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Carbon (C) sequestration, defined as the process whereby atmo-
spheric CO, is transferred into a long-lived C pool, is an important
issue not only in the scientific community but also in the society
at large because of its potential role in off-setting fossil fuel emis-
sions. Through photosynthesis this C is stored in plants and through
decomposition, trunks, branches, leaves and roots are incorporated
in the soil via the action of different soil organisms, i.e., bacteria,
fungi and invertebrates. This, together with the C exudates from
roots that are utilized by microbial populations, constitutes the nat-
ural pathways of incorporating biomass-C into the soil. The amount
of C stored in terrestrial ecosystems is the third largest among the
global C pools. Soil organic carbon (SOC) up to 3 m is 2,344 Pg C
(1 Petagram = 10'5 g), and the SOC pool in tropical soils is approx-
imately 30% of the global pool. Abiotic factors, which moderate C
sequestration in soils are clay content, mineralogy, structural stabil-
ity, landscape position, and soil moisture and temperature regimes.
On the other hand, biotic factors involved in soil C sequestration
are determined by the activities of soil organisms. However, models
do not include the formation, stabilization and lifespan of the ag-
gregates that have been biologically produced, including roots. This
is not only due to the lack of studies on this subject, but also to over-
looking the role of soil organisms in soil aggregation. Furthermore,
there is a lack of comprehensive knowledge regarding the processes
that control dissolved organic carbon (DOC) fluxes in soils and its
role in the global budget of C sequestration. The boundaries of
ecosystems are not considered in the studies of the subject, as it
may be the case for terrestrial C sequestration, since the borders
around the sites under study constitute pathways for the flow of
C between sites and through the landscape. The concentrations of
DOC in deep soil horizons and the contribution to DOC fluxes (ex-
ports) are relatively small, from 4 to 37 g DOC m~2 yr~! retained
in the mineral subsoil. In South America, although substantial re-
search has been done under different ecosystems and land use sys-
tems in some countries, like Brazil, Colombia, Argentina, there is a
need to conduct more studies with agreed standard methodologies
in natural ecosystems and agricultural systems, and in other areas
of Central America few studies have been undertaken to date. The
principal objective of this review was to address the main mecha-
nisms that determine SOC and SIC sequestration in soils of Latin
America, and include: physical aggregate protection, SOC-clay in-
teraction, DOC transport, bioturbation by soil organisms, and the
formation of secondary carbonates. All of these mechanisms are
generally explained by physical and chemical processes. In con-
trast, this review takes a soil ecological approach to describe the
mechanisms listed above.

Keywords carbon sequestration, soil organic carbon, soil inorganic

carbon, land management, Latin America, soil aggrega-
tion, clay mineralogy, dissolved organic carbon, bioturba-
tion, soil invertebrates, agroecosystems, tropical soils

I. INTRODUCTION

Terrestrial Carbon (C) sequestration is an important issue in
both the scientific community and the society at large because of
its potential role in offsetting fossil fuel emissions. Terrestrial C
sequestration has two principal components: biotic sequestration
in plant biomass and soil sequestration in the soil solum. The
latter involves two components: soil organic carbon (SOC) and
soil inorganic carbon (SIC) sequestration.

J.J. IMENEZ AND R. LAL

A. Terrestrial C Sequestration

Carbon sequestration is defined as the process whereby the
atmospheric CO; is transferred into a long-lived C pool. Photo-
synthesis is the natural process by which plants fix CO, to pro-
duce carbohydrates, which are then used in different metabolic
pathways. This C is stored in plant components including trunks,
branches, leaves and roots. The incorporation of these materials
into the soil via the action of different soil organisms, especially
the functional group of soil ecosystem engineers (sensu Jones
et al., 1994) and inhabitants of the litter, together with the C
exudates from roots that are utilized by microbial populations,
constitute the natural pathways of incorporating biomass C into
the soil. The biomass C enters the soil through the decompo-
sition, a key process in the C cycle due to its two interrelated
subprocesses, i.e., mineralization and humification. Mineraliza-
tion is the process by which organic molecules are converted
into inorganic forms assimilable by plants, and humification is
the process by which soil organic matter levels are maintained.
Humification efficiency ranges from 10 to 20% (Lal, 2004). Dur-
ing mineralization CO; is emitted from respiration activities of
soil microorganisms.

Decomposition in terrestrial ecosystems is determined by a
set of factors organized in a hierarchy that regulates the activity
of soil microorganisms at decreasing scales of time and space in
the order: climate—nutrient status + clay mineralogy + quality
of resources—role of macroorganisms (i.e., roots and inverte-
brates) (Lavelle ef al., 1993). Soil organic matter participates
in the formation of colloids that glue soil particles together and
hence C, into solid structural units, the aggregates. Air space
surrounds these aggregates of varying sizes so water, gases and
solutes can flow. The negative charge of SOM helps retain ex-
changeable cations, especially in acid soils where clay minerals
retain few cations.

The biotic process of C sequestration is natural and occurs
above (biota) and below ground (soil + biota). The amount of
C stored in terrestrial ecosystems, including above- and below-
ground components comprises the third largest among the global
C pools. The soil C pool up to 1 m is estimated at 2,500 Pg
(Pg = Petagram = 10" g), of which 1,550 Pg is SOC and
950 Pg is SIC (Batjes, 1996). These estimates include a large
amount of charcoal, especially in areas where vegetation is fre-
quently burnt (Skjemstad et al., 1996). Finally, the above- and
below-ground biomass or the biotic pool contains 600 Pg of live
biomass and detritus material at some stage of decomposition
(Eswaran et al., 1993; Houghton, 1995; Batjes, 1996; Batjes and
Sombroek, 1997). Global patterns in SOC were compiled and
analyzed by Post et al. (1982). A recent estimate of SOC to 3
m gives a value of 2,344 Pg C; global totals for the second and
third meters are 491 and 351 Pg C, and the biomes with the
highest contents of SOC are the tropical evergreen forest (158
Pg C) and the tropical savanna (146 Pg C) (Jobaggy and Jackson,
2000).

The SOC pool comprises active OM and relatively inert char-
coal, and its role is of utmost importance in the global C cycle
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since it represents a dynamic balance between the input of dead
plant material and the output from decomposition (mineraliza-
tion), erosion and leaching. Abiotic factors that moderate C se-
questration in soils are climate, landscape position, mineralogy,
clay content, structural stability, and soil moisture and temper-
ature regimes. The SOC pool is transformed biologically by the
action of soil organisms (i.e., bacteria, fungi and invertebrates)
and is stabilized in each of the clay- or silt-sized organomineral
complexes with different turnover rates.

Some of the C is returned to the atmosphere as CO, and CHy
when SOC is decomposed under aerobic and anaerobic environ-
ments, respectively. Among the sources that have contributed to
CO,; emissions to the atmosphere, about 50 Pg came from culti-
vated soils (Paustian et al., 1997), through SOC mineralization.
In soils under agricultural practices, part of the SOC pool has
already been released into the atmosphere. A 10% reduction in
the SOC pool and its emission into the atmosphere is equivalent
to the anthropogenic emissions of CO, by fossil fuel during 30
years from 1970 to 2000 (Kirschbaum, 2000). As much as 75%
of the antecedent SOC pool is lost following conversion of natu-
ral to agricultural systems in tropical regions (Lal, 2004). Since
many agricultural lands are no longer productive, new lands are
being brought under cultivation through tropical deforestation,
causing important soil degradation processes with significant
losses of SOC pool.

The flux of CO, between soils and the atmosphere has been
estimated at 75-77 Pg C yr~!, which is equivalent to 10% of
current levels of atmospheric CO, (Schlesinger, 1977; Raich
and Potter, 1995). Flux of CO, from soil to the atmosphere is
one of the largest fluxes in the global C cycle, and is equivalent
to the net primary productivity (NPP) and litterfall, which are
around 50 to 60 Pg C yr’1 (Mattews, 1997, Field et al., 1998).
There is a strong direct relationship between soil respiration and
NPP (R? = 0.87; Raich and Schlesinger, 1992). Flux due to
soil respiration is higher than NPP because it also includes CO,
emission from plant roots and mycorrhizae. Since the age of C
increases with depth (Jenkinson and Rayner, 1977), there is a
relatively high amount of C in stable forms that is not affected by
land use changes and so it will not be emitted to the atmosphere
as CO,.
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Sequestration of C as SIC primarily occurs through formation
of secondary carbonates. The SIC is an important constituent in
soils of the arid and semi-arid regions. Reserves of SIC stored
in soils range between 780 and 930 Pg C (Schlesinger, 1982).
The SIC comprises elemental C along with carbonates (CO3 2)
and bicarbonates (HCO3) of Ca™2, and Mg*2. Important min-
erals comprising SIC pool include calcite and dolomite. There
are two types of carbonates: primary and secondary. Primary
carbonates are derived from the weathering of the parent ma-
terial. In contrast, secondary carbonates are formed through
conversion of CO, into carbonic acid and its reaction with
Ca?* and Mg?™ to form pedogenic carbonates (Lal and Kimble,
2000).

B. Latin American Soils

The SOC pool in soils of the tropics is estimated at 496
(Kimble et al., 1990) and 506 Pg C (Eswaran et al., 1993),
approximately 30% of the global SOC pool. Batjes (1996) es-
timated the amount of SOC in the tropics as 201 to 213 Pg C
in the first 30 cm, 384 to 403 Pg C and 616 to 640 for the top
meter and 0-200 cm depth, respectively. The contribution of C
in the soil below 1 meter is especially relevant in tropical soils,
which are generally deep to very deep (Sombroek et al., 1993).
Thus, there is a considerable amount of C stored in tropical soils,
higher than in temperate soils (Moraes et al., 1995). The SOC
pool in different soils of the tropics represents 66, 80 and 69%
of the amount contained to 2-m depth (Table 1). The amount
of C in the top 25 cm in Ferralsols and Ferric Acrisols is only
one-third of the total pool to 2-m depth (with 43% of the total to
1 m), whereas in non-ferralic Acrisols and Luvisols most of the
C pool is concentrated in the top 25 cm layer (Sombroek e al.,
1993).

Sombroek et al. (1993) estimated the SOC and SIC pools in
soils of Latin America at 174 Pg C and 65 Pg C, respectively
(Table 2). Basic principles of SOC sequestration apply to soils
of the tropics and temperate regions. However, the rates of SOC
sequestration are generally lower in the tropics compared with
soils of the temperate zone because of high temperatures and the
attendant microbial activity throughout the year (Lal, 2002), and

TABLE 1
Distribution of SOC in some tropical soils (adapted from Sombroek et al., 1993)
Andosols Acrisols Ferralsols
Depth (cm) SOC (kg C m~2) % of total SOC (kg C m~2) % of total SOC (kg C m~2) % of total
0-25 14.6 28 5.1 59 2.6 30
25-50 7.3 14 0.6 7 1.4 15
50-75 6.5 13 0.6 7 1.3 15
75-100 59 11 0.6 7 0.8 9
100-150 10.1 20 1.0 12 1.5 17
150-200 7.4 14 0.7 8 1.2 14
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TABLE 2
The SOC and SIC pools up to 1 m depth in Latin American
soils (From Sombroek et al., 1993)

Central South

Soil C America America
SOC concentration (kg C m~2) 9.9 8.3
Total SOC pool (Pg) 26.1 147.5
SIC concentration (kg C m~?) 6.9 2.6
Total SIC pool (Pg) 18.6 46.4

! Average value of kg C m~2

2 Pg = Petagram (10" g)

there may be differences in specific C fractions involved (Bayer
et al., 2000).

In highly weathered tropical soils, rate of C loss by cultivation
is more than that for temperate soils (Shang and Tiessen, 1997),
leading to rapid soil degradation. Tropical forest ecosystems
account for 20 to 25% of the world terrestrial (soil and vegeta-
tion) C (Dixon et al., 1994). Tropical deforestation is a principal
source of CO,, accounting for 20% of the annual global emis-
sions (IPCC, 2001). Cadisch et al. (1996) observed that losses of
rainforest-derived C amounted to 73% (0 to 2 cm) and 40% (5 to
15 cm) of the initial SOC concentration after 18 years of conver-
sion to pasture. Luizao et al. (1992) observed that soil biomass
C in 0 to 5 cm depth decreased to 64% within 1 year of slash-

J.J. IMENEZ AND R. LAL

and-burn. Tropical soils with predominantly low-activity clays
like Kaolinite have low ability to sequester C. SOM in many
tropical soils may be less stable due to different mechanisms of
organomineral stabilization (Shang and Tiessen, 1998).

Factors affecting rate of SOC sequestration are similar in soils
of the tropics and in temperate environments. Soil texture plays
an important role in the below-ground C storage in the lowland
Amazonian forest ecosystem (Silver et al., 2000). The effect of
texture on SOC storage is related to its impact on ability of soils
to retain C, water, and nutrients and on soil air permeability for
gaseous exchange.

The objective of this review is to address the principal mech-
anisms that determine SOC and SIC sequestration in soils with
a focus in Latin America. Four mechanisms addressed in this
review include the following:

1. physical protection within soil aggregates,

2. interaction of SOC with clay fractions,

3. transport of dissolved organic C (DOC) into subsoil, biotur-
bation, and

4. formation of secondary carbonates.

These mechanisms are generally addressed as physical and
chemical processes. In contrast, this review takes a soil eco-
logical approach to describe the five mechanisms listed above,
and provides a unifying conceptual framework that combines
all mechanisms into a single and provocative model (Figure 1).

2
3 CO
3 2 CO; CO,
>
o . .
8 Litter and soil
Q organisms
< C-Cl A t

- -Clay - - ggregate =

Litter interaction > Biogenic detachment Free Wind, water
Mulch structures + macro- micro- erosion
Aggregate T Anthropic aggregates >

: formation : practices

: Physical : Incorporation =

: protection of C Bioturbation : Tillage to soil matrix :
° : : :
= : : . . :
s) : l Bioturbation i Spatial and
g) : : temporal
3 scales
[0) . .
2 : :

y Micro: v
[DOCL aggregates [DOCJr
Macro- [DOClss
aggregates
ASM, ASMgs ASM:
Streams

Aquatic systems

FIG. 1.

Conceptual framework unifying the four mechanisms of C sequestration (except SIC) at different scales of space and time (see the different sections in

the text for explanation of each of the mechanisms) DOC = Dissolved organic C; L = litter, BS = biogenic structure; F = free aggregates; ASM = Activation of
soil microorganisms. Biotic processes associated to any of the mechanisms are indicated in green while those abiotic processes are indicated by gray letters.
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Briefly, processes at different spatial and temporal scales occur
above- and belowground and involve either a biotic factor or
control (indicated in green), or and abiotic factor (indicated in
gray). In the soil, clay-C interactions and aggregate formation
together with the activities of soil invertebrates determine the
formation and properties of biogenic structures that later de-
grade due to environmental factors, i.e., rainfall or management
(for example, cattle trampling in pastures). In the soil, biotur-
bation also creates aggregates of different sizes (macro- and
microaggregates), whereas in agricultural systems continuous
tillage leads to a reduced mean weight diameter of aggregates
that may exacerbate in the medium-term wind and water erosion
problems. The DOC has several sources from above (litter and
biogenic structures) and below ground (aggregates) and flows
through the soil to the water streams and aquatic systems.

II. SOIL AGGREGATION AND C SEQUESTRATION

Soil aggregation implies the formation of secondary particles
or aggregates through flocculation of clay colloids and the ce-
mentation of floccules by organic and inorganic materials. The
process of aggregation is affected by a range of factors which
affect the formation of stable aggregates, i.e., land use and man-
agement, soil mineralogy, texture, quantity and quality of the or-
ganic matter (OM) incorporated, diversity and abundance of soil
macrofauna.! Soils can be fractionated according to the aggre-
gates that configure their structure. Sand-size (20 — 2000 pm)
macroaggregates are important in the short-term dynamics of
OM, while clay (<2 um) and silt-size (2 — 20 um) separates
on microaggregates are important in the longer term due to the
complex associations of C with the structure of clays (see next
section).

The concepts of micro- (20 — 250 um) and macroaggre-
gates (>250 um) are only useful for some soil types. Oades and
Waters (1991) proposed an aggregate hierarchy in soils where
aggregate stability is determined by OM. The hierarchy concept
does not apply to all soil types, for instance, in Oxisols where
oxides and hydroxides are the dominant stabilizing agents of
aggregates. The hierarchy is created by the physical attachment
of particles by living roots and hyphae into macroaggregates.
Nonetheless it seems a general process since Cambardella and
Elliot (1994) documented that microbial byproducts are the key
binding agents of microaggregates into macroaggregates. For
example, Gijsman and Thomas (1995) and Gijsman (1996) ob-
served a strong non-linear relationship between aggregate sta-
bility and hot-water extractable carbohydrates of microbial or
plant-derived origin in a tropical Latin American Oxisol. An
increase of microbially derived carbohydrates in the clay and
silt-sized fractions has been observed by Feller et al. (1991) and
Guggenberger et al. (1995). Microbially derived carbohydrates

'A soil macrofauna taxon is an invertebrate group found within
terrestrial soil samples which has more than 90% of its specimens in
such samples visible to the naked eye (or those invertebrates in general
>2 mm) (IBOY meeting).
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can be separated from those sugars of plant origin. In the former
group, galactose (G) and mannose (M) accumulate preferentially
in the fine fractions, whereas plant-derived sugars arabinose (A)
and xylose (X) are dominant in coarse fractions. The G+M/A+X
ratio is high in clay-size separates.

On the death of roots and hyphae the stability of macroag-
gregates declines at about the same rate at which plant mate-
rial decomposes in soils. The degradation of macroaggregates
creates microaggregates that are considerably more stable than
macroaggregates. For aggregates <20 um @ there appears to
be a random mixture of clay microstructures, biopolymers and
microorganisms (Oades and Waters, 1991).

Studies under laboratory conditions have shown that particles
of fine clay (<0.2 um @) are aligned parallel to fungal hyphae
and stick firmly to the hyphae by a mucilage of polysaccharides
(Clough and Sutton 1978; Tisdall and Oades 1979). Research
is needed on the mechanisms of sorption of clay to hyphae in
natural soils. The sorption of clay to fungal hyphae may affect
the stability of aggregates, not only through the strength and
persistence of bonds in soil, but also through the ability of the
hyphae to survive and grow through soil (Stotzky, 1986).

