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RESUMO

LIMA, Augusto Miguel Nascimento, D Sc., Universidadrederal de Vigosa, abril de 2008.
Fracbes da matéria organica do solo sob povoamentae eucalipto no Brasil e
simulagédo de sua dinamica com modelos processudirientador: Ivo Ribeiro da Silva.
Co-Orientadores: Eduardo de Sa Mendoncga e NairdimndeeBarros.

O sequestro de C no solo constitui uma importaigenativa para minimizar o aumento
de CQ da atmosfera. O reflorestamento com eucalipto Brasaanteriormente ocupadas por
cultivos agricolas e pastagens mal manejadas nsil Braimas das estratégias recomendadas
para mitigar a emissao de gases do efeito estudagpatmosfera. Apesar de praticas de manejo
adequadas para obtencdo de produtividade satisfal®madeira ser utilizadas nos plantios de
eucalipto, pouco se sabe sobre o impacto desséisapragricolas nos estoques de matéria
organica do solo (MOS) nas principais regides refitadas do Brasil. Assim, os objetivos deste
estudo foram: i) avaliar o impacto do cultivo de&ipto nos estoques de C e N de fracdes da
MOS, até a profundidade de 1 m, em solos de difesetexturas em relacdo aqueles sob mata
nativa, pastagem e cana-de-acucar no estado dd’&#o; ii) avaliar a dinamica da MOS
utilizando o modelo Century para simular os esteqie C organico do solo (COS) em duas
cronosequéncias de plantacdes de eucalipto e enmemntiés ordens de solos, assim como, avaliar
o impacto da remocédo da casca do eucalipto dadé@gdantio apos a colheita nos estoques de
COS em Minas Gerais e, iii) calibrar o modelo FAINC para simular a dinamica da MOS em
plantacdes de eucalipto, pastagem e mata natiaéizadas nas principais regides reflorestadas
do Brasil (Sdo Paulo — SP, Espirito Santo - ES,abliberais - MG e Bahia - BA). Para
responder ao primeiro objetivo, foram selecionagdantacdes comerciais de eucalipto
localizadas adjacentes a areas de mata nativaegkoftlantica e Cerrado), pastagem e cana-de-
acucar em dois grandes grupos de solos: argilo&6%t de argila) e arenoso (£ 9% de argila).
Assim, para cada solo sob distintos usos foranrmétados os estoques de C organico total
(COT) e N total (NT), C e N nas substancias hum(&$), na fracdo leve (FL) e na biomassa
microbiana (BM) nas camadas de 0-10, 10-20, 2044060 e 60-100 cm. Os resultados
indicaram que os solos argilosos, em média, api@sen maiores estoques de C e N nas fracdes
da MOS em relacéo aos solos arenosos. Os soldssasysob eucalipto apresentaram maiores
estoques de COT (146,6 tHaC nas SH (139,1 t Hae na FL (6,9 t 9 que o solo sob
pastagem (COT = 123,4 t haC nas SH = 109,9 t Hae na FL = 3,4 t h§ e cana-de-acUcar
(COT =127,1 t hd, SH = 119,9 t h4 FL = 3,7 t hd) até a camada de 100 cm. N&o houve

diferencas nos estoques de NT entre eucaliptoagest e cana-de-acucar no grupo de solos

vii



argilosos e arenosos. Todos o0s usos do solo apmess@nmenor estoque de N nas fracoes
hdamicas em relagcdo ao solo sob mata nativa, nadzama 0-60 cm, no grupo dos solos
argilosos O solo sob eucalipto apresentou maior estoque da KL (0,16 t hd) que o solo sob
pastagem (0,08 t Ha e cana-de-actcar (0,10 thHaté a camada de 60 cm. Os solos arenosos
sob eucalipto, pastagem e cana-de-acucar apremantaenores estoques de C nas SH, fracédo
acidos fulvicos (FAF) e fragdo acidos humicos (FAsr) relagdo ao solo sob floresta nativa até
a camada de 100 cm. Um comportamento similar fsenkado para os estoques de C e N da FL
em todas as camadas do solo estudadas. Para atisggundo objetivo, foram avaliados solos
de duas cronosequéncias, formadas por areas quadéroultivadas com eucalipto durante 4,0;
13,0; 22,0; 32,0 e 34,0 anos em Belo Oriente (B8)0e 19,0 e 33,0 em Virgindpolis (VG). Os
resultados indicaram que os estoques de C simugalosnodelo Century decresceram apos 37
anos de pastagens mal manejadas e que foram iegdaneém areas anteriormente ocupadas por
mata nativa em BO e VG. O estabelecimento do eaioadim areas de pastagens resultou no
acréscimo de 0,28 e 0,42 thand' de C em BO e VG, respectivamente. Os estoquesrdes C
distintas ordens de solos foram adequadamenteagkigrpelo modelo Centu(RMSE = 20,9;

EF = 0,29), apesar de resultado oposto ter sidalmisom o uso do teste de identidade de
métodos analiticos proposto por Leite & Oliveir@dQ) A manutencdo da casca do eucalipto
apos a colheita resulta no aumento do sequestf me solo. Para atingir o terceiro objetivo,
comparou-se os estoques medidos de COT do solas G, na FL e na BM com os estoques
de C nessas fracdes simulados pelo modelo FullG@#/esultados indicaram que no ES e BA
os estoques de COT simulados decresceram 0,370e B8 and’, respectivamente, apds o
estabelecimento do eucalipto em &reas anteriornmupadas por pastagem bem manejada.
Similar comportamento foi observado em SP, ondest@ques simulados de COT, C nas SH e
na FL decresceram apos substituicdo da florestaanpbr eucalipto. Por outro lado, apds 33
anos de cultivo com eucalipto os estoques de C@ieataram 5,6% em relacdo ao Cerrado no
Vale do Jequitinhonha — MG. O modelo FullCAM desere satisfatoriamente os estoques de
COT (EF=0,74) e SH (EF= 0,65). Assim, o modelo €AM constitui uma ferramenta

apropriada para simular mudancas no C do solo@pflerestamento com eucalipto.
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ABSTRACT

LIMA, Augusto Miguel Nascimento, D Sc., Universiga&ederal de Vigosa, April, 20080il
organic matter fractions under eucalypt plantationsin Brazil and simulation of their
dynamics with mecanistic modelsAdviser: Ivo Ribeiro da Silva. Co-Advisers: Eduami®
Sa Mendonca and Nairam Félix de Barros.

Soil C sequestration is one of the most importétetraatives to minimize COemissions
to the atmosphere. Eucalypt afforestation of poamgnaged pastures and agriculture lands in
Brazil is among the most attractive strategies ttigate greenhouse gas emissions to the
atmosphere. Despite the utilization of adequate agament practices to obtain high wood
productivity, information on their impact on soiiganic matter (SOM) stocks in areas afforested
with eucalypt in Brazil is scarce. Thus, the aimhshis study were: i) to evaluate the impact of
short-rotation eucalypt cultivation on C and N &®of SOM fractions, up to 1 m deep, in soils
with contrasting textures in comparison to thosdemmative forest, pasture and sugar cane in
the Sdo Paulo State, Brazil; ii) to evaluate SOMadyics utilizing the Century model to
simulate SOC stocks in two eucalypt chronosequereesfor different soils orders. It was also
simulated the impact of eucalypt debarking on dileing the harvest on SOC stocks in the
Minas Gerais State, Brazil and, iii) to calibratee tFUllCAM model to simulate the SOM
dynamics in short-rotation eucalypt plantationstpee and native forest located in four eucalypt
growing states of Brazil (Sdo Paulo — SP, Esp8&ato — ES, Minas Gerais — MG, and Bahia —
BA). To accomplish the first aim, we selected conuia eucalypt plantations located nearby
native forest (Atlantic forest or Cerrado), pastaral sugar cane in two soil groups: clayey (+
66% of clay) and sandy (x 9% of clay). So, for thesil it was determined the total organic C
(TOC)and total N (TN) stocks, and C in the humibstances (HS), in the light fraction (LF),
and in the microbial biomass (MB) in the 0-10,2M-20-40, 40-60 and 60-100 cm layers. The
results showed that the clayey soils, in genemmehhigher C and N stocks in SOM fractions
than the sandy soils. The eucalypt soil has a taF¥C stock (146.6 t 8, and stocks of C in
the humic substances (HS) (139.1 tthaand in the LF (6.9 t A3 than those under pasture
pasture (TOC = 123.4 t HaHS = 109.9 t H3 LF = 3.4 t hd) and sugar cane soil (TOC = 127.1
t ha', HS = 119.9 t H4 LF = 3.7 t hd), up to 100 cm deep, in the clayey soils grouperéh
were no differences in the TN stocks among eucapgiture and sugar cane soils in both clayey
and sandy soil groups. All soil uses led to lowestblcks in humic fractions as compared to the
native forest soil up to the 60 cm depth. The eutadoil had higher N stock in the LF (0.16 t

ha') than the pasture (0.08 tHaand sugar cane (0.10 tHasoil, up to 60 cm deep. In the sandy
IX



soils group, the eucalypt, the pasture and thersteyge soils had lower C stocks in HS, fulvic
acid fraction (FAF), and humic acid fraction (HARan the native forest soil up to 100 cm deep.
A similar pattern was observed for the C and Nlsgtdn the LF throughout the soil profile. To
undertake our second aim, two chronosequencesasestructed by selecting areas under short-
rotation eucalypt cultivation for 4.0, 13.0, 2232.0 and 34.0 years in Belo Oriente (BO) and
8.0, 19.0 and 33.0 in Virginopolis (VG). The resulidicated that the C stocks simulated by the
Century model decreased after 37 years of pooupastanagement in areas originaly covered
by native forest in the BO and VG regions. The stligon of poorly managed pastures by
short-rotation eucalypt in the early 70's led toaarrage increase of 0.28 and 0.42't hea*

of C in BO and VG, respectively. The measured €bistocks under eucalypt cultivated in
distinct soil orders in independent regions witlstidict edapho-climatic conditions closely
resemble the values estimated by the Century mpdet mean square error - RMSE = 20.9;
model efficiency — EF = 0.29) despite the oppostault obtained with the statistical procedure
to test the identity of analytical methods (Leitel@liveira, 2000). Using the calibrated model it
was found that the maintenance of eucalypt barkitnafter harvesting resulted in an increase
in C sequestration by the soil. The third aim wesoanplished by comparing the observed TOC
stocks, and C stocks in the HS, the LF and the NiB tlie C stocks in these fractions simulated
by the FullCAM. The results showed that in ES amd Bhe simulated TOC stocks decreased
0.37 and 0.30 t Wayeaf, respectively, after the short-rotation eucalypéssablishment in
formerly well managed pastures. A similar patteaswbserved in SP where the simulated TOC
stocks, and stocks of C in HS and in LF decreafted i@placement of native forest by eucalypt.
On the other hand, after 33 years of eucalypt\atittn the TOC stocks increased 5.6 % in
relation to Cerrado in the Jequitinhonha Valley -6MThe FullCAM model satisfactorily
described the TOC stocks (EF=0.74) and HS (EF=)0%®&, the FullCAM model constitutes an

appropriate tool to simulate the changes in sa@ft€r eucalypt afforestation.



GENERAL INTRODUCTION

The forestry plantations in areas previously ocedpby poor managed
agricultural and pasture is admitted a potentiatative in order to decrease the gases
emission to the atmosphere where it is inserteétierKyoto protocol. Additionally, the
Brazilian forestry sector drove just in 2005 abbl8$ 27.8 billion (SBS, 2007) and
employed about 4.6 million of people emphasizingoaits economical and social
importance (CIB, 2008).

In Brasil, the majority of forestry area is consti#d mostly by eucalypt where it
occupies more than 3.7 million of ha (ABRAFLOR, ZD0OIn spite of the fact that
intensive management practices applied to shaatioot eucalypt plantations may
guarantee rapid growth and high economic retuitike Is known about the eucalypt
afforestation influence on soil organic carbon fiats dynamics and its sustainability
(Ashagrie et al., 2005).

The global soil carbon pool is the second largespd®l in the earth if
considered the fossil fuel reserve (Lal, 2004).sTiighlight importance of soil organic
matter (SOM) in the C cycling, because little chemgn soil C stocks may have a
significant effect upon greenhouse gas emissiongetennial cultures, such as forestry,
the SOM pools are narrowly related with long tenmduction sustainability due to soll
quality (Mendham et al., 2004). Recently it wasniduhat SOM content is the soll
characteristic that better correlated with the gytgoroductivity (Menezes, 2005). The
SOM is very complex constituted of some fractioc@nipartments) with residency time
varying of days, months (microbial biomass) untillions of years (humic substances).
In the majority of soils, the more recalcitrantrfar are domain in quantitative term and,
therefore, constituting in a compartment with intpat function in carbon sequester in
soil (Stevenson, 1994).

Changes in soil C following afforestation are gafgrslow and often small
compared with the initial amount (Paul et al. 20029, the utilization of simulation
models constitutes a good device to enhance owerstahding about theses factors and,
hence, establishing of management more adequatticesato litter and soil organic
matter maintenance (lzaurralde et al.,, 2006). Despie potential application of
models, however, data on SOM dynamics in many Baaziregions under short-
rotation eucalypt plantations are rare and theneoisystematic study to evaluate the
medium and long term soil C cycling and the C bedain these forests.



Thus, the aims of this study were: i) to evaluae ¢ucalypt impact on C and N
stocks of SOM fractions up to 1 m deep in soilshvabntrasting texture in comparison
to native forest, pasture and sugar cane in thePa@ito State, ii) to evaluate the SOM
dynamics utilizing the Century model to simulate (SQtocks in two eucalypt
chronosequences and different soils orders asasdlb evaluate the impact of eucalypt
bark removal from site after harvesting on SOClgtan the 0-20 cm layer in the Minas
Gerais State and, iii) to calibrate the FullCAM rebtb simulate the SOM dynamics in
eucalypt plantations, pasture and native forestimtin the main afforested regions of
Brazil (Sao Paulo — SP, Espirito Santo — ES, MBasais — MG, and Bahia — BA).
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CHAPTER |
CHANGES IN ORGANIC CARBON AND NITROGEN POOLS AFTER
EUCALYPT ESTABLISHMENT IN SOILS WITH CONTRASTING
TEXTURES IN SAO PAULO STATE, BRAZIL

ABSTRACT

Planting short-rotation eucalypt is a rapidly exgiag activity in Brazil, but its
impact on soil carbon (C) and nitrogen (N) poolsia well known. Thus, this study
aimed at evaluating the influence of eucalypt gation (four rotations) on total organic
C (TOC) and total N (TN) stocks and C and N staoksumic fractions (HS), in light
fraction (LF), and in microbial biomass (MB) poaswn to 1 m deep in comparison to
the native forest, pasture, and sugar-cane sodsnrain eucalypt cultivation region of
Sé&o Paulo state, Brazil. We selected commerciat-sbtation eucalypt stands located
adjacent to native vegetation (Atlantic forest @ri@do/Savanna), planted pasture and
sugar cane fields. The soils were divided in tweagjrgroups according to their clay
content: 1. clayey (x 66% of clay) and 2. sand@%: of clay). So, for each land use it
was determined TOC and NT stocks of soil, the g@tkC and N in humic fractions, in
LF, and in MB in the 0-10, 10-20, 20-40, 40-60 &®@ 100 cm layers. The results
showed that, in general, the clayey soils havedrighand N stocks in SOM fractions
than the sandy soils. The eucalypt soil had higi@€ (146.6 t hd), humic substances
(HS) C (139.1 t hd), and LF C (6.9 t h§ stock than the pasture (TOC = 123.4 t ha
HS = 109.9 t h4, LF = 3.4 t hd) and sugar cane (TOC = 127.1 t'halS = 119.9 t ha
! LF = 3.7 t h&) soil up to 100 cm deep in the clayey soils grodibother soil uses
had lower TOC stocks than that under native foreshe 0-60 cm layer in the clayey
and sandy soils group. There were no differencethenTN stocks among eucalypt,
pasture and sugar cane soils, in both soil grotjmsvever, their TN stocks was,
respectively, 2.7, 3.4 and 4.4 tHawer than the native forest soil up to 100 cm dieep
the clayey soils groupAll soil under distinct uses also had lower N s®ak humic
fractions than the native forest soil up to 60 ceptth. The soil under eucalypt had
higher N stock in the LF (0.16 t fipthan the pasture (0.08 tHaand sugar cane (0.10 t
ha') soil up to 60 cm deep. The eucalypt and nativesibsoils had lower N stock in

MB than the pasture and sugar cane soils in th@00ein layerIn the sandy soil group,



the eucalypt, pasture and sugar cane cultivatisulted in lower C stocks in HS, fulvic
acid fraction (FAF), and humic acid fraction (HA#an the native forest soil (0-100
cm). A similar pattern was observed for the C anstdtks in the LF in all soil layers.
The eucalypt (1.74 t H3, native forest (1.55 t H& and pasture (1.48 t fsoil had
lower C stock in MB than the sugar cane soil (25" in the 0-100 cm layefThe
eucalypt soil also presented lower N stock in M8rntlthe sugar cane soil in the 0-20, O-
40, 0-60 and 0-100 cm layers. Overall, land culioraled to lower C stocks in several
organic matter fractions in comparison to the reatregetation. Short-rotation eucalypt
improved C stocks in several SOM fractions in congom to other alternative land
uses (planted pastures and sugar cane) in clayeypobin sandy soils.

Keywords: humic substances, light fraction, microbial biomaksd use changes,

afforestation.
1. INTRODUCTION

The areas under tropical forests and cerrado aziBare being reduced very fast
as a result of the growing demand for woody prosiiastd the need for new crop
cultivation areas. The tropical forests contain tHbd0% of carbon (C) stored as
terrestrial biomass (Dixon et al., 1994) and regmésa substantial fraction of the
world’s forest net primary productivity (Melillo etl., 1993). The cerrado, the main
savanna region of south hemisphere, represents 8bowof the total area of tropical
savannas in the world. It occurs entirely withiraBt, mainly in the central region, and
covers approximately 2 millions Knf23% of the territory) (Bustamante et al., 2006).
Land use changes in the Brazilian cerrado inclixddeconversion of native savanna to
annual crops, planted pastures and short-rotaticest plantations. About 40 years ago
the planted forests in Brazil occupied little 0¥&0.000 ha. By 1987, Brazil had more
than 6 Mha of planted forests, and more than oid thas located in the southeast
region. Eucalypt and pine plantations represent 8086tal planted area (Bustamante et
al., 2006).

