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Abstract

The southern Brazilian grassland biome contains highly diverse natural ecosystems that have been used for centuries
for grazing livestock and that also provide other important environmental services. Here we outline the main factors
controlling ecosystem processes, review and discuss the available data on soil carbon stocks and greenhouse gases
emissions from soils, and suggest opportunities for mitigation of climatic change. The research on carbon and greenhouse
gases emissions in these ecosystems is recent and the results are still fragmented. The available data indicate that the
southern Brazilian natural grassland ecosystems under adequate management contain important stocks of organic
carbon in the soil, and therefore their conservation is relevant for the mitigation of climate change. Furthermore, these
ecosystems show a great and rapid loss of soil organic carbon when converted to crops based on conventional tillage
practices. However, in the already converted areas there is potential to mitigate greenhouse gas emissions by using
cropping systems based on no soil tillage and cover-crops, and the effect is mainly related to the potential of these crop
systems to accumulate soil organic carbon in the soil at rates that surpass the increased soil nitrous oxide emissions.
Further modelling with these results associated with geographic information systems could generate regional estimates
of carbon balance.
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Campos do sul do Brasil: estoques de carbono no solo, fluxos de
gases de efeito estufa e algumas opcoes para mitigacao

Resumo

Os campos do sul do Brasil séo ecossistemas naturais com alta diversidade e tém sido ha séculos importantes para
a atividade pastoril e para outros importantes servi¢cos ambientais. Este trabalho aponta os principais fatores que
controlam os processos ecossistémicos, revisa e discute os dados disponiveis sobre os estoques de carbono no solo
e as emissdes de gases de efeito estufa dos solos, e sugere oportunidades de mitigagdo das mudancas climaticas. A
pesquisa sobre as emissoes de carbono e gases de efeito estufa nos campos do sul do Brasil € recente e os resultados sao
ainda fragmentados. Os dados disponiveis indicam que os ecossistemas campestres naturais manejados adequadamente
contém estoques importantes de carbono organico no solo e, portanto, sua conservagdo € relevante para a mitigaciio
das mudangas climdticas. Além disso, esses ecossistemas apresentam uma grande e rdpida perda de carbono organico
do solo quando convertidos para lavouras com preparo convencional do solo. No entanto, nas dreas ja convertidas, ha
potencial para mitigar as emissoes de gases de efeito estufa por meio de sistemas de cultivo usando plantio direto e
rotagOes de culturas baseadas em plantas de cobertura de solo. O efeito estd relacionado principalmente ao potencial
desses sistemas de cultivo para acumular matéria organica do solo em taxas que superam o aumento das emissdes de
6xido nitroso. O uso de modelos com esses resultados associados aos sistemas de informacdo geografica podera gerar
estimativas regionais de balanco de carbono.

Palavras-chave: bioma pampa, manejo, matéria organica do solo, mudancas climéticas, aquecimento global.
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1. Introduction

The southern Brazilian grasslands, known as campos,
are natural ecosystems that have characterised the region
well before the expansion of forests occurred from the
mid-Holocene (Behling et al., 2009; Behling and Pillar,
2007; Diimig et al., 2008). These grasslands offer important
environmental services. They have been the main source
of forage for grazing livestock, which in Rio Grande
do Sul has been a major economic activity (Pillar et al.,
2009). They harbour high biodiversity, with about 2,200
plant species, whose knowledge of potential uses is still
incipient (Boldrini, 2009), and high diversity of animal
wildlife including endangered species (Bencke, 2009).
These grassland ecosystems ensure the conservation of
surface water resources (Geahl et al., 2010; Kozera et al.,
2009) and groundwater (Melo, 2009), and offer scenic
attractions with major tourism potential. Furthermore,
their conservation through adequate management has
implications for the carbon balance in the soil and on
greenhouse gas emissions, thus contributing to the effort
to mitigate global climate change (Soussana, 2009).

Soils under these grasslands contain large stocks of
soil organic matter (Tornquist et al., 2009a). However,
there is a trend of land use change in these ecosystems,
markedly the conversion to annual grain crop agriculture
and/or silviculture, which accelerates soil organic matter
decomposition, decreases soil organic matter stocks and
enhances greenhouse gas emissions. Concurrently, sustainable

grazing management through optimized stocking rates
and supplemental nutrient additions has been shown to
increase biomass production, sequester carbon, conserve
biodiversity and increase the resilience of the grassland
ecosystem, thereby contributing to the adaptation of livestock
production systems to climate change (Conant et al., 2001;
Schuman et al., 2002; Soussana, 2009; Conant, 2010).