A. Biologically Formed Stable Aggregates

A review on the abiotic mechanisms of C sequestration in
soil aggregates was recently published (Blanco-Canqui and Lal,
2004; Bronick and Lal, 2005). In the present review we address
the biological processes involved in the formation of aggregates.
Soil aggregates physically protect some fractions of the soil or-
ganic matter (SOM), thus increasing the residence time of C in
soil (Beare et al., 1994; Golchin et al., 1994a; Guggenberger
et al., 1996; Blanchart et al., 1997). The general structure of
an aggregate is outlined in Figure 2. The SOM, which is in
very different forms and stages of decomposition, is included
within these aggregates, sometimes within microaggregates (20-
250 @ pm) that are included in larger aggregates (>250 pm).
Microaggregates are formed at the center of the macroaggre-
gates (Oades, 1984; Elliot and Coleman, 1988; Beare et al.,
1994; Bossuyt et al., 2002). Sometimes, SOM (iPOM) is

/ Fresh residues
4 POM

E Binding agents +

bacteria and fungi

‘ Micro-aggregate

@ Macro-aggregate

FIG. 2. Pictorial representation of a soil aggregate.
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attached to these microaggregates by the action of soil macro-
fauna through their feeding and casting activities (Lavelle and
Spain, 2001) or through abiotic processes like drying and rewet-
ting. The SOM included in these microaggregates is physically
preserved from further mineralization processes, until these ag-
gregates are broken either by natural processes like the reinges-
tion by soil macrofauna and other soil organisms, or by agri-
cultural practices like tillage. Due to the three-dimensional
structure of soil, different processes may occur at very short
scales, i.e., macroaggregates, where mineralization can be
reduced or enhanced due to the presence of microbial popu-
lation which is in intimate contact with the organic resources, or
where SOM can be protected in microaggregates included in the
macroaggregates.

Microaggregates (2 — 250 um @) are highly stable in soil.
It is not well understood how macroaggregates (>250 um)
form from a group of these microaggregates before being stabi-
lized. Microorganisms (bacteria and fungi) are important agents
in the formation and stabilization of aggregates. Fungal hy-
phae form macroaggregates, which are then stabilized by the
hyphae or other microorganisms and fungal polysaccharides
(Saini and MacLean, 1966; Tisdall and Oades, 1980; Elliott and
Coleman, 1988; Gupta and Germida, 1988; Chenu, 1989). Scan-
ning Electron Microscope (SEM) images have provided visual
evidence of fungal hyphae entangling particles into macroag-
gregates, which were stabilized by polysaccharides (Tisdall and
Oades, 1979; Gupta and Germida, 1988). Particles of clay can
be found firmly attached to hyphal fragments even after dis-
ruption by ultrasound, suggesting that the hyphal network hold
the macroaggregates intact. Under field conditions, extracellu-
lar polysaccharides of fungi probably stabilize existing aggre-
gates (Tisdall and Oades, 1980). Elliott and Coleman (1988)
proposed that roots and fungal hyphae physically form macroag-
gregates, and that microorganisms at the centre of each macroag-
gregate produce polysaccharides, which add to the stability of the
macroaggregates.

Fungi, bacteria, roots and larger soil organisms, like earth-
worms and invertebrates, that the top soil layers are key actors
in the active formation and regulation of soil structure, and they
all probably interact in more than one mechanism of stabiliza-
tion at different spatial and temporal scales. Most models do not
include the processes and mechanisms of formation, stabiliza-
tion and lifespan of the aggregates that have been produced by
the action of organisms in the soil, including roots. This is not
only due to the lack of studies on this subject but also to con-
tinuously overlooking the role of soil organisms in aggregation.
Bacteria are not always active since they are not in contact with
the resource, and the movement of larger soil organisms in the
soil profile or the growth of roots provide sites where there is an
activation of microbial communities. This process was named
the “sleeping beauty paradox” (Lavelle, 1996).

These mechanisms of physical protection of C within the ag-
gregates are important determinants of SOM stabilization (Ladd
et al., 1993), and have been reinforced by the provision of
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images of the process by SEM studies. For example, in
a study conducted on a Vertisol under pasture from Mar-
tinique, Feller er al. (1996) observed that plant cell wall de-
bris, bacteria colonies and amorphous SOM were included
in the microaggregates and protected from the attack of
soil microorganisms since they were encrusted in a dense
clay fabric. Guggenberger et al. (1996) and Decaéns (2000)
also observed strong evidence to support the hypothesis of
physical protection of SOM in a tropical Oxisol from the
Colombian “Llanos.” Hence, physical controls of SOM pro-
tection, storage and/or loss are determined by biological
processes.

The functional group of soil ecosystem engineers sensu Jones
et al. (1994), e.g., roots, earthworms, and also the contribution
of fungal hyphae of VAM or micro-arthropods, strongly influ-
ence the formation and stabilization of aggregates (Oades and
Waters, 1991; Tisdall, 1991; Tisdall and Oades, 1982; Lavelle
and Martin, 1992; Beare et al., 1997; Decaéns et al., 2001).
The effects of aggregation on SOM mineralization have been
addressed in tropical situations with an observed increase in C
content and aggregate stability in earthworm casts (Blanchart
et al., 1997). Decaéns et al. (1999) also showed that C con-
tent increased in field incubated earthworm casts, probably as a
consequence of CO, respired by microorganisms in the surface
of casts (Hedde et al., 2005). This process may have important
consequences in SOC dynamics since, under pastures, the pro-
duction of large amounts of surface casts by earthworms lead
to an annual accumulation of 8.6 Mg C ha~! (Decaéns et al.,
1999).

The importance of the biotic processes in aggregate formation
and SOC accumulation has been addressed by several authors.
For example, Villenave et al. (1999) studied the SOC budget in
different agroecosystems under kaolinitic soils of the Peruvian
Amazonia by inoculating soil organisms to follow the fate and
dynamics of C incorporated from mulching. Under continuous
maize (Zea mays L.) cultivation, the amount of SOC in the first
30 cm decreased 15% in 6 years and in all particle size fractions.
The C incorporated into the soil after this period was 8.3% of the
total SOC pool (Table 3). This retention of maize litter resulted
in the addition of 0.25 kg C m~2 into the SOC pool representing
11.1% of the measured maize input (Villenave et al., 1999).
On the contrary, in the noninoculated system, only 0.18 kg C
m~2 was incorporated, representing 6.2% of total SOC pool. In
conclusion, the activity of earthworms lead to a slight increase
in the incorporation of fresh litter into the total SOC pool in
mulched maize plots, with most of the C incorporated from
roots (Villenave et al., 1999).

The SOM has been chemically fractionated since the early
1900s. Physical fractionation has been used to separate the dif-
ferent fractions since 1990. With the advent of new tools like
NIRS, aggregates formed by different organisms and processes
can be discriminated followed by a physical fractionation, in or-
der to study differences in SOM dynamics and assess SOC con-
tents in biologically and nonbiologically originated aggregates.
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TABLE 3
SOC budget under 6-year continuous maize (Zea mays L.) plot at Yurimaguas (Peruvian Amazonia) (redrawn from Villenave
et al., 1999)
Organic inputs

C loss in 6 years C stock 6 year (0-30 cm) C4 in SOC Mulch Roots Incorporation (%)
Without earthworms

18 2.9 6.2 1.8 0.2 8.9
With earthworms

12 3.1 8.3 2.0 0.3 11.1

The C content in the soil and in aggregates that have been pro-
duced by the action of soil organisms can be determined by using
several techniques, e.g., Nuclear Magnetic Resonance (NMR),
Near Infrared Spectroscopy (NIRS), isotope C labeling like §'*C
(very useful in studies on the origin and fate of C from C; or Cy4
plants). NIRS also has the advantage to discriminate those ag-
gregates, which have been created biologically by, for example,
earthworms, ants, or termites. There is a functional specificity
of the biologically-originated aggregates (Decaéns et al., 2001;
Hedde et al., 2005). There is a need to conduct relevant studies
on this issue for different soil types that may harbor different
species or functional groups of organisms.

B. Aggregate Stability and Soil Organic Carbon Pool

A positive relationship exists between SOC pool and ag-
gregate stability. Polysaccharides glue soil particles inside ag-
gregates (Cheshire, 1979; Tisdall and Oades, 1982). Gijsman
and Thomas (1995) reported that aggregate stability is more re-
lated to hot water-extractable carbohydrates than to total SOC
pool in a tropical Oxisol. These polysaccharides can be of mi-
crobial origin or derived from plants. Cheshire et al. (1984)
showed that plant-derived polysaccharides were less important
in aggregate stability than microbial-derived carbohydrates. In
those aggregates from biogenic structures produced by some
soil invertebrates there may be no correlation between structural
stability and hydrosoluble carbohydrates (Decaéns et al., 2001).
In a study conducted on the degradation dynamics of biogenic
structures produced by a native savanna earthworm in Oxisol
under different land use systems, Decaéns (2000) observed im-
portant differences regarding the mean weight diameter (MWD)
of constituting casts’ aggregates. In fresh casts produced in a
grass-legume pasture, almost 50% of the total volume was occu-
pied by identifiable plant fragments together with quartz crystals
(ca. 5%) and the remaining space was occupied by dark, amor-
phous material (Figure 3). In the original system, fresh casts
were comprised of amorphous plasma in which few quartz crys-
tals and plant fragments were observed (5%). A combination of
abiotic and biotic factors lead to the degradation of these struc-
tures across time and where cracks or cavities were observed,
together with the presence of small fecal pellets indicating the
activity of smaller invertebrates, i.e., termites (Decaéns, 2000).

These casts have a higher structural stability than the sur-
rounding soil due to the stabilization of the SOM included in
the constituting cast aggregates (Guggenberger et al., 1996). A
similar stabilization process of the organo-mineral complexes
by biotic mechanisms occurs rather than stabilization by forma-
tion of Ca-humate or OM-polyvalent cation-soil particle link-
ages. Therefore, SOC is protected from further decomposition
and the production of casts may contribute to the formation of
a rather active but physically protected SOC pool in the soil
(Martin, 1991; Lavelle and Martin, 1992; Guggenberger et al.,
1996). The presence of a cortex in these structures contributes
to the structural stability of casts, creating an anaerobic condi-
tion that reduces OM mineralization inside casts (Elliot et al.,
1990). All these aspects are not included in most models of SOM
dynamics. The balance between the production and destruction
of these structures shows that there is an active regulation of
soil structure by the activities of soil organisms. For example,
in the savannas of Colombia it has been observed that only one
earthworm species is able to transform between 2-11% of the
total 0-10 cm soil layer into macroaggregates (Decaéns, 2000),
and that in less than 10 years this layer has passed through the
digestive tract of the earthworm (Jiménez et al., 1998). The fig-
ures would be higher if the activities of the whole earthworm
community (i.e., 7 species) are considered. Even in the absence
of the organisms that produced the aggregates their effects may
last longer than the lifespan of these organisms in soil, because
important soil processes continue in the biogenic structures
produced.

The impact of these processes on SOC losses due to soil
erosion by water run-off needs to be further quantified, as well
as the proportion of SOC that is dissolved and flows through the
soil. In tropical ecosystems, it may constitute a large amount of
SOC loss that can be transported by water flows to streams.

C. Modeling Aggregate Formation

The binding of mineral particles into microaggregates and
then into macroaggregates has been conceptualized by Tisdall
and Oades (1982). Clay polyvalent metal-humified SOM com-
plexes cement free primary particles together into microaggre-
gates. This constitutes the more recalcitrant and persistent SOM.
The more transient (polysaccharides) and temporary binding
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FIG. 3. A) Fresh surface cast of Martiodrilus sp. in the native savanna of the Colombian “Llanos.” B) External view of a 5-month old earthworm surface cast;
1 — cast covered by faeces, 2 — cast perforated by termite galleries. C) Thin section (subaxial horizontal cut) of a 5-month-old surface earthworm casts collected in
the intensive pasture. 1 = termite burrow, 2 = retraction crack) (reprinted from: Biology and Fertility of Soils, Vol 32(2); 2000, pp. 149-156; T. Decaéns; figures
2,9 and 11, respectively; (© Springer-Verlag. With kind permission of Springer Science and Business Media).

TABLE 4A
Aggregation processes in soil

Cementing agents

Aggregate
size (. m) Abiotic Biotic Process
0.2 Clay plates, Organic Electrostatic
Oxides, polymers bonding;
Amorphous sorbed onto  flocculation
alluminosillicates clay surfaces
2-20 Clay particles Microbial,  Encrustation
(packages) fungal and
plant debris
200 Particles or Roots, Binding
aggregates hyphae
2,000 Aggregates Soil fauna Selection of
particles
Formation of
biogenic
structures

agents (roots and fungal hyphae) stick microaggregates together
into macroaggregates (Table 4a). These are considered the more
labile or decomposable SOM fraction (Oades, 1984; Beare et al.,
1994). Later this model was slightly changed by Oades (1984)
by assuming that microaggregates are principally formed within
macroaggregates (Beare et al., 1994; Gale et al., 2000, Six et al.,
2000). In the model proposed by Six et al. (2000) macroaggre-
gates (250 — 2000 um) are formed around fresh residues, but
how they are formed is not well understood. Biological, physical
and chemical interactions occur in the inner part of the residue
that is in contact with the soil. However, there are also factors
that link the residue with the soil, apart from abiotic. The con-
tribution of soil organisms to the process is also an important
factor. In this process, only soil microorganisms (bacteria and
fungi) are considered, and not larger organisms like earthworms
(Guggenberger et al., 1996; Decaéns, 2000) or litter arthropods.
Some examples of the physical protection of OM in the biogenic
structures created by large soil organisms and the mechanisms
involved in this process are presented in Table 4b.

Paustian et al. (2000) proposed a model for aggregate
turnover and CO, release from the mineralization of OM in
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TABLE 4B
Physical protection of C in forming-aggregates and mechanisms of disagregation in biogenic structures produced by soil
invertebrates
Aggregate Mechanism and processes Free aggregates in
Organism Type size! (mm) Biotic Abiotic the soil surface
Earthworm Globular cast 7-10 (high C ~ Hydrosoluble Dry rewetting Transport by surface
content) carbohydrates?; fungi, cycles run off
algae growth in the
surface; colonizing
termites; root growth
Earthworm Granular cast <2 (high C Rainfall
content)
Termite Paste-board like (very high C Faeces + salivary Fire Seedling
content) excretions; Microbial germination
activation and
inhibition
Termite BS Cemented soil 8-9 Faeces + salivary Disaggregation Incorporation into
excretions; Microbial the soil matrix
activation and
inhibition
Ant mounds  Loose aggregates  <1.5 Transportation,no Cattle trampling

binding agents

'>50% of aggregates

which again the role of larger soil organisms in the process
was not included. Here we propose a new model that includes
these activities (Figure 4). According to our model, fresh plant
residues provide the coarse particulate organic matter (POM),
which acts as a nucleation site for the growth of fungi and bacte-
ria (Puget et al., 1995; Angers and Giroux, 1996; Jastrow, 1996)
as long as they are in contact with the resource (Lavelle, 1996).
The process starts when the residue (resource) is in intimate
contact with these microorganisms which produce extracellular
polysaccharides that help bind organic debris and soil particles.
Following the incorporation of fresh residue or mulch by tillage
practices, or by natural means through the action of invertebrates
that live and/or feed in the litter and incorporate to the soil,
microorganisms continue to use the more easily decomposable
carbohydrates. In this process, more recalcitrant intra-aggregate
particulate organic matter (iPOM) with a higher proportion of
alkyl-C is yielded (Golchin et al., 1994a, 1995). This iPOM is
further decomposed and this finely fragmented iPOM becomes
encrusted with clay particles and microbial byproducts, lead-
ing to increased physical protection of the iPOM within more
stabilized microaggregates (<250 um @) (Oades, 1984; Elliott
and Coleman, 1988; Beare et al., 1994; Golchin et al., 1995;
Jastrow, 1996). As decomposition occurs, the binding agents
in the macroaggregate are eventually lost releasing the highly
recalcitrant residual POM and stabilizing microaggregates
(<250 um @). These materials may subsequently be incorpo-

rated into new aggregates. A model of aggregate formation and
stability for 20 — 250 um @ aggregates is also provided by
Golchin et al. (1994b). In general this process is taken for granted
but the mechanisms involved need to be assessed. Further studies
should attempt to quantify the percentage of macroaggregates
that are formed through this process.

D. Compact Aggregate’s Induced Soil Degradation from
the Amazon Basin

In the Brazilian Amazon, near Manaus, 95% of the defor-
ested area is converted into pastures, and of these, about 50%
can be considered degraded due to mismanagement, phyto-
sanitary problems, poor soil fertility, and soil structural mod-
ification (linked to faunal activity). When the forest is converted
to pasture, the mechanized practices, and later the cattle tram-
pling, cause severe soil compaction, particularly in the 5-10 cm
layer, impeding root development and hence SOC accumula-
tion (Chauvel et al., 1999), (Figure 5). The reason is that the
active regulation of soil structure by native populations of soil
macro-faunal communities is radically altered, and an oppor-
tunistic invading earthworm (Pontoscolex corethrurus), occu-
pies the empty niches after deforestation (nearly 90% of the
total soil faunal biomass). This species produces more than 100
Mg castings ha~!, dramatically decreasing soil macroporosity
down to a level equivalent to that produced by the action of
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FIG. 4. Model of aggregate formation dynamics and the role of large invertebrates (soil ecosystem engineers) in the process. The caption (from Jiménez) shows
the soil surface under savanna vegetation fully covered with earthworm casts and free aggregates once these structures are destroyed by both abiotic and biotic
processes. In the original model proposed by Paustian et al. (2000) the role of soil organisms in the process, dotted line, is not included.

heavy machinery on the soil (2.7 cm® 100g~"). Chauvel and
colleagues observed that soil aggregation is strongly affected
by compaction in the first 5 cm of topsoil and, subsequently,
the system collapses and the pasture degrades, decreasing the
proportion of NPP allocated to plant roots. During the rainy

season these casts plug up the soil surface thus saturating the
soil and producing a thick muddy layer, where anaerobic con-
ditions prevail (increasing CH4 emission and denitrification). In
the dry season, desiccation cracks the surface and the inability of
roots to extract water from the soil causes the plants to wilt and
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FIG. 5. Soil degradation in Amazonian pastures (redrawn from Chauvel et al., 1999).
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die, leaving bare patches in the field (Figure 5). This earthworm
species has many positive effects but the management of the sys-
tem in this specific case makes the high presence of this species
a problem.

III. INTERACTION OF C WITH CLAY FRACTIONS

The relationship between clay type and content and SOM
accumulation and stabilization is complex. Clay content is usu-
ally correlated with factors that result in SOM production, like
plant nutrients and water regime, and also to the formation
of aggregates. The type of clay and associated cations also
exert an influence on the stabilization of SOM. The fulvic and
humic acids and their polymers are adsorbed on to mineral sur-
faces by the functional groups, of which the most important
ones are carboxyl (-COOH), carbonyl (-C=0), hydroxyl (-OH),
amino (=NH), and amine (-NH;). Large uncharged polymers
(e.g. polysaccharides) can be adsorbed by hydrogen-bonding
and by van der Waals’ forces, and also serve as binding agents
between mineral particles.

