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Abstract Agroforestry systems can play a major

role in the sequestration of carbon (C) because of

their higher input of organic material to the soil. The

importance of organic carbon to the physical, chem-

ical, and biological aspects of soil quality is well

recognized. However, total organic carbon measure-

ments might not be sensitive indicators of changes in

soil quality. Adoption of procedures that can extract

the more labile fraction preferentially might be a

more useful approach for the characterization of soil

organic carbon resulting from different soils. This

study aimed to evaluate organic carbon (C) fractions

distribution in different soil layers up to 50 cm depth

in two soil orders under cacao (Theobroma cacao)

agroforestry systems (AFS) in Bahia, Brazil. Soil

samples were collected from four depth classes (0–5,

5–10, 10–30 and 30–50 cm) under two cacao agro-

forestry systems (30-year-old stands of cacao with

Erythrina glauca, as shade trees) in Latosol and

Cambisol, in Bahia, Brazil. The determination of

oxidizable carbon by a modified Walkley–Black

method was done to obtain four C fractions with

different labile forms of C (fraction 1: labile fraction;

fraction 2: moderate labile fraction; fraction 3: low

labile fraction and fraction 4: recalcitrant fraction).

Overall, at two cacao AFS, the C fractions generally

declined with increase in soil depth. The C fractions

1 and 2 were 50% higher on upper layers (0–5

and 5–10 cm). More than 50% of organic C was

found in more labile fraction (fraction 1) in all depths

for both soils. High value of C fraction 1 (more labile

C)-to-total organic C ratio was obtained (around

54–59%, on Latosol and Cambisol, respectively),

indicating large input of organic matter in these soils.
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Introduction

In tropical and subtropical soil, organic C has a great

contribution to the chemical, physical, and biological

properties of soil (Stevenson 1985; Nambiar 1996;

Reeves 1997; Garay et al. 2004; Lal 2005; Franchini

et al. 2007; Silva and Mendonça 2007; Bayer and

Mielniczuk 2008), since it is a source of energy for

the microbial biomass, participates in nutrient storage

and cycling, plant available water, infiltration, aggre-

gate formation and stability, density and soil resis-

tance (Reeves 1997), as well as influencing cation

exchange capacity (Bayer and Mielniczuk 2008,

1997; Reeves 1997; Longo and Espı́ndola 2000). In

this sense, cacao agroforestry systems are effective at

improving and conserving soil quality by continuous

deposition of plant biomass (above and below

ground) from cacao as well as shade species and

turnover of leaf litter which provide a continuous

stream of organic material to soil, especially because

of the long roots of the forest component that go deep

into the soil (Albrecht and Kandji 2003).

In addition to being a decisive sustainability factor

of tropical land use systems, soil organic C conser-

vation is also an efficient path for mitigate agricul-

tural CO2 emission and even reduces anthropogenic

emission of CO2 (Lal 2001). There is evidence that

conservation practices, well-managed pastureland,

planted forests, and agroforestry systems can drasti-

cally reduce carbon loss, maintaining soil organic

matter (SOM) levels or even increasing them (Freitas

et al. 2000; Freixo et al. 2002; D’andrea et al. 2004;

Barreto et al. 2006; Fontes 2006). Thus while

conventional systems with intense soil tillage act as

a source of atmospheric CO2, cacao agroforestry

systems, by maintaining vegetable residues in the

soil, act more as a drain of atmospheric CO2 that can

be an important agricultural contributor to mitigate

carbon dioxide in the atmosphere and global climate

change (Oelbermann et al. 2006).

Soil organic carbon is considered the most impor-

tant soil quality and sustainability indicator (Larson

and Pierce 1991; Cannell and Hawes 1994; Reeves

1997; Brejda et al. 2000; Murage et al. 2000). Most

conventional methods used in organic C determina-

tion have been developed to maximize oxidation and

recovery of C (Walkley and Black 1934; Heanes

1984; Nelson and Sommers 1982), however various

studies have shown that total organic C might not be

a sensitive indicator of changes in soil quality (Blair

et al. 1995; Blair 2000; Chan et al. 2001; Leite et al.

2003; Barreto et al. 2008) and that certain organic C

fractions are more sensitive for detecting effects of

land management practices (Cambardella and Elliott

1992; Blair et al. 1998; Chan et al. 2001; Freixo et al.

2002).

