of biomass because the Ca-amendment enhanced the TOC flux to 

macroaggregates, which increased their stability and OC. In our case, the Ca-amendment 

generated a higher biomass production (23,3 Mg ha-1 in amended plots versus 17,1 Mg 

ha-1 in non-amended ones for the biomass accumulated up until 2010-11, p<0.0001) but 

it did not result in an increase of TOC, although POC increased slightly (p<0.1), and 

therefore there was no positive effect on larger aggregation classes. On the other hand, 

it is possible that the small effect of the Ca-amendment in the 0-5 cm layer was due to 

the increased presence of other stronger binding agents such as TOC and POC, thus 

reducing the relative effect of the Ca2+, which would be the case in soils with a relatively 

high content of sand (Ledin, 1981), such as ours. With regards to the interactions 

between treatments, we attribute the higher MWD found in the 10-25 cm layer when 

amended plots were not tilled to the fact that root growth is increased when Al toxicity 

is diminished (Foy, 1992). However, these roots would suffer damage when the soil is 

tilled, thus diminishing their role in the formation of macroaggregates. We observed a 

trend of higher contents of large and small macroaggregates in amended non-tilled plots 

than in the amended tilled ones (p <0.1). It seems that plowing tends to cancel out the 

positive effect that the amendment may have on aggregation through the alleviation of 

Al toxicity and the corresponding increase in root growth. 

3.4.2. Aggregate-associated organic carbon and aggregate hierarchy 

We found that aggregate-associated OC and N concentrations increased with 

aggregate size although no differences between large and small macroaggregates were 

found at any depth. Lack of difference between large and small macroaggregates was 

also reported by Six et al. (1999). The increasing aggregate-associated OC with increasing 

aggregate size matches with the aggregate hierarchy concept in which microaggregates 
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are bound together into macroaggregates by transient and temporary binding agents 

(Tisdall and Oades, 1982). This aggregate hierarchy as well as the important role of 

organic matter in soil aggregation has usually been reported for temperate soils. In 

tropical soils, results are more varied. In Oxisols most of the studies found small 

differences or no difference at all between aggregate-associated OC concentrations (Six 

et al., 2000; Pinheiro et al., 2004; Zotarelli et al., 2005; Fabrizzi et al., 2009). In Ultisols, a 

clear pattern has not been found either (Elliot et al., 1991; Bossuyt et al., 2002; 

Adesodun et al., 2005; Huang et al., 2010).  

In our case, the C/N ratios also seem to be in agreement with the aggregate 

hierarchy as it decreased as aggregate size decreased. Compared with other studies, our 

results agree with some (e.g. Kushwaha et al., 2001; Kasper et al., 2009) but differ from 

others (e.g. Wright and Hons, 2005; Tripathi et al., 2014). We attribute our results to the 

fact that macroaggregates contain coarser and younger organic matter and therefore 

have higher C/N ratios due to their proximity to the plant residues from which they 

originate. By contrast, in microaggregates, organic matter is older and more microbially 

processed resulting in lower C/N values (John et al., 2005). However, Kushwaha et al. 

(2001) explained this difference by the fact that fungi, which have a higher C/N ratio than 

bacteria, predominate in macroaggregates, while bacteria predominate in 

microaggregates.   

In summary, we have found some evidence to confirm the aggregation hierarchy 

in the Ultisol of this study: (i) the larger contribution of macroaggregates was 

accompanied by higher concentrations of TOC and POC in the soil (Beare et al., 1994; 

Briedis et al., 2012b); (ii) the aggregate-associated OC increased with aggregate size 

(Elliot, 1986); (iii) a younger OC associated with the macroaggregates (C/N = 17.8 on 

average) compared with the microaggregates (C/N = 16.7 on average) (Jastrow et al., 

1996); (iv) disruption of macroaggregates by tillage led to a large increase in 

microaggregates and a small increase in silt + clay size particles (Barthès et al., 2008); (v) 

small differences in the proportion of silt + clay size particles between tillage systems 
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(Elliot, 1986). This result is in line with Zotarelli et al. (2007) who  confirmed the 

applicability of the model proposed by Six et al. (2000) not only for soils rich in 2:1 clay 

minerals (temperate soils) but also in soils dominated by kaolinite and oxides (tropical 

soils).    

3.4.3. Effects of tillage system and Ca-amendment on aggregate-associated 

organic carbon, nitrogen and C/N ratio 

The positive effect of NT on aggregate –associated OC and N is in agreement with 

a large number of studies involving different types of soils, especially under temperate 

climates (e.g. Wright and Hons, 2005). NT also increases OC concentrations in aggregate 

size classes in tropical soils (Zotarelli et al., 2005; Tivet et al., 2013). Under NT, the 

presence of fresh residues on the soil surface as well as the input of residues of root 

origin in surface layers (Gale et al., 2000) favored aggregation and the accumulation of 

organic matter within the aggregates in the 0-5 cm layer.. In addition, NT increased 

earthworms (Gómez-Paccard et al., 2015) and arbuscular mycorrhizal fungi (AMF) 

activity (if glomalin-related soil protein is considered as an AMF indicator) (Gómez-

Paccard et al., 2013).  Both earthworms and fungi have been linked to the enhancement 

of both macroaggregate and microaggregate formation as well as the C stabilization 

within them (Simpson et al., 2004; Fonte et al., 2007). This way, NT managed to enhance 

OC enrichment in all aggregate size classes, including the <53 class, although to a lesser 

extent.  

The Ca-amendment led to an accumulation of OC and N only in the large 

macroaggregates of the 0-5 cm layer. Briedis et al. (2012b) also observed an 

accumulation of OC in amended plots, mainly in the large macroaggregates and the 

microaggregates. Our results could be explained by the increased biomass (p<0.0001) 

and POC (p<0.1) resulting from the amendment. The Ca-amendment increases biomass 

through an increased input of nutrients and the alleviation of the Al toxicity. In amended 

plots, both POC and N of bulk soil was highly positively correlated with large 
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macroaggregate-OC (r= 0.91*** and r= 0.94***, respectively), while Ca2+ correlated less 

strongly (r=0.66***). The positive effect of the alleviation of Al toxicity on root growth 

could reinforce their role on macroaggregate formation, thus increasing the associated 

OC. With no Ca-amendment, AlK is negatively correlated with large macroaggregate-OC 

(r= -0.67***), which highlights the influence of the Al toxicity in the aggregate-associated 

OC, possibly through the decline of biomass.   

In contrast to other studies, NT reduced C/N ratios in most aggregate classes 

when compared with TT in the 0-5 cm layer. For example, Zotarelli et al. (2005) did not 

find any effect of tillage systems and rotations on aggregate-C/N ratios in spite of 

differences in the C/N ratios of crop residues, although values tended to be lower under 

native vegetation. In temperate areas, some studies have had similar results to ours 

(Kasper et al., 2009) but others have found that tillage decreased C/N ratios when 

compared with no-tilled controls (Grandy and Robertson, 2006). 

3.4.5. Influence of selected soil properties on aggregation variables 

The effects of tillage system and Ca-amendment on TOC, POC, pH, Ca2+ and AlK 

have been studied by Gomez-Paccard et al. (2013). Our results show that properties 

related to SOM seem to play an important role in the aggregation of these soils. The 

higher the concentrations of TOC, POC and N in bulk soil, the higher proportion of 

macroaggregates was found in detriment to both microaggregates and the <53 class, 

although the effect on the latter was much weaker. By contrast, Ca2+, pH and AlK were 

less correlated than TOC, POC and N, with Ca2+ having the highest correlation in this 

group of acidity-related variables. The role of the SOM-related variables in soil 

aggregation is confirmed by the regression model analysis. In this analysis, some of these 

variables were able to explain 71% and 76% of the variance of the total macroaggregates 

(large plus small) and microaggregates respectively, reaching almost 90% under NT.  By 

contrast, pH tended to be included in the regression models that explained the variance 

for the two smallest size aggregate classes, mainly the <53 class. The fact that AlK had a 

positive relationship with microaggregates but a negative one with macroaggregates in 
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non-amended plots may be linked with the reduction of aerial and radicular biomass and 

decrease in microbial activity caused by Al toxicity. The less relevant role of Ca2+ 

compared with SOM-related variables may be attributed to the relatively sandy texture 

of our soils, as previously mentioned. The physical destruction of aggregates by tillage 

and the corresponding impact on the aggregate size distribution can explain the lower 

explanatory power of the SOM-related variables under TT in comparison with NT.  

