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ABSTRACT — The aim of the present study was to evaluate the effect of eucalyptus plantations on total
organic C (TOC) and total N (TN) stocks as well as the C and N in the fulvic acid (FA), humic acid (HA),
humin (HU), light organic matter (LOM) and microbial biomass (MB) fractions in soils with different textures
in the eastern part of the state of Rio Grande do Sul, Brazil. Soil samples were collected from the 0-10-cm,
10-20-cm, 20-40-cm, 40-60-cm and 60-100-cm soil layers in a completely randomized experimental design
with subdivided plots. Under the eucalyptus plantation, clay loam soil presented lower HA, HU and MB C
stocks in the 0-100-cm soil layer compared to reference vegetation, whereas sandy soil presented higher
and C and N in HA and LOM as well as C in MB. The observed increase in TOC in eucalyptus plantations
was more pronounced in the surface soil layer (0-10 cm), i.e., approximately 150% higher than under native
vegetation, which was probably due to the high contribution of the eucalyptus litter. Differences in C and
N stocks in soil organic matter (SOM) fractions between eucalyptus plantations and areas with reference vegetation
were more pronounced in sandy soil, showing the capacity of the clay fraction to protect SOM.

Keywords: Eucalyptus; Microbial biomass; Humic substances.

FRACOES DA MATERIA ORGANICA EM SOLOS SOB POVOAMENTOS DE
EUCALIPTO REFORMADOS NO LESTE DO RIO GRANDE DO SUL

RESUMO — O objetivo desse trabalho foi avaliar o efeito do cultivo de eucalipto no estoque total de C orgdnico
(COT) e N total (NT), C e N associados as fragoes dcido fillvico (AF), acido humico (AH), humina (HU),
matéria organica leve (MOL) e biomassa microbiana (BM), em solos de diferentes texturas, no Leste do Rio
Grande do Sul. O delineamento adotado foi inteiramente casualizado em parcelas subdivididas. As amostras
foram coletadas nas camadas de 0-10, 10-20, 20-40, 40-60 e 60-100 cm. Em solo franco-argiloso, a drea
sob povoamento de eucalipto apresentou redugdo nos estoques de C associado ao AH, HU e BM em rela¢do
a vegetagdo de referéncia na camada de 0-100 cm. Por outro lado, no solo arenoso houve aumento nos
estoques de COT, NT, C e N associados a AH, HU, MOL e de C-BM. O aumento no estoque de COT foi principalmente
na camada de superficial (0-10 cm), aproximadamente 150 % em relag¢do a area de vegetagdo nativa, provavelmente
devido a grande contribui¢do do residuo do eucalipto. Ao comparar as dreas com eucalipto e areas de vegetagdo
de referéncia, no solo arenoso, nota-se altera¢ées de maior magnitude nos estoques de C e N associados
as fragoes da MOS, o que evidéncia a capacidade da fracdo argila em proteger a matéria orgdnica do solo.

Palavras-chave: Eucalipto; Biomassa microbiana; Substdncias humicas.
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1. INTRODUCTION

Soil organic matter (SOM) is an important indicator
of ecosystem sustainability because it is closely related
to soil characteristics and processes that directly and
indirectly affect the growth of forest species and is
an important global C reservoir. The soil C sequestration
potential of species such as eucalyptus has been
previously reported (Livesley et al., 2009; Festet al.,
2009).

Soil organic matter stocks increase due to shoot
and root litter input, the protection offered by the soil,
climate conditions, the action of decomposing
microorganisms and management practices, and soils
with higher clay content usually have a higher C
stabilization capacity (Six et al., 2002). Positive
correlations have been observed between soil C and
clay and silt+clay contents (Zinn et al., 2005), and because
more clayey soils tend to be more highly buffered against
variations in SOM than more sandy soils, they are less
affected by changes in soil use and management (Zinn
etal., 2002).

In addition to the stabilization offered by the soil,
the composition of deposited material may contribute
to SOM biochemical stabilization (Christensen, 1996).
Native forest litter is typically composed of residues
whose biochemical properties inhibit decomposition
(Khanna et al., 2001), and in eucalyptus plantations
in southern Bahia, litter accumulation has similarly
been attributed to lower contents of N and other nutrients
in residues as well as higher litter C/N, lignin/N and
(lignin + cellulose)/N ratios (Gama-Rodrigues and Barros,
2002). The high C/N ratio of these residues (between
approximately 30 and 100) may result in slower
decomposition (Skorupa, 2001), so in eucalyptus
plantations, there is a high input of plant residues during
the forest rotation and at the time of harvest.

