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Data for trace gas fluxes (NOy, N2O, and CHy) from the Amazon and cerrado
region are presented with focus on the processes of production and consumption of
these trace gases in soils and how they may be changed because of land use changes
in both regions. Fluxes are controlled by seasonality, soil moisture, soil texture,
topography, and fine-root dynamics. Compared to Amazonian forests where the
rapid cycling of nitrogen supports large emissions of N,0, nitrification rates and
soil emissions of N oxide gases in the cerrado region are very low. Several studies
report CH, consumption during both wet and dry seasons in forest soils, but there is
occasionally net production of CHj during the wet season. A few studies suggest an
unknown source of CH, from upland forests. As with N oxide emissions, there are
few data on CH, emissions from cerrado soils, but CH consumption occurs during
both wet and dry seasons. Clearing natural vegetation, burning, fertilization of
agricultural lands, intensive cattle ranching, and increasing dominance by legume
species in areas under secondary succession after land conversion have all been
identified as causes of increasing N;O and NO emissions from tropical regions.
Large uncertainties remain for regional estimates of trace gas fluxes. Improvement
of models for the N oxides and CHy fluxes for Amazonia and the cerrado still
depends upon gathering more data from sites more widely distributed across two
vast biomes and more importantly on basic theory about the controls of emissions
from the ecosystem to the atmosphere. '

1Als0 at NEON Inc., Boulder, Colorado, USA. 1. INTRODUCTION
Amazonia and Global Change Tropical forest and savanna regions are substantial natural
Geophysical Monograph Serics 186 source regions for the trace gases nitrous oxide (N;O) and
Copyright 2009 by the Ametican Geophysical Union. methane (CHy). The Amazon region contains the largest ex-
10.1026/2008GM000733 tent of tropical forest on Earth and a large area of savanna,
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known in Brazil as cerrado. The cerrado of Brazil, covering
2 million km?, is the largest savanna biome in South Amer-
ica and an area of extremely rapid agricultural development
[Klink and Machado, 2005]. The tropical forests of Amazo-
nia are also suffering rapid rates of change. Deforestation
in Brazil has averaged nearly 20,000 km?® a™! over the past
2 decades [see Alves et al., this volume] and selective log-
ging covers a similar area [see Asner ef al., this volume].
The conversion of native vegetation formations to pasture
and cropland causes substantial changes in biogeochemical
processes, including the ecosystem-atmosphere exchange of
N0, nitric oxide (NO), and CH,.

Nitrous oxide is a stable greenhouse gas in the troposphere
that absorbs strongly in the infrared and has a long atmo-
spheric lifetime of about 120 years. As a result, its 100-year
global warming potential is 298 times that of CO, [Forster et
al., 2007]. In the stratosphere, N2O is destroyed by photoly-
sis and reaction with excited oxygen, which is a source of ni-
tric oxide that contributes to depletion of the ozone [Crutzen,
1970]. Therefore the current increase from the preindustrial
atmospheric mixing ratio of 270 ppbv to 319 ppbv (in 2005)
has the potential to impact global climate over the next cen-
tury [Lashof and Ahuja, 1990; Prather and Ehhalt, 2001;
Forster et al., 2007). The global budget of N;O is seriously
perturbed with anthropogenic sources accounting for nearly
a 50% increase over natural sources from terrestrial ecosys-
tems and the oceans [Hirsch et al., 2006]. Atmospheric N;O
is produced primarily as a result of microbial processes in
soils especially through denitrification and through nitrifi-
cation when oxygen tensions are low. Soils of the tropical

forest biome are the most important natural source for NoO-

[Matson and Vitousek, 1990]. : .

Nitric oxide (NO) is a short-lived reactive gas that influ-
ences the oxidant balance of the troposphere and the produc-
tion of ozone, a component of photochemical smog and a
greenhouse gas. Although most atmospheric NO is produced

either by fossil fuel combustion or by lightning, biological

nitrification and denitrification, as well as chemodenitrifica-
tion in soils, are also important [Davidson and Kingerlee,
1997). A global estimate of NO emissions from soils is less
certain than for NoO but is about 21 Tg N 2™ [Davidson and
Kingerlee, 1997].