Aiming to reduce soil degradation and supply thpaexling demand for timber
and timber products, extensive afforestation wikbtie, fast growing, tree species (e.g.
eucalypt, pine) has been carried out in former ysastand agricultural land. The

productivity of commercial eucalypt plantationsBrazil is very variable (3.7-20 Mg C



ha'year) and it depends on water and nutrient availabéitg competition factors (i.e.
weeds) if we consider that solar radiation and tenaoire are not limiting (Barros and
Comeford, 2002). Although intensive managementtmes applied to short-rotation
eucalypt plantations may guarantee rapid growth f@gth economic returns, little is
known about the afforestation impacts on soil omgacarbon (SOC) dynamics
(Ashagrie et al., 2005).

Soil organic matter (SOM) is essential for the nexance of physical, chemical
and biological properties of soils, especially thaswder humid tropical conditions,
where soils are poor in bases, phosphorus, andgeitrand with high exchangeable
aluminum content (Novais & Smith, 1999). Additidyathe SOM plays an important
role in the global carbon cycle because it is estith to contain more than four times as
much C as in the plant biomass and three timesueh 1@ as in the atmospheric pool
(Lal, 2004).

Considering that the SOM is formed by different pamiments with variable
cycling times (Stevenson, 1994) and, that the rstable SOM pools are quantitatively
dominant, the direct measurement of SOM lossesioisglue to land use changes in the
short-term may not be feasible (Haynes, 1999).Heunmore, several factors affect the
magnitude and rates of SOM changes, including leas&] soil type, climate and former
vegetation (Post & Kwon, 2000; Paul et al., 20@2)nsequently, the fractionation of
SOM and biological analysis combined with chemiealalysis can be important
strategies in process-oriented SOM research (€@nhssn, 2001).

The clay particles play important roles in SOM dwies (Barthés et al., 2008;
Traoré et al., 2007; McLauchlan, 2006; Parton, )9Bi7a study carried out in Australia
with soils under eucalypt, pasture and native toregh SOC varying from 19 to 83 g
kg' (0-10 cm), Mendham et al. (2002) observed thagieineral, clayey soils presented
larger SOC contents and lower rates of C mineraimaAlso, in a study with short-
rotation eucalypt plantations in Brazil, Lima et @006) observed that the clay content
was one of the most important characteristicsféhaiur the stabilization of SOM in the
0-20 cm layer of soils previously under degradestyas. However, few studies have
evaluated the effects of afforestation on SOM @pee soil layers, which seem to be
crucial in soils cultivated with deep-rooted forspecies.

The aim of this study was to evaluate the influeatshort-rotation eucalypt

cultivation on the TOC and NT stocks of soil, anar@ N stocks in humic fractions, in



light fraction, and in microbial biomass down tonil deep in soils with contrasting
textures in comparison to native forest, pastund,saigar cane soils.

2. MATERIALS AND METHODS

2.1. Site description

This study was carried out in commercial eucalyphds located in the Luiz
Antonio county (21°33'18" S and 47°42'16" W), distabout 300 km from the S&o
Paulo City, Brazil.This is one of the main eucalypt growing region§&o Paulo state,
which has the second largest area cultivated withtgotation eucalypt in Brazillhe
mean annual precipitation is 1481 mm and most dalls between November and
March. The mean annual temperature iSQ3The altitude of this region is 500 m asl.
According to the Koppen's classification the climas Cwa (humid subtropical)
(Nimer, 1989). This region is dominated (~70 %) bgry sandy soils (Typic
Quartzipsamment) intercalated by clayey soils (Gxiderived from basalt.

The land use in this region is constituted mainyy dugar cane cultivation,
planted pastures, citrus, and short-rotation eptatiands. Furthermore, other use types
including, peanut, maize and soybean, generallptation with sugar cane, are found
in this region (Pires, 1995).

In the present study the soils were divided in gueat groups according to their
clay content: clayey and sandy soil (Table 1).Ha tlayey soils group we selected
adjacent areas under native vegetation (Atlantiest), planted pasture, eucalypt and
sugar cane, distant approximately 500 m from eablero The same land uses were
selected in the sandy soils group. Except for &éhéute, the main difference among
these soil groups is the native vegetation thatdense cerrado in the sandy soils rather
than the Atlantic forest of clayey ones. The pasu@Brachiaria decumbenswere
established in areas that were under croppingefeersl decades and that had originally
been cleared through slashing and burning of thieenforest. The pastures were used
for extensive cattle ranching for at least 20 yelis fertilizer or lime has ever been
used. The first eucalypt rotationEucalyptus grandis x Eucalyptus urophyllevas
planted manually after clearing and burning of pérAtlantic forest and Cerrado in the
clayey and sandy soils group, respectively. Théasarbiomass was burned on site.
After seven years of eucalypt planting, the treesewclear cut and the trunk removed

from the area. The eucalypt residues were burneteto the area to conduct the second



rotation. Since the third rotation the burn praeticas no longer used. In all rotations no
bark was returned to the soil surface. In the clegyed sandy soils group, the eucalypt
stands were in the fourth rotation (two year-oldime of collection) and presented a
productivity of 9.5 and 11.3 Mg 8a* year’, respectively. All management practices
were carried out mechanically due to favourableo¢wpphy. The harvests were
conducted with Feller plus Camblumck equipments.

The eucalypt stands selected for soil sampling remvapproximately 10 ha, and
they were located in the middle slope positionl Samples were collected in the 0-10,
10-20, 20-40, 40-60 and 60-100 cm soil layers. &heere three randomly assigned
field replicates within each soil use. Each repggcaas separated by more than 500 m
apart from each other and it consisted of a conwpaxi four soil samples randomly
collected 20 m apart from each other. This pseegdieation strategy was adopted due
to the inexistence of native vegetation remnantsr eeicalypt stands, planted pasture
and sugar cane fields. In each area a 120 cm dee@p dug manually and intact soll

cores were taken to determine soil density for eadhayer.

2.2. Soil analysis

After air drying, soil samples were sieved troughm@m sieve for determination
of C and N contents of the total, humic fractiolight fraction and microbial biomass
pools. Sub-samples were also taken for textureysisa(Table 1). Soil sub-samples
were grounded in an agate mortar to pass througl0anesh (0.149 mm) sieve for the
total organic C (TOC) determination by a wet-chahiprocedure (Yeomans &
Bremner, 1988), and for the total N (TN) determimmatby the Kjeldahl method
(Tedesco et al., 1985).



Table 1. Selected physical characteristics of soils undésrént land uses in study

Land use Layer Sand Silt Clay Bulk Density
(cm) (g kg) (Mg m)
Clayey soil
0-10 130 210 660 0.96
10-20 110 230 660 1.11
. 20-40 100 210 690 1.20
Native forest
40-60 90 210 700 1.09
60-100 100 210 690 0.98
0-10 130 210 660 1.23
10-20 130 230 640 1.15
20-40 110 220 670 1.14
Pasture
40-60 110 220 670 1.11
60-100 110 220 670 1.02
0-10 170 190 640 1.11
10-20 170 185 645 1.16
20-40 160 190 650 1.15
Eucalypt
40-60 160 190 650 1.10
60-100 155 185 660 1.04
0-10 140 210 650 1.30
10-20 140 210 650 1.24
20-40 120 210 670 1.17
Sugar cane
40-60 120 210 670 1.05
60-100 120 210 670 1.06
Sandy soll
0-10 910 20 70 1.20
10-20 910 20 70 1.41
_ 20-40 920 20 60 1.35
Native forest
40-60 920 20 60 1.47
60-100 930 10 60 1.46
0-10 920 20 60 1.38
Pasture 10-20 920 20 60 1.44
20-40 930 10 60 1.51
40-60 920 20 60 1.48
60-100 920 20 60 1.48
0-10 890 20 100 1.36
Eucalypt 10-20 900 20 90 1.44
20-40 900 20 90 1.45
40-60 890 20 100 1.42
60-100 890 10 110 1.41
0-10 850 10 140 1.46
Sugar cane 10-20 860 0 140 1.62
20-40 840 10 150 1.59
40-60 840 20 140 1.54
60-100 820 30 150 1.45




The chemical fractionation of humic substances wased on differential
solubility of organic composts in acid and baseusohs as suggested by the IHSS
(Swift, 1996). From this separation, it was obtdintbe humin (HF), humic acids
(HAF), and fulvic acids (FAF) fractions. The sumtdF, HAF and FAF was taken as
the humic substances fractions (HS). The C contenthe humic fractions was
determined by a wet-chemical procedure (Yeomans r&nider, 1988) and the N
content was determined by the Kjeldahl method ($edet al., 1985).

Soil sub-samples were submitted to densimetricragipa of the light fraction
(LF) through flotation in a Nal solution (1.8 Mg¥n(Sohi et al., 2001). The floating
organic matter was thoroughly washed with deionisater, oven dried, weighed, and
grounded to pass a 100 mesh (0.149 mm) sieve. TArdON content of the LF was
determined by dry combustion in an elemental aealy®erkin-Elmer, series Il
CHNS/O).

After incubation of soil samples during 16 dayshamoisture at 60% of field
capacity and temperature of 20 to allow the microbial population reestablishment
steady-state condition, the C and N content of obiedl biomass (MB) was determined
by the irradiation-extraction procedure (Islam & \V&998).

The C stocks in distinct SOM fractions and soileley were calculated by
multiplying the C concentration by the mass of gsoileach layer of native forest to
correct for management-induced compaction effeatsS®OM stocks (Lemma et al.,
2006).

The TOC, TN stocks and the C stocks in HS, FAF, HAF and MB, in each
soil layer, were submitted to analysis of variafd®&OVA) to detect whether they
differ in soils under native forest, planted pasiweucalypt and sugar cane (treatments)
Treatments means were compared by the protectst demificant difference (LSD)
test (Steel et al., 1997 = 0.05) using the software SAEG 5.0 (Funarbe, 190&
recognised that pseudo-replication is a restriatibthe present study, as in many other
paired-site studies (Vesterdal et al., 2002; O’'Br al., 2003; Chen et al., 2004, Lima
et al., 2006).



3. RESULTS AND DISCUSSION

The SOM levels in highly weathered soils are clpselated with the eucalypt
productivity (Menezes, 2005) and it favors the ldegn forestry sustainability (Barros
& Comerford, 2002). The SOM roles seem to dependhenmost limiting factors in
each site. Among several roles that the SOM hasai in sandy soils it is very
essential to water retention and nutrient supplyilst/in clayey soils its crucial in the
maintenance of physical proprieties. Thus, duehi® $trong link between SOM with
others soil proprieties, it is important to adopmagement practices that maintain or
increase SOM content (Grigal & Vance, 2000). Theults of the present study
indicated that the clayey soils, in general, hagjda C and N stocks in all SOM
fractions than the sandy soils (Fig. 1, 2, 3 andmpeneral, clayey soils present larger
SOM contents and lower C mineralization rates (Bircl., 2003). In the clay fraction,
C is stabilised mainly by association with soil erials, resulting in protection against
the biological degradation (Kaiser et al., 2002jnbdin et al., 2006). Protection of
SOC by clay particles has been postulated to otmarugh at least two separates
mechanisms: First, as SOC becomes humified, ihésnically stabilized and adsorbed
onto negatively charged clay minerals with highfate area. Second, SOC is
physically protected from microbial mineralizatidghrough the formation of soil
aggregates. In a study evaluating the relativau@nftes of soil texture (clay content),
soil organic C and long-term management on soibg@ries at Rothamsted, UK, Watts
et al. (2006) observed that minimum SOC valuesem®ed with increasing clay
suggesting that clay offers physical protectiorS®C. In soil under eucalypt, pasture
and native forest in 10 Australian sites, with T®@@rying from 19 to 83 g Ky
Mendham et al. (2002) observed that, in generalyetl soils presented larger SOC
contents and lower C mineralization rates. Evahgathe effect of soil texture and roots
on the stable carbon isotope composition of SOCwn forest soil profiles of
contrasting texture from Cape York Peninsula, Qslkeerl, Australia, Bird et al. (2003)
observed that the profile on sand has comparatle@hC inventory (557 mg cinfrom
the 0-100 cm layer) and exhibits comparatively $makiation in 8*°C value. In
contrast, the clay rich profile has a much largementory of soil organic C (1725 mg
cm?) and larger variations iC value occur both with depth and between diffegenc
particle size fractions. The considerable diffeemnin C inventories and™C values

between sites appear to be largely due to thetexiilire difference. Additionally, the
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clay content may alter soil moisture, which affebt#sh SOC decomposition and C
inputs to soils as a result of increased plant petdity (Mclauchlan, 2006).

3.1. Total carbon and nitrogen

In the clayey soils group, the eucalypt soil hagéa TOC stocks (146.6 t T
than the pasture (123.4 tHaand sugar cane (127.1) up to 100 cm deep (FigrhB
great changes in soil physical, chemical and biolgproperties due to the frequent
annual interferences for discompaction, fertiliaatiweed control, quality of C inputs to
soil and higher SOM decomposition rates inducethbyagricultural systems contribute
to decrease C stock in relation to eucalypt (Mettgl., 2002). In a study evaluating the
changes of SOM stocks in eucalypt chronosequerstablished in former degraded
pastures in the Minas Gerais State, Brazil, Limalet(2006) also observed that the
eucalypt cultivation resulted in increase of theCTGtocks (0-20 cm), where larger
input of more lignified and aromatic-rich organesidues by eucalypt may have played
an important role (Paul el al., 2003; Sjoberg et20104). The eucalypt soil had 9.3 t ha
! of TOC lower than the native forest soil up to 60 deep, but the C stocks in the 0-
100 cm soil layer in the eucalypt soil equalled thader native forest.

A distinct effect of land use was observed on SANhe sandy soil group (Fig.
1). The eucalypt cultivation led to larger TOC &®¢45.4 t hd) than the pasture (34.6
t ha') and sugar cane (35.8 tBasoils in the 0-40 cm layeA similar pattern was
observed when it is compared the eucalypt withpdsture soil in the 0-100 cm layer.
Nonetheless, all soil uses caused a decline in B@Cks when compared with the
native forest soil in the 0-10, 0-20, 0-40, 0-6@ #1100 cm layers, showing that the
native forest presented a favourable environmen$€@M maintenance. Different result
was found by Lemma et al. (2006) who evaluated b C sequestration under
different exotic species in the Southwestern higtidaof Ethiopia. They observed that
E. grandisafforestation during 20 years returned the TOCIlsto nearly the native
forest level after consecutive 35 years of pasameé 20 years of agriculture. Those
authors worked with soils with higher clay contéafay loam texture) which could
contribute for the SOM accumulation by eucalypttresresults of our study indicated.
Additionally, the lower mean annual temperature.41%C) in the area studied in
Ethiopia could favor the SOM maintenance after ldisament of long-rotation

eucalypt.
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There were no differences in the TN stocks amorgglgpt, pasture, and sugar
cane soils in all analysed solil layers (Fig. 1)spite eucalypt soil show higher C stocks
(as described above), its N stocks did not increleseling to a higher C:N ratio, and
suggesting that qualitative aspects of inputs anattiral composition are fundamental
in SOM dynamics. The N is an element very importanthe humification process
because the N scarcity could limit the SOM stapiih soil (Stevenson, 1994). So, the
formation of humic fractions under eucalypt coraiis may have occurred based on
resistant organic residue (inherited humic frajoin a study evaluating the influence
of N fertilizer on soil C stock undeE. saligna (19°50°28.1” N, 1557'28.3” W),
Binkley et al. (2004) observed no effect of N aiton TOC of soil. On the other
hand, the eucalypt soil had 2.7 t'ted TN lower than the native forest soil up to 100 ¢
deep. The harvest of the eucalypt stem resultgporgation of N stocked in wood and
causes a decrease in N inputs to soil. Also, tseupa (6.60 t hid and sugar cane (5.60
t ha') had lower NT stocks than the native forest (1th@®) soil up to 100 cm deep.
The native forest soil is an environment where does exist disturbances from
management practices such as eucalypt plantinghaneesting (lower N losses by
volatilization and leaching), contributing for gtea N stocks. Evaluating the soil
physical-chemical characteristics in a tropical deciduous native forest, regenerated
forest and eucalypt plantation close to Jharsugudiae western part of Orissa, Behera
and Sahani (2003) observed that the TOC and NTectrations were comparatively
lower in the eucalypt soil. Also, studying some sibgl and chemical properties of soils
under different land uses in a typical watershedEthiiopia, Bewket and Stroosnijder
(2003) observed lower TN concentration in the gatiéd, grazed and eucalypt soils
than that under native forest. The great numbelanit species in the native forest area
and, additionally, the biological Nfixation by some leguminous trees contributes
substantially to maintain or increase the N stockail. In the presence of N-fixer plants
the SOM stabilization, especially in more stabl®lppis favoured relative to stands
composed exclusively of non N-fixer trees such wsabypt (Kaye et al., 2002; Resh et
al., 2002). In the sandy soil group, the pastuneabypt plantation and sugar cane led to
lower TN stocks than the native forest in the 02@0 and 0-60 cm layers. Also, the
eucalypt (4.04 t hY and sugar cane (4.06 tHasoils had lower TN than the native
forest (5.67 t hd) soil in the 0-100 cm layer.
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Figure 1. Total organic carbon (TOC) and total nitrogen JHtbcks in distinct layers

of the clayey (A) and sandy (B) soil groups.

3.2.Humic substances carbon and nitrogen

The eucalypt soil stocked 29.1 and 19.2 t*haore C in HS than the pasture
and sugar cane soil, respectively, up to 100 cnp dee¢he clayey soil group (Fig. 2).
The more recent adoption of reduced tillage andtganic residue maintenance on soil

surface after harvest and the eucalypt deep raiesymight contribute to increase C
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stock in HS. Conversely, the eucalypt soil had lo®estock in HS (92.7 t hd) than
the native forest soil (105.8 t Ha up to 60 cm layer. The fire utilization duringettwo
first rotations of eucalypt could have contribufed C loss as C®to the atmosphere,
resulting in smaller C input, besides favoring swdsion. Evaluating the soil and water
losses due to hydric erosion in eucalypt plantatiom Brazil, Pires et al. (2006)
observed that the burning of organic residues &féevest contributed to increase soil
and water loss. They suggested that the fire evieteased water repellence and,
consequently, decreased water infiltration rate itte soil. The eucalypt soil stored
more C in the HF than the pasture soil in the @h0and 0-100 cm layer. The eucalypt
soil also had larger C stock in the HAF (4.51 thenan the pasture soil (2.79 tHan
the 0-10 cm layern relation to the FAF, the eucalypt soil had higlestocks in this
fraction than the pasture soil in the 0-20, 0-40600 and 0-100 cm layers.
Comparatively with the sugar cane soil, the eudadgil stabilized more C in FAF in
the 0-20 and 0-60 cm layers. Nevertheless, whenpaoed to the native forest soll
(25.2 t h&), the eucalypt soil had lower C stock in the HAB.G t h&) up to 60 cm
layer. In a study carried out in Australia, Chen att (2004) observed that the
substitution of the native forest WAraucaria cunninghami{51 year-old) resulted in
decline of the C stock in FAF, while C stock in HA¥as unaltered. Due to higher
humification level and biochemical complexity, th#AF is more stable and less
susceptible to biological decomposition (Six et 2002). Additionally, the interaction
with fine soil particles (clay and silt) contribateo the HAF stabilization in the soil.