The importance of clay in retaining SOC across soils is influ-
enced by mineralogical composition. Residence times of SOC
in clay minerals can exceed a hundred years (Laird, 2001),
compared to several months for partially mineralized SOC.
The SOM associated to silt- and clay-size fractions has a
strong link to mineral particles, so that an OM-mineral com-
plex is formed. The majority of the research on SOM link-
ages with particle-size fractions is from 2:1 clay temperate
soils [see review in Feller and Beare (1997)]. In these stud-
ies, 10-30% of total SOC pool is associated with the sand-
size fraction (>50pum), 20-40% with the silt-size fraction
(20—50 pm) and 35-70% with the clay-size fraction (0—20 pm)
(Feller and Beare, 1997). The fine-clay fraction contains less
stable SOM than the coarser fine silt and coarse clay frac-
tions (Tiessen and Stewart, 1983). In contrast, some studies
have shown that the stability of OM increase with decrease
in the particle-size fraction (Zhang et al., 1988; Christensen,
1992).

The interaction between clay and SOC concentration is deter-
mined by the molecular structure of clay and requires a review
of the different clay minerals that are normally found in tropical
soils. A classification scheme for phyllosilicates related to clay
materials is presented in Table 5. The three major clay groups
found in soils of Latin America are kaolinite, montmorillonite
and illite.
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A. Structure of Clay and Cation-Polyvalent Humic
Complexes

Three main groups of tropical soils have been distinguished
based on their mineralogy: 1) kaolinitic/halloysitic, or low activ-
ity clay (LAC) soils, mainly Oxisols and Ultisols, which cover
almost 70% of tropical soils; ii) the smectitic or high-activity
clay (HAC) soils, like Vertisols; and iii) allophane soils, for ex-
ample, volcanic soils (Andisols). The SOC concentrations do
not differ among these groups (Feller and Beare, 1997). In LAC
soils clay and silt fractions are important in the amount of SOC
pool (Feller et al., 1991; Lepsch et al., 1994). However, few data
are available for HAC soils (smectitic) of the Neotropics.

Clay mineralogy determines the mechanisms of formation
and stabilization of clay-humic complexes. Humic substances
coat, partially or totally, mineral particles such as clay, often pro-
tecting the coated particles from weathering. Polyvalent cations
(e.g., Ca’*, Mg?*, Fe**, AI*T) play a major role in the stabi-
lization of organic and inorganic colloids—when in abundance
limiting their ability to shrink and swell—favoring a flocculated
(stable) condition. Polyvalent cations serve as bridges between
negatively charged clays (inorganic colloids) and negatively
charged organic colloids, which enhances structural stability.
Organic anions of SOC-rich humic colloids and polysaccharides
are adsorbed by clay particles through those polyvalent metals
(Ca’*, AI*T, and Fet) following the basic microstructure as
clay particle-polyvalent metal-organic matter (Greenland, 1965;
1971). One positive charge of the di- or trivalent cation bonds the
negative charge of the organic anion and the other charge bonds
the negatively charged clay plate, thereby serving as a bridging
mechanism. The relation of these anion-cation-anion complexes
occurs within clay domains forming clusters of microaggregates
(Wild, 1988; Oades, 1984). In acid soils, clay minerals retain few
cations compared to humic substances that have a considerable
retention capacity even at a pH as low as 2.5 (Bonneau and
Souchier, 1979).

Clay minerals exhibit different morphologies that determine
the different packing characteristics. The microstructure of clays
has been analyzed with SEM by Oades and Waters (1991) for
some Australian Oxisols (Figure 6). They observed clusters of
fine kaolin crystals held together by oxides. Alluminosillicate
is the basic unit and its organization is controlled by the parti-
cle morphology. Oades and Waters (1991) described the degree
of ordering the particles within the first stage clay aggregates
ranging from:

TABLE 5
Clay minerals and some associated physico-chemical properties

Clay mineral Particle size (mm)  Surface area(m? g~!)  CEC (Cmol + Kg!) Formula

Kaolinite 0.1-5.0 5-20 3-15 Al,(OH)4Si,05

Illite 0.1-2.0 100-200 15-40 Koo—2Al4(Sig_Alp—_25) O20(OH)4
Montmorillonite 0.01-1.0 700-800 80-100 Al,(OH),S1401
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FIG. 6. Schematic diagram on the structure of clays. Clay aggregates (a) qua-
sicrystals, (b) domain and (c) assemblage of kaolinite crystals (after Oades,
1987).

1. minimal: large blocky rigid particles with low width-to-
thickness ratios as found in many kaolins, to

2. a rather parallel stacking of platy particles with width-to-
thickness ratios of less than 10, as in illites, to

3. parallel configuration: where thin flexible plates with width-
to-thickness ratios exceeding 100 as shown by smectites.

B. Stabilization of Soil Organic Matter with Clay

The interaction of C with clay particles is a primary factor
in the stabilization of OM in aggregates, especially the high-
activity expandable clays. In kaolinitic soils, clay and silt con-
tents are determinants of C levels for both natural and human-
induced agricultural ecosystems (Figure 7). The clay fractions of
many highly weathered soils of tropical humid regions are dom-
inated by these minerals. The cations Na*, K+, Ca**, Mg?*,
Fe’*, and silica are removed from the topsoil by leaching. Sec-
ondary minerals are formed in an oxidizing environment with
a low pH where acidic compounds are formed and silica is
dispersed.

Stabilization of organic molecules may occur between quasi-
crystals (a packet of several layers) and within interlayers of 2:1
swelling clays such as montmorillonite. This mechanism has
been inferred from examination of high resolution transmission
electron micrographs that show presence of organic molecules
within ~ 1.0 um diameter pores between clay crystals. It is
assumed that these domains provide considerable protection
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FIG. 7. Relationship between C content (g kg~!) and clay + silt content
(c +5 < 20 um) in low-activity clay (LAC) and high-activity clay (HAC) soils
under different land use management strategies: uncultivated, annual cropping
with organic amendments and continuous cropping system; all regressions are
significant at P < 0.001.AC indicates the maximum variation between noncul-
tivated and cultivated situation (redrawn from Feller and Beare, 1997).

against microbial attack. Laird et al. (2001) reported that these
organomineral complexes sequester SOC by means of three crit-
ical physical and biochemical functions:

1. organic materials react with clay particles through adsorp-
tion,

2. clay surfaces polymerize humic substances, and

3. polymerized organic compounds are physically and chemi-
cally sequestered by clay crystals inaccessible to decompo-
sition by soil microorganisms.

Clay minerals may limit decomposition by coating organic
molecules (substrates) and microorganisms. This may occur
through the adsorption of organic molecules (e.g., on allophanes)
or by the sequestering of SOC between the layers of phyllosil-
icate clays, especially in smectites. Clear inverse relationships
have been observed between the mineralization rates of some
soils and the type of clays (Kobus and Pacewiczowa, 1966;
Darici et al., 1986).

Mineralogy is important to the storage of SOC in soils. With
tropical soils, there is considerable lack of information on how
SOC storage in smectitic soils differs from kaolinitic-oxidic
soils. In natural and non-disturbed soils the positive relationship
observed between SOC and clay content relates to the presence
of POM (plant debris; >50 or 20 xm), and amorphous SOM as-
sociated with silt and clay fractions, while in cultivated soils the
differences observed in SOC are associated to the clay fraction.
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In general, POM is highly susceptible to depletion during culti-
vation, especially in tropical soils where about 10-30% of SOC
pool is associated with the sand-size fraction (Feller and Beare,
1997).

Surface area is an important factor in SOC sequestration. Dif-
ferences in specific surface area may regulate clay dynamics for
sequestering SOC. Laird (2001) observed that when clay was
dominated by smectitic minerals larger SOC storage occurred
than in kaolinite- and chlorite-dominated clay minerals. Smec-
titic soils not only protect more SOC inside the clay crystals but
the SOC turnover rates and residence times inside were longer
than in other clay minerals due to increased surface area and re-
tention locations (interstitial layers) of smectites (Saggar et al.,
1996).

The nature and amount of clay minerals may greatly influ-
ence the effects mentioned above. Minerals with low specific
surface areas and low charge densities have relatively low over-
all electrostatic charge levels and are thus less effective in form-
ing structural aggregates. This is the case for many soils where
kaolinite is the dominant clay-type mineral (Uehara, 1982) as in
many Oxisols and Ultisols, which occupy about 60% of tropical
soils. Thus, bioturbation by roots and soil macrofauna (e.g., ter-
mites, earthworms, and ants) that produce biological structures
are important factors in the formation of aggregates.

Feller et al. (1991) assessed the SOC contents of different
particle-size aggregates following physical fractionation meth-
ods. These authors reported that the fraction >20 um was com-
posed of plant debris at different stages of decomposition; the
2 — 20 pum fraction was termed the “organo-silt complex” and
was the result of highly humified plant and fungal debris as-
sociated with organomineral microaggregates (not easily dis-
rupted by fractionation), and the fraction <2 yum was termed
the “organo-clay complex,” with a predominance of amorphous
OM acting as coating in the clay matrix (Feller and Beare, 1997).
These authors also showed that under forest or savanna ecosys-
tems, plant cell walls were detected only in the coarse clay frac-
tion, and never in the fine clay fraction. Similar findings were
reported by Golchin et al. (1994). They found that the proportion
of total SOC occluded is high in soils with high clay content. The
important role of clays in stabilizing SOM was emphasized by
Jenkinson and Rayner (1977), Sgrensen (1981), and Paul (1984).
Organic materials contained in this fraction are adsorbed to the
surfaces of inorganic colloids to form clay-organic complexes,
and hence protect SOM from further decomposition. The low
C/N ratio and the absence of lignin and other plant components
bearing phenolic C suggest a microbial origin for this C, prob-
ably from aminoacids.

There are both chemical (at the molecular level) and phys-
ical (at the aggregate level) mechanisms of protection of OM
retaining C in organomineral complexes.

C. Physical Determinants of Clay Adsorption
Porosity exerts a strong influence on the fate of residues added
to the soil because it defines the domains in which microorgan-
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isms can function and those smaller domains into which organic
molecules can migrate and become physically isolated from mi-
crobial attack. Kilbertus (1980) observed that bacteria function
only in pores, which are at least 3 times their own diameter. Thus,
bacteria are excluded from much of the pore space in soils, an
effect that becomes more pronounced with increasing clay con-
tent. Thus, in clay-rich soils the physical separation between
microorganisms and organic molecules can be extensive and ac-
count in part for their tendency to have larger accumulations
than coarser-textured soils formed under otherwise comparable
conditions.

In Latin American soils there are differences in the type of
clays found in different areas. Tropical acid soils are composed
of residual primary minerals, mainly quartz grains (SiO,) and
newly generated secondary minerals, mainly kaolinite, which
is the most predominant secondary mineral in the topsoil and
smaller quantities of gibbsite, hematite (Fe,03), and goethite
(FeOOH) (Lucas et al., 1993). Top horizons of the highly weath-
ered tropical soils have been explained by the deposition of al-
loctonous kaolinitic material after the formation of the lower
layers. However, this alloctony is more restricted than previously
thought (Lucas et al., 1993). The observed vertical succession
is the opposite of what is predicted by most geochemical soil
formation models (Fritz and Tardy, 1973; Lasaga, 1984). Most
soils of the tropics are formed in situ (Lecomte, 1988) with con-
tribution of outsource material by dust deposition (Brimhall et
al., 1992). This siliceous topsoil is explained by several fac-
tors like the transportation of deep material by soil fauna (Nye,
1955), especially in areas where the dry season is long, or a rapid
percolation of the rainwater through the kaolinitic horizons, or
decreased activity of water in the topsoil during the dry seasons,
displacing the kaolinite-gibssite equilibrium (Lucas, 2001).

Physical fractionation methods have been used to study the
factors involved in the associations between soil mineralogy and
SOM differing in composition, structure and function (Chris-
tensen, 1992, 2001; Cambardella and Elliot, 1994). The inter-
action of clay minerals with SOM and the interaction of clay
minerals with Fe and Al ions, Fe- and Al-oxides (sesquiox-
ides) is especially relevant in tropical Oxisols an Ultisols with
loamy and clay-loam textures. In a study conducted in a sandy
clay loam Ultisol from Brazil, Bayer et al. (2001) identified
the relationship of Fe oxides and kaolinite concentrations with
mineral-associated SOM stability. They found that the mineral-
associated SOM had five to nine times more SOC than POM
and was responsible for 69% (38 Mg ha™!) to 80% (51 Mg
ha~!) of total atmospheric CO, sequestered by soil in two crop-
ping systems. The higher SOC and SON pools were associated
with greater recalcitrance of mineral associated SOM to bio-
logical decomposition, resulting from its interaction with vari-
able charge minerals. The negative relationship between decay
rates of SOM and the concentrations of Fe oxides and kaolinite
demonstrated the physical stability of SOM caused by interac-
tion with variable charge minerals (Bayer et al., 2001).

Highly weathered conditions in tropical soils have led to the
presence of sesquioxides (Fe and Al oxides and hydroxides)
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resulting in a high Al saturation (>90% in some cases) with
important chemical constraints in these soils. For example, P is
retained in highly stable Al compounds thus limiting its avail-
ability. These minerals display surface electrical charge, caused
by protonation and deprotonation of hydroxyl (-OH) groups.
Clay minerals with this type of charge are termed variable-charge
clays and are greatly affected by environmental conditions, be-
ing negative or positive depending on pH and ionic strength of
electrolytes in solution in contact with organic polymers (like
carboxylic, phenolic and enolic groups, SOM and allophone
groups) (Oades et al., 1989). The zero point charge (ZPC) is a
function of the mineral and organic particles in the soil and the
pH. There is a point where the net charge equals zero and rep-
resents the same number of protonated and deprotonated sites
on the soil (Van Raij and Peech, 1972). The SOM can affect
this ZPC and thus the ability to retain cations against leaching
(Oades et al., 1989), which is probably an important factor in
the amounts and fluxes of dissolved organic C (DOC) in soils. A
pioneering study on how the ZPC changes through the produc-
tion of biogenic structures by a tropical earthworm was reported
by Rangel et al. (1999).

The SOC content is strongly determined by the amount of
clay. Desjardins et al. (2004) observed more SOC contents in
clayey Ferralsols (more than 80% of kaolinite) near Manaus in
the Central Amazonia (5.5-6.1 kg C m~2) than in sandy-clayey
Acrisols from the Eastern Amazonia, in the region of Para (2.9—
3.4 kg C m~2). Other studies in the region have also reported
similar values for clayey Oxisols (Choné et al., 1991; Koutika
et al., 1997) and sandy Ultisols (Desjardins et al., 1994; Neill
et al., 1997). The amount of SOC in the forest was lower com-
pared to the older pastures (Brachiaria humidicola), and the in-
crease in SOC content in the topsoil horizon after conversion of
the native vegetation has been often documented (Choné et al.,
1991; Trumbore et al., 1995). However, other studies have doc-
umented an opposite trend (Desjardins et al., 1994), or even no
effect at all (Serrdo et al., 1979; Hetch, 1982). Pasture manage-
ment has an important effect as seen in the example of Chauvel
et al. (1999) but few studies have addressed the role of man-
agement practices on SOC pool in the Amazon basin. The con-
tribution of the vegetation to the different particle-size fractions
was characterized by higher inputs of C derived from the pasture
(Desjardins et al., 2004). These results are in accord with those
obtained by Choné et al. (1991) who observed higher inputs of
pasture-derived C in SOC stock of the 0-3 cm upper layer in
Manaus, i.e., 30% and 68% after 2 and 8 years, respectively.
Desjardins et al. (1994) observed that 10 years after deforesta-
tion in soils of the Eastern Amazonia, 49% of the total SOC stock
of the 0—10 cm upper layer was derived from pasture. Neill et al.
(1998) reported a similar pattern in sandy loam soils in Western
Amazonia, with contributions of 42 and 44% of the C of the top
10 cm derived from 9- and 13-year-old pastures, respectively.
In older pastures, Trumbore et al. (1995) observed that only
21% of the SOC content of the 0—10 cm layer was derived from
pasture.
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D. The Case of Charcoal

In the Brazilian Amazon, black C may play a key role as is
the case of Terra preta do Indio soils, also known as Amazonian
dark earths (ADE). These areas range in size from less than a
hectare to many km? and include both sand- and clay-dominated
soil profiles. Charcoal resulting from burning through lightning
or early Amerindian occupation is common in Amazonian soils
under natural rainforest (Sanford et al., 1985). These soils were
enriched by these populations with OM from the surrounding
environment and also with phosphates as a result of their hunting
and fishing activities. The deposition of residues (garbage) by
humans was important in the formation of these soils but not as a
main contributor of the bulk mass soil, but rather as a stimulator
of biological processes in those soils (McCann et al., 2001). A
stable complex of the OM and Kaolinite, together with the added
phosphorus and, possibly, silica is responsible for the double
content of OM in the upper 50-100 cm. The CO, emissions
from these soils are comparatively lower than in adjacent soils
as a result of the stabilization of OM in silt and clay fractions.
The contribution of black C in the clay fraction increases with
depth, as a result of transport by illuviation (Glaser et al., 2001).

IV.  TRANSPORT OF DISSOLVED ORGANIC CARBON
INTO SUBSOIL HORIZONS

The dissolved organic carbon (DOC) is defined as all C of
plant, animal, fungi and/or bacteria origin that is dissolved in
a given volume of water at a particular temperature and pres-
sure. These DOC compounds are comprised of soluble carbohy-
drates, and amino acids to more complex high-molecular weight
molecules. The chemical structure of DOC molecules can be rec-
ognizable and easily defined, such as fats, carbohydrates, and
proteins. However, most have nonidentifiable structure and are
lumped under the term humic or tannin substances. Recent stud-
ies indicate that the oceanic DOC reservoir may be comparable
in size to the terrestrial C reservoir.

A. Flux of Carbon Trough the Soil Profile

Despite its importance the flux of DOC through the soil pro-
file has not been included in the global budgets of C seques-
tration until recently. Vertical transport of DOC may contribute
to increasing the SOC pool in the subsoil. The fluxes of DOC
through this internal system can be several times larger than
the stream fluxes. In tropical areas there is a lack of studies on
DOC fluxes (Table 6). In fire-prone savanna ecosystems from
Ethiopia, Michelsen et al. (2004) reported that DOC increased
seasonally with depth, mainly because of microbial metabolism,
even though there is important C loss due to fire.

The boundaries of ecosystems are not considered in the DOC
studies, as may be the case for terrestrial C sequestration, since
the borders around the sites under study constitute pathways
for the flow of C between sites and through the landscape. The
DOC then is important in the flux of C from terrestrial to aquatic
ecosystems, and this process can be either in the surface or
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TABLE 6
Fluxes of DOC in subsurface soil (20-100 cm) from several
tropical sites (data from Neff and Asner, 2001)

DOC flux
Site Ecosystem (gCm~2yr 1 Reference
Central Amazon, Tropical 2 McClain et al.
Brazil evergreen forest (1997)
Central Amazon, Tropical 40 McClain et al.
Brazil flooded forest (1997)
Luquillo, Puerto  Tropical 4-9 McDowell (1998)
Rico! evergreen forest

2 1

! stream fluxes were 3 g C m~2 yr~!.

through the soil solums. The export of DOC to surface waters
is positively correlated with the soil C:N ratio (Aitkenhead and
McDowell, 2000). Ecosystem export of DOC increases linearly
from <5 to ~ 100 kg C ha~! yr~! over a soil C:N ratio of ~ 13
to 30 (Hessen et al., 2004).