In scils, the production and emission of N;O and NO are
mainly regulated by the same processes. These have been

summarized in a conceptual model known as “the hole-

in-the-pipe” [Firestone and Davidson, 1989; Davidson et al.,
2000]. According to this model, total emissions of N,O and
NO are proportional to the inorganic nitrogen (ammoniym
and nitrate ions) flowing through the nitrification and denitri-
fication pipes. Gases leak out through holes that are regulated
by soil conditions such as moisture and oxygen concentra-

tion. Anaerobic conditions are found in soils when the rate of

" O, diffusion is slower than Q5 consumption, Within the soil

environment, the aerobic process of nitrification (predomi-
nant at <60% water-filled pore space (WFPS)) is maintained
primarily by autotrophic bacteria and archea {Leininger et
al., 2006], resulting in the conversion ‘of ammonium (NH,")
to nitrate (NO5") via nitrite (NO;"). There are two functional
groups of nitrifiers, namely, the ammonium oxidizing nitri-
fiers, which convert NH," via hydroxylamine to NO;, and
the nitrite oxidizing nitrifiers, which oxidize NO;™ to NO5™.
Denitrification, on the other hand, is an anaerobic process
{predominant at >60% WFPS) in which denitrifiers reduce
NO;" (via NO; )}, NO, and nitrous oxide (N»0) to molecular
nitrogen (N2). The complete denitrification pathways result
in the reduction of NO3™ to Ns, but significant amounts of
NO and N>O can be emitted before complete reduction to
Na. Soil pH, metallic ion composition, and soil organic mat-
ter (SOM) all control the abiotic process of chemodenitrifica-
tion, whereby microbially produced NO;™ is decomposed to
NO and NC; [Davidson, 1992]. The conceptual hole-in-the-
pipe model has been formalized in simulation models such
as the NASA-Carnegie-Ames-Stanford approach (CASA).
[Potter ef al., 1998] and the Terrestrial Ecosystems Model
[Melillo et al., 2001].

Methane (CH,) is an important greenhouse gas, and its at-
mospheric concentration has more than doubled since prein-
dustrial times from about 0.7 to about 1.8 ppm today [Spahni
et al., 2005; Bosquet ef al., 20006, Forster et al., 2007]. Most
atmospheric CHy is produced by anaerobic degradation of
organic matter under conditions where anaerobic respiration
by microbes is limited by the paucity of alternate electron ac-
ceptors [Fenchel et al., 1998). Natural wetlands are the most
important global source of CHy, producing up to about 200
Tg CHy 2! (up to 40% of the estimated total CH; produc-
tion) [Reeburgh, 2003]. The CH, source from the wetlands
of the Amazon Basin has been estimated to be 29 Tg CH,
a’! [Melack et al., 2004]. This iraportant source i3 discussed
by Melack et al. [this volume] together with other aspects of
the wetland carbon cycle. Microbial production of CHy in
termite guts is another natural source of CH, that may be im-
portant in tropical ecosystems. Although this source is gen-
erally considered to be a minor term in the global budget, it
is extremely difficult to quantify and highly uncertain [Mar-
tius et al., 1993)]. Reaction with OH radicals and transport
to the stratosphere are the primary sinks for tropospheric
CH;. In soils under acrobic conditions, CH4 tends to be con-
sumed from the atmosphere in a process mediated primarily
by bacteria-that specialize in C 1 compounds, collectively
known as methylotrophs [Hanson and Hanson, 1996]. Soil
CH,4 consumption accounts for less than 10% of the annyal
destruction of atmospheric CH, [Reeburgh, 2003].



