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ABSTRACT

In many states of central Mexico, hardened volcanic materials called tepetate (hardened layers from 
tuff) cover large proportions of the land surface, and are therefore of economic and social importance. 
Under natural conditions, tepetates are unproductive due to their hardness and low porosity, but they can 
be used agriculturally after the hardened layer is broken up and fertilizer and organic matter are added. 
Just broken up tepetate consists of angular clods of the original consolidated material of various sizes 
and they are devoided of aggregates. Because of the scarce presence of organic matter, these fragmented 
tepetates present low availability of N and P, limited water infi ltration, and small water holding capacity. 
Additions of manure and cultivation of Leguminosae aim to improve the physical properties of tepetates 
and particularly to promote the formation of aggregates. Such ameliorated tepetates alleviate the demand 
for agricultural land. The aim of this study was to evaluate the formation of aggregates from initially 
broken up and fragmented tepetates, their dry and wet stability, and the distribution of organic carbon in 
aggregates and fragments of different sizes in tepetates cultivated between 1 and 100 years. The tepetates 
were arbitrarily classifi ed as (I) recently broken up; (II) affected by severe erosion; (III) cultivated mostly 
under monoculture; (IV) cultivated with Leguminosae for at least 20 years and receiving approximately 
2 Mg·ha-1 of farm yard manure (FYM) per year; (V) cultivated under no-tillage and few external inputs; 
(VI) cultivated with cereals and Leguminosae and receiving more than Mg·ha-1 per year of FYM; (VII) 
Used as greenhouse bed; (VIII) cultivared with no-tillage and approximately 5 to 10 Mg·ha-1 of FYM; 
(IX) used as greenhouse bed and addition of approximately 2 Mg·ha-1 of composted wood residues per 
year. In addition to the above mentioned tepetates, two agricultural soils: one managed with traditional 
tillage (X) and a second with no tillage (IX) were included as checks. We collected 97 samples of tepetates 
and four soils in the Basin of the Río Texcoco and neighboring communities. The aggregate stability 
test overestimated stable aggregates due to the presence of remaining hard fragments of tepetates of 
different size; the hardness of the latter was one to three times greater than that of the aggregates. The 
relative amount of stable aggregates increased with the time of cultivation, approaching 80% after 100 
years. The recently broken up tepetates contained only little of C, whereas stable aggregates showed one 
to three times larger concentration. The accumulation of C with time in tepetate fragments was small, 
in contrast to the aggregates formed in the same period. The accumulation of organic C was larger in 
smaller aggregate particles and followed logarithmic or potential models. The results of this study show 
that ameliorated tepetates have the potential to store carbon. However, the accumulated amount of C 
depends on the aggregate formation, which in turn is related with the agricultural management. Classes 
VII, VIII y IX produced more stable aggregates and thus accumulated more carbon. 

Key words: hardened volcanic soils, tepetates, rehabilitation, organic matter storage, aggregate stability, 
Río Texcoco basin, Mexico.
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INTRODUCTION

Tepetates are volcanic tuffs hardened by geological 
or pedological processes (Miehlich, 1992; Etchevers et 
al., 2006). The tuff layers are covered by soils of different 
thickness. When the topsoil is eroded by natural erosion, 
or more usually by anthropogenic activity, tepetates are 
exposed. Tepetates are located in piedmont areas of the 
Transmexican Volcanic Belt (TMVB), which have a thermic 
soil temperature and an ustic soil moisture regime. The areas 
estimated to have exposed tepetates in the TMVB cover 
approximately 30,000 km2 (Zebrowski, 1992). These areas 
are densely populated and the need of agricultural land is 
great. A number of marginalized communities that practice 
subsistence agriculture in the states of Mexico and Tlaxcala 
have turned these materials into productive lands since 
ancient times (Hernández-Xolocotzi, 1987).