Here we present a general outline on factors controlling
ecosystem processes in the southern Brazilian grassland
biome, review available data on soil carbon stocks and
greenhouse gases (carbon dioxide-CO,, nitrous oxide-
N,O and methane-CH,) emissions from the soils, and
discuss opportunities for climate change mitigation by
these ecosystems.

2. Region Characterisation

The southern Brazilian grasslands (Figure 1), according
to the IBGE classification (IBGE, 2004), are included mostly
in the Pampa biome in the southern and western regions
of the state of Rio Grande do Sul, and discontinuously
within the Atlantic forest biome on the highland plateau
of southern Brazil. Here we adopt the term southern
Brazilian grasslands biome, irrespective of the IBGE biome
classification, to refer in general to the former grassland
ecosystems in this region that have been conserved or
converted into other land uses. However, we will focus our
analysis of carbon stocks and emissions on the grasslands
of the Pampa biome, for which data is available.
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Figure 1. Map of the grassland biome in southern Brazil, adapted from IBGE (2004). The remaining areas (in white) in

southern Brazil were forests of the Atlantic Forest biome.
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In some regions the grasslands predominate and form
the matrix of the landscape, while in other regions, both
in the Pampa biome as in the Atlantic Forest biome, form
mosaics associated with isolated patches of forest (regionally
known as capdes) and riparian forests. These forests are
of different sizes and shapes and contain elements of
deciduous and semi-deciduous forest, or mixed rain forest
with the occurrence of Araucaria angustifolia.

3. Ecological Determinants

The dynamics of the southern Brazilian grasslands
is associated with the occurrence of certain levels of
disturbance by grazing and fire. These disturbances create
spatial heterogeneity and allow increasing plant species
diversity in the community as the successional processes are
renewed, preventing the homogenisation of the community
by a few competitively superior species. Evaluations of
these disturbances for the southern Brazilian grasslands
showed their influence on the diversity of plant species,
and hence its importance for biodiversity conservation
(Overbeck et al., 2007; Overbeck et al., 2005). Nevertheless,
management of grasslands with grazing and/or burning
in protected areas is still a real taboo in Brazil (Pillar and
Vélez, 2010).

Fire has occurred in these grasslands since the early
Holocene, probably of anthropogenic origin (Behling and
Pillar, 2007; Behling et al., 2005), and grazing by livestock
is present since its introduction in the seventeenth century
(Porto, 1954). However, fire and grazing are negatively
associated, firstly because where grazing is removed the
vegetation becomes more flammable and fires tend to have
greater extension and intensity; and secondly, grassland
that is properly managed with grazing are less flammable.
Therefore, proper grazing management could reduce the
need for burning and also the risks of catastrophic fires,
which would be of particular relevance in conservation
areas, especially considering the contact areas with forest
ecosystems. Furthermore, avoiding fire by proper grazing
management may increase carbon accumulation in the
ecosystem.

There is evidence that large herbivorous grazers have
co-evolved with the species of grasses in South America
since the early Miocene (MacFadden, 1997; MacFadden,
2005). Grazing by large grazers, therefore, is not a novelty
in the evolution of grassland species, and the conjecture
that domestic cattle may represent the reintroduction
of a process performed before by mega faunal grazers
is plausible, with proper consideration of uncertainties
regarding population densities. The presence of grazers
alters the vegetation structure by selection among palatable
and unpalatable plants and also influences micro variation
of topography, which can increase the spatial heterogeneity
of habitats (Morris, 2000). Management practices that
sustain diverse and structurally complex pastures sustain
more diverse terrestrial invertebrate assemblages (Reid
and Hochuli, 2007), which will likely have consequences
in ecosystem processes such as biomass decomposition.
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4. Land Cover and Land Use Changes

The conservation of the southern Brazilian grasslands
has been neglected (Overbeck et al., 2007). In the last three
decades, their conversion into agricultural and silvicultural
uses reduced the remaining natural grassland vegetation
cover in the state of Rio Grande do Sul to only about 50%
of the original (Cordeiro and Hasenack, 2009). In the case
of the grasslands (Campos Gerais) in the state of Paran4,
remaining grassland cover is less than 10% of the original
distribution (Rocha, 1995).