Several physical and chemical fractionating tech-

niques to separate and isolate fractions of SOC have

been proposed (Christensen 1992; Cambardella and

Elliott 1992; Feller and Beare 1997; Sohi et al. 2001;

Blair et al. 1995; Chan et al. 2001). Adoption of

procedures that can extract the more labile fraction

preferentially might be a more useful approach for the

characterization of soil organic carbon resulting from

different management practices (Chan et al. 2001).

Degree of C oxidation and lability has been employed

to verify changes in organic material quality in

cultivated soils (Blair et al. 1995; Shang and Tiessen

1997; Blair et al. 1998; Blair 2000; Chan et al. 2001;

Chan 2002; Rangel et al. 2008). C distribution in

labile or stable soil organic matter fractions could

have implications in changes of physical, chemical,

and biological soil properties, as well as its effect on

atmospheric C retention (Bayer et al. 2004). Thus, in

order to identify in which C fractions the SOC is

accumulated, Chan et al. (2001) proposed fractionat-

ing organic C by increasing oxidation level. These

authors introduced a modification of the classic C

determination method developed by Walkley and

Black (1934) that utilized a single concentration of

sulfuric acid (12 mol l-1). With the modification

proposed by Chan et al. (2001), in addition to this

concentration, two more sulfuric acid concentrations

were used. The resulting three acid-aqueous solutions

ratio when compared with total organic C allowed

separation of soil organic C into four fractions of

decreasing oxidizability (Chan et al. 2001).

Little information is available about the quantity

and quality of soil organic carbon changes across the

soil profile of two soil orders under cacao agrofor-

estry systems. Furthermore, the deep-rooted nature of

cacao and shade trees makes it imperative to extend

the study below the surface soil to which most

conventional soil studies are targeted. The objective

of this study was to determine the variation of organic

C fractions (assessed in terms of degree of oxidiz-

ability) in two soil orders under cacao agroforestry

systems.
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Materials and methods

The study was conducted on the Research Station of

MARS Center of Cocoa Science, Itajuı́pe, located in

the southern region of Bahia, Brazil (14� 00 S and 39�
20 W). The research farm is situated in a humid

tropical climate with a well-distributed annual mean

rainfall of 1500 mm (Moço et al. 2009). The soils

Reddish-Yellow Latosol and Eutrophic Haplic Camb-

isol were selected for sampling from cacao agrofor-

estry systems:

(a) A 30-year-old stand of cacao ? erythrina (Ery-

thrina glauca) on Latosol (Oxisol): erythrina

was planted in 24 9 24 m spacing with one tree

in the center of that space (quincunx system of

planting) such that the erythrina stand density

was 30 plants ha-1) and cacao was planted in

3 9 3 m spacing (1111 plants ha-1).

(b) A 30-year-old stand of cacao ? erythrina (Ery-

thrina glauca) on Cambisol (Inceptsol): the

same description above.

Each system had area in excess of 1000 m2. Soil

samples were collected from four depth classes (0–5,

5–10, 10–30, and 30–50 cm). Three sets of composite

samples (came from 10 simple samples each one)

were prepared for each soil depth under each soil

order, resulting in a total of 24 samples (4 depths 9 3

replications 9 2 soil orders). The individual soil

samples for each composite sample were collected

from alternate rows.

Soil bulk density for each depth interval was

measured by the Kopecky0s ring method (Embrapa

1997). For calculating the dry bulk density, the initial

weight of soil core from each layer was measured in

the lab after collection, and soil moisture was deter-

mined by oven-drying a 30-g subsample at 105�C for

48 h. The bulk density of each soil depth interval was

used to calculate the amount of SOC and total N stored

to 0.5 m depth and expressed as Mg ha-1 assuming

1 cm thickness). Chemical and physical analysis were

determined for all the soil samples, according to

EMBRAPA (1997): pH (water); extractable P and K

by Mehlich-1; exchangeable Ca, Mg and Al by 1 mol

l-1 KCl; particle size analysis was performed by the

pipette method (Table 1).

Total soil C and N was determined by the dry

combustion process using a CHNS/O Perkin Elmer

2400-Series II elemental analyzer (configured in

CHN mode), starting with weighing samples of

approximately 8 mg of finely ground oven-dried soil

(soils were ground to fine powder) in tin capsules

with the digestion process taking place in a closed

combustion chamber at 925�C.

Organic C fractions were determined by wet

oxidation using the method proposed by Chan et al.