Under natural conditions, tepetates have a small total 
porosity and aeration capacity, a slow water infi ltation, and 

the vegetation cover is scarce. They can be used agricultur-
ally if they are broken up and if appropriate management 
practices are implemented (Navarro-Garza and Zebrowski, 
1992; Báez et al., 1997; Navarro and Flores, 1997; Prat 
and Báez, 1998). These materials also have small N and P 
contents (Etchevers-Barra et al., 1992). Nutritional prob-
lems can be compensated in the short term by chemical 
and organic fertilization. However, a longer time period is 
required to improve the physical structure of the substrate. 
This characteristic can be enhanced by appropriate cultural 
practices. 

According to Werner (1992) tepetates that were bro-
ken up by heavy machinery show numerous large pores 
(>120 μm) and cracks, but the relative amount of small 
and medium-sized pores (0.2 to 10 μm), which are largely 
responsible for the storage of available water for crops, 
is limited. The larger pores are reduced by subjecting the 
substrate to mechanical compaction (Werner, 1992). This 
author states that this practice generates a total porosity of 

RESUMEN

En muchos estados del centro de México afl oran materiales volcánicos endurecidos conocidos 
localmente como tepetates, que por su amplia distribución son de importancia económica y social. Los 
tepetates son poco productivos bajo condiciones naturales, ya que están compactados y tienen pocos poros, 
pero una vez roturados y después de aplicar fertilizantes y abonos orgánicos, es factible utilizarlos en la 
agricultura. Tepetates recientemente roturados consisten de fragmentos angulares de diferentes tamaños 
y no presentan agregados. Tienen muy poca materia orgánica, por lo que la disponibilidad de N y P es 
muy baja, al igual que la infi ltración del agua y la capacidad de retención de humedad. La aplicación 
de abonos orgánicos y el cultivo de leguminosas mejoran las propiedades físicas de los tepetates, y sobre 
todo, promueven la formación de agregados. El objetivo del presente trabajo fue evaluar la formación de 
agregados en tepetates recién roturados y cultivados durante 1 y 100 años, determinar su estabilidad en 
seco y en húmedo y medir el contenido de carbono orgánico en agregados y fragmentos en función de su 
tamaño. Las parcelas de tepetates de la región se clasifi caron arbitrariamente en las siguientes clases: (I) 
recién roturadas; (II) afectadas por erosión severa; (III) cultivadas dominantemente bajo monocultivo; 
(IV) cultivadas con leguminosas durante por lo menos 20 años y con adiciones de 2 Mg·ha-1 de estiércol 
cada año; (V) cultivadas con labranza mínima y con bajos insumos adicionales; (VI) cultivadas con 
cereales y leguminosas y adicionando más de 10 Mg·ha-1 de estiércol por año; (VII) utilizadas como cama 
de siembra en invernaderos; (VIII) cultivadas bajo labranza mínima y con adiciones de 5 a 10 Mg·ha-1 de 
estiércol; (IX) tepetates utilizados como cama de siembra en invernaderos y con adiciones de 2 Mg·ha-1 
de compostas de residuos de madera cada año. Adicionalmente se incluyeron dos parcelas de suelos 
agrícolas como testigos: una bajo labranza mínima (X) y otra sin labranza alguna (IX). Colectamos 
97 muestras de tepetates y cuatro muestras de suelos agrícolas en la cuenca del río Texcoco y en las 
comunidades aledañas. La prueba de estabilidad de agregados sobreestimó la presencia de agregados 
estables, dado que no discriminó entre agregados y fragmentos; la dureza de estos últimos fue una a 
tres veces superior a la de los agregados. La cantidad relativa de agregados estables se incrementó con 
el tiempo bajo cultivo y alcanzó 80% después de 100 años. Los tepetates recién roturados mostraron 
bajos contenidos de carbono orgánico, mientras que los agregados estables tenían concentraciones 
entre 1 y 3 veces mayores. La tasa de acumulación de carbono en fragmentos de tepetates fue muy baja 
en comparación con aquella en agregados formados durante el mismo tiempo bajo cultivo. La mayor 
acumulación de carbono se observó en agregados pequeños y siguió un comportamiento logarítmico 
o potencial. Los resultados demuestran que tepetates rehabilitados tienen potencial para secuestrar 
carbono. Sin embargo, la cantidad de carbono acumulada depende de la formación de agregados, la 
cual a su vez depende del manejo. Las clases de manejo VII, VIII y IX producen más agregados estables 
y acumulan más carbono. 