The Amazon River Basin transports the highest amount of C
to the Atlantic Ocean than any other river in the world (Spitzy
and Ittekkot, 1991), e.g. 36 Pg C yr~! (Richey et al., 1990). Mc-
Clain et al. (1997) studied two watersheds in Central Amazonia
and observed that the contribution of DOC to water streams was
very low, from 2 to 40 g C m~2 yr~', representing only 0.2 and
8% of the total turnover in the forest, 92.0 to 99.8% of C being
mineralized. This means that upland areas where Oxisols and
Ultisols are the most extended soil types (more than 72% of the
total area in the Amazon) are effective barriers against SOM
transfer to water streams. The contribution of riparian zones to
DOM in water streams is by far the main factor in the amount
of DOM in the Amazon River (McClain et al., 1997). In an-
other study conducted in a Peruvian Andean region, Townsend-
Small et al. (2005) documented DOC fluxes ranging from 0.6 to
6.1 mg CL~! with the highest rates obtained during storm events,
but there was no relationship between the DOC content in water
streams and altitude. Previous studies found DOC concentra-
tions in the Andes to range from 1 to 2 mg C L™! (Guyot and
Wasson, 1994). Lastly, at larger spatial and temporal scales the
continuous loss of DOC, together with other limiting nutrients,
like P for instance, can reduce the capacity of ecosystems to
support NPP (Vitousek et al., 1998).

The flux of DOC decreases from the litter layer to deeper min-
eral soil horizons by 50-90% in soils with high clay contents
(Cronan and Aiken, 1985; Dalva and Moore, 1991; Dosskey
and Bertsch, 1997). Surface soil fluxes of DOC range from
10 to 85 ¢ C m™2 yr~! and from 2 to 40 g C m~2 yr~! in
subsurface horizons (Neff and Asner, 2001; Hagedorn et al.,
2002; mainly data from temperate zones). The concentrations of
DOC in deep soil horizons and the contribution to DOC fluxes
(exports) are relatively small (Guggenberger and Zech, 1992),
with a range from 4 to 37 g DOC m~2 yr~! retained in the
mineral subsoil (Currie et al., 1996; Guggenberger and Kaiser,
2003).
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Litter layer fluxes can account for 1 to 19% of total litter C
flux, and 1 to 5% of NPP (Gosz et al., 1973; Qualls et al., 1991).
These values, however, are from temperate forest sites. There ex-
ists a relationship between temperature and losses of DOC from
litter, due to activation of microbial populations. Goedde et al.
(1996) observed a relationship between the overall microbial
activity and DOC production from the litter layer.

The movement and flow of DOC through soils represents an
important mechanism by which a set of processes are affected.
Some of these processes include the distribution and stabiliza-
tion of C in soils, or the control it exerts in the activation of
soil micro-organisms at certain soil depth (Trumbore, 1993). As
much as 20 to 50% of the DOC from litter-fall is biologically
available or labile, although there are seasonal differences, while
in the litter leachate the labile fraction of DOC ranges between 5
to 16% (Qualls and Haines, 1992). As DOC moves deeper in the
subsoil, its biological availability decreases reflecting either the
transport of residual, recalcitrant components of the DOC or a
physical desorption/dissolution flux of C from SOM to dissolved
organic matter (DOM) (Qualls and Haines, 1992). Nevertheless,
this reduction in the bioavailability of labile fractions is not al-
ways observed. For example, in agricultural soils a continuous
available fraction of 55% at different soil depths is observed
(Zsolnay and Steindl, 1991).

The DOC plays an important role as a substrate for the activa-
tion of soil micro-organisms. They may use a substantial fraction
of the labile soluble compounds for their own growth (Jandl and
Sollins, 1997). Soluble root exudates and microbial byproducts,
even microbial structures may contribute substantially to the
amount of DOC in soils (Guggenberger and Zech, 1992). Quan-
titative estimations are difficult (Moller et al., 1999). Biondini
et al. (1998) estimated the flow of soluble C through root ex-
udates as high as 17% of total plant C fixation in a grassland
ecosystem. However, other studies have reported values of less
than 2% in croplands (wheat), with 15-25% of the added '*C
pulse labeling respired by roots and the rhizosphere (Gregory
and Atwell, 1991). Solution of DOC in soils is composed by de-
graded plant and microbial byproducts (Guggenberger, 1994),
and the origin can be tracked by looking at the Gluccose + Man-
nose / Arabidose + Xylose ratio. However, the controls on plant
exudates release and their use by micro-organisms are not fully
understood, partly because of the lack of precise tools and tech-
niques to evaluate these fluxes, although improved assessment
tools have recently started to be used.

B. Controls of Dissolved Organic Carbon Fluxes

There is a lack of comprehensive knowledge regarding the
processes that control DOC fluxes in soils (Neff and Asner,
2001). The origin, function and fate of DOC are not fully un-
derstood, with most estimates based on low river fluxes of DOC
(i.e.,from 1to 10 gCm~2 yr~!) in most ecosystems (Hope et al.,
1994). These fluxes are low compared to C fluxes associated to
NPP or heterotrophic respirations (Schimel, 1995). Most of the
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studies on DOC have been addressed at small scales under labo-
ratory conditions, or through modeling at larger scales (Boyer et
al., 1996; Currie and Aber, 1997; Kalbitz et al., 2000). Neff and
Asner (2001) addressed this issue under a different perspective,
by trying to link DOC to both physical and biological processes
of SOM cycling. This model also highlights some of the uncer-
tainties attributed to the role of DOC in the C cycle in the soil
and ecosystem dynamics (Neff and Asner, 2001). Laboratory
studies have shown that hydrophobic DOM of aromatic nature
sorbs strongly to iron oxides. The hydrophilic fraction of DOM,
which contains more labile polysaccharide material, is weakly
absorbed (Kaiser and Guggenberger, 2000).

Abiotic factors moderate mostly DOC losses from terres-
trial ecosystems, although the interactions between hydrology
and microbial DOC-relationships are important in determining
the fluxes of DOC in the litter and surface horizons (Neff and
Asner, 2001). The DOC fluxes to deeper soil layers can support
microbial activity (up to 30%) below 40 cm depth (Neff and
Asner, 2001), together with the activities of soil macrofauna
(Lavelle and Spain, 2001). Hydraulic conductivity also plays an
important role in the flow of DOC through the soil profile. How-
ever, this property has been generally overlooked, despite its
important role in fluxes of inorganic elements in solution (Pren-
dergast, 1995). Water flow rate affects the reactivity of DOC. For
example, under controlled conditions in the laboratory, a 50%
increase in pore water velocity led to 18% decrease in the slope
of the adsorption isotherm and 83% increase in the desorption
coefficient (Weigan and Totsche, 1998).

Field experiments on fine particle size fractions that contain
SOM stabilized by interaction with soil minerals have shown
that lignin, which is the most important aromatic compound in
soil is not stabilized. However, polysaccharides are preserved in
soils (Kiem and Kogel-Knabner, 2003; Schmidt et al., 2000).
B-glucosidase and phenol-oxidase are important C-cycling en-
zymes. There is a strong correlation between the B-glucosidase
and DOC (Fenner et al., 2005). The activity of these enzymes
is crucial in mobilising DOC from the peat matrix, with im-
plications for C exports to the receiving waters. Models devel-
oped to explain the DOC fluxes do not address the contribution
of biotic processes other than microbial activity. The fate of
SOC can be determined by studying its distribution and com-
position through the soil profile with 3C CPMAS NRM (Cross
Polarization Magnetic Angle-Spinning Nuclear Magnetic Reso-
nance) spectroscopy (Guggenberger et al., 1995), isotope anal-
ysis (Staddon, 2004), and Near Infrared spectroscopy (Joffre
et al., 2001) in order to see which components are forming the
stabilized SOM in the different soil horizons.

C. Bioturbation

Bioturbation is also a factor of some importance in indi-
rectly affecting the release of DOC, through the formation of
biologically-created soil aggregates that may change the surface
area for desorption. For example, biogenic structures produced
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FIG. 8. Processes and determinants affecting the availability and quantity of
dissolved organic C and N in biogenic structures (BS) produced by soil macro-
fauna (earthworm). 1. Production of NHI and NO§ in fresh turricules. 2. Vertical
illuviation of NO%‘ through the earthworm burrow; 3. Lateral migration of N Og
through the BS and soil surface where bacteria are stimulated with the substrate;
4. Vertical leaching of [DOC] and [DON] through the soil profile; 5. Denitrifica-
tion plus assimilation by roots (plant-uptake) and micro-organisms. 6. Cessation
of mineralization in dry turricules (adapted and modified from Decaéns et al.,
1999).

by some soil invertebrates, like earthworms, have been shown to
contain important quantities of C (Decaéns et al., 1999) and C-
cycling enzymes (Mora et al., 2005). The amount of C that can
be stored in these structures can be relatively high and ranges
from 2 to 30% of the total SOC in the 0 to 10 cm. In regions with
strong rainfall events, these structures and the free aggregates
in the soil surface can be washed away to lowlying areas and
waterways, as observed in Oxisols of the Neotropical savannas
(Decaéns and Jiménez, personal observation). Each precipita-
tion event constitutes an abiotic mechanism by which fluxes of
soluble compounds go through the soil surface and into the soil.
Also, the washing of more resistant biogenic structures results
in the transport of C and N (Figure 8; Decaéns et al., 1999).
This model is applicable to other surface structures that are nor-
mally observed in any ecosystem bearing in mind the physico-
chemical properties of any of these structures, since C contents
vary from one type to another. For instance, ant deposits are
constituted by loose aggregates with low contents in C, whereas
termite mounds may have greater values of C and extraordinary
high values of N in some cases (Decaéns et al., 2001; Jiménez
and Decaéns, 2006). All these processes need to be studied and
included in the global budgets of C fluxes through ecosystems
including the contribution of soil macrofauna to the indirect and
direct effects as a result of their activities in the incorporation of
C into the soil (Figure 9).

D. Sorption and Desorption

The stabilization and production of DOC in soils are de-
termined by two important processes, i.e., sorption and des-
orption. Organic materials form a variety of bonds with
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FIG. 9. Earthworm burrow filled with casts in the Colombian “Llanos” where
other smaller earthworm species and soil macrofauna groups feed upon (several
months), producing tiny faecal pellets that can, in turn, release C which become
available for plant uptake (see the rather ramified grass-root attached to one of
the sides of the earthworm burrow. The role and implications of this phenomenon
in C sequestration have not been yet quantified (original picture by P. Lavelle,
used with permission).

mineral surfaces, ranging from strong to weaker ligand ex-
changes (McBride, 1994). The type of organomineral asso-
ciations are quite complex and highly variable, making the
development of conceptual models for this process difficult.
Sorption isotherms are normally and commonly used to explore
the links between the concentration of solution and the soil sur-
face association.

The DOC sorption reactions are best represented with the
Initial Mass (IM) linear isotherm (Nodvin et al., 1986):

RE emX; Ab [1]

where RE is the amount of DOC released from soil solution,
m is the regression coefficient (partition), X; is the initial DOC
concentration (mg g soil~!), and b is the intercept (when X; = 0,
mg DOC g soil~!). The IM isotherm can also be used to estimate
the size of the reactive soil pool:

b
— (2]

RSP
* (U am)

that is the soil C pool that can be lost through leaching.
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There are differences in the sorption affinity (m) for DOC
regarding soil types. This affinity is closely related to certain
physical soil properties; for example, a number of studies have
reported positive relationships between m and clay content,
dithionite extractable iron (Fey) and oxalate extractable alu-
minum (Al,) (Table 7) (Moore et al., 1992; Donald et al., 1993;
Kaiser and Zech, 1998). These physical properties correlated
strongly with DOC sorption because they are indicators of the
surface area available for reaction through ionic and physical
associations. Prediction of m variation according to soil types
is difficult since there are positive and negative relationships
between m and SOM. Some studies have shown that SOC is
inversely correlated with m (Jardine et al., 1989; Kaiser et al.,
1996), and positive correlations have been observed in other
studies (Moore et al., 1992). Although at a broader scale there
seems to be a clear relationship (Neff and Asner, 2001), some-
times the graphs plotted with m values against soil C content
show weak correlations, indicating that a more precise assess-
ment of the underlying differences is needed, together with new
studies, especially in the tropics.

Desorption of OM from soils and sediments may increase
the rates of SOM mineralization up to five orders of magnitude
(Keil et al., 1994; Nelson et al., 1994). Precipitation of DOM
may contribute to the formation of stable OM but this process has
not been widely studied. Recent studies on budget calculations
of DOC fluxes and available sorption capacity in forest mineral
soils have challenged the paradigm of sorptive OM stabilization
in the mineral soil, at least in temperate forest soils. Sorptive
stabilization of DOC is likely the main process for the retention
in the mineral soil (Kalbitz et al., 2000). For example, Guggen-
berger and Kaiser (2003) hypothesized that sorptive stabilization
is restricted to juvenile mineral surfaces, while the degradation
of DOM sorbed onto surfaces already occupied with OM should
be large. This hypothesis implies that the contribution of DOM
to the formation of stable OM in the mineral soil is related to
the availability of mineral sorption sites.

Sorption on mineral phases is a very important control on the
DOC concentrations. The relationship between the effects of soil
properties on the sorption of DOC is not always straightforward.
Some researchers have identified Fe and Al oxides-hydroxides
and the edge sites of layer silicates as potential sorbents of sol-
uble SOM (Tipping, 1981; Schultness and Huang, 1991). The
sorption of DOC as influenced by SOC, sesquioxides (oxides
and hydroxides of iron and aluminum), and extractable S 04
was investigated by Kaiser and Zech (1998). They found that
the sorption of total DOC was reduced when increasing con-
tent of SOC, in particular, the sorption of hydrophilic DOC,
while the effect of SOC on the sorption of hydrophobic DOC
was rather weak, indicating that there is a competitive sorption
of both fractions (Kaiser and Zech, 1998). Preferential sorp-
tion for hydrophobic DOC has been reported in several studies
(Jardine et al., 1989; Vance and David, 1992), which show that
hydrophobic interactions determine the binding of DOC with
the mineral soil. The ligand exchange between carboxyl and
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TABLE 7
Mineral and organic control on DOC sorption (m) and desorption (b) in a range of soil types (from Neff and Asner, 2001)

Soil type Regression equation R? Reference
Sorption affinity (m)

Spodosols, Inceptisols, m = 0.64 4+ 0.15log Fe; 4+ 0.191og Al, — 0.26log OC 0.75 Kaiser et al. (1996)

Alfisols, Entisols, Mollisols

Inceptisols, Spodosols, m = 0.451 + 0.02log Fey; + 0.0324/ A1 4 0.0641log OC 0.39 Moore et al. (1992)

Mollisols

Ultisols, Spodosols, m=0.151n% soil C 0.51 0.41 Qualls and Haines

Inceptisols, Oxisols (1992)
Desorption parameter (b)

Spodosols, Inceptisols, log b=0.3240.72log OC 0.76 Kaiser et al. (1996)

Alfisols, Entisols, Mollisols

with carbonates

Spodosols, Inceptisols, log b =10.0240.881log OC 0.82 Kaiser et al. (1996)

Alfisols, Entisols, Mollisols

without carbonates

Inceptisols, Spodosols, b =0.145+0.1031og OC 0.055v' A1 0.045log Fe, 0.72 Moore et al. (1992)

Mollisols

Ultisols, Spodosols, b =0.05% soil C + 0.09 0.48 Neff (1999);

Inceptisols, Oxisols

Moore et al. (1992)

hydroxyl groups of SOM and OH and OH, groups at the surfaces
of mineral phases is the sorption mechanism widely accepted by
researchers.

The same mechanistic process may occur in tropical
Oxisols and Ultisols. When the content of AI(OH)3, ferrihydrite
(Fe,) and goethite (Fe,) increase the sorption of total DOC, both
hydrophilic and hydrophobic is increased. The release of total
DOC is reduced by coating the soil material with sesquioxides
in the following order Al, > Fe, > Fe. (Kaiser and Zech,
1998). Sorption of DOM to the mineral soil is a selective pro-
cess for hydrophobic and aromatic compounds (Kaiser et al.,
1996; McKnight et al., 1997). Therefore, it must also be selec-
tive with respect to the biodegradability of sorbed OM, because
aromatic, complex and hydrophobic compounds are the most
stable DOM components (Kalbitz et al., 2003a, b). Sorption of
DOM to the mineral soil results in its stabilization. Kalbitz et al.
(2005) proposed that the main mechanisms for DOM stabiliza-
tion are the selective sorption of intrinsically stable compounds
and strong chemical bonds to the mineral soil and/or a physi-
cal inaccessibility of OM to microorganisms. They reported that
from a pool of 110 Mg C ha~! stored in the mineral soil, about
22% originated from DOM, despite being unable to determine
whether this pool was being stabilized or was already stabilized.
In conclusion, a “sorption front” moves downwards through the
soil profile as a pedogenesis process towards a horizon where a
large number of sorption sites are available (Guggenberger and
Kaiser, 2003; Ussiri and Johnson, 2004).

E. Modeling

In the models used the simplest representation of the DOC
pool is a combination of labile and recalcitrant fractions. Parton
et al. (1987, 1994) modeled the SOM dynamics using the Cen-
tury model. They divided the C pool into three separate pools:
active, slow and passive, which are differentiated by their dif-
ferent turnover rates, from months to decades and centuries, and
correspond to:

1. Active pool: microorganisms and microbial byproducts (sev-
eral months to 1 year);

2. Slow pool: recalcitrant but moderately decomposable mate-
rial (10-100 yr);

3. Passive pool: physically and chemically protected pool of C
highly resistant to decomposition (1,000 to 10,000 yr).

Slow cycling of C can be modeled as occurring through reac-
tion of organic ligands with A1** and Fe** cations in the upper
horizons, followed by sorption to amorphous inorganic Al com-
pounds at depth (Masiello e al., 2005). Organic ligands stabi-
lized by this process traverse the soil profile as DOC (both from
surface horizons and root exudates). This chelation and transport
process is highly correlated with the storage and long-term sta-
bilization of SOC, and not only in Spodols but also in other
soil orders like Alfisols, Inceptisols and Mollisols (Masiello
et al., 2005). A model for DOC is precisely described in Neff
and Asner (2001).
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TABLE 8
SIC pools up to 1 m depth in Latin American soils according to FAO soil group classification (From Sombroek et al., 1993)

SIC content

Central America South America

FAO soil group

(kgCm~2upto 1 m)

Xerosols, Yermosols 33.9
Calcaric Fluvisols, Calcaric 114
regosols, Calcaric Gleysols

Chemozems, Kastanozems 16.0
Calcic Luvisols, Calcic Cambisols 17.7
Vertisols 6.5

Total (Pg)

12.0 36.5
0.6 0.8
4.7 7.0
0.4 0.4
0.9 1.7

18.6 46.4

V. FORMATION OF SECONDARY (PEDOGENIC)
CARBONATES

The SIC is important in soils of the arid and semi-arid regions
since it is part of the constituent of subsurface soils, and it may
contain two to five times more SIC than SOC in the top one meter.
The SIC pool consists of primary (lithogenic) and secondary
(pedogenic) carbonates. The former are typically found in desert
soils, are derived from the weathering of parent material, and
remain in these arid environments where Ca*? and Mg*? are
not removed by leaching, unless these dry environments become
wetter. In deserts, a large fraction of total C is contained in
inorganic form, primarily as CaCOs.