(2001). One-half gram of ground (\0.5 mm) soil was

placed in a 500 ml Erlenmeyer flask to which 10 ml

0.167 mol l-1 K2Cr2O7 was first added, followed by

5 and 10 ml of concentrated sulphuric acid instead of

the 20 ml specified by Walkley and Back (1934).

Oxidation was carried out with an external heat

source (average temperature of 140�C) and the

extract obtained was dissolved with 80 ml distilled

water. The excess dichromate was determined by

titrating against 0.5 mol l-1 Fe(NH4)2(SO4)2�H2O.

The resulting three acid-aqueous solution ratios of

0.5:1, 1:1, and 2:1 (which corresponded respectively

Table 1 Chemical and physical properties of soils at different depths under cacao agroforestry systems in Bahia, Brazil

Soils Depth

(cm)

pH P

(mg kg-1)

K

(mg kg-1)

Ca

(cmolc kg-1)

Mg

(cmolc kg-1)

Al

(cmolc kg-1)

BD

(kg dm-3)

Clay

(g kg-1)

Silt

(g kg-1)

Sand

(g kg-1)

Latosol 0–5 4.6 7.7 53 3.9 2.3 0.27 1.05 440 129 431

5–15 4.3 3.6 34 1.3 0.9 0.89 1.02 488 149 364

15–30 4.0 2.2 22 0.5 0.3 1.03 1.01 530 160 309

30–50 4.1 0.9 15 0.2 0.2 1.11 1.04 631 109 259

Cambisol 0–5 5.9 17.0 97 10.2 4.7 0.00 1.12 235 345 420

5–15 5.8 10.9 62 6.9 3.3 0.00 1.27 223 376 400

15–30 5.5 16.1 62 5.5 2.9 0.00 1.41 254 335 411

30–50 5.4 14.5 55 5.1 2.7 0.03 1.46 296 297 407

BD bulk density
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to 6, 9 and 12 mol l-1 H2SO4) allowed comparison of

oxidizable organic carbon extracted under increasing

oxidizing conditions (Walkley 1947). The amount of

oxidizible organic carbon determined using 5, 10, and

20 ml of concentrated sulphuric acid when compared

with total carbon concentration allowed separation of

total organic carbon into four fractions of decreasing

oxidizability (Chan et al. 2001):

Fraction 1 (F1): organic carbon oxidizible under

6 mol l-1 H2SO4 and corresponds

to the labile fraction of organic C;

Fraction 2 (F2): the difference in oxidizible organic

carbon extracted between 9 and

6 mol l-1 H2SO4 and corresponds

to the moderately labile fraction;

Fraction 3 (F3): the difference in oxidizible organic

carbon extracted between 12 and

9 mol l-1 H2SO4 and corresponds

to the slightly labile fraction. The

12 mol l-1 H2SO4 is equivalent to

the standard Walkley–Black method;

and

Fraction 4 (F4): residual organic carbon after reac-

tion with 12 mol l-1 H2SO4 when

compared with the total carbon

determined by the Leco combus-

tion method and corresponds to the

recalcitrant fraction of organic C.

The amounts of total organic C (TOC) in each C

fraction (ratio between each C fraction and TOC)

(Table 3) was calculated, as the ratio (F3 ? F4):

(F1 ? F2), which represents the predominant form of

C in the soil (if \1, the more labile form; if [1, the

more recalcitrant form). F1 and F2 fractions were

considered to be made up of more easily oxidizable

C, while F3 and F4 fractions were considered as being

made up of more recalcitrant organic compounds for

purposes of calculation and interpretation. The soil C

and N stock (Mg ha-1 assuming 1 cm thickness of

soil) were calculated by multiplying the C concen-

tration (g kg-1 soil) with bulk density of depth

interval (kg m-3).

A complete randomized design with soil orders

and C fractions as a factor was used. The data were

analyzed by ANOVA; Tukey’s studentized range test

was used to compare the mean differences between

soil orders and C fractions. Statistical analyses were

performed with SAEG, separately for all depth

classes, and differences were considered significant

at P \ 0.05. Pearson correlations at (P \ 0.05) were

established between clay contents and C stock and C

fractions.