In the sandy soil group, the eucalypt soil haddar@ stocks in HS (66.2 t fin
than pasture (53.2 t h§ and sugar cane (56.3 t Hasoils in the 0-100 cm layer (Fig.
2). Differently, all soil uses had lower C stockhts, HAF and FAF than the native
forest soil up to 1 m deep. The pasture, eucalygdtsaigar cane also had lower C stock
in HF than the native forest soil in the 0-10 ciyela In a study carried out in Spain,
Caravaca et al. (2004) observed that the soil undteve forest had larger C stock in
FAF and HAF than those under agricultural use. Harethey found no differences in
the C stock of HF. Evaluating the land use effectsoil quality on a tropical forest of
Bangladesh, Islam and Weil (2000) also found lo@eroncentration in FAF and HAF
for cultivated soil than that under native for@3tese authors concluded that soil C loss
in cultivated soils may have resulted of a comhamaiof lower C input of organic
residue and greater C losses because aggregatetdisr crop residue burning,

accelerated water erosion, and grazing. In a stwdjuating the changes in soil C
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following the eucalypt establishment (30 months iiormer sugar cane area in Hawaii,
Binkley and Resh (1999) found no difference on Sogtock in the upper 30 cm layer.
The lack of change in soil C at the end of thet ficdation resulted from the balance
between the losses of older C derived from sugae,cand gain of new soil C from

eucalypt (Binkley et al., 2004).

The clayey soil under eucalypt plantation had lafgestock in HS than the
pasture soil in the superficial (0-10 cm) as wslirathe 0-100 cm layer (Fig. 3). On the
other hand, the eucalypt soil had lower N stocthis fraction (8.2 t h&) as compared
to the native forest soil (10.4 t HAin all analysed layers, but the stock was sirtitar
those in the sugar cane soil (8.1 t'Ha Also, all soil uses had lower N stock in all
humic fractions than the native forest soil up @ddn deep. In a study evaluating the
changes of C and N forms in soil aggregates und&reht uses and management
systems in Brazil, Assis et al. (2006) observed 8wl cropping reduced N and C
concentrations in humic fractions when comparedht® native forest soil due to
intensive soil preparation during implantation acwhduction of these agricultural
crops. Probably, those soil uses have not readiedhéw steady state that can take
more than 100 years to be reached (Dick et al.8)198 the new steady state, the SOC
stocks could be similar, higher or lower than tbafore soil disturb and it would
depend on soil type, prior vegetation, and managéerpeactices (Swift, 2001). The
eucalypt soil had larger N stock in HAF (0.80 ththan the pasture soil (0.56 tHan
the 0-20 cm layer.

In the sandy soils group, the pasture (1.2 thaucalypt (1.3 t hd) and sugar
cane (1.4 t hd) soils had lower N stock in HS than the nativeefrsoil (1.9 t h&) in
the top 20 cm layer (Fig. 3). Similarly, the eugalgnd pasture soils had lower N stock
in HS than the native forest soil in the 0-60 an#i00 cm layers. All soil uses also
presented lower N stocks in the HAF than the natorest soil up to 1.0 m deep.
Without solil disturbation there are more favoratdmditions to SOM polymerization
and, consequently, to increase humic fractionskstat soil (Assis et al., 2006). The
tillage of soils by agricultural use results indkedown of soil aggregates and increased
C and N mineralization, resulting in C and N losdgalesdent et al., 2000). There were
no differences among pasture, eucalypt and suges sails in the N stocks in HS, the
HAF and the FAF up to 100 cm deep. The eucalyptssored less N in the HF (0.86 t
ha™) than the sugar cane soil (1.1 tHaup to 40 cm deep.
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3.3. Carbon and nitrogen in light fraction and microbial biomass

In the clayey soils group, the eucalypt was ablsté&e more C in the LF (6.9 t
ha™) than the pasture (3.4 t Haand sugar cane (3.7 t Hasoils in all soil layers (Fig.
4). The LF is composed mainly by partially deconggb®rganic residues, and it is
strongly influenced by the amount and quality ofasic residues deposited on soil
surface (Six et al., 2002). So, the increment ofirLEhe eucalypt soil in comparison to
the pasture and sugar cane soils is reflectinglahger, continuous organic residue
deposition. Lima et al. (2006) also observed a vecan C stocks in LF after
approximately 34 years of short-rotation eucalyjgihfation in areas previously under
degraded pasture in Brazil. Oppositely, the pasigt ha), the eucalypt (5.3 t )
and the sugar cane (2.0 t Pasoils stocked less C in this fraction than théveaforest
soil (6.7 t ha') up to 60 cm deep. The eucalypt soil presentegeta€ stocks in MB
than native forest, pasture and sugar cane indtdager deeper than 40 cm (Fig. 4).
Similarly, the eucalypt soil had higher C stockMB (148.5 t ha®) than the pasture soil
(68.1 t ha?) in the 0-10 cm layer. Evaluating the MB size #saed by land use in
South Africa (282°S and 3W7°E), Nsabimana et al. (2004) also found higher C
concentration in BM in the eucalypt soil than thheps (maize), annual ryegrass and
pine forest soils. The higher microbial stress #&wler supply of C substrate under
arable agricultural are likely the main cause @fdo MB. Theses authors also suggested
that one of possible reasons for the lower MB m pime soil could be the high content
of phenols and other biochemical substances in peeglles litter, which may inhibit
microbial activity. Additionally, the land use chgencan result in alteration of MB

quality.
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There were no differences in C stocks of the LF mgnpasture, eucalypt and
sugar cane soils in all analysed layers in theysands group (Fig. 4). Nonetheless, the
pasture (4.8 t hd), eucalypt (7.1 t hd) and sugar cane (4.1 t Hasoils stored less C
in the LF than the native forest soil (19.2 t fa The utilization of management
practices such as plough during agricultural use lead to aggregate disruption and
lead direct contact between particulate SOM andrsimieral fraction, which stimulates
the LF/particulate OM decomposition by microorgamss Evaluating the texture and
land-use effects on SOM of Oxisols under Cerradedntral Brazil, Neufeldt et al.
(2002) observed that continuous cropping and pfif@estation led to reduction of
POM contents, whereas pasture and eucalypt afadi@stincreased both POM amount
and quality in comparison to the native vegeta{iéerrado), showing once more that
the higher clay content contributes for POM accwatioh (physical and colloidal
protection) under eucalypt plantation in relationthe sandy soils. On the other hand,
the sugar cane soil (2.51 t Hahad larger C stock in MB than the native fords6% t
ha™), the eucalypt (1.74 t h and the pasture (1.48 t Hasoils in the 0-100 cm layer.

The eucalypt soil had larger N stocks in LF (0.181t) than the pasture (0.09 t
ha') and sugar cane (0.10 tHasoil up to 60 cm deep in the clayey soils grdeig.(4).

A similar pattern was found when the eucalypt $0i21 t ha) was compared to the
pasture soil (0.10 t A in the 0-100 cm layer. On the other hand, all ssés had lower

N stock in LF than the native forest soil up to Heep. In a study evaluating the impact
of conversion from native forest to eucalypt iniBfiia, Ashagrie et al. (2005) observed
lower N and C stocks in LF in the eucalypt soilrthihe native forest soil. In general,
the LF decline due to land use change is more pmored than that found for TOC,
suggesting it as a sensitive soil quality indicdamado et al., 2006). The native forest
and eucalypt soils had lower N stock in MB than plasture and sugar cane soils up to
40 cm as well in the thicker soil layer (0-100 cm).

There were no differences in N stocks in LF amoagtyre (0.20 kg hd),
eucalypt (0.19 kg h#) and sugar cane (0.12 kg Hpin all layers of sandy soils, but
their N stocks were smaller than those observethfnative forest soil (0.78 kg Ha
(Fig. 4). Evaluating the changes of NT and N stocks in LF mldav 1 m deep after
conversion from MulgaAcacia aneurato pasture and crops in Australia, Dalal et al.
(2005) observed a decline of N stocks in LF insall depths under pasture and crops.

Although the N stock in LF comprised a small petage of soil N, larger decreases of
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this fraction may adversely affect SOM quali#ylow N concentration in soil results in
decrease of SOM humification (Stevenson, 1994) aadsequently, it may affect the
plant productivity in future rotationslhe native forest, the pasture and the eucalypt
soils had lower N stocks in MB than the sugar cswikin the 0-20, 0-60 and 0-100 cm
layers.Also, the native forest and eucalypt soil had loWNestock in this fraction than
the pasture soil in the 0-20 and 0-40 cm deep. Kewexcept in the 0-10 cm layer, the
eucalypt soil had larger N stock in MB than theveforest soil in all other soil layers.
In a study aimed to assess some soil chemical mhohjizal properties related to C and
N cycles of native forest soils compared to affeedsand agricultural soils in Brazil, it
was observed that the N stock in MB (0-10 cm) wighdr in the native and secondary
forest soil than in the eucalypt soil (Nogueirakt 2006). Although the eucalypt stand
was as old as that of secondary forest, its soihbss N did not differ from that of the
fallow or the mature wheat-cropped sites, posgilig to wide C/N ratio in the eucalypt
residues. These results suggest that not onlyehedof restoration, but also soil use

and organic residue diversity have important eff@ct microbial biomass N.

4. CONCLUSIONS

1. The clayey soils averaged higher C and N statk&OM fractions than the
sandy soils;

2. In clayey soils the eucalypt plantation leadgyteater total organic carbon
stocks and the C stocks in humic substances ahd fiigction than the pasture and
sugar cane cultivation. A similar pattern is obgerfor the N stock in the light fraction.
Conversely, the eucalypt cultivation leads to seratbtal nitrogen stocks than the
native forest soil. Also, all soil uses resultawer N stocks in humic fractions than the
native forest soil;

3. A distinct effect of land use is observed on S@Nhe sandy soil group. The
eucalypt, pasture and sugar cane cause a declitiainorganic carbon stocks when
compared to native forest, and this effect is matith the more stable humic substances
as well as in the more labile light fraction. Thecalypt soil has lower N stock in

microbial biomass than the sugar cane soil.
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Appendix A
Table 2.C stocks in all analyzed soil organic matter i@t at different soil layers of the
clayey soils group

Layer Use
cm Native forest Pasture Eucalypt Sugar cane
t ha'
0-10 28.95+0.65 15.35+1.71 23.10+1.47 18.50+0.72
10-20 21.23+0.42 18.19+1.87 18.86+1.10 17.77+1.18
Toc® 20-40 38.38+2.42 33.10+2.19 33.73+2.59 30.25+1.28
40-60 26.57+2.49 26.36+2.32 30.12+1.88 24.44+1.31
60-100 31.27+2.56 30.39+5.58 40.85+3.58 36.18+1.01
0-10 25.87+0.33 15.05+0.84 21.53+1.45 16.55+0.91
10-20 18.03+0.55 16.31+0.80 16.06+0.61 14.96+1.08
HS® 20-40 34.51+1.56 26.83+1.48 29.86+1.02 26.23+3.25
40-60 27.36+0.57 23.26+1.57 25.23+1.59 20.91+0.57
60-100 36.68+2.73 28.50+1.23 46.40+1.76 41.21+6.19
0-10 15.73+1.10 10.0440.77 13.1040.67 10.31+0.80
10-20 11.1540.72 11.25+0.76 10.1840.74 8.87+1.03
HE ® 20-40 18.67+1.31 16.63+2.75 17.8340.95 16.52+3.22
40-60 17.37+0.84 15.38+1.31 14.78+1.15 13.31+0.88
60-100 26.15+1.68 19.46+0.89 33.37+1.06 31.26+5.76
0-10 6.41+1.06 2.79+0.49 4.51+0.09 3.51+0.31
10-20 3.92+0.81 3.19+0.45 2.92+0.15 3.39+0.61
HAFE @ 20-40 9.33+0.38 5.42+1.28 6.41+0.33 5.15+0.77
40-60 5.51+1.12 4.76+0.95 5.44+0.41 3.24+0.89
60-100 4.7340.19 3.65+0.19 5.88+0.74 4.1740.97
0-10 3.7240.20 2.22+0.28 3.93+0.70 2.72+0.14
10-20 2.96+0.40 1.86+0.34 2.96+0.09 2.71+0.17
EAF ® 20-40 6.51+0.24 4.78+0.97 5.62+0.39 4.56+0.77
40-60 4.4840.75 3.12+0.63 5.00£0.19 4.37+0.29
60-100 5.81+1.20 5.39+0.67 7.15+0.98 5.79+0.43
0-10 2.96+0.10 0.73+0.14 2.05+0.33 0.63+0.04
10-20 1.03+0.10 0.61+0.14 0.91+0.21 0.4540.05
LE ® 20-40 1.92+0.22 0.76+0.07 1.38+0.43 0.44+0.07
40-60 0.79+0.12 0.64+0.15 0.95+0.31 0.4740.08
60-100 1.20+0.29 0.71+0.11 1.59+0.82 1.70+0.86
0-10 202.85+18.36 68.11+7.22 148.49+17.46  170.52288
10-20 246.01463.21  155.13+37.88 218.76+38.85 2%
MB (kg hal) @ 20-40 438.25+110.7 598.02+131.7 539.83+34.76  391.3(H5
40-60 169.65+43.75  229.07+65.16  487.25+58.04 22%H3M0
60-100 321.27471.83  319.61+46.18  346.96+9.07 412998

@ = Total organic carbod? = humic substance® humin fraction® humic acid fraction’® fulvic acid fraction®
light fraction, and” microbial biomass.
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Table 3.N stocks in all analyzed soil organic matter fiacs at different soil layers of the

clayey soils group

Layer Use
cm Native forest Pasture Eucalypt Sugar cane
t ha'
0-10 2.41+0.33 0.78+0.07 1.11+0.03 1.01+0.09
10-20 1.49+0.11 1.03+0.19 0.89+0.04 1.00+0.14
Toc® 20-40 2.46x0.34 1.55+0.13 1.61+0.13 1.27+0.16
40-60 2.03+0.30 1.22+0.21 1.31+0.08 0.95+0.11
60-100 1.65+0.28 2.02+0.22 2.42+0.32 1.36+0.26
0-10 2.33+0.03 0.90+0.08 1.29+0.04 1.23+0.09
10-20 1.48+0.10 1.03+0.08 0.97+0.03 1.07+0.10
HS® 20-40 2.75x0.14 1.77%0.16 1.92+0.10 1.67+0.17
40-60 1.97+0.03 1.15+0.10 1.56+0.11 1.44+0.06
60-100 1.84+0.23 1.56+0.13 2.45+0.19 2.74+0.31
0-10 1.06+0.06 0.44+0.07 0.57+0.01 0.5740.04
10-20 0.63+0.06 0.57+0.09 0.46+0.03 0.5240.06
HE ® 20-40 1.05+0.08 0.84+0.05 0.7340.04 0.81+0.08
40-60 0.82+0.06 0.47+0.07 0.75+0.06 0.70£0.01
60-100 1.03+0.17 0.7440.14 1.08+0.11 1.09+0.06
0-10 0.78+0.05 0.27+0.04 0.48+0.01 0.43+0.06
10-20 0.49+0.07 0.29+0.03 0.3240.02 0.36+0.06
HAFE @ 20-40 1.17+0.08 0.58+0.11 0.74+0.06 0.53+0.07
40-60 0.65+0.09 0.40+0.08 0.49+0.04 0.4840.06
60-100 0.60+0.09 0.47+0.02 0.8040.06 1.00+0.18
0-10 0.48+0.04 0.19+0.04 0.24+0.04 0.23+0.03
10-20 0.36+0.02 0.16+0.01 0.19+0.01 0.1940.04
EAF ® 20-40 0.53+0.03 0.35+0.05 0.45+0.03 0.3340.03
40-60 0.50+0.14 0.27+0.01 0.3310.01 0.2610.01
60-100 0.21+0.02 0.36+0.01 0.5740.04 0.66+0.11
0-10 0.14+0.01 0.03+0.01 0.07+0.01 0.03+0.00
10-20 0.04+0.01 0.02+0.01 0.02+0.00 0.0240.00
LE ® 20-40 0.08+0.01 0.02+0.00 0.04+0.02 0.0240.00
40-60 0.02+0.01 0.02+0.00 0.03+0.01 0.0240.00
60-100 0.03+0.01 0.02+0.00 0.0440.02 0.07+0.03
0-10 7.05+1.58 19.9143.07 11.57+1.15 24.06+0.80
10-20 4.66+1.32 21.99+1.27 14.74+0.65 48.80+5.20
MB (kg hat) @ 20-40 11.96+2.09 56.40+3.55 31.73+5.69 8.49+1.14
40-60 49.65+5.08 41.25+12.48 28.30+3.75 6.83+0.52
60-100 55.19+6.93 28.36+2.68 33.81+4.31 79.70+16.35