The subsequent re-establishment of eucalyptus
plantations following harvest results in additional
disturbance due to the preparation for the new plantation,
which results in higher CO, efflux and decreased SOM
(Yanai etal., 2003; Chatterjee et al., 2008). These negative
effects are minimized by sawlog harvesting (Johnson
and Curtis, 2001).

In the present study, soils with different textures
from two regions in the eastern part of the state of
Rio Grande do Sul, Brazil, were compared to evaluate
the effects of eucalyptus plantation establishment in
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terms of the capacity of the soil mineral matrix to protect
SOM. The aim was to compare the total C and N stocks
in different SOM fractions under eucalyptus plantations
and reference vegetation.

2. MATERIALS AND METHODS

The study was performed in second-rotation
commercial plantations of Eucalyptus grandis in the
state of Rio Grande do Sul, where the climate is humid
subtropical (Koppen-Geiger climate classification: Cfa).
Soil samples were collected from adjacent areas under
eucalyptus and native vegetation to perform a paired
comparison of the different land uses. Additionally,
samples were collected under eucalyptus and native
vegetation in two distinct regions presenting different
soil textures: sandy and clay loam.

The Barba Negra Forest Plantation (30° 24 5" S
latitude and 51° 9’ 56" W longitude), which is located
in the municipality of Barra do Ribeiro, presents sandy
soil that is classified as Quartzarenic Neosol. Eucalyptus
plantations were established at this site in April 1987
(first rotation/14-year cycle) and re-established in 2001,
and sampling was performed during the second rotation,
4 years after re-establishment. The native vegetation
is coastal restinga forest with sparse exuberant plant
cover composed of marine-influenced pioneer vegetation
(Leite and Klein, 1990).

The Quitéria Forest Plantation (30° 00’ 40" S latitude
and 51°49° 3" W longitude), which is located in the
municipality of Sao Jerénimo, presents clay loam soil
that is classified as typical Haplic Cambisol. This
eucalyptus plantation was established in January 1985
(first rotation/19-year cycle) and re-established in January
2004, and sampling was performed during the second
rotation, 1 year after re-establishment. The native
vegetation is a grass-shrub steppe with gallery forest
(Teixeira et al., 1986).

Following deforestation in both regions, the soils
were planted with annual crops and pastures for at
least 30 years before the establishment of eucalyptus
plantations.

Soil samples were collected from the 0-10-cm, 10-
20-cm, 20-40-cm, 40-60-cm and 60-100-cm soil layers
under eucalyptus and native vegetation. A representative
20-30-ha plot of eucalyptus forest and an area of native
forest vegetation were selected for sampling. Four
replicate 50x50-m plots were defined in each area, and
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5 subsamples were collected in each plot in 2005. The
samples were air dried, sieved through a 2-mm mesh
and chemically characterized. The clay loam soil presented
the following characteristics: pH (H,0): 4.50; 0.5 cmol_
dm= Ca*;0.17 cmol _dm™Mg™; 2.15 cmol dm™ APP*;
14 cmol dm? (H* + AP%); 25 mg dm™ P; 169.3 mg dm™
K;and 14.7 cmol dm’ CEC,,,,- The sandy soil presented
the following characteristics: pH (H,0): 4.14; 0.04 cmol_
dm™ Ca*"; 0.1 cmol_dm=Mg™; 1.01 cmol dm? AP**;
3.15 cmol_dm? (H* + AP*); 15 mg dm? P; 20.2 mg dm™
K; and 3.3 cmol_dm? CECpH o

In each plot, a 1.2 m-deep trench was excavated
for the collection of undeformed soil samples.

Samples of accumulated plant residues were
collected from each plot in the eucalyptus plantation
and native forest areas with a 0.50-m? quadrat. Following
the determination of the total weight of the matter inside
the quadrat. Subsamples were collected to determine
the soil moisture.