Palabras clave: suelos volcánicos endurecidos, tepetates, rehabilitación, acumulación de materia 
orgánica, estabilidad de agregados, cuenca del Río Texcoco, México.
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order to protect the downstream settlements from fl ooding 
(Pimentel-Bribiesca, 1992). Thanks to these efforts, there 
are plots in the region with tepetates ameliorated since 0 
years and up to almost 100 years, and which have been 
cultivated under different management practices. 

In order to collect information about the history of the 
plots, a survey was carried out. It included interviews about 
the time of use, the type of crops cultivated, the manage-
ment of harvest residues and other organic materials (these 
data are not reported here). At the same time, a general 
characterization of the sites was done. We selected 101 plots 
(97 tepetates and four soils) with reliable land use records 
and covering different management systems. Management 
systems and tepetate conditions were grouped into nine 
arbitrary classes according to the time since the tepatete was 
broken up, the severity of erosion, the type of rotation, the 
type of tillage and the addition of residues (Table 1).

At each plot we collected samples from 0 to 20 cm 
depth for carbon analysis in different particle size frac-
tions. These fractions were composed of aggregates plus 
fragments. Each sample was composed of 22 subsamples. 
For the evaluation of C content and hardness in aggregates 
and fragments of different size, a second soil sample was 
collected from a 20×20×20 cm volume from each plot. This 
sample was composed of fi ve subsamples (8,000 cm3) and 
it was air dried before analysis. 

Air dried samples were sieved to obtain 13 size class-
es: 50.8–31.7, 31.7–22.2, 22.2–11.5, 11.5–6.35, 6.35–4.76, 
4.76–3.36, 3.36–2.00, 2.00–1.00, 1.00v0.46, 0.46–0.25, 
0.25–0.10, 0.10–0.05 and < 0.05 mm. Each of these classes 
was composed of a mix of aggregates and fragments that 
cannot be easily separated. The dry (DSA) and wet (WSA) 
stability of these fractions was determined by a modifi ed 
Kemper and Rosenau (1986) method. Five to six kilograms 
of soil sample were sieved applying manual shaking to 
prevent the disruption of the most fragile aggregates. The 
C concentration of each fractions was measured by the dry 
combustion technique (Shimadzu, TOC-5050A model) in 
an aliquot. Afterwards, we noticed that it was important to 
differentiate between aggregates formed by pedogenesis 
and fragments of the original tepetate. Therefore, we also 
measured the relative amount of aggregates and fragments 
present in a small number of fractions: >50.3, 50.3–22.2, 
22.2–11.3, 11.3–6.30, 6.30–4.25, and 4.25–3.36 mm. The 
differentiation between fragments and aggregates was 
done visually and according to their hardness, which was 
measured with a manual penetrometer. Carbon content was 
also measured in fragments and aggregates of these classes 
using the same method as indicated above.

The number of plots sampled in each management 
class was unequal (see Table 1). Whenever possible, the 
standard deviation associated with the mean of each vari-
able was calculated. The response variables (dry and wet 
stability of aggregates in each fraction class, their hardness, 
and the concentration of carbon) were plotted separately for 
each management class.

approximately 50%, distributed as follows: 20% of large, 
20% of medium-sized and 10% of fi ne pores in the broken 
up layer which is initially constituted only by fragments. 
One of the problems arising with broken up materials is that 
heavy rains form surface coatings of outwashed fi ne par-
ticles that seal pores and reduce water fi ltering and aeration 
(Lauffer et al., 1997). The erosion of fi ne particles is due 
mainly to the instability of the fragmented material, which 
can be attributed to the lack of organic carbon, as it occurs 
in deteriorated soils (Elliot, 1986; Angers and Mehuis, 1989; 
Beare et al., 1994). Surface sealing inhibits the emergence of 
small seeds (barley, wheat, vicia, etc), delay the emergence 
of larger seeds (maize, beans, broad beans, ayocote, etc.) 
and favors runoff and thus erosion.