SOM-related variables favored the accumulation of OC in both macro- and 

microaggregates, and to a lesser extent the <53 class. Unlike Plaza-Bonilla et al. (2013), 

we found a positive relationship between these variables and <53-OC. This could be 

explained by the role of organic matter in the alleviation of Al toxicity (Haynes and 

Mokolobate, 2001). In a previous study (Gómez-Paccard et al., 2013), we found that the 

increase of TOC under NT not only promoted the precipitation of Al3+ as amorphous 

hydroxides of aluminum, but also the formation of highly stable Al-SOM compounds that 

could be incorporated into the <53 class. This fact may explain the inclusion of Al3+ in 

the regression models for the <53-OC, in both the entire and no-tillage dataset.  Unlike 

John et al. (2005), we did not find that TOC clearly stimulated the accumulation of OC in 

macroaggregates to a greater extent than in microaggregates. However, in terms of 

contribution, TOC, POC and N clearly favored the contribution of total macroaggregates 

(r from 0.82 to 0.88) to the detriment of microaggregates (r from -0.76 to -0.81) and <53 

class (r from -0.77 to -0.85).  

Our results seem to indicate that SOM also plays an important role in soil 

aggregation and the protection of OC within aggregates in line with other studies in 

tropical soils (Castro-Filho, 2002; Zotarrelli et al., 2007; Tivet et al., 2013). In addition, 

the influence of SOM on aggregate-associated OC is maintained under all management 

practices: no-tillage versus tillage and Ca-amendment versus no-amendment. This 

important role of SOM may contribute to explain the larger negative impact of tillage in 

Ultisols. When organic matter is oxidized, not only a substantial reduction of 

macroaggregation occurs, the cation exchange capacity (CEC) is also reduced (because 
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the CEC of Ultisols‘clay <<< SOM’s CEC) and there is a release of aluminum (which is 

complexed with SOM) with the corresponding negative effects on biomass production, 

root growth and biota activity. 

3.5. CONCLUSIONS 

Our results show that in our degraded Ultisols NT promotes the formation of 

larger and more stable aggregates in the surface layer compared with TT, although the 

recovery of the macroaggregate fraction after tillage ceases seems to be slow, probably 

due to the low clay content in the A horizon. No-tillage also promoted OC accumulation 

in size aggregation classes without preference between macro- and microaggregates. 

The effect of the Ca-amendment on aggregation was much smaller than that of the 

tillage system. Amendment of non-tilled plots improved some parameters related to 

aggregation and accumulation of OC within aggregates. In our soils, rich in Fe oxi-

hydroxides and kaolinite, several findings indicate an aggregation hierarchy as well as an 

important role of SOM in aggregation, in contrast to previous findings in Oxisols.  
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Mid-long term evolution of selected soil quality 
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ABSTRACT 

The application of a Ca-amendment is a regular practice to ameliorate acidic 

soils. When soils have been degraded due to inadequate tillage, no-tillage is a 

conservation technique that can be used to recover them. Our experiment started in 

2005 and continued until 2012 in a degraded Palexerult in SW Spain with an annual 

forage crop agrosystem. We studied the evolution of selected soil quality properties 

during 7 years in response to no-tillage management and the application of a Ca-

amendment. The main factor was the tillage system: No-Tillage (NT) vs. Traditional 

Tillage (TT), while the second factor was the application or not of a Ca-amendment 

(sugar foam and red gypsum). The application of the Ca-amendment improved pH, Ca 

and Al-toxicity down to a depth of 50 cm, even under NT, due to the solubility of the 

amendment. However, this positive effect declined throughout the experiment. Both NT 

and the Ca-amendment had a beneficial effect on total organic carbon (TOC) and, 

especially, on particulate organic carbon (POC) in the 0–5 cm layer. In this soil layer NT 

had a favourable effect on alleviation of Al toxicity in the non-amended plots as a result 

of the increase in TOC. During the first years the Ca-amendment had a larger effect on 

TOC and POC than the tillage system but this effect had vanished by the end of the 

experiment. During the final years of the experiment NT had a progressively larger 

influence on TOC and POC, not only because of its cumulative effect over time but also 

because meteorological conditions were more favourable for biomass production under 

NT. The evolution of meteorological conditions during each campaign, extremely 

variable under Mediterranean conditions, turned out to be a relevant factor when 

assessing the effects of the amendment and tillage on soil properties.  
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4.1. INTRODUCTION 

The use of TT systems in acid soils causes a rapid degradation of the soil due to i) 

the removal of bases by crops and its exportation from the agro-ecosystem by harvesting 

that also leads to an increase in acidity and Al3+ toxicity (Tang and Rengel, 2003) and ii) 

the decrease of organic matter (OM) by tillage (Six et al., 1999), which in turn adversely 

affects all OM related properties that contribute to soil quality (Doran and Parkin, 1996; 

Karlen et al, 1997). In addition, OM tends to form stable complexes with Al3+ that do not 

affect the crop, and so the reduction of OM aggravates the problems of excessive acidity 

(Thomas, 1975; MacBride, 1994; Brown et al., 2008). The use of nitrogen fertilizers also 

contributes to the acidification of soils (Barak et al., 1997). 

A representative case of the degradation of agricultural soils is the Ultisols from 

the “Raña surfaces”. These formations are very common in SW Spain, where they occupy 

very large and flat areas. Rañas were formed under a pre-Quaternary climate with 

subtropical features in the Middle-Upper Pliocene (Espejo, 1987) and support old and 

weathered soils (Palexerults and Palehumults, SSS 2012). These soils have a low pH that 

decreases with depth, a low content of exchange bases, an Al-dominated exchange 

complex, a low bioavailable P content and kaolinite as the dominant mineral in the clay 

fraction (Espejo, 1987). 

In these areas, following the clearing of the natural vegetation during the first 

third of the 20th century, the inappropriate management of these soils, essentially based 

on TT, led to major losses of OM and to the degradation of OM-related properties 

(Mariscal-Sancho et al., 2007, 2009). In addition, the uptake of Ca in the exchange 

complex by crops has increased the Al/Ca ratio worsening the problems caused by 

excessive acidity and toxicity, thereby reducing the productivity and leading finally to the 

abandonment of these soils (Noble et al., 1988; Mariscal-Sancho et al., 2009). Reclaiming 

these degraded soils requires the use of a liming amendment to raise pH and alleviate Al 

toxicity, as well as conservation practices such as NT in order to reduce OM 

mineralization and increase OM content.  
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Soil management by NT favors the accumulation of soil OM (Paustian et al., 1997; 

West and Post, 2002), especially in certain fractions such as particulate organic matter 

(POM) (Wander et al, 1998, Bayer. et al, 2000), which is closely related soil fertility 

(Kapkiyai et al, 1999; Salas et al., 2003). However, the beneficial effect of NT on OM 

content depends on time, climate, soil, crop and other environmental factors (Soane et 

al, 2012; West and Post, 2002) as well as the management and amount of crop residues 

(Bayer et al, 2002; Imaz et al., 2010; Pikul et al., 2007). 