Total organic carbon (TOC) was determined
according to Yeomans and Bremner (1988), and total
nitrogen (TN) was measured using the Kjeldahl method
as modified by Tedesco et al. (1985). Humic substances

(HS) were separated into humic acid (HA), fulvic acid
(FA) and humin (HU) by chemical fractionation (SWIFT,
1996), and the free light organic matter (LOM) was
determined according to Sohi et al. (2001). Microbial
C and N biomass (C-MB and N-MB) was determined
using the irradiation-extraction method (ISLAM; WEIL,
1998). The C and N in all SOM fractions were determined
according to Yeomans and Bremner (1988), and total
nitrogen (TN) was measured using the Kjeldahl method
as modified by Tedesco et al. (1985). For each soil
layer, the C and N stocks in the SOM fractions were
calculated by multiplying the C and N concentrations
(g kg") by the soil weight under the reference vegetation,
and the reference soil weight was obtained by
multiplying the thickness of each soil layer (m) by
its density (kg dm™) and volume (dm?): soil weight=(soil
layer thickness in cm)x(soil volume in dm?)x(soil density
in kg dm?). The total C and N stocks were calculated
for the 0-10-cm, 0-20-cm, 0-40-cm, 0-60-cm and 0-100-
cm soil layers.

The data were subjected to an analysis of variance
followed by Fisher’s protected LSD test (p<0.05) (STEEL
et al., 1996) assuming a completely randomized
experimental design with subdivided plots (soil texture

Table 1 — Textural fractions and density in different layers of sandy soil and clay loam.
Tabela 1 — Fragoes texturais e densidade nas diferentes camadas do solo arenoso e franco-argiloso.

Horto Florestal Soil layer Coarse sand Fine sand Silt Clay
(cm ) dag kg .o

0-10 90 4 1 5

10-20 94 2 2 2

Barba Negra 20-40 94 4 0 2
Mata 40-60 91 7 0 2
60-100 97 2 0 1

0-10 92 5 1 2

10-20 94 4 0 >

Barba Negra 20-40 91 7 1 1
Eucalyptus 40-60 92 7 0 1
60-100 91 8 0 1

0-10 37 5 12 46

o 10-20 27 9 16 48
Quitéria 20-40 26 1 4 69
Mata 40-60 22 2 10 66
60-100 24 2 11 63

0-10 35 7 22 36
o 10-20 43 10 13 34
Quitéria 20-40 35 9 20 36
Eucalyptus 40-60 44 9 16 31
60-100 61 5 11 23
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in the main plot and soil use in the sub-plots). The
data for each soil layer were analyzed separately using
SAEG 9.0 software.

3. RESULTS

For the clay loam soil, no significant differences
were observed in the TOC and TN stocks between
eucalyptus plantations and native vegetation (p<0.05).
For sandy soil, soil TOC and TN were significantly
higher under eucalyptus plantations than under native
vegetation to a depth of 60 cm for TOC and 20 cm for
TN (p<0.05) (Figure 1).

Clay loam soil presented significantly lower C in
the HA (C-HA) and HU (C-HU) fractions in the 0-100-
cm soil layer under the eucalyptus plantation than under
the native vegetation (Figure 2), but there were no
significant differences in N-HA and N-HU (Figure 3).
Sandy soil presented higher C-HA and N-HA in the
0-100-cm soil layer under the eucalyptus plantation
than under the reference vegetation, and no significant
differences were observed in the HU fraction.

Soares EMB et al.

For the clay loam soil, no significant differences
were observed in the LOM C and N (C-LOM and N-
LOM, respectively) between the area cultivated with
eucalyptus and that with the reference vegetation. For
sandy soil, C-LOM was higher under the eucalyptus.

Clay loam soil presented lower microbial biomass
C (C-MB) in the 0-60-cm soil layer under the 1-year-
old second rotation eucalyptus plantation than under
the reference vegetation. Sandy soil presented higher
C-MB under the eucalyptus plantation than under the
reference vegetation (Figure 4).

Differences in the C and N stocks in the SOM
fractions between eucalyptus plantations and areas
with reference vegetation were more pronounced in
sandy soil.