Recently broken up tepetates are composed of frag-
ments (angular clods of various sizes of the original con-
solidated material), which contain very small amounts of 
organic matter (Etchevers-Barra et al., 1992). The addition 
of organic matter should contribute to the formation of ag-
gregates (the basic structural unit of soil formed by sand, 
silt and clay paticles plus cementing agents), as it does in 
traditional soils. Formation of stable aggregates results in 
improvement of physical, chemical and biological properties 
and contributes to the sequestration of carbon. Aggregation 
results from interactions of mineral and organic soil frac-
tions. Organic cementing agents are natural polymers, 
bacteria, fungi, etc., and inorganic materials as clays, car-
bonates and silica (Tisdall and Oades, 1982). Aggregates 
of different size, shape, porosity, mechanical resistance and 
water resistance conform soil structure (Kaurichev, 1984). 
The objective of this study was to evaluate the formation of 
aggregates, their wet and dry stability, and the distribution of 
C in aggregates and fragments of different sizes. We com-
pared ameliorated tepetates cultivated for different lengths 
of time under different conditions and management systems. 
Our investigation contributes to quantify the C sequestration 
potential of ameliorated tepetates and helps to identify those 
agricultural practices that best promote the C increase in 
soils and favor the formation of stable aggregates.

MATERIALS AND METHODS

The study was carried out on the northwest hillside 
of the Sierra Nevada, State of Mexico (at 98º 45’ – 98º 50’ 
longitude W, and 19º 27’ – 19º 32’ of latitude N, between 
2,300 and 2,900 m of altitude. The study region has a ustic 
to udic moisture regime, with 600 to 900 mm rainfall per 
year that falls mostly in summer (Quantin et al., 1993). 
According to oral sources, local farmers began to break up 
small tepetate plots with picks and shovels at the end of 
the 19th century, whereas in the middle of the 20th century 
heavy machinery was employed for the same purpose, 
but at a small scale. It was in 1970 that the federal and 
state governments implemented large scale reforestation 
programs in degraded areas with outcropping tepetates, in 
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Class N Label Description

I 4 Recently broken up Broken up with heavy machinery; the samples were taken 
before the plot was cultivated for the fi rst time.

II 5 Cultivated but severe 
erosion

Plots without soil conservation practices and deteriorated by 
erosion. The presence of small canals and rills was clearly 
evident; 8 to 38 years of cultivation.

III 17 Monoculture Cultivated with maize (Zea mays L.), wheat (Triticum vulgare 
L.) and/or barley (Hordeum vulgare L.); ploughed, stubble is 
removed; 4 to 50 years of cultivation.

IV 41 Cereal/Leguminosae 
rotation with little 
manure

Cereals and Leguminosae have been grown in combination or 
in rotation, and occasionally cattle manure was added. Also 
maize (Zea mays L.) monocultures, but with irregular addition 
of organic fertilizers were grouped into this class. Ploughed; 
crop residues are removed; 3 to 38 years of cultivation.

V 14 No-tillage Plots cultivated with agapando (Agapanthus africanus 
Hoffmans), nopal (Opuntia spp) and maguey (Agave spp). The 
soil has never been turned over; 5 to 100 years of cultivation.

VI 5 Cereal/Leguminosae 
rotation with abundant 
manure

Cereal crops and Leguminosae have been grown in association 
or in rotation, and cattle manure was frequently added. 
Ploughed; crop residues are removed; 19 to 25 years of 
cultivation.

VII 1 Greenhouse beds Greenhouse beds cultivated with ornamental plants; organic 
fertilizers are added and irrigation is used; 13 to 23 years of 
cultivation.

VIII 8 No-tillage, manure and 
irrigation

Plots cultivated with agapando (Agapanthus africanus 
Hoffmans), plum tree (Prunus domestica L.), pear tree (Pyrus 
communis L.) and medicinal plants. Cattle manure is added 
occasionally and irrigation is used; 60 years of cultivation.