Despite the dominant role that calcium carbonate plays in
modifying the physical, chemical and biological properties and
behaviour of plant nutrients in the soil, its role in C sequestration
in calcareous soils is not widely documented (Lal, 2002). The
role of SIC is important for sequestering C, but the mechanisms
involved are not well understood. The rate of SIC sequestration
as secondary carbonates is low (2 to 5 kg C ha=!' yr=!) and is
accentuated by biogenic processes and leaching of carbonates
into the groundwater (Nordt er al., 2001), especially in soils
irrigated with water containing low carbonates.

The SIC occurs in carbonate minerals in two forms, i.e., cal-
cium carbonate (CaCOj3) and dolomite (MgCOs3). In tropical
highly weathered acid-soils the amount of SIC is not consider-
able because most of the carbonates present in the parent ma-
terial have been dissolved. The total carbonate pool in world
soils ranges from 222 to 245 Pg C (0-30 cm), and from 695 to
748 Pg C for the upper 100 cm (Batjes, 1996), values similar
to those obtained by Schlesinger (1982) and Sombroek et al.
(1993). Values of SIC for different soil types in Latin America
are indicated in Table 8.

The formation of secondary carbonates occurs through the
reaction of carbonic acid (H,CO3) with Ca?>* and Mg?* (Lal and
Kimble, 2000; Raymond and Cole, 2003). Most of the carbonate
that precipitates in soils and forms calcic or pretrocalcic horizons
is the result of aerosolic deposits of carbonate through dusts, or
primary carbonates in the rock or sediment that are dissolved and

re-deposited. Some studies have reported that much of the Ca**
is originated from carbonate in dry dust or from Ca®* dissolved
precipitation that came from carbonate dust, thus indicating that
direct involvement of atmospheric CO, is negligible (Gile and
Grossman, 1979; Chadwick and Capo, 1993).

The SIC sequestration may constitute a significant pathway
of C sequestration in arid and semi-arid regions (Lal ez al., 2000).
The formation of secondary carbonates also occurs in soils of the
humid regions. The rate of sequestration is very low as to have a
considerable effect in climate change mitigation. For example,
Schlesinger (1997) estimated that the magnitude of SIC flux
with the atmosphere is low at about 0.023 Pg C yr—!. However,
the process can be important at larger temporal scales. Mon-
ger and Gallegos (2000) and Nordt et al. (2000) argue that the
formation of secondary carbonates is an important mechanism
of SIC sequestration to mitigate climate change. How to distin-
guish primary from secondary carbonates is rather complicated
(Rabenhorst et al., 1984).

There is not only a lack of studies on the role of SIC in C
sequestration but also the mechanisms are the least understood
in the global process (Lal, 2003). Leaching of bicarbonates into
the groundwater is a major mechanism of SIC sequestration.
The rate of C sequestration by this mechanism may be 0.25 to
1.0 Mg C ha~! yr~!. There is no agreement on the rate of C
sequestration through formation of secondary carbonates and it
is still a matter of discussion. Some argue that the rate is slow
(3to 5 g Cm2 yr!) and of little significance (Schlesinger,
1997). Others, however, support the idea that rate of sequestra-
tion of atmospheric C may be much higher with a maximum
rate of 0.114 to 0.124 Mg C ha-1 yr-1 (Table 9) (Monger and
Gallegos, 2000; Nordt et al., 2000). For example, the forma-
tion of secondary carbonates can be accentuated by biotic ac-
tivity because of high concentration of CO, in the soil air (e.g.,
root growth, termites) (Monger and Gallegos, 2000). An im-
portant mechanism of SIC sequestration is through leaching of
carbonates in irrigated soils, if the irrigation water is not al-
ready saturated (Nordt ez al. 2000). Reconstruction of carbonate
fluxes in soil formed in strongly calcareous parent material over



356

J.J. IMENEZ AND R. LAL

TABLE 9
Estimates of C sequestration through formation of secondary carbonates (from Lal, 2001)

Potential rate of C Total sequestration

Ecoregion P/PET! Land area (Bha)  sequestration (kgha=! yr~')  potential(Pg C yr~!)
Arid? 0.05-0.20 2.55 0-1 0-0.0026
Semiarid? 0.20-0.50 2.31 3-114 0.0069-0.2633
Sub-humid* 0.50-0.65 1.30 1-124 0.0013-0.1599
Total 6.16 0.0082-0.4258

' P = Precipitation; PET = Potential evapotranspiration

2 annually <200 mm in winter and <400 mm in summer
3

annually 200-500 mm in winter and 400—-600 mm in summer

4 annually 500-700 mm in winter and 600-800 mm in summer

geological time periods suggests that this mechanism could ac-
count for upward of 1 Mg ha=! yr~! of SIC.

In Latin America, drylands occupy nearly 28% of total area
(Table 10). Most soils under drylands include Aridisols and En-
tisols, but Alfisols, Mollisols and Vertisols are also normally
found (FAO, 2001). The predominant land use system in dry ar-
eas includes pastoralism and rangeland linked to a subsistence
food production. In Argentina, for example, the Pampa region
(steppe) receives between 250 and 500 mm of precipitation an-
nually, i.e., more than twice the quantity that falls in true desert
areas where rainfall is insufficient to support vegetation that
could protect the land from erosion (FAO, 2001).

Dryland estimates on the amount of C that can potentially be
sequestered by adoption of several land management practices
are still sparse. These drylands are less prone to lose SOC pool,
since lack of water reduces the rates of mineralization of SOM
and thus the contribution to formation of secondary carbonates
through leaching. Assuming the low rate of formation of sec-
ondary carbonates of 0.03 to 0.05 Mg ha~! yr~!, the potential
of SIC sequestration in 682 Tha (Tha = 10? ha) of drylands, in-
cluding arid, semi-arid and dry subhumid lands in Latin America
ranges from 20.5 to 34.1 Gg C yr~!.

The role of specific bacterial outer structures (such as glyco-
calix and parietal polymers) on calcium carbonate crystallization
in terrestrial environments has been addressed by Braissant ez al.
(2003) in order to show implications of exo-polysaccharides and
amino acids in the mineralogy and morphology of CaCOs crys-

TABLE 10
Drylands in Latin America (FAOSTAT, 2002)
Land area  Land area
Ecoregion (Bha) (%) Food crops (FAO)
Arid 5.97 7.1 Marginal pasture, spare
vegetation
Semiarid 122.43 14.54 Millet and sorghum
Sub-humid 250.21 5.97 Maize, bean, groundnut peats,
barley, wheat, lentils
Total 378.6 27.6

tals produced by living bacteria. They showed the influence of
bacterial outer structure composition on the morphology and
mineralogy of bacterially induced CaCOj;. This point empha-
sizes the role of micro-organisms on carbonate accumulations
in terrestrial environments.

VI. SOIL ORGANIC CARBON STOCKS IN LATIN
AMERICA UNDER DIFFERENT LAND
MANAGEMENT OPTIONS

In Latin America all the biomes and soil types are present.

In only one country, Colombia, one transect from the west to

the east yields the whole range of soils. This gives an idea of

the high diversity of sites and places present in Latin Amer-

ica. However, we will try to provide data on the amount of C

stocks in different soils of under different land use manage-

ment options. Some authors have provided some data in re-
view articles but there are still places where studies need to
be conducted that consider the large heterogeneity of soils.

We will start with the most common biomes found in Latin

America.

A. The Colombian “Llanos” and Brazilian “Cerrados”

Tropical savannas form one of the most predominant ecosys-
tems in South America occupying around 250 millions ha (Cole,
1986). The Eastern Plains of Colombia (locally called “Llanos”)
are covered with acid savannas that are traditionally used for ex-
tensive grazing systems. In the absence of such interventions as
sowing of introduced grasses and application of fertilizers, these
lands are usually managed in extensive holdings of low produc-
tivity (Fisher et al., 1995). The Brazilian “Cerrados” occupy an
area of about 204 millions ha (~82% of the total). The mecha-
nisms by which C is accumulated in Oxisols of the Colombian
Llanos are given in Fisher et al. (1994). These authors provided
evidence that deep-rooted grasses were responsible for increas-
ing SOC content to certain depth in the soil at an annual rate
of 0.1 to 0.5 Pg C. Tiessen et al. (1998) provided data under
different land use systems in tropical savannas and dry forests
of Brazil.
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At present there are 50 million ha of pastures, mainly intro-
duced African Brachiaria grasses in the “Cerrado” region that
are degraded due to mismanagement in fertilization rates and
grazing stocking rates. Da Silva et al. (2004) provided data on
soil carbon storage under six different introduced pastures and
compared to the native grassland (Panicum maximum grass).
They observed that soil C accumulation in degraded pastures
or in those under an ongoing degradation process does not con-
tribute significantly to the sinking of atmospheric CO, as well
as to the reduction of greenhouse gases concentration in the at-
mosphere. The SOC under degraded cultivated pastures was, in
general, lower compared to the stock obtained under the native
pasture, which overall represents a loss of C. Only significant
increases were obtained in two pastures aimed at seed produc-
tion, indicating that management and soil fertility status is a key
component in C sequestration. Da Silva et al. (2004) observed
SOC accumulation values in the soil up to 1-m depth in the range
of 100 Mg ha~'. This is half the value obtained by Fisher et al.
(1994) for the Colombian savannas. It is therefore improbable
that the Brazilian “Cerrados” constitutes part of the missing sink
for the unbalanced CO, budget (Da Silva et al., 2004).

B. Amazon Basin

Oxisols and Ultisols are the most common soil types found in
Brazil. Oxisols cover almost 40% of the total land area in Brazil.
Soils of the Amazon basin store 47 Pg C up to 1 m of which
45% 1is stored in the first 20 cm (Moraes ef al., 1995). Bernoux
et al. (2002) reported values of SOC pools of 22.7 £+ 2.3 Pg
(0-30 cm). The closed forest Amazon had high values of SOC
compared to the open Amazon forest and in the “Cerrado” type
savanna region, SOC content was determined strongly by soil
type.

Bernoux et al. (2002) provided a very reliable estimation of
the SOC pool in Brazil, according to different soil types under
different vegetation types (soil-vegetation associations = SVA).
Calculations (0-30 cm) were done according to the classical way
of calculating SOC pool (C mass per area) for a given depth, by
summing C pool of the successive horizons in the respective pro-
file. Carbon pool in a soil horizon was determined as a product of
bulk density, C concentration and horizon thickness. The SOC
pool ranged from 15 Mg C ha™! in sandy soils of the Northeast
Steppe to 418 Mg C ha~! in the Atlantic Forest. More than three
fourth of all the soil-vegetation types had mean values of SOC
that ranged from 30 to 60 Mg C ha~! (with 41% of the extent
covered by SVA showing values from 40 to 50 Mg C ha™!).

The potential C sequestration in Brazilian soils under native
vegetation for the 0- to 30-cm layer was obtained by combin-
ing the table of the RCS with the SVA map. Bernoux et al.
(2002) calculated a total of 36.4 + 3.4 Pg C stored in 8,257,846
km? of the SVA. This represents about 5% of the total SOC in
the first 30 cm in soils of the world. Cerri et al. (2000) esti-
mated a C sequestration potential of 41 Pg C for the 0 to 100
cm, with 23.4 Pg C (57% stored in the top 0.3 m) including
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an estimated error associated to bulk density estimation of
about 10%.

The regions with the highest C sequestration are character-
ized by the presence of wet soils, i.e., the Pantanal in the West-
ern region (near the border with Bolivia), Bananal in the Central
region and in the Northwestern Amazon Basin. On the other
hand, the southern part of Brazil had high SOC sequestration
mainly because of the colder climatic influence that directly af-
fects the vegetation and the soil organic matter decomposition.
The northeastern region (known as “Sertao”) showed an impor-
tant climatic influence (semiarid) and was characterized by low
C sequestration (Bernoux et al., 2002).

C. Forest Regrowth in the Amazon Basin

There is little known about the effects of forest conversion
to tree plantations on SOC pool in the Amazon. Slash-and-burn
agriculture leads to above-ground C losses in the range of 20
to 47 Mg ha~!' (Hughes et al., 2000). Secondary forests acts
as frequent source and undetectable sinks for C and, therefore,
cannot offset for the continuous slash-and-burn of the primary
forests across the Brazilian Amazon, unless there is a shift from
current land use practices to regrowth areas for forest that can
act as C sinks (Hughes et al., 2000). However, such prolonged
periods of regeneration have not been considered in the patterns
of land use in the Brazilian Amazon in the past years. The cur-
rent land use pattern for regrowth forest acts as either sinks or
sources of C in the Brazilian Amazon. Hughes et al. (2000) con-
cluded that secondary forests have the capacity to accumulate
and store substantial amounts of C but only when they are al-
lowed to regenerate for long periods. They set a threshold limit
of 19% of the C lost during burning for annual C accumula-
tion rates at the plot level. In other words, when less than 19%
of the total area accounted for by secondary forests within a
given region in the Brazilian Amazon are cut and burned, those
forests will be net accumulators (sink) of C during that given
year. The contrary will occur when more than 19% of regen-
erating forests are burned within a region during a given year
(source of C).

In the Eastern Amazon of Brazil Smith et al. (2000) showed
that plantations that were established in the 1960s and 70s in
Oxisols had an average SOC pool ranging from 72 to 114 Mg C
ha~! compared to the 98 Mg C ha~' of the natural rainforest. The
natural forest had not been disturbed recently, but charcoal was
found at 5 to 100 cm depth, indicating that they were influenced
by fire in the past (Smith et al., 2000). C pool in the 0 to 20 cm
depth at this site was close to the maximum values reported for
the first 30 cm in Oxisols of the Amazon region (Cerri et al.,
2000).

D. Brachiaria Pastures

The effects of the conversion of tropical forest to pasture on
total SOC pool has been addressed by several authors. Cerri
et al. (2004) reported average SOC values in forest soils about
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FIG. 10. Changes in porosity and aggregation in soils from a tropical forest
from Brazil and the introduced pasture; degradation of soil structure can be
reversed in 12 months (adapted from Chauvel et al., 1999).

25 Mg C ha~!. Pastures have the potential to introduce large
amounts of SOM (Fisher et al., 1994). But pastures can act
either as sinks or sources of C depending on management (see
review by Fearnside and Barbosa, 1998). Overgrazing leads to
SOC losses in the Amazon region (Trumbore et al., 1995). High
stocking rates may have a very negative influence on the ability of
pastures to accumulate SOC in soil, especially if it is associated
with soil compaction due to the loss of native soil fauna that help
maintain and active soil structure regulation (Chauvel et al.,
1999). For example, important changes in soil structure have
been observed in a relatively short period of time when soil
monoliths were transferred from degraded pasture to forest and
vice versa (Figure 10). This may be the reason why degraded
pastures with little grass cover are less likely to accumulate SOC
because inputs of C from pasture roots are reduced (Neill ez al.,
1997). The avoidance of these bad management practices must
be accompanied by policy support in order to reduce the rates
of soil degradation in this part of the world.

In a study conducted across the state of Ronddnia in the south-
western Brazilian Amazon Basin, Neill ef al. (1997) reported
changes in SOC pool to a depth of 30 cm under pasture ranged
from a loss of 0.72 kg m~2 to an increase of 1.77 kg m—2. SOC
pool increased in 14 of 18 pastures, but these increases were
significant in only 4 pastures. Besides, SOC accumulation in-
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creased with pasture age but was independent of soil texture.
These authors concluded that site history and management may
be more important than soil type as determinants of the direction
and magnitude of changes in soil C pools. These authors found
that pasture-derived C inputs approximately balanced or slightly
exceeded losses of original forest-derived C. A similar dynamic
also occurs in pastures planted in former Neotropical savanna
(Fisher et al., 1994).

SOC pool ranged from 29.7 Mg C ha~! in sandy soils under
regrowth forest (8-yr-old) to 50.4 Mg C ha~' in more clayey
soils under forest (7-yr-old). On average, 53% of the total SOC
pool up to 30 cm was found in the first 10 cm (data recalculated
from Neill ez al., 1997). In 13 out of 18 pastures analyzed, SOC
concentration in 0—10 cm depth increased generally in compari-
son with forest (Neill et al., 1997). Nonetheless, these increases
were significant only in the 81-yr-old pasture (the oldest). SOC
accumulation ranged from 1.23 to 1.77 kg m~2 (0-30 cm) in
those pastures where significant statistical differences were ob-
served. This potential of C storage represents from 45 to 56%
increase in total SOC, and comprises 3—12% of the C stock of
the original forest vegetation (Neill et al., 1997).

Because the highest rates of C accumulation occurred in
young pastures, the total future gains of soil C are limited by
a lower annual rate of C sequestration in older pastures. From
40 to 93% of forest derived C remained in 7- to 9-yr-old pas-
tures in seven locations, and in 20-yr-old pastures from four se-
quences, 65-92% remained. Similar results have been reported
from Oxisols in Amazonas and Para by other authors (Bonde
et al. 1992, Desjardins et al. 1994) or in Central America from
cleared humid forest in Costa Rica (Veldkamp, 1994).

E. No-till Systems

Studies on the amounts of SOC and C sequestration rates
in agricultural cropping systems under no-tillage are not abun-
dant to date. During the last years some work has been con-
ducted in Brazil where 27% of cropland (about 13.4 million
hectares) are no-tillage systems with almost 71% (i.e., 9.43 mil-
lion hectares) located in the southern part of the country (Parana,
Santa Catarina, and Rio Grande do Sul State). For example,
Freixo et al. (2002) studied the differences in the SOC pools
under different cropping systems under no-till or conventional
tillage practices in Oxisols of Rio Grande do Sul (Southern
Brazil). They observed that soil C decreased 47% in conven-
tional tillage (CT) soils and 23-29% in no-till (NT) soils (0-5
cm layer) in those areas under long-term cultivation. Changes
induced by land management in C pools were best detected by
the free light fraction of OM, especially in the first 5 cm depth
because that is where the plant material is accumulated. Most
of the SOC was associated to the silt and clay fractions as it is
normally observed in other studies mentioned in this review.