2. FLUXES OF N,0 AND NO FROM NATURAL
ECOSYSTEMS TO THE ATMOSPHERE

2.1. N;O and NQ Fluxes From Amazon Forest Soils

The rapid cycling of nitrogen in Amazonian forests sup-
ports large emissions of N;O. A summary of reported aver-
age annual fluxes of NO and N3O for forests in the Amazon
regions is presented in Table 1. The data indicate annual
emissions of N4O from soils of mature Amazonian forests
ranging from 1.1 [Davidson and Kingerlee, 1997] to 6.9 kg
N ha™' a™! [Keller et al., 2005]. Estimates of annual emis-
sions of NO.from Amazonian forests ranged from 0.9 [Da-
vidson et al., 2004] to 2.4 kg N ha™! a™! [Garcia-Montiel
et al., 2003]. The controls of NO and N;O fluxes including
seasonality, soil moisture, soil texture, topography, and fine-
root dynamics are discussed in this section.
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Variability of rainfall is a more important control than the
small variation in soil temperature for the emissions of N
oxides fromsoils in forests in the Amazon region [Verchot et
al., 2000; Keller et al., 2005] (Figure 1). Nitrous oxide emis-
sions are controlled by carbon and nitrogen availability and
soil aeration in relation to water saturation. Both nitrifying
and denitrifying bacteria produce N,O, but the largest emis-
sions result from denitrification under anaerobic conditions.
For example, fluxes of N2O were generally higher during the
wet season (January—June) than the dry season [Davidson et
al., 2004] in Para, The significant increase of N;O emission
in the wet season could have been due to a combined effect
of increased soil water content and nitrogen mineralization.
The ratios of NyO:NO fluxes were positively correlated with
volumetric water content in soils in Pard [Davidson et al.,
2004]. Working on sandy soils in Rond6nia (Brazil), Gar-
cig-Montiel et al, [2003] also found over 84% of N2O fluxes

Table 1. Summary of Reported Average Annual Fluxes of NO, N;0 and CH, From Natﬁral and Managed Ecosystems in the Amazon

Region
Location/ NO Flux N20 Flux CH,4 Flux
Ecosystem Reference (kg N-NOha'a™h) (kg N-N;O ha™' a™) (kg CHgha™ &%)
Amazonas State
Forest : Kaplan et al. [1988] 1.4 . l4and 1.9
Amazon region
Forest Davidson and Kingerlee [1997] 1.1
Secondary forest Davidson and Kingerlee [1997] 0.3
Active pasture Davidson and Kingerlee [1997] 0.5
Old pasture Davidson and Kingerlee [1997] 0.4
Para State
Primary forest Verchot et al, [1999, 2000] 1.5 2.4 2.1
Secondary forest Verchot ef al. [1999, 2000] 0.7 0.9 -1.0
Active pasture Verchot et al, [1999, 2000] 0.5 0.3 -13
Degraded pasture Verchot et al. [1999, 2000} 0.3 0.1 3.1
Forest Davidson et al. [2004] 0.9 26 ~1.1
Nepstad et al. [2002] 1.7 23
Primary forest clay Keller et al, [2005] 7.9 6.5 -0.7
Primary forest Keller et al. [2005) 7.7 1.4 - =35
sandy loam
Logged forest clay Keller et al. [2005] - 7.0 16.8
Logged forest Keller et al. [2005] 28.6 6.5 7.5
sandy loam '
Rondénia State
Forest . Feigl et al. [2001] 1.9-2.8 —6.7
Pasture (4 years) Feigl et ol. [2001] ~30% < than forest 36
Pasture (22 years) Kirkman et al. [2002] 0.17
Forest Garcia-Montiel et al, [2003] 2.4 32
Forest Neill et al. [2005] 14 43
Pasture (1-3 years) Neiil et al. [2005] 0.2 3.1-5.1
Pasture (6 years) Neill et al. [2005] 0.2 0.1-0.4
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Figure 1, (2) NzO and (b} CH, fluxes versus soil WFPS from clay (circles) and sandy ioam Ultiso! (triangles) soils from
undisturbed sites in the Tapajés National Forest. Reprinted from Keller et al. [2005].

were emitted during the wet season, Similarly, during the
wet season, soil N>O fluxes in forest and pasture sites near
Santarém, Para, Brazil, were also positively correlated to C/N
ratio in leaf litter, NH4 "N, and the ratio NO; -N/(NQy -N +
NH;*-N) but were negatively correlated to soil CH; con-
sumption and bulk density, indicators of soil aeration [Wick
et al., 2005]. In contrast to NoO, emissions of NO were more
evenly distributed over the wet and dry seasons in Rond6nia
[Garcia-Montiel ef al., 2003; Vasconcelos et al., 2004].