Results

Table 1 shows the chemical and physical properties

of the Latosol and Cambisol at 0–50 cm. The Latosol

showed very strong acidity and the Cambisol medium

acidity and the contents of P, K?, Ca2? e Mg2? of

Cambisol were higher than Latosol. However, Al3?

was high in Latosol (Table 1). Total soil organic C

(TOC) content in each of the depths was higher in

Latosol than Cambisol. The C stock was high in

Latosol only above 15 cm. Total N content was also

statistically higher in Latosol than Cambisol; how-

ever there was no statistical difference in N stock

between soils at any of the depths (Table 2). The C

stock was positively correlated with clay content

(r = 0.96; P \ 0.05). The C stock in the entire 0–

50 cm of Latosol was 93.79 Mg ha-1 which repre-

sent 35% more than of Cambisol, and the total N

stock was 9.14 Mg ha-1 in the entire 0–50 cm of

Latosol and 8.56 Mg ha-1 in the Cambisol. TOC

Table 2 Contents and stocks of total soil organic C (TOC) and

total N of soils at different depths under cacao agroforestry

systems in Bahia, Brazil

Depth (cm) TOC (g kg-1) TOC (Mg ha-1 cm-1)

Latosol Cambisol Latosol Cambisol

0–5 35.80 a 26.13 b 3.76 a 2.93 b

5–15 21.90 a 12.40 b 2.23 a 1.57 b

15–30 16.60 a 6.70 b 1.68 a 0.94 a

30–50 13.22 a 5.57 b 1.35 a 0.81 a

Total N (g kg-1) Total N (Mg ha-1 cm-1)

Latosol Cambisol Latosol Cambisol

0–5 3.37 a 3.00 b 0.35 a 0.34 a

5–15 2.20 a 1.63 b 0.22 a 0.21 a

15–30 1.67 a 1.03 b 0.17 a 0.15 a

30–50 1.25 a 0.90 b 0.13 a 0.13 a

Values followed by different letters in the same row are

significantly different at P \ 0.05
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content and stock decrease with depth with a

corresponding reduction of around 60 and 70% at

the 30–50 cm depth in Latosol and Cambisol,

respectively. Total N also diminished with depth.

With regards to depth, an increase of magnitude of

the differences between soils was observed, with 22,

30, 44, and 40% more C stock in Latosol in relation

to Cambisol at depths of 0–5, 5–15, 15–30, and

30–50 cm, respectively (Table 2).

Average distribution of oxidizable C fractions of

the two soils were higher in Latosol than Cambisol,

exception was the fraction 3 (F3) which did not varied

between soils in all depths, and fraction 4 (F4) which

did not vary between soils at depth of 5–15 cm.

(Table 3). C stock of these fractions were positively

correlated with clay content (fraction 1 (F1): r = 0.92,

fraction 2 (F2): r = 0.91, F4: r = 0.73; P \ 0.05). In

general, for both soils, C fractions diminished with

depth, mainly for the F1, which was higher, around 50%

or more in shallower layers (0–5 and 5–15 cm) when

compared to deeper layers (15–30 and 30–50 cm)

(Table 3).

Greater variations among fractions were observed

at the depth closest to the surface (0-5 cm) in both

soils. At this depth, accumulated C in each fraction in

Latosol varied in this order: F1 [ F4 [ F2 [ F3.

However, in the Cambisol the order was almost the

same: F1 [ F4 [ F2 = F3. Beneath 5 cm the order

was: F1 [ F2 = F3 = F4 in both soils and the same

result was found beneath 15 cm for Latosol, while

for Cambisol the order was: F1 = F3 [ F2 = F4

(Table 3).

Fraction 1 (F1) content varied from 6.89 to

18.95 g kg-1 in Latosol and 3.29 to 14.58 g kg-1 in

Cambisol, equivalent to 52–55 % of TOC in Latosol

and 55–61% in Cambisol, based on the F1:TOC ratio.

TOC percentages represented by fractions F2, F3, and

F4 are different for the two soils: at 0–5 cm depth, F2,

F3, and F4 were 16, 6, and 25% of TOC in Latosol, and

11, 9, and 25% of TOC in Cambisol. At 5–15 cm

depth, contribution of F2 in Latosol and Cambisol was

20 and 15%, respectively, F3 was 13% and F4 around

12% in both soils. At 15–30 cm depth, F2 contributed

17 and 15%, F3 11 and 24%, and F4 17 and 3%, in

Latosol and Cambisol, respectively. Below 30 cm of

depth, in Latosol, F4 was the second more represen-

tative fraction (20%), followed by F2 (15%), and

F3 (13%), while in Cambisol the order was: F3

(31%) [ F2 (14%) [ F4 (4%).