On average, the C and N storage capacity in
the 0-100-cm clay loam soil layer under native
vegetation was 5 times higher than that of the sandy
soil. Under the eucalyptus plantation, the TOC in
the 0-100-cm soil layer was significantly lower in

CLAY LOAM SANDY
TOC, Mg ha -!
0 50 100 150 200 250 O 50 100 150 200 250
0-10 mm Mata
C—3 Eucalipto
0-20
0-40
. 0-60
E 0-100 aB
Tt
]
)
<
- 4 6 8 10 12
@ 0-10
0-20
0-40 aA
0-60 aA
0-100

Figure 1 — Total organic C (TOC) and total N (TN) stocks in clay loam and sandy soil under native vegetation or a eucalyptus
plantation. Different lower-case letters indicate significant differences between different land uses for each soil
layer of each soil type, and different upper-case letters indicate significant differences between soil types for
each land use within each soil layer, according to Fisher’s protected LSD test, p<0.05.

Figura I — Estoques totais de C organico (COT) e N (NT) em solo franco-argiloso e arenoso, sob mata nativa e eucalipto.
Meédias entre os usos do solo, em cada solo, dentro de cada camada, com letras minusculas iguais ndo diferem
estatisticamente. Médias entre os tipos de solo, para cada uso, dentro de cada camada com letras maiusculas
iguais nao diferem estatisticamente. Teste de DMS de Fisher protegido ao nivel de 5 %.

Revista Arvore. 2017;41(1):e410107
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CLAY LOAM

SANDY

C-FA, Mg ha-!

60

30 45 60

0-10
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0-40
0-60

0-100

. Mata
— Eucalypt

80

0-10
0-20
0-40
0-60

Soil layer (cm)

0-100

100

0-10
0-20
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Figure 2 — The C stocks in the fulvic acid (C-FA), humic acid (C-HA) and humin (C-HU) fractions in clay loam and sandy
soil under native vegetation or a eucalyptus plantation. Different lower-case letters indicate significant differences
between different land uses for each soil type within each soil layer, and different upper-case letters indicate
significant differences between soil types for each land use within each soil layer, according to Fisher’s protected

LSD test, p<0.05.

Figura 2 — Estoques de C associados as fragées dcido fulvico (C-AF), acido humico (C-AH) e humina (C-HU) em solo
franco-argiloso e arenoso, sob mata nativa e eucalipto. Médias entre os usos do solo, em cada solo, dentro
de cada camada, com letras minusculas iguais ndo diferem estatisticamente. Médias entre os tipos de solo,
para cada uso, dentro de cada camada com letras maiusculas iguais ndo diferem estatisticamente. Teste de

DMS de Fisher protegido ao nivel de 5 %.

the sandy soil (74 Mg ha!) than the clay loam soil
(167 Mg ha!) (p<0.05), and C-HA and C-HU were
significantly higher in clay loam than sandy soil,
under both the eucalyptus plantation and the native
vegetation (p<0.05; Figure 2).

In contrast with the TOC and C in the HS (FA,
HA and HU), the C-LOM in the 0-100-cm soil layer
under eucalyptus plantation was higher in sandy soil
(9.8 Mg ha')than clay loam soil (3.5 Mg ha™), although

SIIF

the deposition of eucalyptus litter was approximately
20% higher in clay loam soil (Figure 4).

4. DISCUSSION

The observed TOC recovery in sandy soil may
have been due to the high residue input resulting
from high eucalyptus productivity resulting from the
favorable climate conditions in the study region of
the state of Rio Grande do Sul as well as genetic material

Revista Arvore. 2017;41(1):e410107
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SANDY

N-FA, Mg ha-!

0.0 0.8 1.6 24

E Mata
—1 Eucalypt

N-HA, Mg ha-1

0.0 0.8 1.6 24 32

Soil layer (cm)

0-10

0-20
0-40
0-60
0-100

aA

I

Figure 3 — The N stocks in the humic substances (HS), i.e., the fulvic acid (N-FA), humic acid (N-HA) and humin (N-
HU) fractions, in clay loam and sandy soils under native vegetation or a eucalyptus plantation. Different lower-
case letters indicate significant differences between different land uses for each soil type within each soil layer,
and different upper-case letters indicate significant differences between soil types for each land use within each
soil layer, according to Fisher’s protected LSD test, p<0.05.