In laboratory experiments on forest soil samples col-
lected across Brazilian Amazonia, van Dijk and Meixner

[2001] measured NO production and the rate constant of
NO consumption under variable temperature and moisture
conditions. NO production increased exponentially with seil
ternperature. Under very dry and very wet soil conditions,
the response of the NO production to a change in tempera-
ture was less pronounced then under conditions of interme-
diate soil moisture. NO production peaked, independently
of soil temperature, at soil moisture of 0.10 g g~ (0.27 and
0.38 WEPS for forest and pasture soils, respectively). On the
other hand, NO consumption was most efficient at high soil
temperatures (>25°C) and under dry soil conditions (<0.20 g



g™ or 0.53 WFPS for forest soils). The rate constants of NO
consumption were within 5% of NO release with compara-
ble values for forest and pasture soils.

Tropical humid forests have generally high rates of net
mineralization and net nitrification that can lead to the ac-
cumulation of NH," and NO; ~ during dry periods [Neill et
al., 1995]. The accumulation of NH,* and NO3~ in dry soils,
foliowed by wetting, provides more favorable conditions for
microbial activity and the development of soil anoxia stimu-
lating the production of both NoO and NO [Davidson, 1991;
Garcia-Mendez et al., 1991]. Soil accurmulation of NH,",
" NO;7, and NO;™ may oceur in thin water films of micro-
sites near oxidizing sites. Upon soil wetting, soil microbes
can quickly use these pools, and produce pulses of N oxide
gases. The effects of moisture and substrate availability on
soil fluxes of NO and N;O in an Amazonian regrowth forest
were. quantified by Vasconcelos et al. [2004] through irri-
gation during the dry season and removal of aboveground
litter. Fluxes of N;O and NO increased during dry season
irrigation, while litter removal had no significant impact on
N oxide emissions. Net soil nitrification did not respond to
dry season irrigation but was somewhat reduced by litter re-
moval, In contrast, pulse releases following wet-up evenis
contributed relatively little to total annual emissions of N,O
and NO in the forest and pastures in studies in Rond6nia
[Veill et al., 2005]. Curiously, an experiment investigat-
ing the effects of drought simulating the predicted climate
change in the Amazon region showed no effect on NO and
N,O emissions [Davidson et al., 2004].

Luizdo et al. [2004] showed a significant differentia-
tion of nitrogen mineralization and inorganic N concentra-
tion along a topographic gradient near Manaus, Amazonas,
Brazil, with a positive rate of net N mineralization on the
plateau and slope location and negative net N immobiliza-
tion in the valley on sandy soils [Luizdo et al., 2004]. The
decrease in total N concentrations followed the clay content
in the topographic gradient, with higher concentrations in
the clayey Oxisol and much lower concentrations for the
sandy Podzol. This result explains early observations that
noted considerably greater NO emissions from clay soils on
plateaus as compared to sandy soils in valleys in the Manaus
region [Bakwin et al., 1990}, Consistent differences in soil-
atmosphere fluxes of N;O and NO with soil texture were
determined by Keller et al. [2005] in a study over 2 years
in undisturbed forest, near Santarem, Pard. Annual soil-
atmosphere fluxes of NoO (mean plus/minus standard error)
were 7.9+ 0.7 and 7.0+ 0.6 ng N cm™2 h™" for a clay-texture
Oxisol compared to 1.7=0.1and 1.6 £ 0.3 ng N cm™2h™! for
a sandy loam-texture Ultisol for 2000 and 2001, respectively
(Figure 1). The annual fluxes of NO from undisturbed forest
soil in 2001 were 9.0 + 2.8 ng N cm ™2 h™! for the Oxisol and
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8.8+ 5.0 ng N ecm™ h™! for the Ultisol [Keller et al,, 2005].
These results are consistent with earlier studies from the
same region that showed significantly greater net nitrogen
mineralization, net nitrification, and denitrification enzyme
activity in the clay soils compared to the sandy loams [Silver
et al., 2000].