Ca-amendments, through the enhancement of biomass production as a result of 

reducing Al3+ toxicity and increasing nutrient supply (Haynes and Naidu, 1998), promotes 

the accumulation of root and above ground organic residues which has a positive impact 

on OM content and OM related properties. This effect, however, may be offset by 

increased respiration rates and also increased OM mineralization that may adversely 

affect the OM accumulation favored by NT (Fuentes et al., 2006); in fact, liming 

significantly increases C and N microbial biomass (Ekeuler et al., 2003; Soon and Arshad, 

2005). Some authors (Chan and Heenan, 1999; Ernani et al., 2002; Marschner and 

Wilczynski, 1991), therefore, have found that liming amendments decrease OM 

contents, although according to Caires et al. (2006) the effect only occurs during the first 

few years following application and vanishes with time. Other authors (e.g. Garbuio et 

al., 2011) found no variation in OM with the amendment.   

A few studies have looked at the combined effect of NT and liming on soil quality 

indicators, especially on TOC and other OC related properties.  Most of the studies were 

carried out in intertropical environments (Blevins et al., 1983; Briedis et al., 2012a;  

Brown et al, 2008; Caires et al., 2011; Carvalho and Nascente, 2014; Castro and Crusciol, 

2013; Soratto and Crusciol, 2008; Ernani et al., 2002; Garbuio et al., 2011; Manna et al., 

2007; Soon and Arshad, 2005) and a high percentage of the studies focused more on the 

effect on production and nutrient composition than on soil properties. None of them 

have focused on the medium to long term evolution of soil properties.  
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In the area where our experiment was carried out, the climate is very variable, 

with alternating periods of drought and excessive rainfall affecting biomass production. 

This variability hinders the study of the effect of each management factor separately or 

in combination, thus requiring a thorough long-term study. 

The aim of our study, which was carried out in a degraded Palexerult managed by 

NT and a Ca-amendment during seven years was to assess: i) whether the trend of 

selected properties related to soil quality as TOC and POC, pH, Al and exchange complex 

composition down to a depth of 50 cm in the short and medium term persists in the long 

term; ii) the influence of the meteorological conditions during the experiment, and  iii) 

the effect after seven years of both treatments on other soil properties such as P content, 

total N (TN), potentially mineralizable N (PMN) and earthworm population. 

4.2. MATERIALS AND METHODS 

4.2.1. Experimental site and design 

Our study was performed in an experimental field established in autumn 2005 in 

the Cañamero’s Raña (SW Spain), a broad glacis–piedmont plateau that occupies a very 

large flat area. The climate is moist Mediterranean (Csa; Köppen), with a mean annual 

temperature of 15.0 ºC, a mean annual precipitation of 869 mm and a mean 

evapotranspiration (Penman–Monteith) of 1248 mm. Soils are clay skeletal, kaolinitic, 

acid, thermic Plinthic Palexerults with the following characteristics: Kaolinite as the 

dominant mineral in the clay fraction, low pH that decreases with depth, low content of 

exchange bases and an exchange complex dominated by Al and a high content of non-

porous quartzite rock fragments 

The experiment was established as a split-plot design with four replicates and 

plots of 4 m × 16 m each. The main factor was tillage: no-tillage (NT) versus traditional 

tillage (TT), and the second factor was the use (A) or not (N) of a Ca-amendment. Tilled 

plots were managed following the traditional system in the area: two passes with a 

cultivator to 20 cm depth, one after the first rains of September and the other before 
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sowing (October–November), followed by a pass with a rotary harrow hoe with a cage 

roller or a disc harrow, which in our case was replaced by a power tiller. 

In the NT plots glyphosate (36% purity) was applied at a rate of 2.5 L ha-1 for 

weed control prior to seeding. The Ca-amendment consisted of a mixture of 3.9 Mg ha-

1 of sugar foam (SF) plus 7.5 Mg ha-1 of red gypsum (RG). In order to balance the Ca/Mg 

ratio, 100 kg ha-1 of MgO from dolomitic converter basic slag (CBS) was added, which is 

a suitable source for Mg (Peregrina et al., 2008) as well as 100 kg ha-1 of MgO in the form 

of MgSO4.  According to Gomez-Paccard et al. (2013), the main components of SF were: 

total calcium carbonate equivalent, 765 g kg-1; CaO, 437 g kg-1; organic matter, 86.7 g kg-

1; MgO, 47.3 g kg-1; SiO2, 17.3 g kg-1; P2O5, 8.1 g kg-1; K2O, 2 g kg-1, and 213 g kg-1 of easily 

soluble or reactive with ammonium oxalate calcium carbonate.  The RG contained 465 g 

kg-1 SO4, 231 g kg-1 CaO, 41.3 g kg-1 TiO2, 38.8 g kg-1 Fe2O3, and 12.3 g kg-1 Al2O3. The CBS 

contained 401 g kg-1 MgO and 395 g kg-1 CaO. The amendment was incorporated into 

the top 0-7 cm layer with a power tiller in September 2005 once only at the beginning of 

the experiment. All plots were sown each autumn using a direct drill seeder with a 

mixture of Avena sativa L. (57%), Triticosecale Wit. (17%) and Vicia sativa L. (26%) at a 

rate of 140 kg ha-1, except in 2009-2010 when Brassica napus L was sown. Each year 36 

kg N ha-1, 92 kg P ha-1 and 92 kg K ha-1 were added to all plots in autumn, except in 2009-

2010 when the N dose was modified and 70 kg N ha-1 were added in autumn plus another 

70 kg N ha-1 in spring. Every year at maturity (July), the crop was manually harvested at 

a height of 20 cm above ground and crop residues were left on the soil surface. 

4.2.2. Soil sampling and analysis 

Each year, in September, before the TT plots were ploughed, 3 disturbed soil 

samples were collected from depths of 0–5, 5–10, 10–25, and 25–50 cm from each plot. 

Bulk samples from each plot and depth were thoroughly combined, air-dried and passed 

through a 2 mm sieve. Subsamples of fine earth were analyzed for TOC, POC, pH, NH4Ac 

extractable bases and KCl extractable Al. TOC and TN were measured using an elemental 

CN analyzer (LECO Trumac). POC was measured according to Cambardella and Elliott 
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(1992). Soil pH was determined in de-ionized water (1:2.5 soil/water ratio). Ca2+, Mg2+, 

K+, and Na+ were extracted with ammonium acetate at pH 7 and then determined by 

atomic absorption spectrophotometry (denoted Ca, Mg, K and Na respectively in the 

text).  We do not refer to these bases as exchangeable bases, because part of the 

measured Ca and Mg could come from the dissolution of the amendment in the 

extractant. Al3+ was extracted with 1 M KCl (Al in the text) and determined by titration 

(Soon, 1993). In samples from 2012 the PMN was estimated using the anaerobic 

incubation method (Waring and Bremner, 1964). P was extracted by the Bray and Kurtz 

method (1945) and then calorimetrically measured following the Riley-Murphy 

methodology (Murphy and Riley, 1962). Earthworms were manually counted from a 

square prism of 17 × 17 × 150 cm3 taken in triplicate from the soil surface in April 2012. 

Biomass was measured in each campaign at harvest time from two random 1×1 m2 

subsamples from each plot. Fresh weight was measured in the field and dry weight was 

measured after drying the samples for 48 h at 60 °C. 

Data were analyzed statistically with the general linear model (GLM) ANOVA for 

a split-plot design with tillage as the main factor and Ca-amendment as the secondary 

factor (Statgraphics Centurion XVI). Comparison of means among treatments was 

obtained using the Least Significance Difference (LSD) test at P <0.05.  