@ = Total organic carbod? = humic substance® humin fraction® humic acid fraction’® fulvic acid fraction®

light fraction, and” microbial biomass.
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Table 4.C stocks in all analyzed soil organic matter i@t at different soil layers of the

sandy soils group

Layer Use
cm Native forest Pasture Eucalypt Sugar cane
t ha'
0-10 22.77+2.56 10.72+1.20 13.26+0.43 11.13+0.55
10-20 13.74+0.96 10.82+1.62 11.5240.32 8.83+0.57
Toc® 20-40 18.72+2.01 13.05+0.48 20.62+0.80 15.84+1.48
40-60 21.01+3.13 12.84+1.90 13.95+1.59 13.11+0.74
60-100 27.26+1.22 12.97+2.28 21.82+1.90 26.08+4.25
0-10 16.79+2.12 8.53+0.32 10.70+0.24 8.57+0.48
10-20 10.97+0.98 8.17+0.82 8.84+0.39 8.67+0.31
HS® 20-40 12.77+1.19 11.24+1.12 14.1941.04 13.30+0.50
40-60 15.1742.54 11.64+1.57 11.51+0.64 9.68+0.39
60-100 23.12+3.31 13.66+0.99 20.98+0.72 16.05+1.12
0-10 8.15+1.05 4.45+0.04 5.80+0.08 5.61+0.36
10-20 5.26+0.71 4.44+0.68 5.16+0.45 4.6040.64
HE ® 20-40 6.38+0.83 5.98+1.13 8.49+0.96 7.51+0.92
40-60 8.04+1.66 7.08+1.40 6.38+0.19 4.2940.76
60-100 11.9442.99 7.92+0.66 11.26+0.45 9.50+0.38
0-10 5.71+0.70 2.77+0.19 3.14+0.14 1.63+0.11
10-20 3.46+0.18 2.23+0.03 2.08+0.19 2.04+0.30
HAFE @ 20-40 3.40x0.75 2.68+0.38 3.23+0.43 2.98+0.37
40-60 3.83+0.95 2.29+0.17 2.79+0.38 2.73+0.17
60-100 6.11+0.23 2.42+0.54 5.05+0.30 3.4040.35
0-10 2.93+0.57 1.31+0.12 1.77+0.06 1.34+0.12
10-20 2.25+0.28 1.50+0.14 1.60+0.08 2.03+0.52
EAF ® 20-40 2.99+0.03 2.59+0.24 2.48+0.09 2.81+0.31
40-60 3.30+0.54 2.2740.21 2.33+0.18 2.65+0.26
60-100 5.07+0.59 3.3240.20 4.6740.15 3.15+0.92
0-10 7.65+2.00 0.08+0.01 2.22+0.28 1.16+0.17
10-20 5.00+2.51 0.91+0.43 1.22+0.20 0.85+0.12
LE ® 20-40 2.04x0.29 1.60+0.11 1.46+0.36 0.99+0.12
40-60 3.03+0.19 1.22+0.13 0.9340.13 0.4940.10
60-100 1.53+0.71 0.98+0.06 1.25+0.04 0.64+0.04
0-10 414.28+59.12  219.41+63.39  193.27+13.05 23633
10-20 129.38424.86  106.87+16.46  204.18+4.46 276%3%5
MB (kg hal) @ 20-40 345.51468.85 296.88+80.72  253.33%19.23 3241648
40-60 51.48+0.37 296.75+81.81  373.95+22.54 418.53%0
60-100 611.27+157.0 561.98+108.7 719.71+68.88 125PZ3.45

@ = Total organic carbod? = humic substance® humin fraction® humic acid fraction’® fulvic acid fraction®
light fraction, and” microbial biomass.
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Table 5.N stocks in all analyzed soil organic matter fraic$ at different soil layers of the

sandy soils group

Layer Use
cm Native forest Pasture Eucalypt Sugar cane
t ha'
0-10 1.22+0.19 0.83+0.16 0.80+0.10 0.75+0.09
10-20 1.19+0.18 0.52+0.08 0.5740.04 0.64+0.07
Toc® 20-40 1.20£0.19 0.90+0.18 0.75+0.09 0.9340.16
40-60 0.92+0.12 0.80+0.14 0.57+0.07 0.8040.20
60-100 1.14+0.23 1.82+0.34 1.35+0.27 0.93+0.18
0-10 1.15+0.13 0.66+0.04 0.70+0.02 0.67+0.04
10-20 0.79+0.03 0.55+0.03 0.60+0.02 0.69+0.02
HS® 20-40 0.95+0.15 0.94+0.08 0.96+0.01 1.18+0.06
40-60 1.01+0.11 0.76+0.08 0.88+0.03 0.81+0.09
60-100 1.43+0.13 1.20+0.01 1.36+0.01 1.28+0.21
0-10 0.41+0.02 0.25+0.01 0.26+0.01 0.34+0.03
10-20 0.30+0.01 0.20+0.01 0.22+0.02 0.2940.03
HE ® 20-40 0.34+0.04 0.29+0.02 0.38+0.02 0.4840.05
40-60 0.32+0.05 0.29+0.01 0.32+0.03 0.2440.05
60-100 0.38+0.07 0.38+0.06 0.4340.03 0.48+0.08
0-10 0.49+0.07 0.26+0.03 0.27+0.02 0.19+0.01
10-20 0.30+0.01 0.21+0.03 0.2340.02 0.20£0.02
HAFE @ 20-40 0.37x0.06 0.38+0.04 0.35+0.02 0.35+0.02
40-60 0.41+0.06 0.28+0.05 0.2740.02 0.2440.03
60-100 0.59+0.08 0.40£0.09 0.50£0.02 0.39+0.07
0-10 0.25+0.05 0.15+0.01 0.17+0.00 0.13+0.01
10-20 0.19+0.00 0.14+0.01 0.15+0.01 0.2040.03
EAF ® 20-40 0.24+0.05 0.28+0.03 0.24+0.03 0.3540.06
40-60 0.29+0.00 0.19+0.04 0.29+0.02 0.331£0.01
60-100 0.47+0.03 0.42+0.04 0.4340.03 0.41+0.08
0-10 0.32+0.09 0.06+0.01 0.06+0.01 0.04+0.01
10-20 0.21+0.12 0.03+0.00 0.04+0.01 0.0310.00
LE ® 20-40 0.07+0.01 0.04+0.01 0.04+0.00 0.0310.00
40-60 0.11+0.01 0.04+0.01 0.02+0.00 0.0140.00
60-100 0.06+0.01 0.03+0.00 0.03£0.00 0.02+0.00
0-10 13.11+1.24 19.29+1.87 12.66+0.61 20.00+4.98
10-20 1.09+0.22 11.5540.43 11.69+0.41 25.15+4.19
MB (kg hat) @ 20-40 4.47+0.45 29.27+1.68 23.99+2.99 23.55+3.69
40-60 4.58+1.22 16.88+0.45 20.12+0.77 85.54+1.30
60-100 16.44+4.55 18.93+2.50 30.62+2.45 119.35442.5

= Total organic carborY = humic substanceS) humin fraction® humic acid fraction®™ fulvic acid

fraction, © light fraction, and” microbial biomass.
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CHAPTER Il
SOIL ORGANIC CARBON MODELLING AFTER FOUR EUCALYPT
HARVESTING CYCLES IN FORMER PASTURE LAND IN SOUTHEA STERN
BRAZIL WITH THE CENTURY MODEL

ABSTRACT

The soil organic matter (SOM) has important rolestlee carbon (C) cycle and
soil quality. Considering the complexity of factarbich control the SOM cycling and
the long time that it usually takes to SOM stockanges to be observed, the modelling
constitutes a very important tool to understandS@M cycling in forest soils. So, the
aims of the current study were: (i) to evaluate 8@M dynamics using the Century
model to simulate the changes of C stocks for tueaklypt plantation chronosequences
in the Rio Doce Valley, Minas Gerais State, Brafil) to compare the C stocks
simulated by Century with the C stocks measuresbits belonging to different orders
at distinct regions in the Rio Doce Valley cultiedtwith eucalypt, and (iii) to evaluate
the impact of removal of the eucalypt bark frora #lite during harvest operation in the
C stocks. In the Belo Oriente (BO), a lower elematand warmer region, short-rotation
eucalypt plantations has been cultivated for 4300,122.0, 32.0 and 34.0 years, while in
the Virginopolis (VG), a higher elevation and milddéimate region, those time periods
were 8.0, 19.0 and 33.0 years. Thus, it was detmansoil C stock in the 0-20 cm layer.
The results indicate that the C stocks simulatethbyCentury model decreased after 37
years of poorly managed pastures in areas preyicoskered by native forest in the BO
and VG regions. The substitution of poorly managastures by eucalypt in the early
70's led, on average, to increases of 0.28 and 02 year' of C in BO and VG,
respectively. The measured C stocks under eucalpptated in distinct soil orders and
independent regions with variable edapho-climatadimns were slightly close to
estimated values by the Century model (root meaaregerror - RMSE = 20.9; model
efficiency — EF = 0.29) despite the opposite resaitained with the statistical
procedure to test the identity of analytical methddeite and Oliveira, 2000). Under
conditions of lower soil C stocks the model ovetimated the C stock in the 0-20 cm
layer. Model simulation results indicate that thaimenance of the eucalypt bark on
site after harvest resulted in greater C sequestrat soil. Thus, the Century model has

a great potential to detect changes in the C sticksstinct soil orders under eucalypt,
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as well as to indicate the impact of harvest resichanagement on SOM in future
rotations.

Index termssoil organic matter, land use change, afforestatbark removal.

1. INTRODUCTION

Carbon (C) sequestration in soil constitutes anomamt alternative to decrease
CO, emissions to the atmosphere and thus to minimméraamental problems
(Izaurralde et al., 2006). Several studies havevahbe potential of soil organic carbon
(SOC) to sequester C in more stable forms (Lal22Q@ite et al., 2004; Bayer et al.,
2006).

The global SOC contains four times as much C dkerliving pool and about
thee times as much as in the atmospheric pool @@04). Besides acting as a C
storage, the SOM contributes to improve the sodlityy suppling nutrients for plants
and controlling water and gases fluxes (Woomel.etl894; Leite et al., 2004; Gama-
Rodrigues et al., 2005). In perennial cultures,hsas forestry, the SOM pools are
closely related with long-term production sustaihigbdue to the beneficial effect on
the soil quality (Morris et al., 1997; Mendham ket 2004). In fact, it has recently been
found that SOM content is the soil characteridiit tetter correlates with the eucalypt
productivity in highly weathered soils in the Ricoé® Valley in Brazil (Menezes,
2005).

Land use changes have the potential to cause eithesse or sequester C.
Consequently, changes in SOC associated with |aedhave received considerable
attention recently due to the need to limit Ggnissions (Lemma et al., 2006). One of
recommended strategies to mitigate C emissions ttoosphere is to increase
afforestation in former agriculture and pastureaay@s has occurred with short-rotation
eucalypt in Brazil. However, in a study carried ouAustralia, Mendham et al. (2004)
observed no difference in the SOC stock when coetdar globulug(11-14 years) with
pasture in the 0-10 cm layer. On other hand, OiBrg al. (2003) observed that
Eucalyptus regnangl0 - > 250 years) contributed to increase theoftent in areas
previously occupied by pasture in Australia. Aldama et al. (2006) observed a
increase in soil C stocks (0-20 cm) after four égmtarotations in two areas previously
occupied by degraded pasture in the Minas Geraite SBrazil. However, Turner &

Lambert (2000) observed a decrease in the C sitottiei0-10 cm layer of soil after five
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years ofEucalyptus grandigultivation in area previously with pasture in Aadia.
These authors estimated that only after 20 yeaeucélypt cultivation the SOM stock
would return to the original level. This lack ofristency in experimental results seems
that indicated that the direction of SOM changekighly dependent on previous use
and the time since land use change had occurred.

Considering the complexity of factors that contited SOM dynamics and the
long time that takes to SOM changes be observedgaadttified, researchers have
looked for alternatives to better understand SONeSE complex relations can be better
understood by combining modelling with datasetsnflexperimental areas (Diels et al.,
2004; 1zaurralde et al., 2006). The Century modeltates the SOM decomposition, C,
N, P, and S fluxes into and among several soil @itngents (Parton et al., 1987, 1988,
2004). It has been utilized with success in sevier@perate ecosystems (Kelly et al.,
1987; Del Grosso et al., 2001) and, in a few caseder tropical conditions (Motavalli
et al.,, 1994; Parton et al.,, 2004; Leite et al.040 This lack of information is
particularly true for short-rotation eucalypt inagil. Additionally, there are no studies
where model simulations for short-rotation eucalyps been carried out for planting
regions with distinct soil and climate conditionSo, the effects of eucalypt
establishment on SOM dynamics are virtually unknowherefore, the aims of this
study were: (i) to evaluate the SOM dynamics gitesture substitution by plantations
using the Century model for two eucalypt chronogeges; (ii) to compare the C stocks
simulated by Century with the C stocks in differentl orders in eight regions of the
Rio Doce Valley that have been cultivated with éyalafor about 28 years (four
rotations), and (iii) to evaluate the impact of &ypt debarking on site during harvest

on the C stocks.

2. MATERIALS AND METHODS

The present study involved the utilization of then@iry model for simulating the
dynamics of C stocks after the eucalypt establistiroa pasture land. Since there are
no long-term records for the calibration of the ey model to evaluate the SOM
dynamics in short-rotation eucalypt plantationss study evaluated the performance of
the Century model in simulating the temporal changattern for two eucalypt
chronosequences. Also, it was simulated the SOCkstéor independent eucalypt

stands located in eight regions with distinct swidler and climate. Because eucalypt
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bark is removed from site to energy production,ale® simulated the effect of removal
of the eucalypt bark from the site in the long-t8@M stocks.

2.1 The Century model

The Century model is a plant-soil ecosystem modhelt tsimulates plant
production, soil C turnover, soil nutrients cyclingnd temperature and soil water
(Parton et al., 1987, 1988, 1993). Initially, tmedel was used to simulate the biomass
production and the SOM dynamics in the prairie gstesn of the United States (Parton
et al., 1987), and modified to be used also indbeeosystems (Motavalli et al., 1994;
Kirschbaum & Paul, 2002). However, the utilizatioh Century in the tropical soils
without adequate calibration has been questionggdni@n et al., 1996; Leite, 2002).
The SOM and nutrient sub-models represent the éib@, N, P and S in plant litter and
different organic and inorganic soil pools, withn@ialization of soil nutrients primarily
resulting from turnover of SOM pools. The plantguotion sub-model calculates plant
production and allocation of nutrients to live abground and belowground
compartments as a function of climatic factors amahilable soil nutrients. Key
variables are monthly precipitation and monthly rage minimum and maximum
temperatures. Soil texture, litter N, lignin cortteaand tillage disturbance are also
important rate-controlling factors. In the Centunodel, the SOM is shared in tree
compartments: active, slow and passive. The ago@ includes soil microbes and
microbial products with short turnover time (1-3mtiws). The slow SOM pool includes
resistant plant material derived from structurahnpl material and stabilized soll
microbial products that have turnover times randgnogn 10 to 50 years, depending on
the climate. The passive pool includes physicatiy ehemically stabilized SOM that is
very resistant to decomposition (cycling time fro#00 to 4000 years), usually
represented by the humic substances pool. The etengescription of the Century
model structure and the equations used to desthieeC and nutrients fluxes are
showed by Parton et al. (1987, 1988, 1993).

2.2 The eucalypt plantations chronosequences

The chronosequences of the eucalypt plantationsoaeged in the Belo Oriente
(BO) and Virginopolis (VG) regions. The BO regioashan elevation of 250 m above
sea level (masl), annual mean temperature of 2@afA@,eucalypt stem (without bark)

productivity at seven years of 26°tha’ yeaf". The soil is a clayey Yellow Latosol
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(Oxisol). The VG region has an elevation of 850 Imasnual mean temperature of 22
°C, and eucalypt stem productivity at seven yedrd2ont ha' yeai*. The soil is a
clayey Red Latosol (Oxisol). The distance betwdwsé two regions is approximately
100 km, and since they have very similar rainfaterand distribution over the year,
they offer a good opportunity to evaluate the Citamld and the different edaphic-
climate conditions (mainly altitude and clay conjeon the SOM dynamics after the
substitution of the poorly managed pastures bytsiotaition eucalypt. The length of the
harvesting cycle in all regions is around 7 years.

In the BO region, eucalypt stands have been ctd#td/éor 4.0; 13.0, 22.0, 32.0
and 34.0 years, while in the VG region those tiraggals were 8.0, 19.0 and 33.0 years
(Table 1). In each region, areas under Atlantiegbrand pastures located near the
eucalypt stands were also selected for sampling.e@ily, the total area with eucalypt
in each region covers approximately 30,000 ha. @bealypt sites selected for soil
sampling are representative of each region and ¢bggred approximately 10 ha and
were located in the middle slope position. Soil gla® were collected between tree
rows, in the 0-20 cm layer, after digging a pit @bd0 cm deep. Also, intact soil
samples were taken to determine soil density. Thepkcates were randomly assigned
to each stand. Each replicate was set apart by thare 500 m and consisted of a
composite of four soil samples randomly collect€dn2 apart from each other. Saoll
sampling was carried out during the rainy seasonstands as close as possible to
harvest age. The same procedure was used to samigléen adjacent native forest and
pasture.

In each region, the tropical forest (Atlantic fd)e8BGE, 1993) is constituted
by trees that average more than 12 m of heighs Tdrest is the dominant in the Rio
Doce Valley and covers approximately 30.56% of tb&al region area (Drumond,
1996). Among of main tree species found in theveatorest areNewtonia contorta
Pouteria sp,. Sloaneae sp.Endlicheria paniculata Carpotroche brasiliensjsOcotea
odoriferaand Sorocea bonplandiBrosimum The pasturesMelinis minutiflorg were
established in 1930s after slashing and burning#tiee forest. In that period, the areas
under pasture were not fertilized and, additiondley were overgrazed. So, there was
laminate erosion due to the practice of annual bunmg the dry winter, leading to soil
surface exposure to erosion by direct rain impabich resulted in degraded pastures.
In 1969, the eucalypt plantation replaced the pasfkig. 1). The first eucalypt stand
(Eucalyptus urophyllawas planted manually after burning the pasturéerfAa seven
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year (harvesting cycle) the trees were harvestiedr(cut) and removed from the area.
Then, the tree residues were burnt to clear the fmrethe second cycle. Until the third
eucalypt harvesting cycle, the harvest operationlired the cutting and removal of the
wood from the area and burning the tree residubs. blurn of the forest residues was
gradually discontinued since the fourth harvestipge. In all rotations debarking was
performed off site, with no bark returned to théesiExcept to the harvest, the

management practices were carried out manuallyaltree steep relief.