Figura 3 — Estoques de N associados as fra¢ées das substancias humicas, dcido fulvico (N-AF), dacido humico (N-AH) e
humina (N-HU) em solo franco-argiloso e arenoso, sob mata nativa e eucalipto. Médias entre os usos do solo,
em cada solo, dentro de cada camada, com letras minusculas iguais ndo diferem estatisticamente. Médias entre
os tipos de solo, para cada uso, dentro de cada camada com letras maiusculas iguais ndo diferem estatisticamente.
Teste de DMS de Fisher protegido ao nivel de 5 %.

with higher growth potential (E. grandis). Additionally,
the higher total C and N stocks in sandy soil may
have been due to the lower primary productivity of
the native vegetation (restinga forest) compared to
the eucalyptus plantations, which resulted in lower
organic material inputs to the soil. A total C stock
(plant+soil) of 14.15 tha'! year! was previously reported
for an 84-month-old eucalyptus plantation (Gatto et
al.,2010).

Revista Arvore. 2017;41(1):e410107

Considering the total increase in C in the eucalyptus
plantation relative to the reference vegetation and the
number of years of eucalyptus cultivation (18 years),
the average total soil C increase rate in the 0-100-cm
soil layer was 1.8 Mg ha'year'.

The observed increases in the C content of deeper
soil layers indicate the root C input contributions from
senescence, turnover and exudation (Rasse et al., 2005).

SIIF
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CLAY LOAM SANDY
a) C-LOM, Mg ha-l
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0-20

0-40

0-60

Figure 4 — The a) light organic matter (C-LOM and N-LOM) and b) microbial biomass (C-MB and N-MB) C and N stocks
in clay loam and sandy soil under native vegetation or a eucalyptus plantation. Different lower-case letters indicate
significant differences between different land uses for each soil type within each soil layer, and different upper-
case letters indicate significant differences between soil types for each land use within each soil layer, according
to Fisher’s protected LSD test, p<0.05.

Figura 4 — Estoques de C e N associado matéria organica leve (C-MOL e N-MOL) — a) e associados a biomassa microbiana
(C-BM e N-BM) — b), em solo franco-argiloso e arenoso, sob mata nativa e eucalipto. Médias entre os usos
do solo, em cada solo, dentro de cada camada, com letras minusculas iguais ndo diferem estatisticamente.
Meédias entre os tipos de solo, para cada uso, dentro de cada camada com letras maiusculas iguais ndo diferem
estatisticamente. Teste de DMS de Fisher protegido ao nivel de 5 %.
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A study in the coastal region of the state of Espirito
Santo suggested that C originating from eucalyptus
roots from the previous rotation was transferred to
SOM over time (Pegoraro etal., 2011). In most plantations,
TOC stocks increased until the plantation was three
years old, and the average C storage was higher in
the 0-60-cm soil layer, which had a higher density of
old roots, especially in areas conducted under coppice
(Pegoraro etal., 2011).

The lower C-HA and C-HU observed in the clay
loam soil under the eucalyptus plantation (Figure 2)
likely resulted from the applied forestry practices,
especially from disturbances caused by the harvest
and the preparations for plantation re-establishment
at the end of the first rotation, that disrupted the soil
structure and the protection provided by soil aggregates
(Devine et al., 2014). In early rotation eucalyptus
plantations, such as the clay loam soil in this study
(one year after re-establishment), shoot contributions
to the litter are low. However, residues originating from
the first rotation may contribute to minimizing decreases
in C relative to the original vegetation (Jesus et al.,
2015; Epronetal., 2015). Following harvest, CO, efflux
has been shown to increase, and SOM has been shown
to decrease (Yanai et al., 2003; Chatterjee etal., 2008),
but these negative effects may be minimized by sawlog
harvesting (Johnson and Curtis, 2001).

The studied sandy soil was planted with eucalyptus
for 18 years with a relatively long period with little
anthropic interference during the first rotation (14 years),
during which C deposition via litter and roots may
have been high. Mambelli et al. (2011) demonstrated
the importance of Pinus leaf and root residue inputs
for SOM formation and showed that the selective
preservation of plant polymers may be a secondary
process of C and N stabilization.

The fact that the contribution to the HA and HU
fractions was higher in the sandy soil, which has a
low potential for physical and colloidal SOM stabilization,
may have been due to the contribution of material from
the first rotation plantation that had been partially
decomposed by the microbial community. In fact, evidence
of the direct contribution of partially decomposed and
stabilized plant material was observed in A horizon
samples from Chernosol soils in temperate regions
(Kelleher et al., 2006). Soares et al. (2013) studied sandy
soils under eucalyptus plantations in the state of Espirito

Revista Arvore. 2017;41(1):e410107
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Santo using 3*C NMR (nuclear magnetic resonance)
and observed the contribution of compounds of probable
lipid origin to the HA fraction, which may originate
from eucalyptus residues and/or microbial activity. This
accumulation was observed in all eucalyptus plantations
(sandy and clayey soils), when compared to the local
native vegetation.