4.3. RESULTS 

4.3.1. Acidity, aluminium and bases 

The pH, Ca and Al were the parameters that responded quickest to the 

application of the amendment and to a greater depth (Table 4.1). In 2006 the 

amendment had increased Ca down to 25 cm and was four times greater in the deepest 

layer in the A plots than in the NA plots. In the A plots all the removable Al disappeared 

down to 10 cm and was reduced in the 10-25 cm layer. In parallel, the pH increased 

significantly in the first 10 cm and increased slightly in the 10-25 cm layer. The tillage 

system had no effect on these variables in this first year. 
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In 2008, the effect on these three variables was similar to that in 2006. In the 

case of Ca and Al, the effect of the amendment reached the 25-50 cm layer but only 

slightly. Down to depth of 25 cm a T×A interaction was observed in the amended plots: 

Ca was higher under NT in the 0-5 cm layer while in deeper layers it was higher under TT 

(Fig. 4.1). There was also a T×A interaction for Al but only in the 0-5 cm layer. In the 

unamended plots, Al was lower under NT than under TT but was not present in the 

amended plots regardless of the tillage system (TT-N: 0.57 cmol+ kg-1; NT-N: 0.44 cmol+ 

kg-1; TT-A and NT-A: 0 cmol+ kg-1). The pH increased down to 25 cm as a result of the 

amendment, while there was no influence of tillage.  

 

 

Fig 4.1. Vertical profiles of Ca up to a depth of 25 cm                                                                         
under the four tillage-amendment combinations. 
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In 2012, the effect of the amendment was still present but weaker. NT increased 

Ca content in the 0-5 cm layer but decreased it in the 5-10 cm and 10-25 cm layers. 

Furthermore, NT reduced Al in the 0-5 cm layer slightly but increased it slightly in the 5-

10 and 10-25 cm layers. No T×A interaction was evident that year. 

 

Table 4.1. Evolution of pH, exchangeable aluminium (Al) and Calcium (Ca) up to a depth of 50 

cm one, three and seven years after the start of the experiment. 

Means followed by standard errors. ***: p<0.001; **: p<0.01; *p<0.05; ns: not significant. 

0-5 

5.9 ± 0.21 0.31 ± 0.119 4.00 ± 0.905 5.8 ± 0.19 0.29 ± 0.109 3.65 ± 0.921 5.3 ± 0.08 0.40 ± 0.130 1.80 ± 0.349

6.0 ± 0.22 0.33 ± 0.127 4.12 ± 0.963 5.9 ± 0.21 0.22 ± 0.085 3.84 ± 0.969 5.3 ± 0.10 0.35 ± 0.127 2.34 ± 0.374

5.4 ± 0.01 0.65 ± 0.018 1.62 ± 0.146 5.4 ± 0.02 0.51 ± 0.028 1.24 ± 0.026 5.1 ± 0.04 0.78 ± 0.030 1.16 ± 0.115

6.5 ± 0.02 0.00 ± 0.000 6.50 ± 0.131 6.4 ± 0.05 0.00 ± 0.000 6.24 ± 0.085 5.5 ± 0.04 0.01 ± 0.006 2.98 ± 0.180

T

A 

5-10

5.7 ± 0.17 0.31 ± 0.119 2.99 ± 0.605 5.8 ± 0.22 0.34 ± 0.128 2.94 ± 0.667 5.2 ± 0.12 0.54 ± 0.161 2.22 ± 0.565

5.8 ± 0.16 0.32 ± 0.120 2.90 ± 0.564 5.7 ± 0.19 0.33 ± 0.124 2.56 ± 0.540 5.1 ± 0.11 0.64 ± 0.184 2.05 ± 0.469

5.3 ± 0.02 0.63 ± 0.018 1.43 ± 0.071 5.2 ± 0.03 0.66 ± 0.023 1.17 ± 0.025 4.9 ± 0.03 1.02 ± 0.034 0.84 ± 0.071

6.2 ± 0.03 0.00 ± 0.000 4.47 ± 0.151 6.3 ± 0.10 0.00 ± 0.000 4.33 ± 0.189 5.5 ± 0.02 0.12 ± 0.028 3.43 ± 0.240

T

A 

10-25

5.2 ± 0.05 0.65 ± 0.037 1.03 ± 0.082 5.2 ± 0.11 0.61 ± 0.056 1.32 ± 0.189 5.1 ± 0.11 0.73 ± 0.095 0.88 ± 0.205

5.1 ± 0.05 0.67 ± 0.031 1.08 ± 0.074 5.2 ± 0.10 0.65 ± 0.057 1.11 ± 0.115 5.0 ± 0.09 0.84 ± 0.101 0.72 ± 0.167

5.1 ± 0.04 0.75 ± 0.013 0.87 ± 0.025 5.0 ± 0.03 0.78 ± 0.013 0.84 ± 0.070 4.8 ± 0.02 1.03 ± 0.037 0.37 ± 0.039

5.2 ± 0.02 0.58 ± 0.015 1.25 ± 0.039 5.4 ± 0.05 0.49 ± 0.021 1.59 ± 0.083 5.3 ± 0.03 0.54 ± 0.037 1.23 ± 0.132

T

A 

25-50

4.8 ± 0.01 1.16 ± 0.022 0.63 ± 0.015 4.8 ± 0.05 1.10 ± 0.008 0.80 ± 0.064 4.9 ± 0.01 1.01 ± 0.058 0.81 ± 0.153

4.8 ± 0.01 1.16 ± 0.025 0.64 ± 0.011 4.7 ± 0.05 1.10 ± 0.006 0.73 ± 0.042 4.9 ± 0.02 1.05 ± 0.055 0.73 ± 0.132

4.8 ± 0.01 1.19 ± 0.027 0.63 ± 0.015 4.7 ± 0.05 1.11 ± 0.005 0.64 ± 0.017 4.9 ± 0.01 1.14 ± 0.023 0.40 ± 0.031

4.8 ± 0.01 1.14 ± 0.011 0.64 ± 0.011 4.8 ± 0.04 1.09 ± 0.004 0.89 ± 0.044 4.9 ± 0.01 0.89 ± 0.037 1.14 ± 0.038

T

A 

TXA

TXA

(cmol
+ 
Kg

-1
) (cmol

+ 
Kg

-1
) (cmol

+ 
Kg

-1
)

Not amended

Amended

Effects

TXA

Depth (cm)

Amendment

Amendment

No tillage

Tillage 

Not amended

Amended

Effects

Tillage 

No tillage

Not amended

Amended

Effects

Tillage 

No tillage

Not amended

Amended

Effects

Tillage 
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Throughout the experiment there was a gradual decrease of Ca with depth and a 

progressive impoverishment in the upper layers that was only slight between 2006 and 

2008 and more pronounced from 2008 (Table 4.1; Fig. 4.2). Between 2008 and 2012 the 

amended plots lost Ca from the first 25 cm (more than 50% in 0-5 cm) with a slight 

enrichment in the 25-50 cm layer. A progressive decrease of Ca in the unamended plots 

from a depth of 5 cm was also observed. A similar pattern was observed in the pH. By 

contrast, Al increased between 2008 and 2012 in the unamended plots within the 0-25 

cm layer, whereas in the amended plot there was little change. Overall, in the top 50 cm, 

between 2006 and 2012 a third of the Ca in the amended plots and almost 40% in the 

unamended plots was lost. For the same depth and time period, Al increased by 20% in 

the unamended plots but remained constant in the amended plots, albeit with 

significant differences between the two upper layers and the rest (Table 4.1; Fig. 4.2). 

 

Fig 4.2. Evolution of pH, Al and Ca in the 0-5 cm layer in the amended (A) and unamended (NA) 
plots.  
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For other bases (Table 4.2), in 2006 the amendment only affected Mg and Na and 

tillage had no effect. Mg increased in the amended plots down to a depth of 10 cm with 

increases of 80% in the first layer; by contrast, about 50% of Na was lost the top two 

layers in the amended plots. In 2008 the same pattern as in 2006 was maintained and 

the effect of the amendment reached a depth of 25 cm. In 2012, Mg remained higher in 

the amended plots but differences with the unamended plots were reduced. The 

reduction in Na in the 0-25 cm layer of the amended plots was much stronger, with a 

loss of about two thirds. NT led to a slight increase in K in the uppermost layer.  