Table 1. Soil use, age and physical characteristics forOH2® cm layer soils of two
chronosequences of eucalypt plantations in the Betente (BO) and

Virgindpolis (VG) regions

Soil use Age Sand Silt Clay S.D.
(years) (g kd) (Mg )
Belo Oriente
Native fores - 37C 60 57C 1.0¢
Pastur - 46( 70 47C 1.37
Eucalyp 4.C 29C 9C 62C 1.2
Eucalyp 13.C 36C 5C 59C 1.14
Eucalyp 22.C 24C 70 69C 1.1t
Eucalyp 32.C 31C 40 65C 1.4C
Eucalyp 34.C 37C 50 58( 1.41
Virginépolis
Native fores - 32C 40 64C 0.87
Pastur - 30C 5C 65C 0.91
Eucalyp 8.C 45(C 30 52C 1.1z
Eucalyp 19.C 24C 70 69C 0.9¢
Eucalyp 33.C 25C 50 70C 0.9¢

S.D. —Soil density

Native forest Eucalypt

Figure 1. Overview of land use changes that occurred irsthdy site.
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2.3 Theeight distinct regionsin the Rio Doce Valley

The eight distinct regions in the Rio Doce Valleliese the eucalypt plantations
were established are: 1. Belo Oriente (BO), 2. Neraa(NE), 3. Santa Barbara (SB), 4.
Virginopolis (VG), 5. Sabinopolis (SAB), 6. Corramtto (COR), 7. Ipaba (IP) and 8.
Cocais (CO) (Fig. 2). The climate according to iigpen classification of the BO and
IP regions is Aw (humid subtropical), while for ettregions is Cwa (tropical wet-dry)
(Nimer, 1989) (Table 2).
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Figure 2. Geographic localization of the eight regions bestgdied in the Rio Doce
Valley, Minas Gerais State, Brazil.
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Table 2.Climate characteristics and elevation of the stidieas (sites)

Climate PPT T oal T T Elevation

characteristi
mm e °C-mmmmm - masl|

Belo Oriente 1,163 25.0 31.2 18.9 250
Nova Era 1,444 18.5 21.9 15.6 837
Santa Béarbara 1,450 22.3 27.2 17.3 838
Virginépolis 1,153 22.0 22.8 15.3 850
Sabindpolis 1,183 21.7 26.7 15.9 899
Correntinho 1,342 20.0 24.3 16.6 843
Ipaba 1,204 24.8 31.2 18.9 276
Cocais 1,281 20.7 25.2 15.1 1016

PPT = Average annual precipitatioh aha = Average annual temperaturé.x = Average maximum

temperature,l min = Average minimum temperature

Sites in the eight distinct regions that had beedeu short-rotation eucalypt

plantations for 28 years (four rotations) were ctelé in order to cover main different

soil orders (Table 3). Furthermore, we also seteareas under native forest (Atlantic

forest) that were near the eucalypt plantatioreéerences.
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Table 3. Soil order, use, texture and soil density (0-80)cof soils under native forest
and eucalypt plantations and eucalypt productifntgan annual increment) for

the eight regions in study.

Soil order™® Soil use Sand Silt Clay S.D. Eucal. stem proffic.
-------------- R D e — (Mg m®) (Mg C ha'yr™)

Belo Oriente (BO)

Oxisol Native forest 280 50 670 1.14

Oxisol Eucalypt 250 60 690 1.41 7.1

Inceptisol Eucalypt 280 70 650 1.42 6.8

Entisol Eucalypt 480 190 330 1.46 7.3

Nova Era (NE)

Inceptisol Native forest 420 20 490 1.10

Oxisol Eucalypt 530 30 440 1.27 8.6

Inceptisol Eucalypt 370 80 550 1.17 6.9
Santa Béarbara (SB)

Oxisol Native forest 420 90 490 1.24

Oxisol Eucalypt 390 110 500 1.26 8.6

Inceptisol Eucalypt 430 100 470 1.45 7.5
Virginopolis (VG)

Inceptisol Native forest 520 120 360 1.22

Oxisol Eucalypt 220 60 720 1.07 10.9

Inceptisol Eucalypt 370 100 530 0.85 8.8
Sabindpolis (SAB)

Oxisol Native forest 390 60 550 1.15

Oxisol Eucalypt 340 50 610 1.26 7.7

Inceptisol Eucalypt 220 100 680 1.22 8.3
Correntinho (COR)

Oxisol Native forest 60 130 810 0.84

Oxisol Eucalypt 60 100 840 0.97 8.8

Inceptisol Eucalypt 220 100 680 1.22 8.8

Ipaba (IP)

Inceptisol Native forest 320 80 600 1.26

Oxisol Eucalypt 310 60 630 1.55 7.3

Entisol Eucalypt 640 120 240 1.65 7.3

Cocais (CO)

Inceptisol Native forest 500 100 400 1.07

Oxisol Eucalypt 340 50 610 1.13 8.6

Inceptisol Eucalypt 440 110 450 1.18 9.6

S.D.: Soil density*” at seven year-old.
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Unfortunately, the extensive forest clearing fostp@e introduction in the past century
left only a few forest remnants in the region, teampling the same soil order under all
uses was no possible. The management practicesthimcubstitution of the native

forest by pastures, and more recently by eucalypte similar as described above.

2.4 Soil analysis

Soil samples were air-dried and passed througmanXieve. Sub-samples were
taken form texture analysis (Tables 1 and 3). Samhples were also ground in an agate
mortar to pass in a 100 mesh (0.149 mm) sievergaroc C determination by a wet —
chemical procedure (Yeomans & Bremner, 1988). ThadCks in each land use were
calculated by multiplicating the SOC concentratoyrthe soil mass of the native forest,
to avoid the effect of soil compaction. We are sheg pseudo-replication is a limitation
of the present study, as in many other pairedssitdies (Vesterdal et al., 2002; O’Brien
et al., 2003; Chen et al., 2004, Lima et al., 200®B)s was necessary in order to set a

“time series” and to restrict soil variability the site level.

2.5 Calibration of the Century model

The century 4.0 parameterisation and calibratios warried out for the BO
chronosequence. The monthly climate parameters wbtained from climatologic
stations located near the study sites, and for1®®85-2005 period (Table 2). Other
properties as soil texture (sand, silt and clagjl density and soil C stocks were
measured in each site (Table 1 and Fig. 2). Thdymtovity and quality (C/N, lignin/N,
etc) data of biomass material of eucalypt were inbth from the literature, and
whenever possible from studies carried out in tleall conditions (Leite, 1995; Ladeira
(1999); Faria (2000)) (Table 4). Once adequatehbicded for the BO region, we
evaluated the performance of the Century modeiniilate the SOM dynamics for the
other eucalypt chronosequence, as well as foright mdependent regions (see below).

The equilibrium simulation of soil C stock usingethative forest as reference
was performed for a period of 7,000 years befoaeting the simulations of soil use
changes. The Atlantic forest productivity simula@dequilibrium was 115.7 t Ha
while the actual measured productivity was 112.@at (Drumond, 1996). The
equilibrium simulation values were utilised as ihpiata for simulating the impact of

land use changes on SOM.
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Table 4. General inputs of eucalypt used for calibratibthe Century model

Input Leaf Fineroot Fine branch Trunk Coarse root
CIN 20 182 160 400W 178%)
CIP 400 267@ 1000 8o00®  102@
Lignin (%) 41.1 28.2 21.7 229 28.2
Assumed C allocation (%) 1.05 2.7 2.7 84.8 8.8

D eite (1995)” Ladeira (1999)% Faria (2000)™” Paul et al., (2004). We assumed same lignin pexgent
for fine e coarse root. The C allocation of finetsrefers to the sum of C allocation to the medamnd fine
roots.

2.6 Evaluation of the previously calibrated Century model

It was evaluated the performance of Century modiiated for the BO region in
simulating the SOM dynamics in the VG chronoseqaeificwas also run independent
simulation of SOM stocks for eucalypt under differeoil orders at the eight regions in
study. Local conditions included climate data (temapure, precipitation), soil texture,
soil C stocks, soil density, soil use and managenpeactices (historic use, burn,
harvest type). The soil C stocks were estimatedhigy Century model 4.0, and the
estimated values were compared with measured védwesach region. Additionally,
the effect of eucalypt debarking on site duringvkat on the soil C stocks was
simulated for the BO region for a period of approately 100 years, starting in 2003.
For that simulation it was considered a mass oélgpt bark of 7.8 t ha

It was computed the relative difference (%) betwesmulated values and

measured values for each soil order and regiontudys After calibration, it was
determined how well the Century model predicted $1@C stocks by calculating the
model efficiency (EF), a statistic analogous fo & defined by Soares al., (1995):

[ -9y

EF=1 . =
D (yi-y)?

wherey; are the measured/observed valugisare the predicted value§/, is the mean
of the measured data. The EF values may be negatpesitive with a maximum value
of 1. A negative value indicates that the simulatetles describe the trend in the
measured data less well than a mean of the obsmrsal positive value indicates that
the simulated values describe the data much heterthe mean of observations, with a
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value of 1 indicating a perfect fit. Also, all rétsuwere compared by root mean square
error (RMSE) (Cerri et al., 2007; Kamoni et al.0ZD Methodological details may be
found in Smith et al. (1997).

N ogan N2
amse= 100 {Zi_l(yl yi) J
Yy n

Where Vi are the predicted valuesy are the mean measured daya,are

measured values, and n is the number of pairecesalin statistical procedure to test
the identity of analytical methodst € 0.05) was also applied according to Leite and
Oliveira (2000). The proposed procedure resultenfithe combination of the F test
modified from Graybill (1976), t test for the mediuerror, and analysis of the linear
correlation coefficient to check if the simulatemlues by the Century model differ from
the measured valueBased on these informations, it is proposed a aecisile to test
the hypothesis of identity between two analyticatimods or any two vectors, that is,

groups of quantitative data.
3. RESULTS
3.1. Measured SOC stocks

The BO region

Under the equilibrium condition, the SOC stock tioe native forest was 53.0 t
ha' (Fig. 3). The results indicated substantial vioiat in the SOC stock when the
native forest was replaced by pasture, which in tuas substituted by short-rotation
eucalypt. As expected for a system at the steaatg;dhe native forest presented stable
SOC stock up to 1931, but it was observed a 40.88tiation of SOC due to the
establishment of pasture (31.5 taOn the other hand, four rotations of eucalypt
plantation in soils previously under poorly managedture favoured the recover of the
SOC stock. After 34 years of eucalypt cultivatioe bbserved SOC stock was 41.5't ha
! (31.7% greater than in the soil previously undsstpre).
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Figure 3. Observed (symbols) and simulated (solid line) SDscks by Century for the

0-20 cm layer of soils of the eucalypt cultivatiohronosequences in the
Belo Oriente (BO) and Virgindpolis (VG) regions.

The VG region
The observed SOC stock for the soil under nativestowas 69.2 t Rain the
VG region (Fig. 3). For pasture, it was observe3{C stock of 55.0 t Fa indicating a
reduction of 20.5% of SOC in comparison with thader native forest. After four

rotations, eucalypt planted on pasture soil ledrtancrease of 26.8% (69.7 tHan the
SOC stock.

3.2. Simulated SOC stocks

The BO region

In the BO region, the simulated SOC stock for théve forest was 52.7 t Ha
while 37 years of pasture cultivation after foresmoval resulted in a reduction of
45.2% (28.9 t hd) (Fig. 3). Contrastingly, four eucalypt rotatioresulted in a SOC
stock of 41.1 t h4, an increase of 42.2% of the SOC stock in relatiothe pasture soil.

The VG region

Following the calibration for the BO region, indepent simulations with the
Century model estimated a SOC stock of 67.5t fua the native forest in the VG
region (Fig. 3). For the pasture soil was estimabeldave 37.9% lower SOC stock (41.9

t ha') than that under previous vegetation (native tyréhe Century model indicates
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that 33 years of eucalypt (57.6 thacultivation resulted in a 37.5% increase of the
SOC stock in relation to the previous pasture use.

3.3. Observed and simulated SOC stocks for different soil orders and regions

For the BO region, the simulated SOC stock for@xesol under native forest was
11.6% higher than the measured SOC stock, whilelifference was only -3.5% in the
Santa Barbara (SB) region (Fig. 4). In the BO amilr8gions, the simulated SOC
stocks for the Oxisol under eucalypt differed 8n2l a8.2% from the observed values,
respectively. For the BO region, the simulated ks for the Inceptisol and Entisol
under eucalypt differed -9.6 and -9.1% from the sneed values, respectively. In the
SB region, the simulated SOC stock for the Inceptimder eucalypt was 17.5% lower
than the measured SOC stock.

For the Nova Era (NE) region, the simulated SOCksfor the Inceptisol under
native forest was 15.0% less than the measured §0¢k. Conversely, in the VG
region the difference was only -5.8%. In the NE &t regions, the simulated SOC
stocks for the Oxisols under eucalypt were 27.5% BHn8% lower than the observed
SOC stocks, respectively. In NE, the simulated @€k differed only -4.9% from the
observed SOC stock for the Inceptisol under eutalypile that for the VG region the
difference was -32.6%.

For the Sabindpolis (SAB) and Correntinho (COR)iorg, the estimated SOC
stocks for the Oxisol under native forest differé8.6% and +17.7% in comparison to
the observed SOC stocks, respectively. For thedDuisder eucalypt the difference was
-18.6% in SAB and +7.3% in COR. In the Inceptisotier eucalypt the estimated SOC
stock was only 0.6% lower than the observed SOCksito the SAB region and only
0.1% less than the observed SOC stock in the CQiRre

In the Ipaba (IP) region, the estimated SOC stocklie Inceptisol under native
forest was 33.8% lower than the observed SOC siwhkite the difference was only -
3.6% in the Cocais (CO) region. For the Oxisol unelecalypt the difference of the
simulated SOC stock in comparison to the obsern@@ Stock was -1.05% in the IP
region and -38.7% in the CO region. In the IP ragithe estimated SOC stock by
Century was 16.4% smaller than the observed SOsk $bo the Entisol under eucalypt.

However, for the Inceptisol under eucalypt in tHe @gion the difference was -22.3%.
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Figure 4. Observed and simulated SOC Stocks for the 0-2@yger of soils of the Belo
Oriente (BO), Nova Era (NE), Santa Barbara (SB)rghiopolis (VG),
Sabindpolis (SAB), Correntinho (COR), Ipaba (IPY &ocais (CO) regions.
The values between parentheses refer to the differ@o) between simulated
and observed values. NF — Native forest, Euc — lgptaOxi — Oxisol, Inc —

Inceptisol, Ent — Entisol.
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3.4. Effect of eucalypt debarking during harvest on SOC stocks

Thinking in the long-term sustainability of the alypt productivity, we used the
calibrate Century model to simulate SOC changesfagnced by adoption or not of
on-site eucalypt debarking for the next 13 rotai¢hO0 years, starting in 2003). The
simulation results indicated that the SOC stockald/increase by 18.3 t H40.2 t hd'
yr') in the BO region (Fig. 5). The maintenance of éuealypt bark on soil surface
after harvest would result in an increase of 5.4%he SOC stock as compared to its
removal. So, the maintenance of bark would resulaiSOC stock of 62.6 t Hian
comparison to the SOC stock of 59.3 t'hi bark were to be removed from the
site.
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Figure 5. Long-term simulated organic C stocks in the 0-80 layer of soils in the
Belo Oriente (BO) managed with or without removéltlee eucalypt bark

(starting 2003) during harvest.

4. DISCUSSION

The efficiency of a model can be assessed by @inglthe root mean square
error (RMSE) (Cerri et al., 2007; Smith et al., TR9The RMSE value of 20.9% found
in the present study indicates that the values Isitad by the Century model were, in
general, close to the measured values. This RM3ke va comparable to (or in some
cases greater than) those found by Cerri et aQqR@ho evaluated the performance of

the Century model to simulate data from 11 land als#&nge chronosequences in the
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Brazilian Amazon and found RMSE values around 26Bbewing accurate results and
supporting the idea that the utilization of Centaoystitutes a good alternative to study
the SOM dynamics in different edapho-climatic coiodis and soil uses (Diels et al.,
2004; Parton et al. 2004; Izaurralde et al., 20BWISE can also be used directly to
compare errors in simulations made by different elgdin which a lower value of
RMSE indicates a more accurate simulation (Smital.etl996). Given the limitations
of using chronosequences based on farmers pramiogared to well-designed long-
term experiments, this degree of agreement betwe#rC measurements and models
values is considered satisfactory (Cerri et alQ730Also, the coincidence between
measured and simulated values by the Century medslverified by calculating the
model efficiency (EF) according to Soares et a9@). The model efficiency was
positive (EF = 0.29) meaning that the Century’s wdations explained the SOC
dynamic better than an arithmetic mean, despitefdbethat in soils with lower C
stocks the model over-estimated the C stocks irDtB8 cm layer (Fig. 6). In a study
evaluating C and N stocks in soils under differasés and managements and their
modelling by Century in Minas Gerais State, Braflendling (2007) showed that the
Century model satisfactorily simulated the soilr@ & stocks, which was supported by
the similarity between simulated and measured stoéiccording to the statistical
procedure suggested by Leite and Oliveira (2000eaneral, the values simulated by
Century differ from the measured values (signiftdartiest,a = 0.05), based on which it
was concluded that, simultaneousB, and 5, are different from 0 and 1, respectively
(despitef3; = 1 by test t, equation slope is equal to 1). Addally, the t test for the
mean error @) indicates that the differences between the sitedland measured
values are caused by random factors. This tedrisaonservative because it takes into
account a series of statistical restrictions. Althio the linear correlation coefficient
between simulated and measured values was relatvgh (r = 0.75), the use of this
coefficient, separately, is not enough to decideualthe identity of two methods
(simulated and observed values in the present daseo the possibility of the intercept
and of the regression coefficient to be quite défe from 0 and 1, respectively (Leite &
Oliveira, 2000).
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Figure 6. Relationship between the observed and simula@d Socks by the Century
model for all regions in study. EF = Model efficaen RMSE = root mean

square error.

The Century model was parameterized and calibriatesimulate the equilibrium
of SOC stocks for the BO region. Under the equilitor conditions, the simulated SOC
stock in the native forest was very similar to tserved SOC stock, with a difference
of only -0.57 %. Leite et al. (2004) and Cerri &t §€2004) also found such close
agreement between the observed TOC and simulat€isi@rks by Century for native
forests in Brazil.

Soil use changes have great regional and locali¢gatpins in the C cycle. The
observed and simulated SOC stocks showed a reduafter substitution of native
forest by pasture in the BO and VG regions (Fig.T8jat decrease can be attributed to
the poor management of the pasture, employing sixtergrazing with low inputs and
annual burn, combined with soil erosion due todteep relief, resulting in large GO
emission to the atmosphere. Utilizing the Centurgdel, Polyakov & Lal (2004)
observed that the erosion has a preponderant roleGM loss and on CCemission.
The importance of adequate pasture management wdsneed in a study where
simulations of SOC changes in 11 land use chronmsemps from the Brazilian
Amazon with the RothC and Century models, wheravas predicted that forest

clearance and conversion to well managed pasturaiiveause an initial decline in soil
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C stock (0-20 cm depth), followed by a slow recoteetevels that could even exceed
those under native forest in the majority of cas&esri et al., 2007).