There are few comparisons between CT and NT systems for
SOC dynamics in Oxisols that consider soil under natural veg-
etation as a base line representing the steady-state level. Bayer



C SEQUESTRATION IN SOILS OF LATIN AMERICA

et al. (2000) reported a SOC sequestration rate of 1.33 Mg C
ha~! yr~! conducted in southern Brazil. In another study Sa et al.
(2001) assessed the amount of C from an Oxisol under a CT and
NT chrono-sequence located in Parand State (southern Brazil).
The NT system led to the highest increases in SOC storage,
with mostly 60% of the total in the first 10 cm, and especially
in the finer particle-size fractions (<20um). The authors argue
that long-term NT with high crop residues input improved the
protection and concentration of SOC through the formation of
silt-sized mineral-organo complexes, probably due to the pres-
ence of fungal hyphae debris. Crop residues had an important
effect on the amount of C stored in soils where a significant re-
lationship was found (r> = 0.74) and most of the crop residues
entered into the coarse particle-size fraction. The C sequestra-
tion rate for NT was 0.81 Mg C ha~! yr~! in the 0-20 cm depth
and 0.99 Mg C ha~! yr~! in the 0.4 m depth. The NT C se-
questration potential for South Brazil was estimated at 9.4 Tg
C yr~!. Only after 40 years of the adoption of NT agricultural
practices with high inputs of crop residues a new steady-state
level is achieved (Sa et al., 2001).

F. Andean Ecosystems

There is a lack of studies dealing with SOC dynamics in
Andean ecosystems. In Ecuador, for example, Zehetner et al.
(2003) assessed the amount of C in volcanic soils and they ob-
served a correlation between SOC content and altitude. The SOC
sequestration rates seem to be higher in high elevation pedons
compared to those located in low altitude areas. In the “paramo”
they reported that SOC was correlated well with Al pyrophos-
phate. The additions of OM from the “paramo” vegetation to-
gether with low rates of decomposition due to lower tempera-
tures in high altitude areas resulted in higher amounts of C in
these Andeans ecosystems (Zehetner et al., 2003). This process
is probably extended to other parts of the Andean mountains in
other South American countries.

VII. FINAL REMARKS AND CONCLUSIONS

There are important gaps in knowledge about the main mech-
anisms addressed in this review, especially for the last two: the
role of DOC and the formation of secondary carbonates. In Latin
America, although substantial research has been done under dif-
ferent ecosystems and land use systems in some countries, like
Brazil, Colombia, Argentina, there is a need to conduct more
studies in natural ecosystems and agricultural systems, and in
some areas like in Central America few studies have been un-
dertaken to date. Moreover, it is important to conduct more field
studies with agreed standard methodologies so data can be com-
parable between sites, biomes and regions.

In the Neotropical savannas, most of the SOC pool is concen-
trated in the top 25 cm of soil and the rates of C loss by cultivation
is higher than in temperate soils. The rates of SOC sequestration
are, in general, lower in the tropics (especially soils with low
activity clays like kaolinite) than in temperate soils because of
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high temperatures, although the factors of SOC sequestration
are similar in soils from both regions.

Processes that influence and determine terrestrial soil C se-
questration are expressed at different spatial and temporal scales.
Even at the shortest scales important mechanisms and controls
may have an impact on the process at larger scales. The binding
of C with clay particles occurs at atomic scales (nanometers).
The physical protection of C in biogenic structures produced by
soil invertebrates is expressed at larger scales, sometimes, sev-
eral tens of cm due to the three- dimensional structure of soil.
Different and opposite processes may occur at very short scales,
e.g., mineralization can be reduced or enhanced due to the pres-
ence of microbial population that are in intimate contact with
the organic resources.

Although an aggregate hierarchy was suggested by Oades
and Waters (1991), this may not be applied to all soil types, like
Oxisols, where oxides and hydroxides are the dominant agents
of aggregates. Itis not well understood yet how macroaggregates
form from a group of microaggregates before being stabilized.
Biotic processes determined by the activities of soil organisms,
including, bacteria, fungi, plant roots and large invertebrates
are key elements in an active regulation of soil structure, and
they probably interact in more than one mechanism of C sta-
bilization within aggregates. Most models do not consider the
formation, stabilization and lifespan of the aggregates that have
been formed by the action of soil organisms. The overlooking
of soil organisms’ role in this process must be avoided and be
included in future studies (Jiménez and Thomas, 2001).

Soil organisms may regulate important soil processes at the
scale of the structures they produce, where macroaggregates
of certain size, bulk density and with different organic debris
may last for some time, preventing OM to be mineralized until
the structure has been degraded and the constituting aggregates
spread over the soil surface. At a larger spatial scale, together
with the high production of these structures under certain ecosys-
tems and land management, this process may lead to important
and significant effects on soil structure, C accumulation or C
losses to low-lying areas due to run-off events. A considerable
effort in research is still needed to quantify this process. In some
cases, the huge activity carried out by some organisms together
with mismanagement options may lead to severe soil compaction
problems, impeding root development and hence C accumula-
tion in soil (Chauvel et al., 1999).

The importance of clay in retaining SOC depends on the
mineralogical composition with residence times exceeding 100
years in some cases (Laird, 2001). SOC associated to silt- and
clay-size fractions is strongly linked to mineral particles. Clay
mineralogy determines the mechanisms of formation and sta-
bilization of clay-humic complexes. The interaction of C with
clay particles is a primary factor in the stabilization of SOC
in aggregates. Organic anions of SOC rich humic colloids and
polysaccharides are adsorbed by clay particles through poly-
valent metals like Ca?*, AI** and Fe’* so participating in the
formation of clusters of microaggregates (Oades, 1984). The
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organomineral complexes formed sequester SOC by three dif-
ferent mechanisms: adsorption, polymerization of humic sub-
stances and protection of C in aggregates.

The SOC content is generally determined by the amount of
clay, although some studies conducted in tropical sites indicate
an opposite trend or no effect at all. In tropical soils there is still
a considerable lack of information about how SOC storage in
smectitic soils differs from kaolinitic-oxidic soils. Under natu-
ral ecosystems the positive relationship between SOC and clay
relates to the presence of POM (plant debris) with amorphous
OM associated to silt and clay fractions. In cultivated soils, how-
ever, POM is generally highly susceptible to depletion as 20 to
40% of the SOC is associated with the sand-size fraction (Feller
and Beare, 1997). Under forest or savanna, plant cell walls are
detected in the coarse clay fraction only, and never in the fine
clay fraction. The organiomineral complexes may contain from
5 to 9 times more SOC than POM, and it can be responsible for
69 to 80% of the total CO, sequestered in the soil (Bayer et al.,
2001).

Ecosystem C stocks in the humid tropics vary in size, being
the highest in natural ecosystems like soils under forest or sa-
vanna, and then decreasing in the order secondary forests >
fallows > agroforestry plantations > annual crops. The age
of the pasture and its management have an important effect
on SOC in the Amazon Basin and the effect of the vegetation
ranges between 40 and 50% of the total SOC pool of the first
10 cm of soil is derived from pasture 10 years after deforesta-
tion. In older pastures only 20% of the C content of the 0-10
cm soil layer is derived from pasture. This means that as pas-
ture age increases the incorporation of C into the different soil
fractions is not occurring and a large proportion of the C is
lost. The mechanisms involved in this process require further
assessment.

The flow of DOC is an important process in the transport of
SOC through the soil profile. The boundaries of the ecosystems
are not considered since the limits around the sites under study
are pathways for the flow of C between sites and throughout
the landscape. The fluxes of DOC through this internal system
can be several times larger than the stream fluxes which can
constitute an important component of the ecosystem C balance.
Ecosystem export of DOC increases linearly from <5 to ~100
kg C ha=! yr~! over a soil C:N ratio of 13-30 (Hessen et al.,
2004).

The flux of DOC decreases with depth up to 50-90% in the
deeper mineral layer in soils with high clay contents. In the
surface layer fluxes of DOC range from 10 to 85 g C m2 yr~!
and from 2 to 40 ¢ C m™2 yr~! in subsurface horizons. The
concentration of DOC in deep soil horizons and the flow of
DOC are relatively small. The sorptive stabilization of DOC is
the main mechanism involved in this retention (Kalbitz et al.,
2000). However, there is still a lack of comprehensive knowledge
regarding the processes that control DOC fluxes in soils (Neff
and Asner, 2001), as the origin, function and fate of DOC are
not fully understood since most studies have been conducted
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under laboratory conditions. Abiotic factors moderate most of
the DOC losses in terrestrial ecosystems. Bioturbation can be
a factor of importance in controlling indirectly the release of C
in terrestrial ecosystems (Jiménez and Thomas, 2001; Jiménez
and Decaéns, 2004). For example, the amount of C stored in
the surface biogenic structures produced by earthworms can be
relatively high and ranges from 2 to 30% of the total SOC in the
0-10 cm. In regions with strong rainfall events these structures
and the free aggregates that are in the soil surface can be washed
away to low-lying areas.

The highest amount of C transported by any river is in the
Amazon basin, but even in the largest river of the world the
contribution of DOC to water streams is very low, i.e., 2 g C
m~2 yr~!, representing 0.2 and 8% of the total turnover in the
forest, and the rest is mineralized.

Finally, the formation of secondary carbonates needs to
be further addressed and quantified, even if the rate of SIC
formation is low and apparently with not an important role
in the global C cycle. However, SIC formation may consti-
tute an important and significant pathway of C sequestra-
tion in semi-arid and arid regions. Besides, the formation of
secondary carbonates can be accentuated by biotic activity
because of high concentration of CO; in the soil air (e.g.,
roots and termites). Moreover, the composition of the bacte-
rial outer structure influences the morphology and mineralogy
of bacterially induced CaCOs. This also emphasizes the role
of microorganisms on carbonate accumulations in terrestrial
environments.

REFERENCES

Aitkenhead, J. A., and McDowell, W. H. 2000. Soil C:N ratio as a predictor of
annual riverine DOC flux at local and global scales. Global Biochem. Cycles
14: 127-138.

Angers, D. A., and Giroux, M. 1996. Recently deposited organic matter in soil
water-stable aggregates. Soil Sci. Soc. Am. J. 60: 1547-1551.

Aylmore, L.A.G., and Quirk, J. P. (1971). Domains and quasi-crystalline regions
in clay systems. Soil Sci. Soc. Am. Proc. 35: 50-54.

Batjes, N. H. 1996. Total carbon and nitrogen in soils of the world. Eur. J. Soil
Sci. 47: 151-163.

Batjes, N. H., and Sombroek, W. 1997. Possibilities of C sequestration in tropical
and subtropical soils. Glob. Change Biol. 3: 161-173.

Bayer, C., Martin-Neto, L., Mielniczuk, J., Pillon, C. N., and Sangoi, L. 2001.
Changes in soil organic matter fractions under subtropical no-till cropping
systems. Soil Sci. Soc. Am. J. 65: 1473-1478.

Bayer, C., Mielniczuk, J., Amado, T.J. C., Martin-Neto, L., and Fernandes, S. V.
2000. Organic matter storage in a sandy clay loam Acrisol affected by tillage
and cropping systems in southern Brazil. Soil Till. Res. 54: 101-109.

Beare, M. H., Hendrix, P. F., and Coleman, D. C. 1994. Water-stable aggregates
and organic matter fractions in conventional and no-tillage soils. Soil Sci. Soc.
Am. J. 58: 777-786.

Beare, M. H., Hu, S., Coleman, D. C., and Hendrix, P. F. 1997. Influences
of mycelial fungi on soil aggregation and soil organic matter retention in
conventional and no-tillage soils. Appl. Soil Ecol. 5: 211-219.

Bernoux, M., Carvalho, M. C. S., Volkoff, B., and Cerri, C. C. 2002. Brazil’s
soil carbon stocks. Soil Sci. Soc. Am. J. 66: 888—896.

Biondini, M., Klein, D. A., and Redente, E. F. 1998. Carbon and nitrogen
losses through root exudation by Agropyron cristatum, Agropyron smithii,
and Boutelona gracilis. Soil Biol. Biochem. 20: 477-482.



C SEQUESTRATION IN SOILS OF LATIN AMERICA

Blanchart, E., Lavelle, P., Braudeau, E., Bisonnais, Y. L., and Valentin,
C. 1997. Regulation of soil structure by geophagous earthworm activ-
ities in humid savannas of Coéte d’Ivoire. Soil Biol. Biochem. 29(3/4):
431-439.

Blanco-Canqui, H., and Lal, R. 2004. Mechanisms of carbon sequestration in
soil aggregates. Crit. Rev. Plant Sci. 23(6): 481-504.

Bonde, T. A., Christensen, B. T., and Cerri, C. C. 1992. Dynamics of soil organic
matter as reflected by natural '3C abundance in particle size fractions of
forested and cultivated oxisols. Soil Biol. Biochem. 24: 275-277.

Bonneau, M., and Souchier, F. 1979. Pédologie, Constituants et Propriétés du
Sol. Masson, Paris.

Bossuyt, H., Six, J., and Hendrix, P.F. 2002. Aggregate-protected carbon in no-
tillage and conventional tillage agroecosystems using carbon-'# labeled plant
residue. Soil Sci. Soc. Am. J. 66: 1965-1973.

Boyer, E. W., Hornberger, G. M., Bencala, K. E., and McKnight, D. M. 1996.
Overview of a simple model describing variation of dissolved organic carbon
in an upland catchment. Ecol. Model. 86: 183—-188.

Braissant, O., Cailleau, G., Dupraz, C., and Verrecchia, E. P. 2003. Bacterially
induced mineralization of calcium carbonate in terrestrial environments: the
role of exopolysaccharides and amino acids. J. Sedim. Res. 73(3): 485-490.

Brimhall, G. H., Chadwick, O. A., Lewis, C. J., Compston, W., Williams,
1. S., Danti, K. J. , Dietrich, W. E., Power, M. E., Hendricks, D., and Bratt, J.
1992. Deformational mass transport and invasive processes in soil evolution.
Science 255: 695-702.

Bronick, C. J., and Lal, R. 2005. Soil structure and management: A review.
Geoderma 124(1-2): 3-22.

Cadisch, G., Imhof, H., Urquiaga, R., Boddey, R. M., and Giller, K. E. 1996.
Carbon turnover ('3C) and nitrogen mineralization potential of particulate
light soil organic matter after rainforest clearing. Soil Biol. Biochem. 28:
1555-1567.

Cambardella, C. A., and Elliot, E. T. 1994. Carbon and nitrogen dynamics of soil
organic matter size/density fractions under different management practices.
Soil Sci. Soc. Am. J. 57: 1071-1076.

Cerri, C. C., Bernoux, M., Arrouays, D., Feigl, B., and Piccolo, M. C. 2000.
Carbon pools in soils of the Brazilian Amazon. pp. 33-50. In: Lal, R.,
Kimble, J. M., and Stewart, B. A. (Eds.) Global Climate Change and Tropical
Ecosystems. Advances in Soil Science Series. CRC Press, Boca Raton, FL.

Cerri, C. E. P, Paustian, K., Bernoux, M., Victoria, R. L., Mellilo, J. M., and
Cerri, C. C. 2004. Modelling changes in soil organic matter in Amazon forest
to pasture conversion, using the Century model. Global Change Biol. 10:
815-832.

Chadwick, O. A., and Capo, R. C. 1993. Partitioning allogenic and authogenic
sources of carbonate in New Mexico calcrete. Agron. Abstr. 1993. American
Society of Agronomy, Madison, WI.

Chauvel, A., Grimaldi, M., Barros, E., Blanchart, E., Desjardins, T., Sarrazin, M.,
and Lavelle, P. 1999. Pasture damage by an Amazonian earthworm. Nature
398: 32-33.

Chenu, C. 1989. Influence of a fungal polysaccharide, scleroglucan, on clay
microstructures. Soil Biol. Biochem. 21: 299-305.

Cheshire, M. V. 1979. Nature and Origin of Carbohydrates in Soils. Academic
Press, London.

Cheshire, M. V., Sparling, G. P., and Mundie, C. M. 1984. Influence of soil type,
crop and air drying on residual carbohydrate content and aggregate stability
after treatment with periodate and tetraborate. Plant Soil 76: 339-347.

Choné, T., Andreux, F., Correa, J. C., Volkoff, B., and Cerri, C. C. 1991. Changes
in organic matter in an Oxisol from the Central Amazonian forest during
eight years as pasture determined by '3C isotopic composition. In: Berthelin,
J. (Ed.) Diversity of Environmental Biogeochemistry, pp. 397-405. Elsevier,
Amsterdam.

Clough, K. S., and Sutton, J. C. 1978. Direct observation of fungal aggregates
in sand dune soil. Can. J. Microbiol. 24: 333-335.

Cole, M. 1986. The Savannas: Biogeography and Geobotany. Academic Press,
London.

Cristensen, B. T. 1992. Physical fractionation of soil and organic matter in
primary particle size and density separates. Adv. Soil Sci. 20: 1-90.

361

Cristensen, B. T.2001. Physical fractionation of soil and structural and functional
complexity in organic matter turnover. Eur. J. Soil Sci. 52: 345-353.

Cronan, C. S., and Aiken, G. R. 1985. Chemistry and transport of soluble humic
substances in forested watersheds on the Adirondack Parck, New York, USA.
Geochim. Cosmochim. Acta. 49: 1697-1706.

Currie, W. S., and Aber, J. D. 1997. Modeling leaching as a decomposition
processing humid montane forests. Ecology 78: 1844—1860.

Currie, W. S., Aber, J. D., McDowell, W. H., Boone, R. D., and Magill, A.
H. 1996. Vertical transport of dissolved organic C and N under long-term N
amendments in pine and hardwood forests. Biogeochemistry 35: 471-505.

Dalva, M., and Moore, R. E. 1991. Sources and sinks of dissolved organic carbon
in a forested swamp catchment. Biogeochemistry 15: 1-19.

Darici, C., Schaefer, R., and Zaidi, Z. 1986. Effets du type d’argile sur les
activités microbiennes de divers sols tropicaux. IIle¢ Congres National des
Sociétés savantes, Poitiers. Sciences II: 105-129.

Da Silva, J. E., Resck, D. V. S., Corazza, E. J., and Vivaldi, L. 2004. Carbon
storage in clayey Oxisol cultivated pastures in the “Cerrado” region, Brazil.
Agr. Ecosyst. Environ. 103: 357-363.

Decaéns, T. 2000. Degradation dynamics of surface earthworm cats in grasslands
of the Eastern Plains of Colombia. Biol. Fertil. Soils 32(2): 149-156.