Along with soil texture, fine-root dynamics can affect
the production and emission of trace gases, especially in
tropical rain forests that are characterized by high root bio-
mass density and rapid turnover of fine roots. Working in
the Santarém region, Varner et al. [2003] and Silver et al.
[2005] examined patterns in fine-root dynamics on clay and
sandy loam soils in a lowland moist forest and its effect on
rates of C and N trace gas fluxes. Root production did not
differ significantly with soil texture. However, root decay
was faster in clay than in sandy loam soil, leading to greater
standing stocks of dead roots in the sandy loam. Rates of
N20 emissions were significantly greater in the clay soil
(13 = 1 ng N em2 h™') than in the sandy loam (1.4 + 0.2
ng N em 2 h™'). Root mortality and decay following trench-
ing doubled rates of N,O emissions in the clay and tripled
them in the sandy loam over a 1-year period. Trenching also
increased NO fluxes, with greater fluxes in the sandy loam
than in the clay soil. The authors concluded that fine-root
mortality and decomposition associated with disturbance
and land vse change can contribute significantly to increased
rates of N oxide emissions.

2.2. Interactions of NO and NO; With Amazonian
Forest Canopy

In the uppermost soil layers, NO is simultancously pro-
duced and consumed by microbiological processes, gener-
ally resulting in a net emission [Conrad, 1996]. However,
when the soil is covered by tall vegetation, not all NO emit-
ted from the soil leaves the canopy. A substantial portion of
biogenically emitted NO can react with ozone (Os), mixed
into the canopy from aloft, to form nitrogen dioxide (NOy)
in the subcanopy atmosphere. The NO; can subsequently be
deposited on vegetation elements [Jacob and Wofsy, 1990;
Jacob and Bakwin, 1991; Meixner, 1994; Ammann et al.,
19991

In a forest in Rond6nia, Rummel et al. [2002] compared
the quantity of NO emitted from the soil and fluxes above
the forest canopy measured by eddy covariance and found
that 92% of soil-emitted NO was consumed in the canopy
during the daytime. At night, when rates of vertical mixing
of O into the forest canopy were much slower, about 8% of
the NO was consumed, resulting in a daily reduction flux
of NO from soil to atmosphere of 52%. Other studies sug-
gested canopy consumption in the range of 60-81% [Bakwin
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et al., 1990; Jacob and Wofsy, 1990]. On the basis of these
results and on an annual soil emission of 1.4 kg N ha™ a™
from a forest in Rondénia, Neill et al. [2005] estimated that
- the net NO flux to the atmosphere from forest would be

0.7kgNha™' 2L,

2.3. N,O and NO Fluxes From Cerrado Soils Under
Native Vegetation '

Most of the cerrado vegetation occurs on dystrophic and
clayey but well-drained soils. Drainage of water is very
rapid even during the wet season because of the formation
of soil microaggregates. Organic matter content is low and
concentrated in a thin surface layer. Because cerrado soils
are mainly well drained and aerated, nitrification is a more
important pathway for N oxide production, and conditions
favorable for denitrification are rare [Pinto et al, 2002,
Varella et al., 2004; Pinto et al., 2006].

Frequent fires in the cerrado region provoke losses of N
from the ecosystem, and this is reflected in low soil N availa-
bility [Pivello and Coutinho, 1992; Bustamante et al., 2006].
Nitrification rates in cerrado soils are very low [Nardoto and
Bustamante, 2003], and only rarely does NO;~ production
exceed the demand by microorganisms and plant roots. The
combination of low nitrification rates and the dominance of
NH,* in the inorganic N pools contribute to low soil emis-
sions of N oxide gases in the cerrado region.

Fires have an impact in the trace gases emission not only
as a consequence of biomass combustion but as a result of
emissions by soils after fires. Pinto et al. {2002] measured
soil fluxes of NO and N;O in two cerrado vegetation types
in plots near Brasilia characterized by differing amounts of
woody plant canopy cover that were either burned every 2
years or protected from fire. The two vegetation types were
cerrado in the strict sense (20-50% woody plant canopy
cover) and campo sujo (open and grass dominated). NO
fluxes varied according to the proportion of woedy cover
and fire regime. Annual fluxes of NO from the fire-protected
areas were 0.1 kg N ha™' for the campo sujo and 0.4 kg N

ha~! for the cerrado in the strict sense, An increase in the’

annual soil-atmosphere flux of NO with fire was observed
only for the campo sujo (0.5 kg N ha™) [Pinto, 2003] (Table
2). NO emissions increased after burning (1.0 ng N em 2
h™1), but the flux diminished quickly to levels even lower
than prefire levels. The timing of burning (early dry season,
middle dry season, or late dry season burning) had little in-
fluence on soil NO emissions.