The establishment of the eucalypt plantation inB@and VG regions resulted
in an increase of the SOC stock in comparison éopisture use (Fig. 3). In the BO
region the increment was 0.28 t’hgeaf’, while for the VG region it was 0.42 t ha
year’. Successive eucalypt rotations with average priddties increasing from 3.8 Mg
C ha'year' in the 60s to 8.8 Mg C Hayear" in current years (Barros & Comerford,
2002) contributed substantially for higher depaositiof organic residues and,
consequently, increase on SOM. Furthermore, thetamo of the minimum tillage
without biomass burning and reduced erosion duttiregestablishment of the eucalypt
plantation surely contributed for such gains. Imeaent review, the mean rate of C
sequestration in the 0—20 cm layer of no-tillagésdocated in the subtropical Southern
region of Brazil was estimated to be 0.48 Mg lyaar* and it is higher than 0.35 Mg
ha' yeai* observed for the tropical region of Brazil (Bayral., 2006). Thus, for the
eucalypt rotations the rates of C sequestratiothénBO region paralleled those found
for soils cultivated with annual crops in the warnr@pical region of Brazil, whereas
the potential for C sequestration of the VG regeosomewhat similar to that found for
the milder subtropical region of Brazil.

These results highlight the great potential thadrtstotation eucalypt has to
increase C sequestration in soils previously o@iifly pastures. One question that
remains, however, is whether the C build up wilhtbaue and for how long. The net
change will probably depend on previous land ustvgSet al., 2000). In a study
conducted in an area under regenerated nativet f(ifesalyptus regnansafter wild
fire in Australia, O'Brien et al. (2003) observiidit theEucalyptus regnansultivation
(10 to >250 years) resulted in increases of the $0ftent, but the decrease in soil
density permitted no gains in the SOC stocks. Eatalg the soil C sequestration under
different exotic species in the Southwestern higtiéaof Ethiopia, Lemma et al. (2006)
observed that the afforestation wkh grandisfor 20 years returned the SOC to nearly
the level of the native forest following 35 conskel years of pasture and 20 years of
agriculture. The data reviewed by Guo and GiffoaD02) indicated that conifer
planting in soil previously occupied by pasturerdased the SOC in 12 %, while the
implantation of broad leaf specidgsucalyptusand Populu$ caused no changes in SOC.
Turner & Lambert (2000) observed decrease of SOthaen0-10 cm layer in soil with

five years under Egrandis plantation in area previously occupied by pasture
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Australia. Theses authors estimated that the retui@to initial level would occur with
approximately 20 years of eucalypt cultivation.

The sensibility of the Century model for variatianssoil use under different soil
and climate conditions, presented in this work, v the great potential that this
model has to detect SOM changes in the long-temitSan be utilized as a tool to
help the adoption of management practices thatuiathee increase of soil C. The SOC
stocks simulated by the Century model for nativeest pasture and eucalypt
plantations in the VG chronosequence were highan tihe SOC stocks in the BO
chronosequence (Fig. 3). The higher clay contarg [@wer average annual temperature
(Tables 1 and 2) in the VG region can have conteitbdior this. On clay particles, the C
is stabilised mainly by association with soil misr resulting in protection against the
biologic degradation (Schulten & Leinweber, 208@jser et al., 2002Dalmolin et al.,
2006). In soils under eucalypt, pasture and ndtxest in 10 Australian sites, with SOC
varying from 19 to 83 g k§j (0-10 cm), Mendham et al. (2002) observed that, in
general, clayeyer soil presented larger SOC cosntamd lower C mineralization rates.
Studying Ferralsol profiles along a climosequenté&outhern Brazil, Dalmolin et al.
(2006) observed that the organic matter contemeased from the lowest to the highest
sites (440-950 m altitude) as result of an increaseaainfall and a decrease in
temperature. This influence was more pronounceithenclayey Ferralsols, suggesting
that the organic matter accumulation was enhangeddil organic matter-mineral
interactions. In addition, the eucalyptus stem potigity in the VG region (10.5 Mg C
ha' yr') was higher than in the BO region (6.5 Mg C'ha™), which contributes
substantially to increase the organic residue daponsand, consequently, SOC stocks
(Leite, 2001). Integrating informations on use tngt climate and soil characteristics
with the Century model, Atd& Olsson (2003) obtained good approximation of SOM
cycling in relation to climate and management faifssunder annual crops of the semi-
arid region in Sudan. Also, utilizing the Centuryael in a study carried out in the
Brazilian Amazon, Cerri et al. (2004) found encaimg results for the TOC, total N,
microbial biomass C pools aftC as a function of management in a pasture cuibivat
chronosequence established in areas previoushpmztby the native Amazon forest.

The C stocks simulated by Century in different swders were mostly in close
agreement with the observed values (Fig. 4). ABmulating the SOC stocks for
different management systems in Brazil, Leite et @004) found small differences

between simulated and observed values (0.4-7.(H&)yever, in another study carried
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out for soils under plough in Hungary, Falloon & i#m(2002) observed that the
simulated SOC values were higher than the obserages. In the present study, for
some soil orders such as the Inceptisols underdygicand native forest in the VG and
IP regions, respectively, and the Oxisol under ptan the CO region, the simulated
SOC stocks showed larger discrepancies from therebd values (-32.6% in the
Inceptisol under eucalypt in VG, -33.8% in the Ipttsol under native forest in IP and -
38.7% in the Oxisol under eucalypt in CO, respetyiv We have no specific reason for
such variation, but in tropical soils the formatioinAl-MOS complex has an important
role preventing SOM mineralization, and the higaeidity and aluminium contents are
responsible for SOM stabilization (Mendonca, 1998ga et al., 2001). So, it is evident
the necessity of more detailed studies focusinthereffects of soil mineralogy, pH and
aluminium content in formation and stabilizationS®M under tropical conditions. All

inputs and assumptions made in our study have tamesr in their values, thus

uncertainty analysis may show how expected vanatiom the value of important

parameters influence the soil C stock.

The following 100 years of the eucalypt cultivatistarting 2003) simulated by
Century resulted in a 44.4 % increase in the sodt@k in the BO region (Fig. 5).
Considering the possibility of utilization of eugpt afforestation for C sequestration, it
is imperative the adoption of adequate managemmactipes that maximize the profits
and at the same time guarantee the soil C maintenand sustain forest growth. The
maintenance of bark, branch and foliages on stdr dfarvesting constitutes a good
alternative with such purpose. Due to the increpsaadoption of biomass removal
(especially the bark) after harvest for severalusidal and energetic purposes, it is
important to know what the long-term impact of dess removal on SOC stock is. The
Century simulations indicated that the maintenasfahie eucalypt bark on soil surface
after harvest resulted in an increase of the Cks168.2 t hd' in the BO region (Fig. 6).
Evaluating the response of soil quality by residemoval under subarctic conditions
(Alaska), Sparrow et al. (2006) found that the maten of crop residues on soil surface
conserved about 650 gof C higher than the removal of all residues egedr. The
harvest residues (foliages, branches and bark)olefthe area after harvest are very
important source of nutrients such as N, P, K, @d Mg (Gama-Rodrigues & Barros,
2002).

Additionally, the maintenance of harvest residué$ mduce the leaching of N,

improve water content and enhance nutrients suppbugh mineralization in the long-
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term (O’Connell et al., 2000). Analysing data fraeveral studies, Johnson & Curtis
(2001) found that, in general, the fertilizationg(enitrogen) and presence of-fiking
plants results in an increase of SOC stocks duenpyoved plant productivity and
humification processes. Several authors have folaidthe quality of eucalypt residues
(high lignin content, and C/N ratio) contribute smcumulation of C in the soil
following eucalypt cultivation (Gama-Rodrigues & rBas, 2002;Costa et al., 2005).
Similarly, the litter decomposition rate in areadanPinus elliottii Eucalyptus spand
native forest in Santa Maria, Rio Grande do SuteStabserved indicated larger litter
accumulation undefPinus elliottii followed by Eucalyptus sp and native forest
(Kleinpaul et al., 2005). Among the possible explanations as vpostulated by the
authors that the higher lignin content of pinusiagé contributed substantially to
increase the litter layer, which in turn could affehe SOM dynamics in time.
Conversely, organic residues may induce greateanidabilization due to deposition of
soluble extractives leached from leaf material dd siainly in N-deficient conditions
(Aggangan et al., 1999). This could result in stenn limitations in N supply for new
seedlings in some sites, where additional inputtedilizers for maintenance of early

tree growth may be necessary (O Connell et al.3200
5. CONCLUSIONS

1. The eucalypt plantations lead to an averageaser of 0.28-0.42 t Haeaf* of
C in soils previously under poorly managed pastures

2. The simulated C stocks by the Century model Bregeneral, close to the
measured values (root mean square error - RMSE.$; P@odel efficiency — EF =
0.29), but there are indications that the simulated observed values differ base on the
identity models test;

3. Simulations indicate that the maintenance ofdhealypt bark on soil surface

after harvest will increase the C sequestratiosoihin the long-term.
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CHAPTER IlI
CALIBRATION OF THE FULLCAM MODEL TO SIMULATE SOIL
ORGANIC MATTER FRACTIONS UNDER EUCALYPT, PASTURE AN D
NATIVE FORESTS IN BRAZIL

ABSTRACT

The Carbon Accounting Model, FullCAM, was develdpey the Australian
Greenhouse Office in 2000. It has been successtalljprated for several Australian
conditions. The afforestation on areas previousigupied by pasture, as has been
taking place with eucalypt in Brazil, is a validdamotential attempt to offset greenhouse
gas emissions. The aim of this study was to cdkbtlae FullCAM model to simulate
soil organic matter (SOM) fractions dynamics unsleort-rotation eucalypt plantations,
pasture and native vegetation (rainforest and @ejréocated in the main eucalypt
growing States of Brazil: (i) Sdo Paulo (SP), E§pirito Santo (ES), (iii) Minas Gerais
(MG), and (iv) Bahia (BA), where good long-term atts for tree growth, SOM
fractions (humin, light and microbial biomass), awill use records were available. So,
the C stock was determined in the total organid@ O), humic substances (HS), light
fraction (LF), and microbial biomass (MB) pools tine 0-20 cm layer. The model
performance was checked by comparing observed mticped values, and calculation
of the model efficiency (EF). The simulated resudtowed that in the ES and BA
states, the TOC stocks would decrease 0.37 and tOH3 yr*, respectively, after
establishment of eucalypt plantation in areas presly occupied by well managed
pastures. Also, the C stock of HS was simulatedeitrease 0.36 t Hayr'in ES and
0.31 t h& yr' in BA under the new land use. A similar patterrsvedserved in SP,
where the TOC and C stocks of HS and LF were sitedlt decrease after substitution
of the native vegetation (rainforest and Cerradp)sbort-rotation eucalypt. After 28
years of eucalypt cultivation the TOC stock deaeelak?.7% (0.21 t Rayr?) in relation
to the soil under Cerrado and 18.3% (0.39t f&@') as compared to the rainforest soil.
Conversely, in the Jequitinhonha Valley (JV) siMQ), the substitution of native
cerrado vegetation resulted in an increase of sitadlTOC and C stock of HS, LF and
MB pools. After 33 years of eucalypt cultivatiorethOC stock increased 5.6% (0.14 t
ha' yr') in comparison to the native Cerrado vegetatiohe TFUullCAM model
described satisfactorily the C stocks within TO®£B.74) and HS (EF= 0.65). So, the

60



FullCAM model constitutes an appropriate tool tmglate the changes in soil C after
eucalypt afforestation.

Keywords C sequestration, land use change, afforestafierrado, rainforest.

1. INTRODUCTION

The two main types of native vegetation in Braz#é,an general, the Atlantic
forest (rainforest) and the Cerrado. The Atlantieét is the most biodiverse biome of
the world, occupying about 1.3 million Knor, in other words, 15 % of the Brazilian
territory (www.sosmataatlantica.com.br). The Ceoragpresents about 9 % of the total
area of tropical savannas in the world. It occurrely within Brazil, mostly in the
central region, and covers approximately 2 milliem? (23 % of the country)
(Bustamante et al., 2006). Current land use inAthiantic forest and Cerrado include
the conversion from native forest to pasture, adpice and fast growing tree
afforestation. About 40 years ago the planted ter@s Brazil occupied little over
400.000 ha. By 1987, Brazil had more than 6 Mhalahted forests. The eucalypt and
pine plantations represent 80 % of the total pl@tea. The production is mainly for
pulp and paper industry and for charcoal in steglistry (Bustamante et al., 2006).

The global concern about rising atmospheric ;G@ncentrations that can
potentially change earth’s climate conditions hagaased the interest to study the soill
organic carbon (SOC) after soil use change (Ceml.e2007; Paul et al., 2003; Paul &
Polglase, 2004). Soil cultivation has a potent@leither release or sequester SOC.
Consequently, the SOC changes associated with @dilvation have received
considerable attention due to the need to limitegagsions to the atmosphere (Lemma
et al., 2006). The afforestation on areas previooskcupied by degraded agriculture
and pasture land as has happened with eucalyptanilBs admitted as a valid and
potential attempt to offset greenhouse gas emissiamd it is a suitable activity under
the Kyoto Protocol. Understanding C cycling in affsted areas is especially important
in Brazil, the largest contributor to emissionsGid, and other greenhouse gases to the
atmosphere due to land use changes.

The global soil carbon pool is estimated to contaore than four times as much
carbon as in the biotic pool and three times ashmagcin the atmospheric pool (Lal,

2004). This highlight the importance of soil orgamhatter (SOM) in the C cycle,
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because little changes in soil C stocks may hasmgrificant effect upon greenhouse
gas emissions. Because of the large size and theplerity of several SOM
compartments, precise measurement of soil C stimcksany cases can be unfeasible
and cost-forbidding for afforestation projects. 8w utilization of simulation models
constitutes an attractive strategy to improve thdeustanding about the factors that
affect the SOM cycling and, hence, to adopt moregadte management practices for
SOM maintenance in afforested areas.

Models that permit the simulation of litter dynasi@.g. GENDEC, DECOMP,
CAMFor) and SOM dynamics (e.g. Century, RothC) hbeen applied with relative
success for planted forests (Kirschbaum & Paul226@ul & Polglase, 2004; Wallman
et al., 2006). Because of the reciprocal dependanceng the forest growth, SOM
cycling, and litter decomposition, it is desiralthet SOM models link with models of
forest growth, debris deposition (litter and deadits), debris decomposition and, SOM
turnover (Kirschbaum1999; Richards, 2001). One of these models, FWICAs a
potential tool to study the processes that cotittet production and decomposition and
SOM cycling in Brazilian eucalypt plantations. Thiedel has been used with relative
success under several climate and soil conditiosustralia (Paul et al., 2002; Paul et
al., 2003; Paul & Polglase, 2004; Paul et al., 2006hen well calibrated to Brazilian
conditions, the FullCAM may enable to estimate th@ected forest growth, litter
deposition and SOM turnover in future rotationsiagar maintenance under the effect
of current and alternative management practicess Wil allow the establishment of
management practices that are more likely to mainta even improve SOM in the
future. Despite the potential application of sucbhdels, data on SOM dynamics in
many Brazilian regions under short-rotation eucalgpe scarce and there is no
systematic study to evaluate the medium- and lengrtsoil C cycling and the C

balance in these forests.

The FullCAM model

The complete carbon accounting model, FullCAM, been constructed by the
Australian Greenhouse Office in 2000 (Richards,1200he FullCAM has components
that handle the biological and management processsaffect the C pools and
transfers between pools in forest, agriculturalansitional (e.g. afforestation,

reforestation, deforestation) and mixed (e.g. Agrestry) systems. The exchange of C,
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losses and uptake, between the terrestrial bickbgiestems and the atmosphere are also
accounted for. The FullCAM model provides the liggaamong the various sub-models
(Fig. 1).

The FullCAM model is constituted by several intégdamodels, but is primarily
based in an empiric sub-model nominated carbonuatitw model for forests CAMFor
developed by the Australian Greenhouse Office (A@¢hards & Evans, 2000a) or
carbon accounting model for cropping and grazingtesys — CAMAg (Richards &
Evans, 2000b). The CAMfor sub-model utilises treewgh information (increment in
wood and aboveground biomass), management (iwigatire, tree mortality), climate
(temperature, precipitation) and empirically estiesathe mass of tree components,
litter, litter decomposition, dead roots and SOQliog rate. If no information is
available for tree growth, the 3-PG sub-model (lsbheilg & Waring, 1997) is used to
estimate the net primary productivity, which isriteansferred to the CAMFor, where it
is allocated to several tree components. When litfermation such as lignin content,
cellulose, soluble C, litter C/N ratio and avaimbmineral N inputs, the litter
decomposition can be predict using the GENDEC sodeh(Moorhead & Reynolds,
1991). The C in resistant and decomposable litmmpartments in CAMFor is
transferred to the fast (soluble), medium (celle)aand slowly (lignin) compartments in
GENDEC based in its biochemical characteristicse BGENDEC then transfers the
estimated decomposed litter mass to the CAMFor revtige C cycling rate in soil can
be predicted with the CAMFor or by using the Rotlib-model (Jenkinsoet al.,
1987; Jenkinson et al., 1991).
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Figure 1. Structure of the FUllCAM model configured for éstry systems and based on the empirical C
tracking sub-model CAMFor, with the possibility timk to process-based sub-models for
predicting of tree growth (3-PG), litter microbidlecomposition (GENDEC) and soil C
turnover (RothC). De and Re refer to decomposafderasistant material in the CAMFor sub-
model, respectively. Sol refers to soluble, Cetrefio cellulose, and Lig refers to lignin in the
GENDEC sub-model. In the RothC sub-model, HUM reterhumified material, BIO refers to
microbial biomass pool, IOM refers to inert orgammatter, and DPM and RPM refer to

decomposable and resistant plant material, resgégti

In the RothC sub-model, the SOM decomposition msutated considering the
clay content, temperature, water content and @peties. This model simulates six soil
carbon pools: (i) decomposable plant material (DPtd$istant plant material (RPM);
(iif) slow microbial biomass pool (BIO-S); (iv) famicrobial biomass pool (BIO-F); (v)
humified organic matter (HUM); and (vi) organic reatinert to biological attack
(IOM). The presence of this inert SOM compartmeaitally differentiates the RothC
from other SOM decomposition models. Fresh litted alead roots may include
decomposable and resistant pools divided based rerdgiined ratios and that
decompose at different rates to produce, O, and HUM. All SOM pools (except
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IOM) in RothC decompose at defined rates (followanfirst order kinetics), which are
changed by temperature, soil moisture deficit, amdant protection factor as described
by Jenkinsor{1990).

The aim of this study was to calibrate the FullCANbdel to predict SOM
cycling under short-rotation eucalypt plantatiopasture and native forest (rainforest
and Cerrado) in four main eucalypt growing StateBriazil.