Table 4.2. Evolution of Mg, Na and K up to a depth of 50 cm one, three and seven years after 

the start of the experiment. 

 
Means followed by standard errors. ***: p<0.001; **: p<0.01; *p<0.05; ns: not significant. 

0-5 

0.37 ± 0.038 0.05 ± 0.004 0.42 ± 0.010 0.35 ± 0.035 0.04 ± 0.006 0.43 ± 0.015 0.27 ± 0.014 0.04 ± 0.009 0.46 ± 0.012

0.39 ± 0.055 0.05 ± 0.006 0.45 ± 0.017 0.35 ± 0.033 0.05 ± 0.008 0.46 ± 0.014 0.28 ± 0.019 0.04 ± 0.008 0.50 ± 0.015

0.27 ± 0.011 0.06 ± 0.003 0.44 ± 0.016 0.27 ± 0.008 0.06 ± 0.003 0.45 ± 0.015 0.25 ± 0.127 0.06 ± 0.003 0.49 ± 0.015
0.49 ± 0.030 0.04 ± 0.002 0.43 ± 0.013 0.43 ± 0.022 0.03 ± 0.001 0.48 ± 0.011 0.31 ± 0.012 0.02 ± 0.005 0.47 ± 0.017

T

A 
TxA

5-10

0.29 ± 0.029 0.05 ± 0.005 0.23 ± 0.011 0.30 ± 0.023 0.04 ± 0.007 0.23 ± 0.012 0.20 ± 0.019 0.03 ± 0.006 0.21 ± 0.014

0.29 ± 0.031 0.06 ± 0.006 0.24 ± 0.011 0.29 ± 0.023 0.05 ± 0.008 0.23 ± 0.017 0.20 ± 0.017 0.03 ± 0.006 0.19 ± 0.012

0.22 ± 0.012 0.07 ± 0.003 0.22 ± 0.013 0.24 ± 0.008 0.06 ± 0.004 0.22 ± 0.011 0.17 ± 0.011 0.04 ± 0.003 0.20 ± 0.010
0.36 ± 0.015 0.04 ± 0.003 0.25 ± 0.007 0.34 ± 0.015 0.03 ± 0.002 0.24 ± 0.016 0.23 ± 0.016 0.01 ± 0.000 0.20 ± 0.017

T

A 
TxA

10-25

0.18 ± 0.008 0.04 ± 0.003 0.1 ± 0.02 0.19 ± 0.007 0.03 ± 0.004 0.12 ± 0.009 0.12 ± 0.015 0.01 ± 0.003 0.12 ± 0.017

0.19 ± 0.007 0.04 ± 0.003 0.1 ± 0.01 0.19 ± 0.007 0.03 ± 0.005 0.11 ± 0.009 0.12 ± 0.012 0.02 ± 0.005 0.10 ± 0.011

0.17 ± 0.005 0.04 ± 0.004 0.1 ± 0.02 0.18 ± 0.007 0.04 ± 0.003 0.11 ± 0.007 0.10 ± 0.009 0.02 ± 0.005 0.10 ± 0.014
0.19 ± 0.008 0.04 ± 0.002 0.1 ± 0.01 0.20 ± 0.002 0.02 ± 0.002 0.13 ± 0.010 0.14 ± 0.012 0.01 ± 0.001 0.12 ± 0.016

T

A 

TXA

25-50

0.09 ± 0.005 0.04 ± 0.004 0.1 ± 0.01 0.09 ± 0.006 0.03 ± 0.004 0.10 ± 0.007 0.10 ± 0.005 0.03 ± 0.006 0.10 ± 0.011

0.09 ± 0.010 0.03 ± 0.002 0.1 ± 0.01 0.09 ± 0.003 0.04 ± 0.002 0.10 ± 0.007 0.11 ± 0.006 0.02 ± 0.006 0.08 ± 0.011

0.08 ± 0.005 0.04 ± 0.003 0.1 ± 0.01 0.09 ± 0.006 0.04 ± 0.003 0.10 ± 0.009 0.10 ± 0.006 0.03 ± 0.006 0.08 ± 0.012
0.09 ± 0.010 0.03 ± 0.003 0.1 ± 0.01 0.10 ± 0.003 0.03 ± 0.003 0.10 ± 0.005 0.11 ± 0.004 0.02 ± 0.006 0.09 ± 0.011

T

A 

TXA

(cmol+ Kg-1) (cmol+ Kg-1)(cmol+ Kg-1)

Not amended
Amended

Effects

Tillage 

No tillage

Not amended

ns ns ns ns ns ns

ns ns ns ns ns ns ns

ns ns
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Tillage 

No tillage
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Tillage 

No tillage
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ns
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ns ns ns ns ns ns ns ns *

*** ** ns ** *** ns * *** ns
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ns
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Overall, between 2006 and 2012, 35% of Mg was lost in the 0-25 cm layer in the 

amended plots compared with 20% in the unamended plots, with consistently higher 

concentrations in the amended plots. However, in the case of Na, the reduction was 

much greater in the amended plots (70% loss) than in the unamended (25% loss) with 

consistently lower concentrations in the amended plots, especially in the last year of the 

study. K had very similar levels throughout the experiment. 

4.3.2. Biomass production 

Since rainfall is a key parameter for biomass production in the Mediterranean 

basin, precipitation data for the period 2005-2012 are shown Table 4.3. Rainfall was very 

irregular, which is very common in the Mediterranean climate. The 2008-2009 and 2011-

2012 campaigns had problems with drought and the 2009-2010 and 2010-2011 

campaigns had an excess of rain.  

Table 4.3. Precipitation (P) during the seven years of the study and mean precipitation.  

 
*Low rain period; **Excessive rain period 

Figure 4.3 shows the accumulated biomass production in the periods 2005-2008 

and 2008-2012. In the first period (three seasons), the amendment increased biomass 

by 80% while the type of tillage had no effect. By contrast, in the period 2008-2012 tillage 

had a stronger influence than the amendment. In that period, biomass was 65% higher 

in NT plots compared with TT, while the amendment increased biomass by only 7%. Note 

Period 2005-2006 2006-2007 2007-2008 2008-2009* 2009-2010** 2010-2011 2011-2012*
Paverage    

(1963-2012)

ETP average 

(1963-2012)

Sept 20 44 25 27 32 10 8 42 122.3

Oct 168 247 95 80 54 74 58 105 74.5

Nov 41 215 47 18 23 59 88 109 78.9

Dec 94 99 25 82 289 170 24 118 25.9

Jan 46 36 101 99 118 94 14 108 27.5

Feb 58 194 43 45 191 84 10 109 40.4

March 156 32 33 34 122 61 26 81 75.3

April 47 94 147 43 61 83 70 75 99.5

May 53 99 87 26 42 51 46 62 136.7

Jun 45 97 15 30 84 39 0 34 179.2

728 1157 618 484 1016 725 344 843 860.2
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that the average production of biomass for the period 2005-2008 (11,786 kg ha-1) with 

only 3 campaigns was higher than in 2008-2012 (9543 kg ha-1) with 4 campaigns. 

 

 
Fig. 4.3. Accumulated biomass production (Kg ha-1) during two separated periods: the first 
three campaigns (2005-2008) and the last four campaigns (2009-2012).  