IX 2 Greenhouse with 
composted wood

The same as class VII but also ground rotten wood is 
incorporated to the soil as organic fertilizer. More fertilizer, 
and more plants per square meter; 23 years of cultivation.

X 3 Reference soil. 
Traditional management 
(annual crops)

Agricultural soil with traditional management, rain fed, 
ploughed, fertilized, no manure, cultivated only with maize 
(Zea mays L.), wheat (Triticum vulgare L.) and/or barley 
(Hordeum vulgare L.), and stubble is removed; 30 years of 
cultivation

XI 1 Reference soil with 
perennial crops and 
no-tillage

Plots cultivated with plum tree (Prunus domestica L.), pear 
tree (Pyrus communis L.), blackberry (Rubus sp. L.) and 
medicinal plants. Cattle manure is added frequently, and 
irrigation is used. More than 30 years of cultivation.

RESULTS AND DISCUSSION

Stability of fractions containing fragments and 
aggregates

The wet (WSA) and the dry (DSA) stability of these 
fractions ranged from good to excellent, according to the 
classification system by Kaurichev (1984) (Figure 1). 
However, the results must be taken with care since the 
reported stability can not only be attributed to aggregates, 
as the substrate contains fragments of the original material, 
which do not meet the criteria required to be classifi ed as 

aggregates. 
The aggregates and fragments of the management 

classes II, III, IV and VI, in which traditional tillage is 
practiced (fallow, disking, ploughing) did not resist the 
WSA test. The WSA test simulates disintegration forces 
and quantifi es the amount of aggregates resistant to such 
forces (Montenegro and Malagón, 1990 ). Remains of frag-
ments were visible in the sifters. Fragments turned out to be 
resistant to vibratory forces and dampening because of their 
hardness, which on average was one to three times stronger 
than that of aggregates. The C accumulated in these classes 
of management varied from traces to up to 20 g·kg-1. 

Table 1. Classes in which the sampled plots were grouped according to their dominant agronomic management 
and number of plots sampled for each class.

N: number of samples.
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Aggregates and fragments resisting the WSA test 
were found for the agricultural systems with no-tillage and 
greenhouse beds (classes VII, VIII and IX). However, the 
amount of resistant aggregates was small (12 to 15% larger 
than in the previous cases). Again results were affected by 
the presence of fragments having the same size as that of 
aggregates. Class VIII corresponded to an irrigated plot 
without any tillage cultivated with ornamental plants (aga-
pando, Agapanthus africanus Hoffmans), medicinal plants 
and fruit trees for more than 60 years, receiving regularly 
organic fertilizers. The latter resulted in a concentration 
42 g·kg-1 of carbon. 

The agricultural systems showing the highest WSA 
results had large concentrations of C in the stable fractions. 
This result suggests a relation between organic C and aggre-
gate stability (Angers and Chenu, 1998; Jastrow and Miller 
1998). Inadequate management practices can cause loss of C 
and deteriorate soil structure. That leads to disintegration of 
the substrate and break down of aggregates exposed to the 
forces arising from tillage, erosion, dampening and drying 
(Mann, 1986). In the case of the tepetates traditionally man-
aged, the lack of conservation practices, excessive tillage, 
constant growing of cereals crops, removal of crop residues 
and scarce to no incorporation of organic matter limit the 
formation of stable aggregates. 

Concentration of C and its distribution according to 
particle size

The concentration of C in particles of different sizes 
(aggregates plus fragments) increased with deceasing 
size (Figure 2). The coeffi cients of determination of the 
models fi tted to the relation mean diameter of fragments 
and aggregates versus organic carbon were all relatively 

high (R2 >0.80). The differences in C among particles 
larger than 10 mm in the different agricultural systems 
were small, however the differences were larger as the 
particle size decreased (<10 mm) (see Figure 2). The C 
content was larger in particles with diameters smaller 
than 3 or 4 mm than in larger particles, but the greatest 
C accumulation occurred in particles smaller than 0.25 
mm. Evidently, the management practices affected the C 
accumulation. Recently broken up tepetates had only little 
C, whereas under intensive management in the green-
house the smallest particles contained up to 45 g·kg-1 of C.