Decaéns, T., Galvis, J. H., and Amézquita, E. 2001. Propriétés des structures
produites par les ingénieurs écologiques a la surface du sol d’une savane
colombienne. Comptes Rendus de I’Academie des Sciences de Paris 324:
465-478.

Decaéns, T., Rangel, A., Asakawa, N., and Thomas, R. J., 1999. Carbon and
nitrogen dynamics in ageing earthworm casts in grasslands of the Eastern
Plains of Colombia. Biol. Fertil. Soils 30: 20-28.

Desjardins, T., Andreux, F., Volkoff, B., and Cerri, C. 1994. Organic carbon
and 13C contents in soils and soils size-fractions, and their changes due to
deforestation and pasture installation in eastern Amazonia. Geoderma 61:
103-118.

Desjardins, T., Barros, E., Sarrazin, M., Girardin, C., and Mariotti, A. 2004.
Effects of forest conversion to pasture on soil carbon content and dynamics
in Brazilian Amazonia. Agr. Ecosyst. Environ. 103: 365-373.

Dixon, R. K., Brown, S., Houghton, R. A., Solomon, A. M., Trexler, M. C.,
and Wisniewski, J. 1994. Carbon pools and flux of global forest ecosystems.
Science 263: 185-190.

Donald, R. G., Anderson, D. W., and Stewart, J. W. B. 1993. Potential role of
dissolved organic carnon in phosphorous transport in forested soils. Soil Sci.
Soc. Am. J. 57: 1611-1618.

Dosskey, M. G., and Bertsch, P. M. 1997. Transport of dissolved organic matter
through a sandy forest soil. Soil Sci. Soc. Am. J. 61: 920-927.

Elliot, P. W., Knight, D., and Anderson, J. M. 1990. Denitrification in earthworm
casts and soil from pastures under different fertilizer and drainage regimes.
Soil Biol. Biochem. 22: 601-605.

Elliott, E. T., and Coleman, D. C. 1988. Let the soil work for us. Ecol. Bull. 39:
23-32.

Eswaran, H., van der Berg, E., and Reich, P. 1993. Organic carbon in soils of
the world. Soil Sci. Soc. Am. J. 57: 192-194.

FAO. 2001. Lecture notes on major soils of the world. Food and Agriculture
Organization of the UN, Rome.

Fearnside, P. M., and Barbosa, R. I. 1998. Soil carbon changes from conversion
of forest to pasture in Brazilian Amazon. For. Ecol. Manage. 108: 147-166.

Feller, C. Albrecht, A., and Tessier, D. 1996. Aggregation and organic car-
bon storage in kaolinitic and smectitic tropical soils. In: Carter, M. R. (Ed.)
Structure and Organic Matter Storage in Agricultural Soils. Advances in Soil
Science. CRC Press, Boca Raton, FL.

Feller, C., and Beare, M. H. 1997. Physical control of soil organic matter dy-
namics in the tropics. Geoderma 79: 69—116.

Feller, C., Francois, C., Villemin, G., Portal, J. M., Toutain, F., and Morel, J. L.
1991. Nature des matieres organiques associées aux fractions argileuses d’un
sol ferrallitique. C. R. Acd. Sci. Paris, Sér. 2 312: 1491-1497.

Fenner, N., Freeman, C., and Reynolds, B. 2005. Hydrological effects on the
diversity of phenolic degrading bacteria in a peatland: implications for carbon
cycling. Soil Biol. Biochem. 37(7): 1277-1287.



362

Field, C. B., Behrenfeld, M. J., Randerson, J. T., and Falkowski, P. 1998. Primary
production of the biosphere: Integrating terrestrial and oceanic components.
Science 281: 237-240.

Fisher, M. J., Rao, I. M., Ayarza, M. A., Lascano, C. E., Sanz, J. 1., Thomas,
R.]J., and Vera, R. R. 1994. Carbon storage by introduced deep-rooted grasses
in the South American savannas. Nature 266: 236-238.

Fisher, M. J., Rao, I. M., Thomas, R. J., and Lascano, C. E. 1995. Grasslands
in the well-watered tropical lowlands. In: Hodgoson, J. and Illius, A. W.
(Eds.), The Ecology and Management of Grazing Systems, pp. 393-425. CAB
International, Wallingford.

Freixo, A. A., Machado, P. L. O. A., dos Santos, H. P, Silva, C. A., and Fadigas,
F. de S. 2002. soil organic carbon and fractions of a Rhodic Ferralsol under
the influence of tillage and crop rotation systems in southern Brazil. Soil Till.
Res. 64: 221-230.

Fritz, B., and Tardy, Y. 1973. Etude thermodynamique du systéme gibbsite,
quartz, kaolinite, gaz carbonique: application a la genese des podzols et des
bauxites. Sci. Géol. Bull. 26(4): 339-367

Gale, W. J., Cambardella, C. A., and Bailey, T. B. 2000. Root-derived carbon
and the formation and stabilization of aggregates. Soil Sci. Soc. Am. J. 64:
201-207.

Gijsman, A. J. 1996. Soil aggregate stability and soil organic matter fractions
under agropastoral systems established in native savanna. Aust. J. Soil Res.
34: 891-907.

Gijsman, A. J., and Thomas, R. J. 1995. Aggregate size distribution and stabil-
ity of an Oxisol under legume-based and pure grass pasture in the Eastern
Colombian savannas. Aust. J. Soil Res. 33: 153-165.

Gil, L. H., and Grossman, R. B. 1979. The Desrt Project Soil Monograph. USDA
Soil Conservation Service, Washington, D.C.

Glaser, B., Guggenberger, G., Haumaier, L., and Zech, W. 2001. Persistence
of soil organic matter in archaeological soils (Terra Preta) of the Brazilian
Amazon Region. In: Rees, R. M., Ball, B. C., Campbell, C. D. and Watson,
C. A. (Eds.) Sustainable Management of Soil Organic Matter, pp. 190-194.
CAB International, Wallingford, UK.

Goedde, M. David, M. B., Christ, M. J., Kaupenjohann, and M. Vance, G. F.
1996. Carbon mobilization from the forest follor under red spruce in the
northeastern USA. Soil Biol. Biochem. 28: 1181-1189.

Golchin, A., Oades, J. M., Skjemstad, J. O., and Clark. P. 1994a. Study of free
and occluded particulate organic matter in soils by solid state '3C CP/MAS
NMR spectroscopy and scanning electron microscopy. Aust. J. Soil Res. 32:
285-309.

Golchin, A., Oades, J. M., Skjemstad, J. O. and Clark. P. 1994b. Soil structure
and carbon cycling. Aust. J. Soil Res. 32: 1043-1068.

Golchin, A., Oades, J. M., Skjemstad, J. O. and Clark. P. 1995. Structural and
dynamic properties of soil organic matter as reflected by '3C natural abun-
dance, pyrolysis mass spectrometry and solid-state '3C NMR spectroscopy
in density fractions of an oxisol under forest and pasture. Aust. J. Soil Res.
33: 59-76.

Gosz, J. R., Likens, G. E., and Bormann, F. H. 1973. Nutrient release from
decomposing leaf and branch litter in the Hubbard Brook forest, New Hamp-
shire. Ecol. Monogr. 43: 173-191.

Greenland, D. J. 1965. Interactions between clays and organic compounds in
soils. Soils Fertiliz. 28: 415-425.

Greenland, D. J. 1971. Interactions between humic and fulvic acids and clays.
Soil Sci. 111: 34-41.

Gregory, P. J., and Atwell, B. J. 1991. The fate of carbon in pulse-labeled crops
of barley and wheat. Plant Soil 136: 205-214.

Guggenberger, G. 1994. Acidification effects on dissolved organic matter mo-
bility in spruce forest ecosystems. Environ. Int. 20: 31-41.

Guggenberger, G., and Kaiser, K. 2003. Dissolved organic matter in soil:
challenging the paradigm of sorptive preservation. Geoderma 113: 293—
210.

Guggenberger, G., Thomas, R. J., Zech, W. 1996. Soil organic matter within
earthworm casts of an anecic-endogeic tropical pasture community, Colom-
bia. Appl. Soil Ecol. 3: 263-274.

J.J. IMENEZ AND R. LAL

Guggenberger, G. and Zech, W. 1992. Retention of dissolved organic carbon
and sulfate in aggregated acid forest soils. J. Environ. Qual. 21: 643-653.
Guggenberger, G., Zech, W., and Thomas, R. J. 1995. Lignin and carbohydrate
alteration in particle-size separates of an Oxisol under tropical pastures fol-

lowing native savanna. Soil Biol. Biochem. 27: 1629-1638.

Gupta, V. V.S.R., and Germida, J. J. 1988. Distribution of microbial biomass and
its activity in different soil aggregate size classes as affected by cultivation.
Soil Biol. Biochem. 20: 777-786.

Guyot, J. L., and Wasson, J. G. 1994. Regional pattern of riverine dissolved
organic carbon in the Amazon drainage basin of Bolivia. Limnol. Oceanogr.
39: 452-458.

Hagedorn, F., Blaser, P. and Siegwolf, R. 2002. Elevated atmospheric CO, and
increased N deposition effects on dissolved organic carbon A clues from
A'3C signature. Soil Biol. Biochem. 34: 355-366.

Hedde, M., Lavelle, P, Joffre, R., Jiménez, J. J., and Decaéns, T. 2005. Spe-
cific functional signature in soil macro-invertebrate biostructures. Funct. Ecol.
19(5): 785-793.

Hessen, D. O., Agren, G. 1., Anderson, T. R., Elser, J. J., and de Ruiter, P. C.
2004. Carbon sequestration in ecosystems: the role of stoichiometry. Ecology
85(5): 1179-1192.

Hetch, S. B. 1982. Deforestation in the Amazon Basin: magnitude, dynamics
and soil resource effects. Stud. Third World Soc. 13: 61-101.

Hope, D., Billet, M. F., and Cresser, M. S. 1994. A review of the export of carbon
in river water: fluxes and processes. Environ. Pollut. 84: 301-324.

Houghton, R. A. 1995. Land use change and the carbon cycle. Global Change
Biol. 1: 275-287.

Hughes, R. F,, Kauffman, J. F., and Cummings, D. L. 2000. Fire in the Brazil-
ian Amazon. 3. Dynamics of biomass, C, and nutrient pools in regenerating
forests. Oecologia 124: 574-588.

IPCC. 2001. In: Houghton, J. T., Ding, Y., Griggs, D. J., Noguer, M., van der
Linden, P. J., Dai, X., Maskell, K., and Johnson, C. A. (Eds.) Climate Change
2001. The Scientific Basis. Contribution of Working Group I to the Third
Assessment Report of the Intergovernmental Panel on Climate Change. Cam-
bridge University Press, Cambridge, 881pp.

Jandl, R., and Sollins, P. 1997. Water-extractable soil carbon in relation to the
belowground carbon cycle. Biol. Fertil. Soils 25: 196-201.

Jardine, P. M., Weber, N. L., and McCarthy, J. F. 1989. Mechanisms of dissolved
organic adsorption on soil. Soil Sci. Soc. Am. J. 53: 1378-1385.

Jastrow, J. D. 1996. Soil aggregate formation and the accrual of particulate and
mineral-associated organi matter. Soil Biol. Biochem. 28: 656-676.

Jenkinson, D. S., and Rayner, J. H. 1977. The turnover of soil organic matter in
some of the Rothamsted classical experiments. Soil Sci. 125: 298-305.

Jiménez, J. J., and Decaéns, T. 2004. The impact of soil organisms on soil func-
tioning under Neotropical pastures. A case study of a native anecic earthworm
species. Agr. Ecosyst. Environ. 103: 329-342.

Jiménez, J. J., and Decaéns, T. 2006. Chemical variations in the biostructures
produced by soil ecosystem engineers—Examples from the Neotropical sa-
vannas. Eur. J. Soil Biol. 42: in press.

Jiménez, J. J., Moreno, A. G. Decaéns, T., Lavelle, P., Fisher, M. J., and
Thomas, R. J. 1998. Earthworm communities in native savannas and
man-made pastures of the eastern plains of Colombia. Biol. Fertil. Soils 28:
101-110.

Jiménez, J. J., and Thomas, R. J. 2001. Nature’s plow: soil macroinvertebrate
communities in the Neotropical savannas of Colombia. CIAT publication 324,
Cali. 389 pp.

Jobbégy, E. G., and Jackson, R. B. 2000. The vertical distribution of soil organic
carbon and its relation to climate and vegetation. Ecol. Appl. 10(2): 423—
436.

Joffre, R., Agren, G. I, Gillon, D., and Bosatta, E. 2001. Organic matter quality
in ecological studies: theories meet experiment. Oikos 93: 451-458.

Jones, C. G., Lawton, J. H., and Shachack, M. 1994. Organisms as ecosystem
engineers. Oikos 69: 373-386.

Jones, M. J. 1973. The organic matter content of the savanna soils of West Africa.
J. Soil Sci. 24: 42-53.



C SEQUESTRATION IN SOILS OF LATIN AMERICA

Kaiser, K., and Guggenberger, G. 2000. The role of DOM sorption to mineral
surfaces in the preservation of organic matter in soils. Org. Geochem. 31:
711-725.

Kaiser, K., and Zech, W. 1998. Soil dissolved organic matter sorption as influ-
enced by organic and sesquioxide coatings and sorbed sulfate. Soil Sci. Soc.
Am. J. 62: 129-136.

Kaiser, K., Guggenberger, G., and Zech, W. 1996. Sorption of DOM and DOM
fractions to forest soils. Geoderma 74: 281-303.

Kalbitz, K., Schmerwitz, J., Schwesig, S., and Matzner, E. 2003a. Biodegra-
dation of soil derived dissolved organic matter as related to its properties.
Geoderma 113: 273-291.

Kalbitz, K., Schwesig, D., Schmerwitz, J., Kaiser, K., Haumaier, L., Glaser, B.,
Ellerbrock, R., and Leinweber, P. 2003b. Changes in properties of soil-derived
dissolved organic matter induced by biodegradation. Soil Biol. Biochem. 35:
1129-1142.

Kalbitz, K., Schwesig, S., Rethemeyer, J., and Matzner, E. 2005. Stabilization of
dissolved organic matter by sorption to the mineral soil. Soil Biol. Biochem.
37: 1319-1331.

Kalbitz, K., Solinger, S., Park, J. H., Michalzik, B., and Matzner, E. 2000.
Controls on the dynamics of dissolved organic matter in soils: a review. Soil
Sci. 165: 277-304.

Keil, R. G., Tsamakis, E., Fuh, C. B., Giddings, J. C., and Hedges, J. 1. 1994. Min-
eralogical and textural controls on the organic composition of coastal marine
sediments: Hydrodynamic separation using SPLITT-fractionation. Geochim.
Cosmochim. Acta 58: 879-893.

Kiem, R., and Kogel-Knabner, 1. 2003. Contribution of lignin and polysac-
charides to the refractory carbon pool in C-depleted arable soils. Soil Biol.
Biochem. 35: 101-118.

Kilbertus, G. 1980. Etude des microhabitats contenus dans les agrégats du sol,
leur reaction avec la biomasse bactérienne et la taille des procaryotes présents.
Rev. Ecol. Biol. Sol 17: 543-557.

Kirschbaum, M. U. F. 2000. Will changes in soil organic carbon act as a positive
or negative feedback on global warming? Biogeochemistry 48: 21-51.

Kobus, J., and Pacewiczowa, T. 1966. Effect of clay minerals on the biological
activity of light soils. Rocz. Glebozn. 16(1): 53-65.

Koutika, L.-S., Bartoli, F., Andreux, F., Cerri, C. C., Burtin, G., Choné, T.,
and Philippy, R., 1997. Organic matter dynamics and aggregation in soils
under rain forest and pastures of increasing age in the eastern Amazon Basin.
Geoderma 76: 87-112.

Ladd, J. N., Foster, R. C., and Skjemstad, J. O. 1993. Soil structure: carbon and
nitrogen metabolism. Geoderma 56: 401-434.

Laird, D. A. 2001. Nature of clay humic complexes in an agricultural soil.
II. Scanning electron microscopy analysis. Soil Sci. Soc. Am. J. 65:1419—
1425.

Laird, D. A., Martens, D. A., and Kingery, W. L. 2001. Nature of clay-humic
complexes in an agricultural soil. I. Chemical, Biochemical, and Spectro-
scopic Analyses. Soil Sci. Soc. Am. J. 65: 1413-1418.

Lal, R. 2002. The potential of soils of the tropics to sequester carbon and mitigate
the greenhouse effect. Adv. Agron. 76: 1-30.

Lal, R. 2003. Global potential of soil carbon sequestration to mitigate the Green-
house effect. Crit. Rev. Plant Sci. 22: 151-184.

Lal, R. 2004. Soil carbon sequestration impacts on global climate change and
food security. Science 304: 1623-1627.

Lal, R. and Kimble, J. M. 2000. Tropical ecosystems and the global carbon cycle.
In: Lal, R., Kimble, J. M. and Stewart, B. A. (Eds.), Global Climate Change
and Tropical Ecosystems. pp. 3-32. CRC-Lewis Publishers, Boca Raton,
FL.

Lal, R., Kimble, J. M., Eswaran, H., and Stewart, B. A. 2000. Global Cli-
mate Change and Pedogenic Carbonates. CRC Press, Lewis Publishers, Boca
Raton, FL. 305 pp.

Lasaga, A.C. 1984. Chemical kinetics of water-rock interactions. J. Geophys.
Res. 89: 4009-4025.

Lavelle, P. 1996. Diversity of soil fauna and ecosystem function. Biol. Int. 33:
3-16.

363

Lavelle, P., Blanchart, E., Martin, A., Martin, S., Spain, A., Toutain, F., Barois, L.,
and Schaefer, R. 1993. A hierarchical model for decomposition in terrestrial
ecosystems: application to soils of the humid tropics. Biotropica 25: 130-150.

Lavelle, P., and Martin, A. 1992. Small-scale and large-scale effects of endogeic
earthworms on soil organic matter dynamics in soils of the humid tropics.
Soil Biol. Biochem. 24: 1491-1498.

Lavelle, P.,, and Spain, A. 2001. Soil Ecology. Kluwer Academic Publishers,
Dordrecht.

Lecomte, P. 1988. Stone line profiles: Importance in geochemical exploration.
J. Geochem. Explor. 30: 35-61.

Lepsch, I. F,, Menk, J. R. F,, and Oliveira, J. B. 1994. Carbon storage and other
properties of soils under agriculture and natural vegetation in Sao Paulo State,
Brazil. Soil Use Manage. 10: 34-42.

Lucas, Y.2001. The role of plants in controlling rates and products of weathering:
Importance of biological pumping. Ann. Rev. Earth Plan. Sci. 29: 135-163.

Lucas, Y., Luizao, F. J., Chauvel, A., Rouiller, J., and Nahon, D. 1993. The
relation between biological activity of the rain forest and mineral composition
of soils. Science 260: 521-523.