 

 

4.3.3. TOC and POC 

Both the amendment and the tillage system affected TOC, POC and the POC / 

TOC ratio, but the effect was only significant in the first 5 cm of soil (Table 4.4). In 2006, 

only POC increased slightly in the NT plots. In 2008, both NT and the amendment 

increased TOC, POC and POC / TOC in the upper layer. The amendment influenced TOC 

slightly more than NT did (increases of 13% vs. 9%). In general, POC increased more than 

TOC (20% vs. 10%). In 2012, the influence of NT exceeded that of the amendment. NT 

increased TOC, POC, POC / TOC by 30%, 50% and 25%, respectively, while the 

amendment only increased POC by 12%.  That year there was a trend towards higher 

values (p <0.1) of POC under NT compared with TT in the 5-10 cm layer. Between 2006 

and 2008, TOC was constant in the upper layer, while POC and POC / TOC increased by 

30%, but only in the NT-A plots. In the period 2008-2012 the three variables had the 

highest growth rates with similar rates for A and NA, and higher rates for NT compared 

with TT.  

B

A

b

a

0 5000 10000 15000

Tillage

No-tillage

Not ameded

Amended

Biomass production (Kg ha-1)

Period 2009-2012

A

A

b

a

0 5000 10000 15000 20000

Tillage

No-tillage

Not ameded

Amended

Biomass production (Kg ha-1)

Period 2005-2008



 

Tesis doctoral de Clara GÓMEZ-PACCARD

 

112 

 

Table 4.4. Evolution of total organic carbon (TOC), particulate organic carbon (POC) and 

POC/TOC ratio up to a depth of 50 cm depth one, three and seven years after the start the 

experiment. 

 

Means followed by standard errors. **: p<0.01; *p<0.05; ns: not significant. 

 

Throughout the entire experiment, from 2006-2012, the three variables 

increased in the 0-10 cm layer, even in the tilled or unamended plots (Fig. 4.4). In the 0-

5 cm layer, we found the highest TOC growth rates in the NT plots (44%), followed by A 

(28%) and NA (28%) and TT (13%). POC followed the same trend, but with higher growth 

rates in all cases (NT: 164%; A: 132%; N: TT 122% and 90%). 

 

 

0-5 

28.3 ± 0.838 7.5 ± 0.289 0.3 ± 0.01 28.4 ± 0.709 8.79 ± 0.392 0.31 ± 0.01 32 ± 0.620 14.1 ± 0.623 0.44 ± 0.01

29.1 ± 0.993 7.9 ± 0.318 0.3 ± 0.02 30.8 ± 1.145 10.7 ± 0.484 0.35 ± 0.010 41.8 ± 0.430 20.8 ± 0.633 0.50 ± 0.01

28.2 ± 1.197 7.5 ± 0.176 0.3 ± 0.02 27.8 ± 0.523 8.78 ± 0.396 0.32 ± 0.01 36.3 ± 1.849 16.50 ± 1.489 0.45 ± 0.01

29.2 ± 0.477 7.9 ± 0.383 0.3 ± 0.01 31.4 ± 1.016 10.7 ± 0.478 0.34 ± 0.01 37.5 ± 1.966 18.4 ± 1.489 0.49 ± 0.01

T

A 

TxA

5-10

24.4 ± 0.19 5 ± 0.175 0.2 ± 0.01 25.5 ± 0.19 5.92 ± 0.18 0.2 ± 0.01 29.3 ± 0.57 9.41 ± 0.499 0.32 ± 0.01

24.5 ± 0.29 5.2 ± 0.156 0.2 ± 0.01 25.6 ± 0.31 6.17 ± 0.098 0.2 ± 0 31 ± 0.87 10.6 ± 0.411 0.35 ± 0.01

24.3 ± 0.29 5.1 ± 0.144 0.2 ± 0 25.2 ± 0.32 5.88 ± 0.105 0.2 ± 0 30.3 ± 0.65 9.79 ± 0.459 0.32 ± 0.01

24.6 ± 0.19 5.1 ± 0.197 0.2 ± 0.01 25.4 ± 0.16 6.21 ± 0.167 0.2 ± 0.01 30.1 ± 0.55 10.4 ± 0.669 0.35 ± 0.01

T

A 

TxA

10-25

20.8 ± 0.62 3.7 ± 0.248 0.2 ± 0.01 21.3 ± 0.67 3.73 ± 0.184 0.2 ± 0.01 21.8 ± 0.78 3.92 ± 0.228 0.2 ± 0.010

20.3 ± 0.8 3.6 ± 0.326 0.2 ± 0.01 20.7 ± 0.84 3.67 ± 0.269 0.2 ± 0.01 22.5 ± 0.880 4.24 ± 0.271 0.2 ± 0.008

20.6 ± 0.66 3.90 ± 0.224 0.2 ± 0.01 21 ± 0.72 3.9 ± 0.140 0.2 ± 0.01 22.4 ± 0.88 4.01 ± 0.214 0.2 ± 0.009

20.5 ± 0.78 3.4 ± 0.313 0.2 ± 0.010 #### ± 0.81 3.5 ± 0.274 0.2 ± 0.01 21.9 ± 0.78 4.15 ± 0.294 0.2 ± 0.009

T

A 
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Fig 4.4. Evolution of TOC in the 0-5 cm layer as influenced by a) NT vs TT; b) A vs NA. 

 

4.3.4. Other soil quality indicators: TN, PMN, Bray-P and earthworms.  

In 2012, NT had increased the contents of TN (45%) and PMN (45%) and P (60%) 

in the upper layer compared with TT, but in the 5-10 cm layer the P content had 

decreased in the NT plots by the same amount. There was no effect of tillage or 

amendment in deeper layers, although in the 10-25 cm layer, P was less than 1.5 mg kg-

1 in all cases decreasing to 0.2 mg kg-1 in the 25-50 cm layer (Table 4.5). The earthworm 

population was clearly affected by the type of tillage, being 15 times higher in NT than 

in TT. The amendment did not affect any of these parameters. 
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Table 4.5. Content of total Nitrogen (N), potentially mineralized Nitrogen (PMN), potassium (P) 

and eathworms in the last year of the study (2012). 

 

Means followed by standard errors. **: p<0.01; *p<0.05; ns: not significant. 

Depth 
(cm)

0-5 

1.67 ± 0.039 55.48 ± 2.551 34.22 ± 1.840 4.3 ± 4.25

2.38 ± 0.067 80.30 ± 4.380 54.19 ± 1.714 60.9 ± 18.43

2.02 ± 0.158 63.50 ± 5.644 42.39 ± 3.772 35.4 ± 21.04
2.03 ± 0.099 72.28 ± 5.687 46.02 ± 4.433 29.8 ± 11.91

T
A 

5-10

1.46 ± 0.037 40.10 ± 3.057 28.35 ± 3.147

1.56 ± 0.044 33.05 ± 4.789 17.29 ± 1.819

1.53 ± 0.041 35.17 ± 4.248 22.68 ± 3.867
1.50 ± 0.048 37.98 ± 4.150 22.82 ± 2.646

T
A 

10-25

0.93 ± 0.043 15.44 ± 1.244 1.47 ± 0.169

0.99 ± 0.039 17.68 ± 1.989 1.35 ± 0.150

0.98 ± 0.036 16.02 ± 2.035 1.41 ± 0.165
0.94 ± 0.046 17.11 ± 1.279 1.41 ± 0.158

T
A 

TXA

ns ns ns

ns ***
ns ns ns

ns ns ns

ns ns
ns ns ns
ns

ns ns ns ns
**

ns

ns ns ns ns

Earthworms

g/kg mg/kg mg/kg nº/m
2

N PMN P

* * *

Tillage
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Not amended
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Effects

Effects
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4.4. DISCUSSION 

4.4.1. Acidity, aluminium and bases 

The effects of lime and gypsum on exchangeable Ca, pH and Al have been widely 

studied and are known to change down the soil profile (Adams, 1984; Shainberg et al., 

1989). In 2006, in the amended plots, the pH increase and Al decrease down to a depth 

of 25 cm was mostly caused by the SF due to its high content of reactive or easily soluble 

lime (about 21%). Lime provides Ca2+ and generates OH - ions that neutralize the acidity, 

thus raising the pH (Bohn et al., 1985), which leads to the precipitation of Al3+ from the 

soil solution in the form of insoluble hydroxides (Haynes and Naidu, 1998), thus reducing 

Al in the 0-10 cm soil layer to zero. The increase in Ca was due to both the CaCO3 of the 

SF and the CaSO4
- 2H2O of the RG. The higher solubility of gypsum was responsible for 

the changes in the deeper layers. Despite the self-liming effect of the gypsum (Reeves 

and Sumner, 1972), pH did not change greatly in this deeper layer, probably because 

OH- ions released from the soil matrix by the sorption of  sulphates were compensated 

by H+ and Al3+ displaced from the exchange complex by Ca (the ”salt effect” reported by 

Shainberg et al., 1989). In any case, the effects of gypsum are much smaller than the 

effects of the limestone, which agrees with Carvalho and Nascente (2014).  