Discussion

The soil orders investigated reveled strong differ-

ences in soil physical and soil chemical properties,

what suggest a potential for higher differences in soil

organic C and oxidizable C fractions accumulation

(Tables 1, 2). Average distribution of TOC and

oxidizable C fractions were influenced by soil

texture, since greater average of these forms of

carbon was verified in Latosol. Gama-Rodrigues et al.

(2005) in soils under eucalypt plantations found that

clay content was important as predictors of C and N

microbial biomass and explained about 77 and 93%

of the variation of C and total N, respectively. Galvão

et al. (2005), studying C and N fractions in function

Table 3 Oxidizable C fractions of soils at different depths

under cacao agroforestry systems in Bahia, Brazil

Depth

(cm)

Fraction Carbon

g kg-1 Mg ha-1 cm-1

Latosol Cambisol Latosol Cambisol

0–5 F1 18.95 Aa 14.58 Ab 1.99 Aa 1.63 Ab

F2 5.82 Ca 2.73 Cb 0.61 Ca 0.31 Cb

F3 2.14 Da 2.37 Ca 0.22 Da 0.26 Ca

F4 8.90 Ba 6.46 Bb 0.93 Ba 0.72 Bb

5–15 F1 12.10 Aa 7.61 Ab 1.23 Aa 0.97 Ab

F2 4.31 Ba 1.81 Bb 0.44 Ba 0.23 Bb

F3 2.82 Ba 1.55 Ba 0.29 Ba 0.20 Ba

F4 2.68 Ba 1.43 Ba 0.27 Ba 0.18 Ba

15–30 F1 9.09 Aa 3.80 Ab 0.92 Aa 0.53 Ab

F2 2.74 Ba 0.99 Bb 0.28 Ba 0.14 Ba

F3 1.92 Ba 1.67 Aa 0.19 Ba 0.23 Ba

F4 2.86 Ba 0.25 Bb 0.29 Ba 0.03 Bb

30–50 F1 6.89 Aa 3.29 Ab 0.72 Aa 0.48 Ab

F2 1.93 Ba 0.78 Ba 0.20 Ba 0.11 Ba

F3 1.79 Ba 1.72 Aa 0.18 Ba 0.25 ABa

F4 2.61 Ba 0.18 Bb 0.27 Ba 0.03 Bb

Values followed by different capital letters in the same column

and different letters in the same row are significantly different

at P \ 0.05

F1 organic carbon oxidizible under 6 mol l-1 H2SO4, F2 the

difference in oxidizible organic carbon extracted between

9 mol l-1 and 6 mol l-1 H2SO4, F3 the difference in oxidizible

organic carbon extracted between 12 mol l-1 and 9 mol l-1

H2SO4, F4 residual organic carbon after reaction with 12 mol

l-1 H2SO4 when compared with the total carbon determined by

the Leco combustion method
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of soil texture, also observed higher values of

oxidizable C fractions in more clayey soils.

The high soil C stock in both soils (0–50 cm) is a

consequence of deposition and subsequent turnover

of high amounts of litter, roots, and stump material

(Muñoz and Beer 2001; Montagnini and Nair 2004;

Oelbermann and Voroney 2007). The Total organic

carbon (TOC) stock in cacao ? gliricidia (Gliricidia

sepium) AFS in Indonesia amounted to 155 Mg C

ha-1 (0–100 cm soil depth) (Smiley and Kroschel

2008) and TOC reserves in cacao ? erythrina (Ery-

thrina poeppigiana) in Costa Rica was 240 Mg ha-1

(0–45 cm depth) (Fassbender et al. 1991). A cacao

alleycropping system in Costa Rica was reported to

contain 162 Mg C ha-1 in the 0–40 cm soil depth

(Oelbermann et al. 2006), and a West African cacao

AFS had 18.2 Mg C ha-1 in the 0–15 cm soil depth

(Isaac et al. 2005).

The fractions of organic carbon extracted under a

gradient in oxidizing conditions were significantly

different among soils (Table 3). However, the major-

ity of the differences were found in the most easily

oxidizable fraction, F1. Carbon of this fraction was

more labile (more easily decomposable) and for this

reason is linked to supply of organic residues in the

soil (Christensen 2000; Chan et al. 2001), which

explains greater differences of this fraction between

soils and with increase in depth, greater values in the

layer closest to the surface. Rangel et al. (2008) and

Andrade et al. (2005) also observed pronounced

reduction of levels of F1 with increase in depth.