2. MATERIAL AND METHODS

2.1. Sites description

This study was carried out in commercial eucalyphds, pastures and native
vegetation (rainforest or Cerrado - Savanna) latatefour main eucalypt growing
States in Brazil: (i) S&o Paulo (SP), (ii) Espif@anto (ES), (iii) Minas Gerais (MG),
and (iv) Bahia (BA), where long-term datasets feetgrowth, SOM fractions, and land
use history were available (Tables 1 and 2). This so these States were used to
estimate the magnitude of C changes across a raht¢gnd use change, C inputs,
climate, edaphic conditions, and management pextic
(i) Séo Paulo

Two areas under eucalypt plantations were selddiagble 2). Adjacent areas of
native vegetation (rainforest or Cerrado) charastierof land cover before the eucalypt
establishment were also chosen. The Cerrado sitdominated by sandy soils
(Quartzipsamment), while the rainforest (Atlanticest) site is on very clayey, fertile
Oxisols derived from basalt. For both sites, theapts was first planted manually in
1973, after slashing and burning the rainforest @adado in a density of 1,333 plants
ha'. The plants were fertilized with NPK (4-28-6) 8@ Cu + 0.7 % Zn and reactive
rock phosphate. It was also applied NPK (10-00-200.3 % B + 2.4 % Mg as
maintenance fertilization. After seven years ofvgig the eucalypt trees were clear cut
and the trunk removed from the site. The tree tesidwere burned to conduct the
second rotation. Since the third rotation the mgnpractice was discontinued. In all
rotation the debarking was performed off site witb return to the field. All

management practices were carried out mechanically.
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Table 1.Climate, localization, and eucalypt species (cJarsed for simulation of SOM dynamics with the BAM model in each

studied area

State
Espirito Santo Minas Gerais Bahia S&o Paulo
BO VG JV
Climate Aw Aw Cwa Cwa Af Cwa
Mean annual rainfall (mm) 101.5 96.7 93.8 97.0 140. 109.9
Mean annual air temperatufcj 23.4 24.9 22.0 20.6 23.1 23.4
Open pan-evaporation (mm) 110.7 109.6 95.0 107.9 4.311 113.4
Latitude (S) 19°48’ 19°14’ 18042’ 17951 16°17’ 23°
Longitude (W) 40017 42024 420471 42051’ 39°09 042
Altitude (m asl) 55 250 850 1,100 71 500
Eucalypt species (clone) E. grandis x E. E. urophylla E. urophylla E. urophylla E. grandis x E.  E. grandis x E. urophylla
urophylla urophylla.

Pasture productivity (t i3 10.9 35 5.5 - 12.4 -
Soil order Ultisol Oxisol Oxisol Oxisol Ultisol Quaipsamment or

Oxisol

Cwa = humid sub-tropical; Aw = tropical wet-dry; Aftropical wet; BO = Belo Oriente; VG = Virginopsl JV = Jequitinhonha Valley.
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Table 2 Main characteristics of the sites under eucgbjgntations utilized for
calibration of the FullCAM model

State (site) Native forest  Previous Rotation Current Wstem Clay Silt Sand

land use number stand age productivity

(v (Mg C ha'yr) (g kg?)
ES Rainforest Pasture 4 7.6 8.1 250 30 720
MG (BO) Rainforest Pasture 4 6.2 7.7 580 40 380
MG (VG) Rainforest Pasture 4 5.2 12.3 700 50 250
MG (JV) Savanna Savanna 3 10.0 15.0 780 60 90
BA Rainforest Pasture 1 7.7 16.1 90 30 880
SP Savanna Savanna 4 2.0 10.0 90 20 890
SP Rainforest Rainforest 4 2.0 10.0 640 180 180

ES = Espirito Santo; MG = Minas Gerais; BO = Beloe@te; VG = Virgindpolis; JV = Jequitinhonha Vall8A = Bahia;
SP = S0 Paulo; Savanna = CerrdHat 7,0 years old.

(i) Espirito Santo

The eucalypt stand evaluated was planted in e@gyirythe coastal region of the
ES State in area previously occupied by pastureat chosen to be representative of
the soil and management conditions dominant in tieigion (Table 2; Fig. 2).
Additionally, adjacent areas under pastiBeathiaria sp) and native forest (rainforest)
located nearby the eucalypt stands were selectesl pésture was established in 1950s
in area previously occupied by native forest andvés used for extensive cattle
ranching up to 1969, when the eucalypt cultivatgiarted. The pasture had good
appearance, without visible surface erosion. Tte &ucalypt rotation was established
after burning and plowing the pasture, in a 3x3r@e spacing (1.111 pl/ha). Just after
planting, the seedlings were fertilized with NPk3®-6) and natural rock phosphate.
Also, NPK (20-05-20) was used for maintenance lieation. After 7 years of growth,
the trees were harvested. The whole trunk was takefrom the site and only the
branches and leaves remained on site. The pladussswere burned after harvest up to
1985 (second rotation). All management practicesnduthe conduction of eucalypt

rotations were mechanized due to favorable topdgyrap

(i) Minas Gerais
Two eucalypt plantations were selected in two dgitiregions in Rio Doce
Valley, Minas Gerais State: Belo Oriente (BO) aricgwdpolis (VG) (Table 2; Fig. 2).

Besides the eucalypt stands, in each region arcadjanative forest (Atlantic forest)
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and pasture were selected. In both regions thdyaicdands replaced degraded pasture
in 1969. The pastured/gelinis minutiflora)were established in early 30s after slashing
and burning the native forest. The pasture waietiifor extensive cattle ranching with
no fertilizer or lime use until 1969, when it waplaced by the eucalypt plantation. The
pastures throughout the region were overgrazed,eansion was apparent. The first
eucalypt stands were planted manually after burtiegpasture. Following 7 years of
growth, the plants were manually cut and the stk lpark removed from the site. The
use of fire after harvest was carried out until thed eucalypt rotation. Another
eucalypt site was chosen in a distinct biome in ibquitinhonha Valley (JV), MG
(Table 2). Beside the eucalypt, an adjacent areerumative vegetation (cerrado) was
selected. The first eucalypt rotation was planted Bx2 m tree spacing (1,667 pl/ha) in
1974, after slashing and burning the native vegetatfter 10 years of growth, the
eucalypt trees were harvested and the stem togeitiebark was taken from the area.

The branches and leaves remained on site afteesiang.

Native forest Eucalypt

Figure 2. Overview of land use change in the main eucalypiving States of Brazil.

(iv) Bahia

One representative area under eucalypt plantatias selected in this state
(Table 2; Figure 2). Additionally, areas under pestand native vegetation (rainforest)
adjacent to the eucalypt were selected. The pagBrexhiaria sp.and Panicum sp.
was planted in early 1970s after slashing and bgrof the native forest. The current
pasture was in good vegetative condition, with wident surface erosion. The eucalypt
was established in early 90s after burning and plgvef pasture and soon after the
eucalypt planting, the seedlings were fertilizethvNPK (5-38-5) fertilizer and reactive
natural phosphate, but no maintenance fertilizes agplied. After 10 years of growth,

the trees were harvested with a harvester andtdéine was taken out from the site with
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all the plant residues left on soil surface. The o fire to clear the area was not a
standard practice in this region. Due to favordbfemgraphy all management practices

from planting to harvesting were accomplished medzly.

2.2. Soil sampling and analysis

Soil samples were collected between eucalypt trews in the 0-20 cm layer,
after digging a pit about 40 cm deep. Also intait samples were taken to determine
soil density. Four replicates were randomly takemf each stand. Each replicate was
separated by approximately 500 m and consisted afnaposite of four soil samples
randomly collected 5 m apart from each other. Ailsinprocedure was executed for
pasture and native forest soil sampling. We adnhitieat pseudo-replication is a
limitation of this study, as in many other pairet®sstudies (Vesterdal et al., 2002;
O’Brien et al., 2003; Chen et al., 2004, Lima et aD06). Since each stand within a
given site was set apart by at least several matsisother eucalypt stands, we have
confidence in that randomness and independencyemnasred and a valid statistical
analysis was warranted.

The soil samples were air dried and passed threughmm sieve. Soil sub-
samples were taken for texture analysis (TableA&fitional soil sub-samples were
ground in an agate mortar to pass a 100 mesh (dntdPsieve for total organic carbon
(TOC) determination by a wet-chemical procedureaofiansand Bremner, 1988) and
for C determination in humic substances fractiddS)(by the IHSS procedure (Swift,
1996). The following fractions HS were obtained dzth®on differential solubility in
alkali and acid solutions: fulvic acids (FAF), hunacids (HAF), and humin (HF). By
summing the FAF, HAF, and HF it was obtained theiedor the humic substances
(HS). The C content in the HS was determined waetchemical procedure (Yeomans
and Bremner, 1988). The microbial C was determibgdthe irradiation-extraction
procedure (Islam and Well, 1998) and the lighttftac (LF) of SOM was separated by
physical fractionation with a Nal solution (1.8 ki) based on the procedure proposed
by Sohi et al. (2001). After physical fractionatiothe C content of the LF was
determined by dry combustion in an elemental amaly§erkin-Elmer serie I
CHNS/O). Carbon stocks in the several SOM fractiese calculated by multiplying
the C concentration in each fraction by the masdfunder native forest to correct for

management-induced compaction effects on SOM staekama et al., 2006).
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2.3. Calibration of the FullCAM model

The eucalypt productivity as well as the net priynaroductivity (NPP) for each
site was calibrated using the increment methochenGAMFor sub-model due to the
available actual productivity and climate data (enature, rainfall, and pan-
evaporation) for each site (Tables 1 and 2). The Ebcation and the turnover rate for
each plant compartment (e.g. foliage, branchesbank) were also predicted using the
CAMFor.

Data of total dry mass (384.4 t'Haand litterfall (6.5 t hd yr) for the native
forest (rainforest) were available only for the Esp Santo State. This productivity was
used for the native forest (rainforest) in the otstedied sites. The total productivity of
dense cerrado (savanna) (67.1 thaas obtained from Ottamar et al. (2001), while th
litterfall datum was obtained only for the Sdo PaGtate (5.6 t h9 (Cianciaruso,
2006). During the FullCAM calibration it was considd a tree mortality rate of native
forest of 1 % yi*. Swaine et al. (1987) considered the mortalitg fttropical forest to
be around 1-2 % ¥ Due to fire event the aboveground C convertechtircoal was 5
%, while the aboveground C release as, @Othe atmosphere was 39 % according to
Fearnside (1996, 2002).

During the calibration of the RothC sub-model, @énputs to soil pools must
be well calibrated. Thus, for each study site, WelCAM prediction of biomass
accumulation and litterfall were simultaneousliytefit to some observed data. Early
calibration of the FUllCAM model using the dataSedble 2) indicated that the original
decomposition rate constants of decomposable preaierial (DPM), resistant plant
material (RPM), humified material (HUM), and micrab biomass (BIO) pools
available in the model (default values) were no¢cathte to predict the soil carbon
turnover under native forest, pasture and eucaligttations. Therefore, we had to fit
these decomposition constants in order to minintiee difference between predicted
and observed values of SOM compartments, consgidhiait the quantity of C in each
RothC soil pool decays exponentially with timehete is no new C flowing into the
pool, and that theses rates are also affected rapamature, topsoil moisture and soil
cover. Another adjustment required during the FANC calibration was the C
partitioning during the debris decomposition betw#®t lost as C&Qand the remaining
that enters into to the soil, considering that tlezomposable compartments loose

higher C-CQ to atmosphere than the resistant compartments.
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The measured TOC stocks were compared with the §t@¢ks simulated by the
FullCAM model, while the measured C stock of HS waspared with the simulated C
stock of HS. Also, the measured C stock of LF wammared with the C stock of plant
material simulated by the FullCAM model (DPM + REMyhereas the measured C
stock of MB was compared with the simulated C stoicklB (BIO-Fast + BIO-Slow).

After calibration, it was determined how well thellEAM model predicted the
C mass within these pools by calculating the medffediency (EF), a statistic analogous
to R, as defined by Soares al., (1995):

(2 wi-giy’

EF =1 . . =
D (yi-y)’

wherey; are the measured/observed valugisare the predicted valuegf, is the mean

of the measured values. The EF values may be wegatipositive with a maximum
value of 1. A negative value indicates that theudated values describe the trend in the
measured data less well than a mean of the obsmrsal positive value indicates that
the simulated values describe the data much bbtarthe mean of observations, with a

value of 1 indicating a perfect fit.
3. RESULTS

3.1. Total organic carbon and humic substances carbon

Measured C stocks

The Atlantic forest soil in ES had a TOC stock 8f3t ha' and a C stock in HS
of 34.4 t ha. The clearing of the forest for pasture cultivatied to a decrease in the
TOC and HS stocks to 35.6 and 29.1 t heespectively (Fig. 3). These stocks were
further reduced to 20.9 and 22.1 t'tfallowing the substitution of pasture by eucalypt.
An opposite behaviour was observed in BO and VG M@here the degraded pasture
soils had much lower TOC stocks (31.5 tia BO and 53.2 t Hain VG) and C stock
in HS (27.7 t hd in BO and 47.6 t Hain VG) than those under the rainforest soil
(TOC =53.0 t hain BO and 82.3 t Hain VG; HS = 45.9 t hain BO and 75.6 t hain
VG ), but the eucalypt soil showed a recover in T stocks (41.6 t Hain BO and
67.4 t hd in VG) and the C stock in HS (40.6 t"hin BO and 62.8 t hain VG).
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Likewise, in JV (MG) the eucalypt soil had a higH&C stock (46.0 t h§ than under
the cerrado soil (43.6 t Ha However, the C stock in HS of the eucalypt $68.3 t ha

1) was slightly lower than that in the cerrado $48.2 t hd). In BA site, the C stocks in
the native forest soil were 35.9 and 36.5t meTOC and HS, respectively. The pasture
cultivation (20 years) reduced these C stocks t6 28d 31.5 t 4 The more recent
eucalypt cultivation further reduced the TOC staokl C stock in HS to 26.0 and 24.5 t
ha', respectively. Similarly, the eucalypt soil in @Ro had lower TOC stocks (24.8
and 41.9 t hd) and C stocks in HS (19.5 and 37.6 ththan those under the cerrado
(sandy) and rainforest (clayey) soils which had TREC stocks of 36.5 and 50.2 tha
and C stocks in HS of 27.8 and 43.9 thaespectively.

Simulated C stocks

According to simulations by FullCAM, the introduati of eucalypt resulted in a
decrease in the TOC stock and C stock in HS in esispn to pasture and rainforest in
ES, MG (BO) and BA (Fig. 3). The model predictedttthe eucalypt soils in ES, MG
(BO) and BA, respectively, would have TOC stock®613, 40.6 and 31.7 t favhile
the pasture soil had 38.2, 46.2 and 34.1% laad the rainforest soil stored 42.4, 68.8
and 39.9 t ha of TOC. Concerning the HS pool, the eucalypt stited 24.9, 37.4 and
29.4 t hd of C, while the pasture soil had 36.3, 45.4 an®3ha’, and the rainforest
soil had 37.8, 62.1 and 35.3 thm ES, MG (BO) and BA, respectively. Oppositely,
the eucalypt soil had greater TOC stocks (55.0 @& and 52.5 in JV) than the pasture
soil in VG (54.5 t hd) and the cerrado soil in JV (47.9 thaThe eucalypt soil also
had higher C stocks in HS (46.9 tfjpthan under cerrado (43.4 tHan JV (MG). The
TOC stock (27.5 and 49.3 t figand the C stock in HS (24.5 and 45.9 Thim the
eucalypt soil was lower than in the cerrado (TOB3:5 t hd, HS = 29.2 t hd) and
rainforest (TOC = 60.3 t HaHS = 54.5 t ha) soils in SP.
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3.2. Light fraction and microbial biomass carbon

Measured C stocks

The eucalypt soil had slight higher C stock in ligat fraction (1.9 t hdin ES
and 2.9 t hd in BO) than the pasture soil in ES (1.5 thand BO (2.8 t i), which in
turn were lower than those of the rainforest soiboth sites (2.3 and 6.7 t"hin ES
and BO, respectively) (Fig. 3). The eucalypt sdslbashowed higher C stocks in the
light fraction (7.0 t hd in VG and 7.5 t hain JV) than the pasture (4.2 tHaand
cerrado (4.9 t Hj soils in VG and JV (MG), respectively. Contrayitiie eucalypt soil
had lower C stock in the light fraction (3.2 tHaas compared to the pasture soil (4.0 t
ha') in BA. The eucalypt soil also had lower C stookniicrobial biomass (0.34 t fa
in BA, 0.37 t h& in JV (MG), and 0.29 t h&in ES) than the pasture (0.42 t'hand
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rainforest (0.47 t 3 soils in BA, cerrado soil (0.52 t fiin JV (MG), and pasture soil
(0.36 t h&) in ES. On the other hand, the eucalypt soil h@dla t hd C stock in this
fraction in comparison to 0.09 than the pasture soil and 0.08 thim the rainforest
soil in VG (MG) (Fig. 3).

The eucalypt soil had a 3.4 tthe stock in the light fraction as compared to the
12.6 t h&d C stock in the cerrado soil in SP. In the foreditthere were more C stocked
(3.9 t hd) in the light fraction than in the eucalypt séihe eucalypt soils also had
lower C stocks in the microbial biomass (0.40 ar&7 @ h&') than the Cerrado (0.54 t
ha') and rainforest (0.45 t Hasoils in SP.

Simulated C stocks

The FullCAM model predicted that the eucalypt $@t higher C stocks in the
light (2.9 and 5.3 t h§ and in the microbial biomass (0.25 and 0.44 t)hhan the
pasture soil (LF = 0.7 and 1.2 thaviB = 0.15 and 0.21 t Fa in BO and VG (MG),
respectively (Fig. 3). Similarly, the eucalypt sews predicted to have higher C stocks
in the light (5.3 t hd) and in the microbial biomass (0.42 t'hizhan in the cerrado soil
(LF = 4.2 t hd, MB = 0.37 t hd) in JV (MG). Conversely, the simulation results
indicated that the eucalypt soil would store les# @he light fraction (1.3 t h§ and
microbial biomass (0.10 t Hxthan the pasture (LF = 1.6 tthaviB = 0.21 t h&) and
rainforest (LF = 4.3 t H§ MB = 0.33 t hd) in ES, as well as lower C stock in the
microbial biomass (0.16 t Hathan the pasture (0.23 tH)aand rainforest (0.32 t Hx
soils in BA. In SP, the model simulation for thecalypt soil indicated lower C stocks
in the light fraction (2.8 and 3.1 t fipand microbial biomass (0.19 and 0.31 than
the cerrado (LF = 4.0 t HaMB = 0.26 t h&) and rainforest (LF = 5.4 t HaMB = 0.47

t ha') soils, respectively.