Luizdo, R. C. C., Bonde, T. A., and Rosswall, T. 1992. Seasonal variation of
soil microbial biomass—The effects of clear felling a tropical rain forest
and establishment of pasture in the Central Amazon: Soil Biol. Biochem. 24:
805-813.

Martin, A. 1991. Short- and long-term effects of the endogeic earthworm Millso-
nia anomala (Omodeo) (Megascolecidae, Oligochaeta) of tropical savannas,
on soil organic matter. Biol. Fertil. Soils 11: 234-238.

Masiello, C. A., Chadwick, O. A., Southon, J., Torn, M. S., and Harden, J.
'W. 2004. Weathering controls on mechanisms of carbon storage in grassland
soils. Global Biogeochem. Cycles 18: doi:10.1029/2004GB002219

Matthews, E. 1997. Global litter production, pools and turnover times: estimates
from measurement data and regression models. J. Geophys. Res. 102: 18771—
18800.

McCann, J. M., Woods, W. 1., and Meyer, D. W. 2001. Organic matter and an-
throsols in Amazonia: interpreting the Amerindian legacy. In: Rees, R. M.,
Ball, B. C., Campbell, C. D. and Watson, C. A. (Eds.), Sustainable Manage-
ment of Soil Organic Matter, pp. 180-189. CAB International, Wallingfor,
UK.

McClain, M. E., Richey, J. E., Brandes, J. A., and Pimentel, T. P. 1997. Dissolved
organic matter and terrestrial-lotic linkages in the central Amazon basin of
Brazil. Global Biogeochem. Cycles 11: 295-312.

McKnight, D. M., Harnish, R., Wershaw, R. L., Baron, J. S., and Schiff, S. 1997.
Chemical characteristics of particulate, colloidal, and dissolved organic mate-
rial in Loch Vale Watershed, Rocky Mountain National Park. Biogeochemistry
36: 99-124.

Michelsen, A., Andersson, M., Jensen, M., Kjgller, A., and Gashew, M. 2004.
Carbon stocks, soil respiration and microbial biomass in fire-prone tropical
grassland, woodland and forest ecosystems. Soil Biol. Biochem. 36: 1707—
1717.

Moller, J., Miller, M., and Kjoller, A., 1999. Fungal-bacterial interaction on
beech leaves: influence on decomposition and dissolved organic carbon qual-
ity. Soil Biol. Biochem. 31: 367-374.

Monger, H. C., and Gallegos, R. A. 2000. Biotic and abiotic processes and rates
of pedogenic carbonate accumulation in the southwestern united states—
Relationship to atmospheric CO, sequestration. In: Lal, R., Kimble, J.,
Eswaran, H., and Stewart, B. A. (Eds.), Pedogenic Carbonates and C Se-
questration, pp. 273-289. Ann Arbor Press, Chelsea, MI.

Moore, T. R., de Souza, W., and Koprivnak, J. F. 1992. Controls on the sorption
of dissolved organic carbon by soils. Soil Sci. 154: 120-129.

Mora, P., Miambi, E., Jiménez, J. J., Decaéns, T., and Rouland, C. 2005.
Functional complement of biogenic structures produced by earthworms, ter-
mites and ants in the Neotropical savannas. Soil Biol. Biochem. 37(6): 1043—
1048.

Moraes, J. E. L. de, Cerri, C. C., Melillo, J. M., Kicklighter, D., Neil, C., Skole,
D. L., and Steudler, P. A. 1995. Soil carbon stocks of the Brazilian Amazon
basin. Soil Sci. Soc. Am. J. 59: 244-247.



364

Neft, J. C. 1999. Dissolved Organic Element Dynamics in Terrestrial Ecosys-
tems. Ph.D. dissertation. Stanford University. 92 pp.

Neft, J. C., and Asner, G. P. 2001. Dissolved organic carbon in terrestrial ecosys-
tems: synthesis and a model. Ecosystems 4: 29-48.

Neill, C., Melillo, J., Steudler, P. A., Cerri, C. C., Moraes, J. F. L., Piccolo,
M. C., and Brito, M. 1997. Soil carbon and nitrogen stocks following forest
clearing for pasture in the southwestern Brazilian Amazon. Ecol. Appl. 7(4):
1216-1225.

Nelson, P. N., Dictor, M.-C., and Soulsa, G. 1994. Availability of organic carbon
in soluble and particle-size fractions from a soil profile. Soil Biol. Biochem.
26: 1549-1555.

Nodpvin, S. C., Driscoll, C. T., and Likens, G. E. 1986. Simple partitioning of
anions and dissolved organic carbon in a forest soil. Soil Sci. 142: 27-35.
Nordt, L. C., Wilding, L. P, and Drees, L. R. 2001. Pedogenic carbonate trans-
formations in leaching soil systems: implications for the global carbon cycle.
In: Lal, R., Kimble, J. M., Eswaran, H., Stewart, B. A. (Eds.), Global Climate
Change and Pedogenic Carbonates, pp. 43—-63. CRC/Lewis, Boca Raton, FL.

Nye, P. H. 1955. Some soil-forming processes in the humid tropics. IV. The
action of the soil fauna. J. Soil Sci. 6(1): 73-83.

Oades, J. M. 1984. Soil organic matter and structural stability Mechanisms and
implications for management. Plant Soil 76: 319-337.

Oades, J. M. 1987. Associations of Colloidal Materials in Soils. Trans. XIII
congress of ISSS, Hamburg, 1986. Vol. VI, 660-674 (ISSS: Hamburg.)

Oades, J. M., Gillman, G. P., and Uehara, G. 1989. Interactions of soil organic
matter and variable-charge clays. In: Coleman, D. C., Oades, J. M. and Uehara,
G. (Eds.), Dynamics of Soil Organic Matter in Tropical Ecosystems, pp. 345—
358. University of Hawai, Honolulu.

Oades, J. M., and Waters, A. G. 1991. Aggregate hierarchy in soils. Aust. J. Soil
Res. 29: 815-828.

Parton, W. J., Ojima, D. S., Cole, D. V., and Schimel, D. S. 1994. A general
model for soil organic matter dynamics: sensitivity to litter chemistry, texture
and management. In: Quantitative Modeling of Soil Forming Processes. SSA
Special Publication 39. Soil Science Society of America

Parton, W. J, Schimel, D. S., Cole, C. V., and Ojima, D. S. 1987. Analysis of
factors controlling soil organic matter levels in Great Plains grasslands. Soil
Sci. Soc. Am. J. 51: 1173-1179.

Paul, E. A. 1984. Dynamics of organic matter in soils. Plant Soil 76: 275—
85.

Paustian, K., Andren, O., Janzen, H. H., Lal, R., Smith, P., Tian, G., Tiessen, H.,
van Noordwijk, M., and Woomer, P. L. 1997. Agricultural soils as a sink to
mitigate CO2 emissions. Soil Use Manage. 13: 230-244.

Paustian, K., Six, J., Elliott, E. T., and Hunt, H. W. 2000. Management options
for reducing COemissions from agricultural soils. Biogeochemistry 48: 147—
163.

Post, W. M., Emmanuel, W. R., Zinke, P. J., and Stangenberger, G. 1982. Soil
carbon pools and world life zones. Nature 298: 1586—1589.

Prendergast, J. B. 1995. Soil water bypass and solute transport under irrigated
pasture. Soil Sci. Soc. Am. J. 59: 1531-1539.

Puget, P, Chenu, C., and Balesdent, J. 1995. Total and young organic matter
distributions in aggregates of silty cultivated soils. Eur. J. Soil Sci. 46: 449—
459.

Qualls, R. G., and Haines, B. L. 1992. Biodegradability of dissolved organic
matter in forest throughfall, soil solution and stream water. Soil Sci. Soc. Am.
J. 56: 578-586.

Qualls, R. G., Haines, B. L., and Swank, W. T. 1991. Fluxes of dissolved organic
nutrients and humic substances in a deciduous forest. Ecology 72: 254-266.

Rabenhorst, M. C., Wilding, L. P., and West, L. T. 1984. Identification of pedo-
genic carbonates using stable carbon isotope and microfabric analyses. Soil
Sci. Soc. Am. J. 48: 125-135.

Raich, J. W., and Potter, C. S. 1995. Global patterns of carbon dioxide emissions
from soils. Global Biogeochem. Cycles 9(1): 23-36.

Raich, J. W., and Schlesinger, W. H. 1992. The global carbon dioxide flux in
soil respiration and its relationship to vegetation and climate. Tellus Ser. B
44: 81-99.

J.J. IMENEZ AND R. LAL

Rangel, A. F., Madero, E., Thomas, R. J., Friesen, D. K. and Decaéns, T.
1999. Ton exchange properties of casts of the anecic earthworm Martiodrilus
carimaguensis Jiménez and Moreno in a Colombian savanna Oxisol. Pedobi-
ologia 43: 795-801.

Raymond, P. A., and Cole, J. J. 2003. Increase in the export of alkalinity from
North America’s largest river. Science 301: 88-91.

Rychey, J. E., Hedges, J. I, Devol, A. H., Quay, P. D., Victoria, R., Martinelli, L.,
and Forsberg, B. R. 1990. Biogeochemistry of carbon in the Amazon River.
Limnol. Oceanogr. 35: 352-371.

Sa, J. C. M., Cerri, C. C., Dick, W. A., Lal, R., Venske-Filho, S. P., Piccolo,
M. C. and Feigl, B. E. 2001. Organic matter dynamics and carbon sequestra-
tion rates for a tillage chronosequence in a Brazilian Oxisol. Soil. Sci. Soc.
Am. J. 65: 1486-1499.

Saggar, S., Parshotam, A., Sparling, G. P., Feltham, C. W., and Hart, P. B. S.
1996. 4C-labelled ryegrass turnover and residence times in soils varying in
clay content and mineralogy. Soil Biol. Biochem. 28: 1677-1686.

Saini, G. R., and MacLean, A. A. 1966. Adsorption-flocculation reactions
of soil polysaccharides with kaolinite. Soil Sci. Soc. Am. Proc. 30: 697—
699.

Sanford, R. L., Sadarriaga, J., Clark, K. E., Uhl, C., and Herrera, R. 1985.
Amazon rain forest fires. Science 227: 53-55.

Schimel, D. S. 1995. Terrestrial ecosystems and the carbon cycle. Global Change
Biol. 1: 77-91.

Schlesinger, W. H. 1977. Carbon balance in terrestrial detritus. Ann. Rev. Ecol.
Syst. 8: 51-81.

Schlesinger, W. H. 1982. Carbon storage in the caliche of the arid world: a case
study from Arizona. Soil Sci. 133: 247-255.

Schlesinger, W. H. 1997. Biogeochemistry: An Analysis of Global Change. Aca-
demic Press, San Diego, California, 588 pp.

Schmidt, M. W. L., Knicker, H., and Kogel-Knabner, 1. 2000. Organic mat-
ter accumulating in Aeh and Bh horizons of a Podzol—Chemical charac-
terization in primary organo-mineral associations. Org. Geochem. 31: 727—
734.

Schulthess, C. P., and Huang. C. P. 1991. Humic and fulvic acid adsorption by
silicon and aluminum oxide surfaces on clay minerals. Soil Sci. Soc. Am. J.
55:34-42.

Serrdo, E. A. S., Falesi, I. C., da Vega, J. B., and Texeira Neto, J. F. 1979.
Productivity of cultivated pastures on low fertility soils of the Amazon region
of Brazil. In: Sdnchez, P. A. and Tergat, T. E. (Eds.), pp. 195-225. Pasture
Production on Acid Soils of the Tropics. CIAT, Cali, Colombia.

Shang, C., and Tiessen, H. 1997. Organic matter lability in a tropical oxisol:
evidence from shifting cultivation, chemical oxidation, particle size, density,
and magnetic fractionations. Soil Science 162(11): 795-807.

Shang, C., and Tiessen, H. 1998. Organic matter stabilization in two semiarid
tropical soils: size, density and magnetic separations. Soil Sci. Soc. Am. J. 62:
1247-1257.

Silver, W. L., Neff, J., McGroddy, M., Veldkamp, E., Keller, M., and Cosme, R..
2000. Effects of soil texture on belowground carbon and nutrient storage in a
lowland Amazonian Forest ecosystem. Ecosystems 3: 193-209.

Six, J., Elliot, E. T., and Paustian, K. 2000. Soil macroaggregate turnover and
microaggregate formation: a mechanism for C sequestration under no-tillage
agriculture. Soil Biol. Biochem. 32: 2099-2103.

Skjemstad, J. O., Clarke, P., Taylor, J. A., Oades, J. M., and McClure, S. G.
1996. The chemistry and nature of protected carbon in soil. Aust. J. Soil Res.
34: 251-276.

Smith, C. K., Oliveira, F. A. Gholz, H. L., and Baima, A. 2002. Soil carbon stocks
after forest conversion to tree plantations in lowland Amazonia, Brazil. Forest
Ecol. Manage. 164: 257-263.

Sombroek, W. G., Nachtergaele, F. O., and Hebel, A. 1993. Amounts, dynamics
and sequestering of carbon in tropical and subtropical soils. Ambio 22(7):
417-423.

Sgrensen, L. H. 1981. Carbon-nitrogen relationships during the humification of
cellulose in soils containing different amounts of clay. Soil Biol. Biochem. 13:
313-21.



C SEQUESTRATION IN SOILS OF LATIN AMERICA

Spitzy, A., and Ittekkot, V. 1991. Dissolved and particulate organic matter in
rivers. In: Mantoura, R. F. C., Martin, J.-M., and Wollast R. (Eds.), pp. 5-17.
Ocean Margin Processes in Global Change. John Wiley, New York.

Staddon, P. L. 2004. Carbon isotopes in functional soil ecology. TREE 19(3):
148-154.

Stotzky, G. 1986. Influence of soil mineral colloids on metabolic processes,
growth, adhesion, and ecology of microbes and viruses. In: Huang, P. M. and
Schnitzer, M. (Eds.), pp. 305-428. Interactions of Soil Minerals with Natural
Organics and Microbes. SSSA Spec Publ. No. 17, Madison, WI.

Tiessen, H., and Stewart, J. W. B. 1983. Particle size fractions and their use
in studies of soil organic matter. II. Cultivation effects on organic mat-
ter composition in particle size fractions. Soil Sci. Soc. Am. J. 47: 509—
514.

Tiessen, H., Feller, C., and Sampaio, E. V. S. B. 1988. Carbon sequestration
and turnover in semiarid savannas and dry forest. Clim. Change 40: 105—
117.

Tipping, E. 1981. The adsorption of aquatic humic substances by iron oxides.
Geochim. Cosmochim. Acta 45: 191-199.

Tisdall, J. M. 1991. Fungal hyphae and structural stability of soils. Aust. J. Soil
Res. 29: 729-743.

Tisdall, J. M., and Oades, J. M. 1979. Stabilization of soil aggregates by the root
systems of ryegrass. Aust. J. Soil Res. 17: 429-41.

Tisdall, J. M., and Oades, J. M. 1980. The effect of crop rotation on aggregation
in a red-brown earth. Aust. J. Soil Res. 18: 415-422.

Tisdall, J. M., and Oades, J. M. 1982. Organic matter and water stable aggregates
in soils. J. Soil Sci. 33: 141-163.

Townsend-Small, A., McClain, M. E., and Brandes, J. A. 2005. Contributions
of carbon and nitrogen from the Andes Mountains to the Amazon River:
evidence from an elevational gradient of soils, plants and river materials.
Limnol. Oceanogr. 50(2): 672—685.

Trumbore, S. E. 1993. Comparison of carbon dynamics in tropical and temperate
soils using radiocarbon measurements. Global Biogeochem. Cycles T: 275—
290.

Trumbore, S. E., Davidson, E. A., De Camargo, P. B., Nepstad, D. C., and
Martinelli, L. A. 1995. Below-ground cycling of carbon in forests and pastures
of eastern Amazonia. Global Biogeochem. Cycles 9: 512-528.

365

Uehara, G. 1982. Soil science for the tropics. In: Proceedings of the ASCE
Geotechnical Engineering Division Specialty Conference (Ed.), pp. 13-26.
Engineering and Construction in Tropical and Residual Soils. Honolulu.

Ussiri, D. A. N., and Johnson, C. E. 2004. Sorption of organic carbon fractions
by Spodosols mineral soil horizons. Soil Sci. Soc. Am. J. 68: 253-262.

Vance, G. F, and David, M. B. 1992. Dissolved organic carbon and sulfate
sorption by spodosol mineral horizons. Soil Sci. 154: 136-144.

Van Raij, B., and Peech, M. 1972. Electrochemical properties of some Oxisols
and Alfisols of the tropics. Soil Sci. Soc. Am. J. 36: 587-593.

Veldkamp, E. 1994. Organic carbon turnover in three tropical soils under pasture
after deforestation. Soil Sci. Soc. Am. J. 58: 175-180.

Villenave, C., Charpentier, F., Lavelle, P., Feller, C., Brussaard,, L., Pashanasi,
B., Barois, 1., Albrecht, A., and Patrén, J. C. 1999. Effects of earthworms on
soil organic matter and nutrient dynamics following earthworm inoculation
in field experimental situations. In: Lavelle, P., Brussaard, L., and Hendrix,
P. (Eds.), pp. 173-197. Earthworm Management in Tropical Agroecosystems.
CAB-I Publishing, Wallingford.

Vitousek, P. M., Hedin, L. O., Matson, P. A., Fownes, J. H., and Neff, J. C. 1998.
Within-system element cycles, input-output budgets and nutrient limitation.
In: Groffman, P. M., Pace, M. L. (Eds.), pp. 432-451. Succeses, Limitations
and Frontiers in Ecosystem Science. Springer, New York.

Weigand H., and Totsche, K. U. 1998. Flow and reactivity effects on dissolved
organic matter transport in soil columns. Soil Sci. Soc. Am. J. 62: 1268-1274.

Wild, A. 1988. Russell’s Soil Conditions and Plant Growth. 11th ed., JohnWiley
& Sons, Inc. New York.

Yerima, B. P. K., Wilding, L. P,, Hallmark, C. T., and Calhow, F. G. 1989.
Statistical relationships among selected properties of Northern Cameroon
Vertisols and associated Alfisols. Soil Sci. Soc. Am. J. 53: 1758-1763.

Zehetner, F., Miller, W. P., and West, L. T. 2003. Pedogenesis of volcanic ash
soils in Andean Ecuador. Soil Sci. Soc. Am. J. 67: 1797-1809.

Zhang, H., Thompson, M. L., and Sandor, J. A. 1988. Compositional differ-
ences in organic matter among cultivated and uncultivated Argiudolls and
Hapludalfs derived from loess. Soil Sci. Soc. Am. J. 52: 216-222.

Zsolnay, A., and Steindl, H. 1991. Geovariability and biodegradability of the
water-extractable organic material in an agricultural soil. Soil Biol. Biochem.
23: 1077-1982.