Smaller variation of fractions F2, F3, and F4 was also

verified with increase in depth of the soil, which

suggests that these fractions are less sensitive to

changes in C quality across the soil profile. Studying

the influence of different types of pasture on resto-

ration of soil quality, Chan et al. (2001) observed that

most differences among pastures occurred in the

more easily oxidizable fractions, and only small

differences were detected in other fractions. Thus

greater variations in F1 verified in this work demon-

strated that monitoring this fraction might be used as

an indicator of change in quality of soil organic

material in agroforestry systems.

At all of the depths for both soils, more than half

of TOC in the soil was associated with the F1

oxidizable C fraction, the more easily oxidizable

fraction, which indicates greater predominance of

labile organic C in soil under cacao agroforestry

system. According to Roscoe and Machado (2002),

who studied labile C associated with F1 in soils with

elevated degradation level, the trend of the F1:TOC

ratio is to remain near 2%, while in well preserved

soils with large organic residue input, this level is

very much higher.

In this sense, predominance of F1 at all of the

depths of both soils studied, expressed by high

F1:TOC ratio values (above 50%), suggests that

cacao agroforestry system contributes to improving

organic C quality at and below the soil surface,

probably because of continuous deposition of high

amounts of litter in the soil and also by high

concentration of fine roots at the surface (0–15 cm)

(Muñoz and Beer 2001) and lignified coarse roots at

the subsurface (15–100 cm) (Gama-Rodrigues and

Cadima-Zevallos 1991) in cacao and shade tree.

These results are corroborated by the ratio

(F3 ? F4):(F1 ? F2), which varies between 0.3 and

0.5, also indicating the predominance of a more labile

form of C across the profile (0–50 cm) of the two

soils. Other research on oxidizable C fractions agrees

as well, generally demonstrating that agricultural

crops and/or land management systems that encour-

age more frequent additions of organic material to the

soil have higher levels of C in the labile fraction

compared to the recalcitrant fraction (Blair et al.

1995; Conteh et al. 1998; Chan et al. 2001). Studying

organic C fractions of soils used in different ways,

Barreto et al. (2008) verified that cacao agroforestry

system offered higher C levels in the more labile

fraction (light fraction).

Conclusion

The SOC and N stock and the C oxidizable fractions

were higher in Latosol that had higher levels of clay.

The C oxidizable fractions were greater in the surface

soil and the F1 (labile fraction) was a more sensitive

indicator of change in organic C quality. SOC in

cacao agroforestry systems was mainly the labile

form, which play an important role in nutrient cycling

process. Thus, the cacao agroforestry systems can

play an important role in environmental protection,

helping to mitigate the negative impacts of the

greenhouse effect, through storage of high amounts

of organic carbon in the soils.

Agroforest Syst

123



Acknowledgments The authors would like to acknowledge

Kátia R. Nascimento Sales of Soil Laboratory, North

Fluminense State University (UENF) for technical support in

soil sample analysis, and Volney Magalhães for technical
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atributos do solo entre plantações de Acacia mangium e

Eucalyptus grandis. R Bras Ci Solo 27:705–712

Agroforest Syst

123



Heanes DL (1984) Determination of total organic-C in soils by

improved chromic acid digestion and spectrophotometric

procedure. Commun Soil Sci Plant Anal 15:1191–1213

Isaac ME, Gordon AM, Thevathasan N, Oppong SK, Quashie-

Sam J (2005) Temporal changes in soil carbon and

nitrogen in west African multistrata agroforestry systems:

a chronosequence of pools and fluxes. Agrofor Syst

65:23–31

Lal R (2001) The potential of soil carbon sequestration in

forest ecosystems to mitigate the greenhouse effect. Soil

Sci Soc Am J 57:137–154

Lal R (2005) Forest soils and carbon sequestration. For Ecol

Manag 220:242–258

Larson WE, Pierce FJ (1991) Conservation and enhancement

of soil quality. In: Evaluation for sustainable land man-

agement in the developing world, vol 2. Technical papers,

ISBRAM Proceedings, no 12(2). International Board for

Soil Research and Management, Bangkok, Thailand

Leite LFC, Mendonça ES, Neves JCL, Machado PLOA, Gal-

vão JCC (2003) Estoques totais de carbono orgânico e

seus compartimentos em argissolo sob floresta e sob milho

cultivado com adubação mineral e orgânica. R Bras Ci

Solo 27:821–832

Longo RM, Espı́ndola CR (2000) C-orgânico N-total e sub-
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