Tn the same experiment, soil moisture was the critical con-
trol on soil-atmosphere NO fluxes. Large NO fluxes were
observed immediately following precipitation events that
broke long droughts. NO emissions increased to 1.0 ng N

Table 2. Summary of Reporteﬂ Average Daily Fluxes for Dry and
Rainy Seasons and Annual Fluxes Estimation of NO and N,O
From Natural and Managed Ecosystems in the Cerrado Region”

Annual
Ecosystem Reference Flux DS RS Annual
Cerrado Anderson and - “UD
Poth [1998]
Cerrado bumed  Anderson and uD
plus 45.days Poth [1998]
Cerrado burned  Anderson and UD
plus 17 days Poth [1998]
Cerrado Saminéz 0.3-0.5
[1999]
Pasture Saminéz 0.5
[1999]
Soybean Saminéz 1.1
between lines ~ [1999]
Soybean line Saminéz 1.6
[1999]
Pinus Saminéz 04
[1999]
Eucalyptus Saminéz 03
[1999] '
Campo sujo Pinto et al. 0.1 Uup UpD UD
[2002]
Campo sujo Pinto [2003] 05 UD UD UD
burned
Cerrado Pinto [2003] 04 UD- UD UD
Cerrado burned  Pinto [2003] 0.4 UD UpD UD
Fertilized Pinto [2003] 00" UD UD UD
pasture
Legume-grass  Pinto [2003] ~ 00 UD UD UD
pasture
Young pasture  Pinto [2003] 004 UD UD UD
Traditional Pinto [2003] 000> UD UD UD
pasture
Com Fernandes 0.3
- [20087F°
Bean Fernandes 0.3
{20087°
Soybean Fernandes 02"’
{20087°
Cotton Fernandes 0.7
[20087°

*Average daily fluxes are given in mg N m2 47!, Annual fluxes
estimations are given in kg N ha™! a™!. Abbreviations are DS, dry

season; RS, rainy season; and UD, under detection limit,

YFlux is integrated for the wet season.
°Flux is integrated for one crop cycle. Some crops are cultlvated

twice a year.



cm ™2 h™ with the first rains in unburned cerrado in the strict
sense and to 1.9 ng N cm™2 h™! in burned cerrado in the strict
sense. Wetting of dry soil in cerrado causes an increase in
NO emissions of a factor of 10 or more but that pulse was
short-lived. Fluxes fell to background values within 3 days
of a wetting pulse [Pinto et al., 2002; Varella et al., 2004].
In the cerrado, N;O production is limited both by low N
availability and by dry conditions, and fluxes of N;O are
generally very low (<0.6 ng N ecm™ h™Y) [Pinto et al., 2002;
Varella et al., 2004] regardless of the vegetation type or fire
regime. Even the increase of soil water content in the wet
season is not sufficient to stimulate high N,O production,

3. EFFECTS OF LAND USE CHANGES ON N,;0
AND NO EMISSIONS FROM SOIL
TC THE ATMOSPHERE

Deforestation causes environmental changes resulting
in changes of trace gas emissions. Immediately following
clearing, the elimination of the plant sink for nutrients results
in a pulse of nutrient availability, including N, in soils and
streams. Emissions depend upon the prior site fertility and
the rate of vegetation regrowth after disturbance. Clearing
natural vegetation [Luizdo et al., 1989; Keller et al., 1993;
Davidson and Kingerlee, 1997], burning [Levine et al.,
1996; Neff et al., 1995; Serca ef al., 1998], fertilization of
agricultural tands [Matson et al., 1996; Mosier and Delgado,
1997; Veldkamp and Keller, 1997), intensive cattle ranching
[Lima et al., 2001; Primavesi et al., 2004], and increasing
dominance by legume species in areas under secondary suc-
cession after land conversion [Erickson et al., 2002; David-
son et al., 2007] have been identified as causes of increasing
N,0 and NO emissions from tropical regions.