In 2008 and 2012, the interaction between the amendment and the type of 

tillage is due to the fact that at the beginning of the experiment the Ca-amendment was 

incorporated into the upper 5-7 cm. In the NT plots most of the Ca-amendment 

remained in the surface layer explaining the higher pH and Ca content in this layer. In 

the tilled plots, the Ca-amendment was incorporated into deeper soil layers (Dickey, 

1990) and thus below 5 cm we found progressively higher levels of Ca. The lower Al 

content in the unamended plots under NT, which we attribute mainly to their higher 

contents of TOC and POC, confirms the alleviating effect of NT on Al toxicity that was 

also found in previous studies (Gómez-Paccard et al., 2013).  
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There was a rapid depletion in the Ca content of the surface layers between 2006 

and 2012, especially in the amended plots (Table 4.1, Fig. 4.2). This trend indicates that 

in additional to the Ca loss through crop removal, a significant fraction of the measured 

Ca was not exchangeable Ca, and came directly from dissolved gypsum, which was 

progressively lost by leaching. Furthermore, the increase in Al content at the end of the 

experimental period was due to the pH decrease as well as the decrease in base contents 

as a result of crop removal.  

The Mg enrichment in the surface layers (0-10 cm) of the amended plots was 

caused by the CBS and MgSO4 amendment applied in 2005. This enrichment declined as 

a result of crop removal and leaching in autumn and winter throughout the experiment. 

There was an impoverishment in the Na content of the amended plots, which was 

reduced to minimum levels by 2012. This confirms that gypsum amendments lead to the 

leaching of exchangeable bases other than Ca (O'Brien and Sumner, 1988; Reeves and 

Sumner, 1972; Syed Omar and Sumner 1991). For this type of amendment we 

recommend a contribution of Na to offset losses. By contrast, the concentrations of K, 

provided annually by fertilizer were maintained at a constant level despite crop 

extractions and the leaching. 

 4.4.2. Accumulated biomass 

The largest difference between the effects of the amendment compared with 

the effects of the tillage treatment in the 2005-2008 period was the increase in the 

harvested biomass. This was because these amendments eliminated the problems of Al 

toxicity and Ca deficiency in the root zone. The high production in the first season 

(annual data not shown), which was the largest of the three, was due in part to 

favourable weather conditions (Table 4.3) and secondly the fact that it was the first year 

of cultivation after 15 years of fallow. In the second season, excess rainfall in autumn 

temporarily saturated the soil and a perched water table was formed. Although the 

production of biomass in NT was greater than in TT the differences were not significant, 

probably due to the short time since the implementation of NT. In the third season, 
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rainfall was below average, but not in the period from February to June, in which the 

development of the crop is more sensitive to moisture deficit, so these conditions were 

not favourable for demonstrating the advantages of NT. 

The 2008-2012 period is characterized by the succession of campaigns with a 

deficit (2008-2009 and 2011-2012) and excess of rainfall (2009-2010 and 2010-2011). In 

this period the differences in biomass were determined by the type of tillage (65% higher 

in NT vs. TT), while the effect of the amendment was lower (7% increase in the amended 

plots vs. the unamended plots). The increased production of biomass in NT versus TT in 

the two seasons with below average rainfall was due to the higher moisture content 

throughout the entire soil profile (0-50 cm) of the NT plots, especially between February 

and June (data not shown) when most of the crop biomass is produced. This increase of 

available water in NT with respect to TT in semiarid environments has previously been 

shown in various studies (Fernández-Ugalde et al., 2009a; Hernanz et al., 2002). In the 

campaigns with excess precipitation in autumn and winter, NT also increased biomass 

production. This is because these soils have a strong Bt horizon and very little slope, 

which results in perched water tables in periods of heavy rainfall and low 

evapotranspiration (autumn-winter). Under these conditions the NT plots had 

soil/water conditions that were much more favourable for germination and early 

development of crops than the TT plots (Gómez-Paccard et al., 2015), as reflected in the 

large differences in biomass production. Note that in 2010-2011, although the rainfall 

was lower than average, the precipitation was very intense and concentrated around 

the time of nascence, thus affecting crop production (Gomez-Paccard et al., 2015). 

4.4.3. TOC, POC, and POC/TOC 

In NT, the accumulation of crop residues on the soil surface without 

incorporation significantly increases OM content in the upper layer and thus the 

stratification of OM in the A horizon (Franzluebbers, 2002a). The fact that even after 

seven years the effects of treatments on TOC and POC are limited to the upper layer (in 

our case the top 5 cm) has also been shown in several studies under different climatic 
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conditions and soils (Hernanz et al., 2002; Puget and Lal, 2005; Spargo et al., 2008; 

Thomas et al., 2007). Much of the favourable effect of NT on OM is due to reduced 

aeration and greater protection within aggregates, which reduces mineralization 

(Reykosky et al., 1997; Six et al., 2000; Balesdent et al., 2000). In our study we found that 

NT increased aggregate stability and aggregate size, favouring the formation of 

macroaggregates (in press), within which the microaggregates are formed, thus 

protecting the OM (Six et al., 2000). 

Note that the effect of NT on TOC depends on the amount and management of 

crop residues (Bayer et al., 2000; Pikul et al., 2007; Virto et al., 2007). In our case, the 

crops are harvested 20 cm above ground providing a significant quantity of residues that 

are accumulated year after year, resulting in a rapid increase of larger and less evolved 

OM. The initial response of POC in 2006 and the larger increases of POC and POC / TOC 

compared with TOC in 2008 and 2012, show that POC is very sensitive to tillage (Six et 

al., 1999). From our data, it appears that the increase in TOC over time (Fig.4.4) is largely 

due to the POC, which is corroborated by the increase in the value of the POC/TOC, 

which in 2012 is almost double that of 2006. This coincides with other studies (Pikul et 

al., 2007; Wander et al., 1998), which emphasizes that particulate organic matter is the 

OM fraction that increases most under NT. Note that in all cases POC content decreased 

more with depth than TOC, a result which was also observed by Wander et al. (1998). 

The effect of the amendment on TOC and POC content is controversial because 

some studies show increases, no effects or even decreases, regardless of texture, 

amendment dose or time (Paradelo et al., 2015). Unlike other studies that have found a 

reduction in OC following the application of an amendment (Chan and Heenan, 1999; 

Ernani et al., 2002), we observed that the amendment in the short term (2005-2008) 

favours the accumulation of TOC and POC in the 0-5 cm layer.  This effect is larger than 

the effect of NT (13% vs 8%, respectively). We attribute this effect mainly to the 

increased biomass produced with the amendment (80% after three years compared 

with the unamended plots) as a result of the reduced Al toxicity, and the increase of 
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bases such as Ca and Mg. In an amended Oxisol managed by NT, Briedis et al. (2012b) 

also found increases in TOC and POC content and attributed their results to the higher 

amount of residues due to the higher productivity of the amended soils. 