Besides habitat loss, conversion has also spawned
fragmentation of these ecosystems, with consequences
on patterns of biodiversity and on the increase in species
extinction risks. Furthermore, invasion of species such as
exotic grass Eragrostis plana (Medeiros et al., 2009) and
other woody species (Guadagnin et al., 2009), constitute
a threat to the integrity of ecosystems. Only 0.33% of
the grasslands are currently protected by conservation
areas in the state of Rio Grande do Sul (Overbeck et al.,
2007). That is, most of the conservation of the areas still
maintaining natural ecosystem characteristics and the high
biodiversity of the grasslands is in the hands of private
farmers that use traditional grazing management (Cordeiro
and Hasenack, 2009).

5. Original Soil Carbon Stocks

Comprehensive studies on most biogeochemical cycles
in the southern Brazilian grasslands are lacking. Some data
on C stocks are available, mostly related to various grazing
systems or agro-ecosystems established on grasslands. At
the biome scale, other elements have been incompletely
researched and datasets are at best patchy and inconsistent.

An estimate of original (potential) soil C stocks (0
to 30 cm depth) of the Pampa biome was derived from
a statewide soil C stock inventory that included pedons
sampled from the mid-1960s to the 1980s in Rio Grande
do Sul (Tornquist et al., 2009a) (Figure 2). The original
total soil C stock in the area comprising the Pampa biome
was 1.0745,9 Tg (Tg = 10" g). The mean C density was
6.8 kg C.m™ (0-30 cm). Most soil C was stored in Neossolos,
Argissolos, Planossolos and Latossolos (similar to Entisols,
Inceptisols, Ultisols and Oxisols in Soil Taxonomy). The
limited number of pedons available for some soil classes
of this dataset somewhat compromised the accuracy of
the estimates. Nevertheless, the database developed was
essentially the most comprehensive available for the state
of Rio Grande do Sul for soils in their original native
condition. Refinements of these estimates of original C
stocks would require new soil sampling in areas deemed
to be representative of native vegetation before land
cover was affected by human activities. Moreover, a
contemporary C stock assessment derived from new
sampling campaigns in cropped or other managed lands in
the southern grasslands is urgently necessary for accurate
representation of the current status of this biome in the
national carbon inventories.
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Figure 2. Original soil organic carbon stocks in the grassland
(Pampa) biome in southern Brazil. Sources: modified from
RADAMBRASIL soil survey (1986) and UFRGS Soil
Department soil profiles.

6. Soil Carbon Dynamics Under Grassland
Management

Improvement in grazing management by adjusting
stocking rates to the seasonal changes of biomass production
has been shown to increase soil C in grasslands. A grazing
experiment in Hulha Negra (Rio Grande do Sul) compared
four grazing pressures (4, 8, 12 ¢ 16% kg of dry matter
of aboveground biomass available for kilogram of cattle
live weight) for several years (Conceicdo et al., 2007). At
the end of the experimental period a significant increase
in soil C content under the lowest grazing pressure was
observed. Soil C stocks (0-40 cm) varied from 103 Mg.
ha™! under high grazing pressure (4%) to 140 Mg.ha™!
under lower grazing pressures (8, 12 and 16%), which
presented similar C stocks.

The increased C storage found under better grazing
management is attributed to the greater net primary
production (NPP) of the pastures, which implies in larger
aboveground and belowground C inputs to the soil. There
are concerns regarding the amount of enteric methane
emissions from domestic ruminants and their effect on
the balance of greenhouse gases emissions in grassland
ecosystems (Steinfeld et al., 2006). Data on enteric methane
emissions in the southern Brazilian grassland ecosystems are
needed in order to have reliable estimations of the balance
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of greenhouse gases emissions. Nevertheless, the increase
in soil and biomass carbon produced by improved grazing
management may offset ruminant methane emissions
(Conant, 2010; Conant et al., 2001). Furthermore, it has
been shown that grasslands likely act as large atmospheric
CO2 sinks in Europe (Soussana et al., 2007) and in North
America (Schuman et al., 2002).