3.1. Effects of Logging on N>O and NO Emissions
From Soils

In the Brazilian Amazon region, selective logging removes
timber volume in the range of only 20-60 m® ha™! (about 3-9
trees ha™'); however, current practices result in high levels of
collateral damage to the forest canopy and soils [ Verissimo ef
al., 1992; Pereira et al., 2002; see Asner et al., this volume],
Felling a tree transfers fresh leaf and root nutrients to the
soil, causing pulses of decomposition {Lodge et al., 1991;
Scatena et al., 1996). Loss of nutrient and water uptake by
roots added to the forest floor leads to wetter sites and greater
nutrient leaching [Parker, 1985; Brouwer, 1996]. In Guyana,
nitrate losses from selective harvest varied in proportion to
the area of soil disturbance [Browwer, 1996].

The changes in nuirient and water cycles provoked by
logging affect the soil-atmosphere exchange of trace gases.
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One Large-Scale Biosphere-Atmosphere Experiment in
Amazonia study approached this. topic through measure-
ment of soil-atmosphere fluxes of N>O and NO on two soil
types (clay Oxisol and sandy loam Ultisol) over 2 years
(2000-2001) in both undisturbed forest (as discussed in sec-
tion 2.1) and recently logged forest. Studies were conducted
in the Tapajos National Forest, near Santarém, Par4, Brazil,
where a demonstration logging project used reduced-impact
forest management techniques [Keller et al., 2005). Keller
et al. measured fluxes in logged areas and compared excess
fluxes by subtraction of a background flux from undisturbed
forest. Logging increased emissions of N>;O and NO from
30 to 350% depending upon soil conditions. Along with the
hypothesized effects of changes in nufrient and water cy-
cles discussed above, the authors found that compaction of
soils by heavy machinery in skid trails and log storage decks
tended to augment emissions N,O and NO. While significant
effects were measurable locally, Keller et al. cautioned that
logging-induced fluxes were unlikely to increase regional
emissions of N2O by more than about 6%,

3..2. Emissions of N Oxides With Secondary
Forest Succession

In the Amazon Basin, about 30-50% of cleared land is
in some stage of secondary forest succession following ag-
ricultural abandonment [Hirsch ef al., 2004). Davidson et
al. [2007] demonstrated through the comparison of forest
chronosequences (stands ranging in age from 3 to 70 years
and remnant mature forests in eastern Amazonia-Pard) that
young successional forests growing after agricultural aban-
donment on highly weathered lowland tropical soils exhib-
ited conservative N cycling properties much like N-limited
forests on younger soils in temperate latitudes. As second-
ary succession progressed, N cycling properties recovered
with increasing availability of soil nitrate and a concomitant
decrease of ammonium concentration. The dominance of a
conservative P cycle typical of mature lowland tropical for-
ests reemerged. Because of the successional shifts in NP
cycling ratios with forest age, soil emissions of N;O were
initially low and then increased gradually. N,O emissions
increased with forest age at clayey and sandy soils, although
the more clay-rich site exhibited higher emissions. These
results showed that increasing emissions of N>O as the suc-
cessional forests age can be- attributed to the gradual recu-
peration of N cycling processes.

3.3. Conversion of Forest to Pasture and Crops

Following a site disturbance such as deforestation, N
availability in the soil often temporarily increases, causing’
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significant increases in emissions of NO and N>O. Fire is
the main tool for clearing forest in Amazonia [Setzer et al.,
1998; Kauffnan et al., 1992]. An average of 19,000 km’
of forests are cleared and burned each year in the region,
mainly for the implementation of pastures and crops [Nep-
stad et al., 1999]. Soil NO emissions are especially great
immediately following fires. According to Neff et al. [1995],
" microbial nitrification is a critical process responsible for
NO emissions throughout the clearing and burning period.
Additionally, chemical denitrification of nitrite deposited in
ash supported a large peak in NO fluxes for a few days fol-
lowing burning.