However, in the long-term (2006-2012) the effect of NT is more important than 

the effect of the amendment. In our case we attribute our results to: i), the fact that the 

production of biomass in the period 2009-2012 and, therefore, the contribution of 

residues to the soil, was clearly influenced by adverse weather conditions, which as we 

have already seen, was benefited by NT; and ii) the effect of the amendment at the end 

of the period had decreased considerably because of the removal in crops and losses to 

deeper soil layers (Fig. 4.4). As a result, between 2006 and 2012, the rate of increase of 

TOC and POC was similar (28%) in the amended and unamended plots. The rapid and 

significant increase in biomass after the application of the amendment followed by the 

disappearance of this effect over time is different from the dynamics found by Caires et 

al. (2006). They reported a reduction of OC in the amended plots during the first years, 

which disappeared over time. In our case, as we have seen, the dynamics have been 

greatly influenced by adverse weather conditions, very common in Mediterranean 

environments. 

The fact that in all treatments, including non-amended and tilled, the TOC and 

POC content increased is explained on the one hand, by the effect of the fertilization on 

the biomass production and, secondly, by the effect of the fence that protects the field 

from grazing. It should be noted that the natural grass in the area was of a very low 

production due to the poor soil chemical properties, overgrazing and wildlife.  
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4.4.4. Other soil quality indicators: TN, PMN, Bray-P and earthworms 

We explain the higher TN concentrations in the NT plots with respect to the TT 

plots by the greater levels of OM and microorganisms as well as higher biomass 

production in these plots (Doran et al., 1987). In addition, NT promotes the enrichment 

of microaggregates with high C and N content within macroaggregates (Cambardella and 

Elliot, 1994; Six et al., 2000). NT also promotes the accumulation of PMN through the 

provision of plant residues and the higher POC content (Liebig et al., 2004). In contrast, 

tillage leads to losses of PMN to a greater extent than losses of OM (Campbell and 

Souster, 1982; Martin-Lammerding et al., 2013; Moebius-Clune et al., 2008). Unlike in 

our study where Ca-amendment did not increase PMN (except at p<0.1), Garbuio et al. 

(2011) found a positive effect in the 0-5 cm layer of an Oxisol. 

Due to its very low mobility, P tends to remain in the soil surface unless tillage 

moves it down the soil. Some studies have reported higher P availability in the top layer 

of Mediterranean soils managed by NT (Ordóñez-Fernández et al., 2007) in line with our 

results in the 0-5 cm layer. The higher P content in 5-10 cm layer of the tilled plots is due 

to the tillage operations. The weak increase (p<0.1) of P we observed in the top layer of 

the amended plots is attributed to the P supplied by the Ca-amendment itself.    

NT management resulted in larger earthworm populations because the 

conditions provided for them were more favourable under NT than under TT (Karlen et 

al., 1994; Virto et al., 2007). Tillage not only harms them directly, exposes them to 

predators and modifies their habitat (Brown et al., 2003), it also may create soil physical 

conditions that restrict earthworm movement and accelerate crop residue 

decomposition, thus reducing their food supply (Eriksen-Hamel et al., 2009). By contrast, 

NT provides favourable conditions of humidity and temperature for earthworms (House 

and Parmelee, 1985; Hubbard et al., 1999), fostered by the accumulation of plant 

residues on the surface. This increase of earthworms may have also contributed to the 

enrichment of OC under NT, mainly through the formation and stabilization of macro- 

and microaggregates (Six et al., 2004).   
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4.5. CONCLUSIONS 

After 7 years of NT and TT management and the application or not of a Ca-

amendment, on an annual forage crop agrosystem in a degraded Palexerult, we found 

that the Ca-amendment improved pH and Ca and decreased Al-toxicity down to a depth 

of 50 cm, but this effect weakened with time. NT had a positive effect on POC, TOC, 

PMN, P availability and earthworm population.  Biomass production, closely related to 

the contribution of organic debris to the soil and, therefore, to OM dynamics, was 

strongly influenced by the weather. Adverse conditions, either with excessive 

precipitation in autumn-winter or scarce precipitation in spring, favoured biomass 

production under NT, especially in the long term. Therefore, weather conditions, which 

in Mediterranean environments can be extremely variable between campaigns, were a 

determining factor in assessing the effect of amendments and the type of tillage. In the 

long term and under the conditions of our experiment, the positive effect of NT on soil 

properties increases with time, mainly due to the OM-related properties that improved 

the physical and chemical soil conditions, whereas the beneficial effect of the 

amendment vanishes after a few years. 
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GENERAL CONCLUSIONS 

Ca-amendment and no-tillage separately, favoured several chemical, physical 

and biological soil properties, but in general the largest improvements were found with 

their combined use, concluding that the combination of both practices is the most 

promising of the studied alternatives for recovering a degraded acid soil. 

Soil organic matter is one of the most important components of soil, and using 

the selected management it was increased by the largest amount. Increases in soil 

organic matter by no-tillage are extensively reported in the literature, but in our study 

we found that those increases were related to the particulate organic matter fraction, 

which is very important for soil fertility and for the formation of microaggregates within 

macroaggregates, among other things. The Ca-amendment by itself contributed slightly 

and only temporarily to the rise in soil organic matter. Tilling the soil can suppress some 

of the ameliorations achieved with the application of Ca-amendments, but conversely 

the absence of tillage can enhance these improvements. 

In acid soils, the reduction of aluminium toxicity is necessary to achieve viable 

crop production. The use of Ca-amendments is a common practice and its effects on the 

reduction of Al toxicity are well known. However, we also want to emphasize the role of 

NT in the alleviation of aluminium toxicity through the increase of soil organic matter 

and glomalin-related proteins, which are involved in the formation of non-toxic stable 

compounds with the aluminium. 

Another important aspect to consider is that in our area, with a Mediterranean 

climate, heavy rain events frequently coincide with the germination period of annual 

crops and, due to the low permeability of the Bt horizon, waterlogging causes extensive 

crop damage. In our study no-tillage, through the improved water-soil relationships in 

the soil surface, appeared to be a suitable management to maintain more stable yields 

not only during dry years, as previously reported in the literature, but also in years with 

wet autumns. This was basically due to the enhanced water transmission properties and 
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the higher water content at saturation in this surface layer. No-tillage, therefore, 

contributed to reduce waterlogging and the achievement of stable yields, by providing 

more favourable conditions for germination and the first stages of crop development. 

The proposed management also resulted in the formation of larger and more 

stable aggregates in the surface layer and promoted the highest accumulation of organic 

carbon within the aggregates, contributing to carbon sequestration in the soil. However, 

it is important to point out that this effect was mainly due to the absence of tillage, and 

even if the Ca-amendment improved some aggregation-related parameters and the OC-

accumulation within aggregates, the effect was weaker. Also with regards to soil 

aggregation, and in contrast to other studies in acid soils such as Oxisoils, it is concluded 

that in our Ultisols, rich in kaolinite and iron oxi-hydroxides, soil aggregation follows an 

aggregation hierarchy, with soil organic matter being a relevant factor for soil 

aggregation. However further studies are recommended to thoroughly understand the 

dynamics. 

In the long term and under our conditions, it should be noted that the positive 

effect of NT on soil properties increases with time, whereas the beneficial effect of the 

amendment vanishes after a few years, and so the Ca-amendment should be applied 

periodically. Even in the short term, the effect of the Ca-amendment was weaker and 

limited to just the chemical properties whereas the absence of tillage by itself had 

several positive effects on the chemical, physical and biological properties. However, it 

is important to note that in no circumstances did the use of the Ca-amendment diminish 

the effect of no-till, in fact it boosted its positive effects in some cases. It is also worth 

noting that the climatic conditions during the final years of the study favoured biomass 

production and consequently the SOM related properties under NT, and this should also 

be taken into account when analysing the effect of the tillage treatment. On the other 

hand, the use of tillage practices can eliminate some of the benefits of the Ca-

amendments, as we noticed in the case of the SOM, which suggests that avoiding tillage 

is necessary to recover the quality of degraded acid soils. 
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