In the sandy soil area, in addition to the deposition
of C from the previous rotation cycle, litter residues
had also been deposited into the soil at the time of
plantation re-establishment, four years earlier, and
during the current rotation, which may have contributed
to more pronounced increases in the LOM in the surface
soil layers. Light organic matter stocks are frequently
regulated by the quantity and quality of the material
input to the soil, which are frequently higher in more
productive systems (Lima et al., 2008) with organic
residue application (Soares et al., 2008), decreased
soil inversion, and crop rotation (Bayer et al., 2006).
Ashagrie et al. (2005) observed decreased C and N
stocks in LOM 21 years after the conversion of a
Podocarpus-dominated mixed natural forest into a
eucalyptus plantation in clayey soil in Ethiopia. In
turn, Lima et al. (2006) observed that free LOM was
the fraction most sensitive to changes caused by
eucalyptus plantations established on degraded
pastures.

The SOM storage capacity was higher for the clay
loam soil, which probably resulted from higher C input
from plant biomass due to the higher forest production
potential and the higher physical and chemical
stabilization of SOM due to the higher clay content.
Most tropical soils present clay fractions with high
oxide contents that play an important role in SOM
stabilization (Wiseman and Putmann, 2005; Kleber et
al., 2005).

Eucalyptus plantation establishment resulted in
more pronounced increases in C-LOM in the 0-100-
cm soil layer of sandy soil compared to clay loam. This
was likely due to the longer time since plantation re-
establishment in sandy soil (four years); i.e., the plantation
in sandy soil was in a stage of higher litter deposition.
Additionally, the disturbances caused by harvest and
re-establishment may have already been reduced. Chaer
etal. (2007) observed that the soil quality under a first-
rotation eucalyptus plantation (11 years) was similar
to that of the soil in a reference native forest and that
management systems that prioritized organic matter

SIIF
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conservation and decreased soil inversion during
plantation re-establishment also positively affected
microbial characteristics.

Santana et al. (2008) summarized eucalyptus shoot
production data for different regions in Brazil and found
that shoot biomass production varied between 4.7 Mg
ha'and 9.7 Mg ha! in 1-year-old plantations and between
41 Mg ha' and 144 Mg ha! in 4-year-old plantations.
Therefore, C-LOM stocks were in a recovery stage
due to higher litter input, which is a C source for soil
microorganisms that resulted in higher MB. Due to
its accumulation in more superficial soil layers, C-LOM
may be rapidly lost during plantation re-establishment,
depending on the forestry practices.

In the sandy soil, eucalyptus residues may have
served as a substrate for soil microorganisms. This
high C input in residues may be higher than the
decomposition capacity of soil microorganisms, resulting
in the accumulation of partially decomposed materials.
This has been observed in soils under no tillage crop
rotations, which receive high residue input to the soil
(Dieckow, 2003) and may explain the higher C-MB stock
in the 0-60-cm sandy soil layer (0.46 Mg ha!) compared
to the clay loam soil (0.27 Mg ha'!). Under reference
vegetation, C-LOM and C-MB stocks were higher for
the clay loam soil. Soil aggregation capacity (Wagner
etal., 2007) is one of the main factors regulating the
size of the microbial population (Navarro-Garcia et al.,
2012).

5. CONCLUSIONS

1. In sandy soil, second-rotation eucalyptus
plantations four years after re-establishment exhibited
higher C and N stocks in the 0-100-cm soil layer as
well as higher C in the humic acid, humin, light organic
matter and microbial biomass fractions and N in the
humic acid, humin and light organic matter fractions
when compared to a resting forest.

2. On clay loam soil, one-year-old second-rotation
eucalyptus plantations presented soil C and N stocks
similar to those of the reference vegetation.

3. The clay loam soil presented a higher C storage
potential.

4. Under eucalyptus plantations, the C stocks in
more labile fractions, such as LOM and MB, were higher
in sandy soil.
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