7. Carbon Dynamics after Grassland
Conversion to Agriculture

Agriculture development in the southern grasslands in
the state of Rio Grande do Sul was based on conventional
management practices that had a strong negative influence
on soil C stocks. An early assessment of soil C stock changes
in Southern Brazil verified that 50% of total soil C was lost
in a short-time (10-15 years) under conventional tillage
in Southern Brazil (Pottker, 1977). Soils usually function
as a net source of GHG when native lands are converted
to conventionally-managed crop fields (Robertson et al.,
2000; Mosier et al., 2005). This behaviour is driven by
the fast depletion of C stored in soil as organic matter
(SOM), as consequence of a negative balance between
net C uptake by plants and C losses to atmospheric CO,
due to the microbial oxidation of soil organic matter
(Amado et al., 2006; Bayer et al., 2006). The worst scenario
is experienced when conventional tillage practices are
associated with low biomass input crop systems or fallow
periods, mainly under highly favourable temperature and
soil moisture conditions to biological decomposition in
humid tropical and subtropical climates (De Bona et al.,
2008; Zanatta et al., 2007).

In contrast, soils under conservation management
systems may act as a sink of C from atmosphere, but, in
general, only a partial recovery of lost soil C from the
native ecosystem should be expected. No-till is the most
widespread conservation management technique, where an
area of ca. 25 Mha is estimated in Brazil (Derpsch et al.,
2010). Less oxidative environment in no-till soil results
in carbon accumulation in comparison with conventional
tillage techniques, and annual rates of 0.48 Mg C.ha™
are estimated for subtropical soils from Southern Brazil
(Bayer et al., 2006). These rates of C sequestration are
similar or even higher than values verified in temperate
soils, for example from United States, varying from 0.24
to 0.40 Mg.ha™.yr! (mean of 0.3 Mg.ha™.yr") (Lal et al.,
1999; West and Marland, 2002).

Similar results were observed in a study by
Tornquist et al. (2009b), where intensive field sampling,
scenario development, and dynamic modeling were used
to simulate changes in soil organic C on grasslands in the
Ibiruba region (North-Central Rio Grande do Sul). The
dominant soil order in the area is deep, very clayey Latosols.
The simulations with the Century model (Metherel et al.,
1993) showed a marked loss of soil C when grasslands
were converted to intensively-cultivated cropland, followed
by a partial recovery of C stocks (C sequestration) when
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conservation management such as minimum tillage and
no tillage were adopted (Figure 3).

8. Greenhouse Gas Fluxes from Soil

Conservation soil management systems have been
promoted as a feasible alternative to mitigation of GHG
emissions from agricultural soils (Mosier et al., 2006;
Robertson et al., 2000; Six et al., 2004; Blanco-Canqui
and Lal, 2008). No-tillage appears as the main practice in
conservation agriculture and its favourable effect on soil
C balance is very well documented (Amado et al., 2006;
Bayer et al., 2006; Bono et al., 2008).

In a recent study, a balance of GHG emissions was
performed in two long-term experiments at the UFRGS
Agronomic Experimental Station near to Eldorado do Sul
county. The effect of tillage (conventional and no-tillage)
and crop rotations, involving grass and legume cover crops,
on net global warming potential (GWP) in two long-term
(18 and 20 years) experiments in a subtropical Paleudult
in southern Brazil was evaluated. The main results are
presented in Figure 4. Tillage systems and crop rotations
had a significant effect on CO,-C retention rates and N,O
fluxes, while typically low CH, fluxes were observed
among all soil management systems in this subtropical
soil (Figure 4a,b,c). Similar results have been reported for
temperate soils by Robertson et al. (2000) and Mosier et al.
(2005, 2006) whose results demonstrated that the effect of
soil management systems on CO, and N,O fluxes may drive
agricultural soils role as a net source or net sink for GWP.