Accumulation of carbon in fragments and aggregates

A clear difference was observed between C in frag-
ments and aggregates in those fractions where these particles 
were manually separated (Figure 3). In the recently broken 
up tepetates which consisted only of fragments, C was prac-
tically not detectable. Fragments always showed less C than 
the aggregates of the same size. The concentration of C was 
larger as particles were smaller. This was true for both frag-
ments and aggregates. The difference of C in the former and 
the latter depended on the management. In the monoculture 
of cereal, the C content was small whilst in the management 
with greenhouse bed aggregates contained three times more 
C than fragments. Carbon tends to accumulate especially in 
micro-aggregates (Kong et al., 2005). 

Hardness of fragments and aggregates

The hardness of fragments and aggregates increased 
logarithmically with the mean diameter of particles (Figure 
4). In traditional tillage, fragments were harder than ag-

Figure 1. Wet and dry stability of aggregates and fragments in ameliorated tepetates of the river Texcoco basin. Equal letters indicate treatments that are 
not signifi cantly different. FYM: Farm yard manure.
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Figure 2. Organic carbon and mean diameter of particles in different agricultural systems on ameliorated tepetates. FYM: Farm yard manure.

Figure 3. Accumulation of total C in fragments and aggregates of six different particle sizes. 



Formation of aggregates and carbon sequestration in ameliorated Tepetates, Río Texcoco basin 493

Rotation for 4 years

y = 1.81Ln(x) - 2.88

= 0.89R
2

y = 2.48Ln(x) - 2.99

R = 0.97
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)
Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

Monoculture for 4 years

y = 1.38Ln(x) - 2.20

= 0.89R
2

y = 2.49Ln(x) - 3.39

= 0.99R
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)

Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

Monoculture for 45 years

y = 1.66Ln(x) - 2.58

= 0.92R
2

y = 1.85Ln(x) - 233

= 0.98R
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)
Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

FYM 100 years

y = 0.816e
0.045x

= 0.998R
2

y = 0.073x + 0.043

= 0.996R
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)

Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

FYM 4 years

y = 0.05x - 0.00

= 0.97R
2

y = 2.37Ln(x) - 3.19

= 0.96R
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)

Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

Legumes for 20 years

y = 0.83Ln(x) - 1.21

= 0.98R
2

y = 0.13x + 0.18

= 0.97R
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)
Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

No-tillage for 20 years

y = 1.45Ln(x) - 2.03

= 0.97R
2

y = 0.093x + 0.266

= 0.996R
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)
Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

No-tillage for 60 years

y = 1.89Ln(x) - 1.88

= 0.97R
2

y = 3.28Ln(x) - 4.24

= 0.97R
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)
Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

Greenhouse

y = 1.32Ln(x) - 0.67

= 0.97R
2

y = 1.80Ln(x) - 1.58

= 0.99R
2

0

2

4

6

8

0 10 20 30 40 50

Mean diameter (mm)
Aggregates Fragments

H
ar

d
n

es
s

(k
g

cm
)

-2
·

Classes of agronomic management and organic 
carbon

The concentration of C in the broken up tepetates 
is related to the management (Figure 6). Systems with 
organic fertilization cultivated with Leguminosae and not 
subjected to tillage (no-tillage) or as greenhouse beds had 
larger concentrations of carbon. This has been previously 
shown for tepetates by Báez-Pérez et al. (2002). The com-

gregates, and as diameter increased, so did hardness. The 
system with no-tillage for 20 years showed a similar hard-
ness in both fractions, whereas the agricultural management 
systems with no-tillage for 60 years and greenhouse had 
aggregates that were harder than fragments. This is because 
these classes of management had a higher concentration of 
C, as mentioned before. Aggregates accumulated one to 
three times more C and had a smaller mechanical resistance 
than fragments (Figure 5). 

Figure 4. Relation between hardness and weight mean diameter in nine agronomic management systems and time after amelioration. FYM: Farm yard 
manure.
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parison of C concentration of cultivated tepetates with the 
C in true soils used as reference leads to conclude that the 
former have the potential to sequester C after being broken 
up and cultivated. 