3.3. Calibration of the Full CAM model

After calibration, the model showed EF values af40unit for TOC, 0.65 unit
for HS, 0.11 unit for the light fraction, and -0.8iit for the microbial biomass (Fig. 4).
The FullCAM model over-estimated the TOC stock &hdtock in HS, light fraction

and microbial biomass in situations where actuatacks were lower.
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Figure 4. Relationship between observed and simulated kstot SOM fractions (0-20 cm)
for calibration soil datasets of the FullCAM modeF soil datasets were found to be:
TOC =0.74 units; HS = 0.65 units; LF = 0.11 uni#8 = -0.87 units.

4. DISCUSSION

The clay content, temperature, rainfall, and plardductivity are among the
most important factors that control SOM dynamicsa(i4/ et al., 2006; Dalmolin et al.,
2006; Tan et al., 2004; Rigobelo & Nahas, 2004)e Ttative forest, pasture and
eucalypt soils had higher C stocks in the SOM foastin the VG region (MG) (Fig. 3).
The higher clay content and lower annual mean teatpe in this region (Tables 1 and
2) may have favoured the C sequestration in suthisagyeneral, clayey soils present
higher SOC contents and lower C mineralizationsrgddendhamet al., 2002; Bird et
al., 2003). In the clay fraction organic C is sliakd mainly by association with soil
minerals, what result in protection against biotogiegradation (Shang & Tiessen,
1998;Percival et al., 20Q0Schulten & Leinweber, 200&Kaiser et al., 2002; Dalmolin
et al., 2006). In a study carried out with Ferrlsalong a climosequence in southern
Brazil, Dalmolin et al. (2006) observed that thgasic matter stocks increased from the
lowest to the highest elevation sites (440-950 ih dise to increase in rainfall and

decrease in temperature. This influence was mooagomced in the heavy clayey
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Ferralsols. Lower temperature results in a dedlinmicrobial activity, which favours
SOM accumulation. In fact, Lima et al. (2006) enyeld variations in the natural
abundance of®C to demonstrate that SOM turnover in the VG regioras much
slower than in the BO region. Furthermore, degpigefact that several studies in Brazil
have demonstrated that eucalypt productivity amerfall increase in regions with
greater mean annual rainfall (Santana, 2000; S¢aps., 2002; Rigobel@& Nahas,
2004), the slightly lower annual rainfall in the Vi@gion is not sufficient to limit
eucalypt growth and thus, the high plant produstiaind residue deposition contributed
substantially to accumulate soil C under the eyxtadtands.

Afforestation of former pasture land generally fesun reduction of SOM
contents (Davis & Condron, 2002; Sicardi et al.080 In the present study short-
rotation eucalypt cultivation in areas previoustgapied by improved pastures resulted
in a decrease of TOC stocks, reaching an averageoo0.37 and 0.30 t figr™ in ES
and BA, respectively (Fig. 3). A similar behaviouas observed for the C stocks in HS,
which decreased 0.36 and 0.31 t'ha’. This can be explained by the decline in net
primary productivity (NPP) following the eucalypstablishment in these regions (Fig.
5). In a Study evaluating the eucalypt impact inCS@actions of areas previously
occupied by pasture in Australia, Paul and PolglgZ#4) observed that in sites
previously occupied by improved pasture the affiatesn resulted in decline of the C
stocks in HF. Evaluating the SOC stocks after cosiwa from grassland to pine
afforestation in the Ecuadorian Andes, Famé¢\al. (2004) also observed that the SOC
stock (0-10 cm) decreased from 5.0 kg im grasslands to 3.5 kgfin 20-25 year-old
pine stands. Pastures allocate about 30-50% oxé&l fiby photosynthesis to formation
and maintenance of root system (Kuzyakov & Domar3B00) with fast cycling time,
while forest coarse roots have long turnover tifierthermore, forests deposit organic
residues on soil surface where the conditions tmuiposition are more favourable
(Post & Kwon, 2000).
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Figure 5. Simulated NPP values for the native foragt pasture (dash dot line), and eucalypt
(solid line) soils in calibration dataset of thellE&AM model. NPP = net primary
productivity; tdm = ton dry matter; yr = year; ESEspirito Santo; MG = Minas
Gerais; BO = Belo Oriente; VG = Virgindpolis; JVJequitinhonha Valley; BA =
Bahia; SP = Sao Paulo.

In a global review about changes in soil C stocRs3§ cm) following
afforestation on ex-pastoral land, Paul et al. @d0ound that the soil C, on average,

initially decreased 0.32% Vrduring the first 10 years before gradually inciegs
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1.16% vyi* for the first 40 years. Among the main reasons tmmtributed for this
decline/recover patter it has been postulated (Baal., 2002) that: (i) at the time of
plantation establishment there is little input ish C to soil as NPP is small and goes
to building biomass. At the same time, residuesnfrprevious pasture decompose
leading to net loss of C. So, even when the C ifijum residues under plantations is
greater than under pasture, the soil C is initidibgreased because of a lag in C being
transferred from residue to soil; (i) much of tREP in plantation is allocated to long-
lived woody components that are temporarily or @erently removed by harvesting
from the soil C cycle; (iii) input from the moregiiified, resistant plant material
increases as the plantation develops.

The NPP and C allocation were demonstrated to ¢palyhcorrelated to the soil
C in areas under eucalypt afforestation in Ausar@faul et al., 2003). The simulated
TOC and C stocks in HS and LF were found to deeredter substitution of native
forest (rainforest and Cerrado) by eucalypt in 5@.(3). After 28 years of eucalypt
cultivation the TOC stock decreased 17.66 % (0.84'tyr") and 18.32 % (0.39 t Ha
yr') in relation to the Cerrado and rainforest sakpectively. The lower C stocks in
the eucalypt soil were due to lower NPP of eucatyphpared to native forest (Fig. 5).
Furthermore, the management practices such asimgaanhd harvesting in eucalypt
areas could lead to soil C loss as Q0 the atmosphere. In a review involving
worldwide regions, Guo & Gifford (2002) found that) average, afforestation on land
previously under native forest resulted in a 13 &erdase in SOC. The eucalypt
establishment resulted in small changes in SOCevdainifer establishment resulted in
decrease of 15 % in SOC. Contrastingly, when evialgidhe effect oE. camaldulensis
afforestation on soil C in comparison to the natBesrado in Brazil, Mel@t al. (2004)
observed that the eucalypt cultivation resultednnincrease of organic C in the upper
soil layers. The lower clay content of eucalypisthat were previously under Cerrado
(9 dag kg, Table 2) could have contributed to decline ingbi C after afforestation in
the current study. In a study evaluating the impé&ucalypt and pinus afforestation on
SOC stocks in the Cerrado region of Brazil, Zinmle{2002) observed that the organic
C (0-5 cm) was significantly lower under afforestib@n the control soil (Cerrado),
especially in the sandy Entisol. As discussed eadys with sandy texture are more
sensitive to SOC changes when compared to claye(Rawls et al., 2003). The clayey

soils offer higher physical and/or colloidal prdten to SOM against microbial
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decomposition by formation of clay-organic compkeX®icConkey et al., 2003; Tan et
al., 2004; Stevenson, 1994).

The C fraction respired through the decompositidritter and SOM is an
important component influencing soil C changes (PRaal., 2003). The TOC stocks
simulated by FullCAM showed a declining rate of £Cénission by soil plus debris
pools reaching an average rate of 0.17yhain BO and 0.02 t hhyr? in VG after
four eucalypt rotations. Besides biological decosiipan, the fire event in the two first
eucalypt rotations simulated by FullCAM contributedhe litter and soil C loss as €O
to the atmosphere (Fig. 6) despite of higher NPRuafalypt in comparison to pasture
(Fig. 5). Mendham et al. (2003) observed that éxwent in areas occupied with.
globulusin Australia resulted in C and N losses by volasition, and leaching and
erosion of others nutrients from soil. However, @stock in LF and MB was simulated
to increase after eucalypt establishment. The LEosstituted basically by organic
residues partially decomposed, and it is strongfijuénced by quantity and quality of
organic residues deposited on soil (Six et al.,220Thus, the LF increment under
eucalypt soil in comparison to the pasture soil Was to greater deposition of more
lignified organic residue.

The use of modern genetic materials and fine-tusietultural techniques in
more recent eucalypt rotations resulted in gaingant productivity (C sequestration in
biomass), evolving from a mean annual incremerg.8fMg C hdyear" in the 60s to
8.8 Mg C h& yeaf' in recent years (Barros & Comerford, 2002) coniigb
substantially for higher deposition of organic dess and increase of SOM stocks in
Brazilian conditions. The substitution of Cerradoducalypt resulted in an increase of
TOC and C stocks in HF, LF and MB in the JV regiMG) (Fig. 3). The eucalypt
cultivation (33 years) increased 5.63 % (0.14t 1) the TOC stock in comparison to
that under native Cerrado. The NPP of eucalypt alss higher than that of Cerrado
(Fig. 5). The high clay content (78 daggcombined with the high eucalypt stem
productivity (60 mi ha' yr') is an important factor that contributed for thisrease
(Table 2). Additionally, the adoption of the minimutillage without harvest residue
burning during the establishment of the most re@malypt rotation surely favored
such gains. Several authors have found that thigyjodeucalypt residues (high lignin
content, wide C/N ratio) also contribute to accumllitter and soil C following

eucalypt cultivation (Gama-Rodrigues et al., 2008sta et al., 2005).
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Figure 6. Simulated values of C-GQemitted by soil+debris for the native fores),(pasture

(dash dot line), and eucalypt (solid line) areasahbration of the FullCAM model.
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JV = Jequitinhonha Valley; BA = Bahia; SP = Sdol®au

The FullCAM model described adequately the TOC kdoEF=0.74) and C
stock in HS (EF= 0.65), but it was not as accutatpredict the C stocks in LF (EF=
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0.11) and MB (EF= -0.87) pools (Fig. 4). Due to there labile and dynamic nature of
the LF and MB fractions, they fluctuate very fast iime, and a single-point
measurement may not accurately represent theialapattern along the rotations of
eucalypt. Despite such limitations, the FullCAM mbdonstitutes, in general, an
appropriate tool to simulate the changes in sodf@r eucalypt afforestation, it over-
estimated the C stocks of the SOM fractions underditions of low soil C stock
showing the necessity to investigate the possidsans that can contribute for this. In
a study carried out in areas under eucalypt plamtatreviously occupied by pasture in
Australia, Paul and Polglase (2004) found thatdhlkébration of RothC sub-model in
FullCAM was most successful for HS, and to a lessdent for the resistant plant
material (RPM) pool, where there were distinctefiéinces amounts of C between soils

from different sites.

5. CONCLUSIONS

1. Short-rotation eucalypt cultivation leads toezlthe in the TOC stocks and C
stock in HS in comparison to improved pasture ie BES and BA states. Also, the
eucalypt results in decrease of the TOC stock astb€k in HS and LF in comparison
to rainforest (clayey Oxisol) and Cerrado (sandytidoh) in the SP state, but it
contributed to increase the TOC stock and C stodd$ and LF in comparison to the
Cerrado soil in the JV region (MG state).

2. The FullCAM model describes satisfactorily th@ed stock (model efficiency
- EF= 0.74) and C stock in HS (EF= 0.65) in soitgler native forest, pasture and
eucalypt plantation.

3. The FullCAM model is an important tool to esttegmthe changes in soil C
following afforestation as well as to identify impant sites factors and processes

controlling SOM dynamic in tropical soils.

6. FURTHER WORK REQUIRED

The FullCAM model has been calibrated for the nminalypt growing States in
Brazil, which have distinct vegetations and edaplhatic conditions. Despite of
satisfactory results presented by the model, spetdsting is required for the

partitioning of C lost as C£xo the atmosphere and C that moves to soil dutetyis
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decomposition. Moreover, information about the patage of decomposable and
resistant fraction of each plant compartment (&god, branches, and foliages) is
required for Brazilian conditions. Regarding thel,sih is very important to obtain
information related to decomposition constant rdesBIO, RPM, DPM, and HUM
pools under Brazilian conditions. The RothC sub-etaadl the FullCAM model has only
been calibrated to predict C cycling down to 30 lager of soil. Despite the fact that
surface layer stores most of SOC and that it iseneasily altered by land uses and land
use changes, it is possible that deeper soil Igylagsan important role on long-term C

sequestration in afforested soils.
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8. GAP ANALYSIS

The FullCAM model constitutes a complex model todate the C flux among
soil, debris, plant, and atmosphere. Due to thatgnember of information that is
required to work with FUllCAM, its use may be sataAmong dataset that will be

necessary to update in future study under Brazd@rditions have:

Forest

1) Plant properties:

» Turnover percentage (%/yr) of branches, bark,deggoarse and fine roots;
» Stem density;

» Growth of the plant components relative to eatteiofallocation);

» Tree mortality rate;

2) Debris properties:

» Resistant percentage of stem, branches, barleseawvarse and fine roots;

» Breakdown percentage (%/yr) of deadwood, choppeddwbark litter, leaves
litter, coarse and fine dead roots (decomposaldeesistant);

» Atmospheric percentages of breakdown productsieddwood, chopped wood,

bark litter, leaves litter, coarse and fine deaut foesistant and decomposable);

3) Soil properties:

» Humin encapsulation percentage (encapsulationdyy;c

» Decomposition rates multipliers of decomposabépmaterial (DPM), resistant
plant material (RPM), BIO-F, BIO-S and humin;

» Percentage of decomposed DPM, RPM, BIO-F, BIO{&isdhat go to BIO-F
and humin;

» Percentage of decomposed humin solids that gag@eBand humin;

» Ratio of evapotranspiration to open-pan evapanatio

» Ratio of bare-to-covered maximum topsoil moisteécit (TSMD);
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4) Management event properties:

4.1. Harvest:

4.1.1. Destination percentage of tree materialie &ffected portion:

» Stem — to biofuel, paper and pulp, packing woodniture, fiberboard,
construction, mill residue, and deadwood;

» Branches - to biofuel, paper and pulp, packing dyofurniture, fiberboard,
construction, mill residue, and deadwood;

» Bark - to biofuel, paper, mill residue, and battet;

» Leaves - to biofuel and leaf litter;

» Coarse roots - to biofuel and coarse dead roots;

» Fine roots — to fine dead roots.

4.1.2. Destination percentage of litter in the efésl portion:

» Deadwood, bark litter, chopped wood, and leaditt to biofuel.

4.2. Fire:

4.2.1. Destination percentages of material in tffeced portion:

» Tree (stem, branches, bark, and leaves) to atneos@imd debris;

» Debris (deadwood, chopped wood, bark litter, létdr, coarse dead roots, and
fine dead roots) decomposable and resistant tosgiheoe and inert soil.

4.3. Chopper roller:

» Percentage of litter pools converted to choppeddve Deadwood and bark
(decomposable and resistant).

4.4. Termite change:

» New percentage eaten by termites (%/yr) — Deadwand coarse roots

(decomposable and resistant).

Crop

1) Plant properties:

» Turnover percentage (%/yr) of grains, buds, frstalks, leaves, coarse and fine
roots;

» Growth of the plant components relative to eatieiofallocation);

» Crop mortality rate;

2) Debris properties:
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» Resistant percentage of grains, buds, fruitsksté&aves, coarse and fine roots;

» Breakdown percentage (%l/yr) of decomposable asidteat of GBF litter, stalk

litter, leaf litter, coarse and fine dead roots;

» Atmospheric percentages of breakdown productss(eeg and decomposable) of

GBF litter, stalk litter, leaf litter, coarse andd dead roots;

3) Soil properties:
» Humin encapsulation percentage;

» Decomposition rates multipliers of decomposabépmaterial (DPM), resistant

plant material (RPM), BIO-F, BIO-S and humin;

» Percentage of decomposed DPM, RPM, BIO-F, BIO4&Isdhat go to BIO-F

and humin;

» Percentage of decomposed humin solids that gag@eBand humin;
» Ratio of evapotranspiration to open-pan evapanatio

» Ratio of bare-to-covered maximum topsoil moisteécit (TSMD);

4) Management event properties:

4.1. Harvest:

4.1.1. Destination percentage of crop materialhia affected portion:
» GBF — to biofuel, GBF product, hay, straw, silagied GBF litter;

» Stalks - to biofuel, cane products, hay, stralagsi, and stalk litter;
» Leaves - to biofuel, leaf products, hay, stralags, and leaf litter;
» Coarse roots - to biofuel, root products, haywtrsilage, and coarse dead roots;
» Fine roots — to fine dead roots.

4.1.2. Destination percentage of litter in the efésl portion:

» GBF litter, stalk litter and leaf litter — to bial.

4.2. Fire:

4.2.1. Destination percentages of material in tffeaed portion:

» Crop (GBF, Stalks, and leaves) to atmosphere abdg]

» Debris (GBF litter, stalk litter, leaf litter, cs®e and fine dead roots)

decomposable and resistant to atmosphere andswiert

4.3. Grazing change:

» Mass of crop eaten by grazers, each day (tdm/l@pins, buds, fruits, stalk, and

leaves;
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» Percentage of crop net primary production (NPRrehy grazers — Grains, buds,
fruits, stalk, and leaves;

» Percentage of crop mass eaten by grazers each @eins, buds, fruits, stalk,
and leaves;

» New roots slough.
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GENERAL CONCLUSIONS

1. The eucalypt afforestation results in increasesoil C stocks in soils
previously under poorly managed pastures and lo® RBrrado vegetation. However,
short-rotation eucalypt caused a decline in SOCkstan sites that were previously
under well managed pastures in the Coastal Plassyell as in inland regions under

Cerrado and Atlantic Forest in SP State.

2. The simulation with the Century model of C stoak soils of different order
and that are currently under eucalypt in independegions with variable climate
conditions proved feasible, but additional studses required to better calibrate the
model since the statistical procedure to testdeatity of analytical methods (Leite and
Oliveira, 2000) suggested that simulated SOC vatiféered from the observed values.

3. The FullCAM model describes satisfactorily thed stock (model efficiency
- EF= 0.74) and C stock in HS (EF= 0.65) in soitgler native forest, pasture and

eucalypt plantation.

4. Further studies are necessary in order to pdesine the simulation models
with site-specific information and, more importgntihe models must be validated with
independent data collected from well designed asmat long-term experiments, where

current and alternative management practices magsbed.
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