Soil N,O emissions represented from 34 to 51% of
total sources for GHG in no-tillage soil. The magnitude
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Figure 3. Century simulations of grassland conversion (in
1955) to two alternative agricultural scenarios in Latossolos
(Oxisols) of Ibiruba, RS. “Status quo” represents actual
agricultural practices as established in historical records and
field surveys in 2005; “improved crop rotations” scenario
depicts a cropping system with 30% higher biomass
production, such as corn and cover crops. Both scenarios
assume adoption of no till soil management in 1992
(Tornquist et al. 2009b).
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of soil N,O emission rates in our study was similar to
values reported for temperate soils in the literature.
Long-term no-till system subjected to legume cover
crops-based crop rotations resulted in higher soil N,O
emissions than conventionally tilled soil and grass-based
crop rotation (Figure 4b). Higher soil N,O emissions in
legume cover crops-based crop rotation occur due to the
increase in the net N mineralisation from narrow C:N crop
residues and from soil organic matter, supplying NH,* and
NO_{ to nitrification and denitrification processes in soil,
respectively (Baggs et al., 2006). On the other hand, the
no-tillage effect increasing N,O emission (Robertson et al.,
2000) has been mainly related to a negative influence of
soil compaction on O, diffusion (Ball et al., 1999), but
there are evidences in literature that higher N,O fluxes in
no-tillage soil are related to anaerobic conditions created
in patches of high microbial activity in the surface soil
layer as a consequence of the high input of narrow C:N
biomass, such as legume crop residues, and soil organic
matter (Baggs et al., 2006). This hypothesis is reinforced by
the significant and direct relationship between N,O fluxes
and dissolved organic C in soil in the period immediately
following the crop residues management with glyphosate
and knife-roller (Gomes et al., 2009). However, the no-
till system and legume cover crops-based crop rotations
effects increasing N,O emission rates (59 to 168 kg CO,-C
equivalent ha-'.yr") were fully compensated by the CO,-C
retention rates in soils under these management systems
(=562 to —1047 kg CO,-C ha™'.yr™"). In contrast, soils
under conventional tillage, independent of crop rotation,
and no-tillage system under low biomass input grass-based
crop rotation, had smaller N,O-N emissions, but a dramatic
decrease was observed in soil organic carbon (SOC) stock
and, thus, the increased CO,-C flux in soil surpassed the
lower N,O emission in these soil management systems
(Figure 4a). These results show that no-tillage adoption
contributes to decrease the agricultural soil contribution
to GHG emissions to atmosphere, but efforts should be
improved aiming to the adoption by farmers of high biomass
crop rotations in order to get the regional agricultural soils
more effective sinks of GHG.

The main GHG emissions (CO,-C,N,0O, CH, and
C-cost) were totalised in a global warming potential
(GWP) considering the different global warming potential
of each gas in comparison to CO2 (25 for CH, and 298 for
N,0O) (Figure 6). The soil CO,-C retention rates primarily
drove the management effect on net GWP (Figures 4a and
6). Thus, a net sink for GWP was verified in soil under
no-tillage and legume cover crops-based crop rotations
varying from —234 to 768 kg CO,-C equivalent ha™'.yr .
The crucial role of CO,-C retention resulting in a sink for
GWP in no-till soil was also reported in other three studies
performed in temperate regions of US (Robertson et al.
2000; Mosier et al. 2005; Mosier et al. 20006).

However, there is evidence that in the long run,
soil CO,-C retention rates decrease in set aside soils
(Robertson et al., 2000), and the same behaviour has been
expected in no-till soils. In fact, this long-term (>30 yrs)
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practices and agronomic inputs in a subtropical Paleudult subjected to tillage systems (conventional tillage-CT and no-tillage-
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Figure 5. Net global warming potential (GWP) in
a subtropical Paleudult subjected to tillage systems
(conventional tillage-CT and no-tillage-NT) and crop
rotations (O/M, V/IM, O + V/IM + C, L + M, P + M). Crop
designation is presented in the footnote of the Table 1.
Vertical lines represent the mean standard error values
(+SE).

trend of SOC contents stabilization has been reported in
the literature (Del Grosso et al., 2002; Bayer et al., 2006;
Zanatta et al., 2007) and, thus, a decrease of CO,-C retention
rates in no-till soils should be expected in the long run.
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However, one important gap of knowledge that remains
regards how long CO,-C retention in no-till soils will
be able to compensate the increased soil N,O-N fluxes.
Additionally, this timeframe is probably site-specific due
to the effect of soil type and climate conditions on SOC
dynamics.

9. Final Remarks

The research on carbon and greenhouse gases emissions
in the southern Brazilian grassland biome is recent and
the results are still fragmented. Nevertheless, the available
data we reviewed allowed us to conclude that the southern
Brazilian natural grassland ecosystems under adequate
management contain important stocks of soil organic carbon
in the soil, and therefore their conservation is relevant for
the mitigation of climate change. Further, these ecosystems
show a great and rapid loss of soil organic carbon when
converted to crops based on conventional tillage practices.
However, in the already converted areas there is potential
to mitigate greenhouse gas emissions by using crop systems
based on legume-based crop rotations combined with no
soil tillage, and the effect is mainly related to the potential
of these crop systems to accumulate organic carbon in the
soil at rates that surpass the increased soil nitrous oxide
emissions. Farm and research station data on emissions
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of greenhouse gases and soil C and N stocks should be
modelled and integrated with geographic information
systems into spatially explicit databases in order to allow
regional and biome-scale inventories.
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