Figure 7 shows the C content in aggregates and in 
fragments for nine particular plots, which are representative 
of each management class. In recently broken up tepetates, 
that still have not formed aggregates, only traces of C were 
found in fragments. In contrast, in cultivated tepetates C 
was mainly present in the aggregates. The accumulation of 
C herein depended on the time of cultivation and the agro-

nomic management; it was small in cereal monoculture and 
increased when organic fertilizers were regularly applied. 
No-tillage showed greater effi ciency in the accumulation of 
C and the C content was similar to that found in the tepetate 
cultivated for more than 100 years and receiving regularly 
addition of manure. The traditional tillage (fallow, disking, 
hilling) favor C mineralization, whereas in no-tillage plots 
the organic matter remaining on the soil surface reduces 
evaporation, temperature and the exchange of gases, thus 
reducing mineralization in the underlying soil (Reicosky 
and Lindstrom, 1993). Under no-tillage (plot cultivated 

Figure 5. Relation between the hardness of aggregates and fragments and the concentration of organic C in ameliorated tepetates cultivated under different 
agronomic management practices during different periods of time. FYM: Farm yard manure.
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with agapando for more than 20 years), fragments had more 
than twice as much C as the other agricultural systems. The 
latter crop has strong roots and penetrate tepetate fragments. 
This was visible for the larger tepetate fragments and also 
for the smaller ones when examined under a microscope.
The direct contact of agapando roots with the tepetate 
fragments favored biological activity and C accumulation. 
This has been studied by De León-González et al. (2006). 

Production of aggregates and crop cultivation time

A logarithmic increase of aggregates and fragments 
larger than 3.36 mm was observed, beginning in year zero 
(recently broken up) and reached up to 80% after 100 
years in tepetates cultivated with conventional tillage, 

Leguminosae, and regular addition of organic fertilizers 
(Figure 8). The amount of DWS increased rapidly during 
the fi rst fi ve years of cultivation, then slowed down. On the 
other hand, fragments decreased as aggregates increased.

With improved root penetration, and water and oxygen 
availability, the biological activity increases (Álvarez-Solís 
et al., 2000). Biological activity favors the production of 
organic compounds such as polysaccharides that agglutinate 
soil particles to form soil aggregates (Oades and Waters, 
1991). The rate of formation also depends to a great extent 
on the temperature and moisture, which in turn control the 
biological activity. 

In the case of cultivated tepetates, conventional tillage 
(fallow, disking, hilling) has a higher disrupting effect on 
aggregates. The production of aggregates thus is limited 
by their mechanical disintegration. In contrast, in both 

Figure 6. Organic carbon content in tepetates under different management systems. Equal letters indicate treatments that are not signifi cantly different. 
FYM: Farm yard manure. 

Figure 7. Organic carbon content in fragments and aggregates of ameliorated tepetates under different agronomic management systems. FYM: Farm 
yard manure.
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Figure 8. Evolution of aggregates (a) and fragments (b) larger than 3.36 mm in the course of time in cultivated tepetates.

tepetates without tillage and subjected to a management as 
greenhouse bed, which received frequent addition of organic 
matter and less energy input the aggregates showed higher 
hardness (see Figure 4). 

CONCLUSIONS

The stability of aggregates was overestimated due to 
the presence of fragments of the same size than aggregates, 
that are harder than the latter. The proportion of aggregates 
increased with the time of cultivation (1 to 100 years) reach-
ing 80% after 100 years. Tepetate fragments contained only 
traces of C, whereas aggregates showed concentrations 
one to three times larger. In fragments, the accumulation 
of C with time of cultivation was small, contrasting with 
that in aggregates. The accumulation of organic C was in-
creased with decreasing particle size; the trend was either 
logarithmic or potential. The results of this study reveal 
that tepetates have the potential to store C. However, the 
percentage of C in the aggregates depends on the agricultural 
practice. The most effective agricultural systems to store C 
were no-tillage and the tepetates used as greenhouse bed, 
with average C concentrations of 30 to 40 g·kg-1. 
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