When tropical humid forests are converted fo pastures, N
availability in soil decreases with time [Neill et al., 1995;
Van Gestel et al., 1993; Wick et al., 2005]. Progressively
smaller N oxide emissions are measured from pastures com-
pared to old-growth forests because of a progressive decline
in N availability with pasture age [Keller and Reiners, 1994
Van Gestel et al., 1993; Garcia-Montiel et al., 2001; Me-
lillo et al., 2001; Wick et al., 2005]. Emissions of N2QO from
newly created pasture in Rondénia were about 2 and a half
times the forest emissions during the first 2 years (5.0 kg N
ha'a~! versus 1.9 N ha™! a™"), but in pastures older than 3
years, NoO fluxes were, on average, about one third lower
than those from undisturbed forest (1.4 kg N ha' a™! versus
1.9 kg N'ha™' ™) [Melillo et al., 2001] (Figure 2). Accord-
ing to Melillo et al. [2001], the magnitude of the NOs™ pool
up to 10-cm soit depth was the best predictor of N,O across
the forest-pasture chronosequence.

NO emissions following forest clearing, burning, pasture
establishment, and pasture degradation follow a similar pat-

tern to that described above for NoO emissions, except that
NO is relatively more important where there is a more pro-
nounced dry season along the eastern and southern flanks of
the Amazon Basin [Davidson et al., 2001]. Nitric oxide erpis-
sions did not vary with pasture age in one study in Ronddnia,
and mean anmual NO emission from pastures was 0.2 kg N
ha™! 2™ compared to 1.4 kg N ha™ a™ in nearby forest [Neill
et al., 2005]. This study did not measure NO fluxes from pas-
tures less than 9 years old, and Neill et al. recognized that
younger pastures might have greater NO emissions assurm-
ing behavior similar to NxO. Kirkman et al. [2002] compared
forest and old pasture soils in Rond6nia during two transition
season periods (wet-dry and dry-wet) and observed soil-at-
mosphere NO fluxes from pastures that were 9 times lower
than old-growth forest fluxes under similar soil moisture and
temperature conditions. They attributed this pattern to the
combination of a diminished velocity for the soil N cycle and
tower effective soil NO diffusion rates in the pasture soils.
Over the past 40 years, large areas of cattle pasture in
Amazonia have suffered declining productivity as a result
of nutrient losses. Practices adopted by ranchers to restore
productivity to degraded pastures have the potential to alter
soil N availability and gaseous N losses from soils. These
practices involve varying amounts of tillage combined with
fertilizer and herbicide applications, and the planting of cash
crops prior fo the planting of forage grasses. Passianoto et
al, [2003] reported on the emissions of NO and NO from
the first 6 months of three restoration treatments for pastures
in central Rondénia. The treatments were (1) control pas-
ture; (2) conventiona! tillage followed by planting of forage
grass (Brachiaria brizantha) and fertilizer addition (42 kg
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Figure 2. N;0 emissions (plus standard error) from the reference forest (open circles) and a new 3 ha pasture {solid

circles) that was established for the study in 1994. The error bars for the forest measurements are within symbols. Mea-
surements to generate the data point labeled “a” were taken 2 days before burn, and the measurements to generate the data
point labeled “b” were taken 3 days afier the burn. Reprinted from Melillo et al. [2001].



N ka™); (3) no tillage with herbicide treatment followed by
two plantings, the first being rice, fertilized with 33 kg N
ha™', followed by a forage grass. The cumulative N;O and
NO emissions over the first 2 months from the tillage regime
(0.94 kg N-N,O ha™' and 0.98 kg N-NO ha™") were much
higher than the releases from either the no-tillage/herbicide
regime (0.64 kg N-N,O ha™! and 0.72 kg N-NO ha™) or the
control pasture treatment (0.04 kg N-N,O ha! and 0.12 kg
N-NO ha™). Tillage increased soil NH,' and NO;™ pools,
while these pools remained relatively constant in the control
and no-tillage treatments. Cumulative rates of net N miner-
alization and net nitrification during the first 6 months after
treatment varied widely but were highest in the tilled treat-
ment [do Carmo et al., 2005]. .

In this experiment, while emissions of NO and N;O in-
creased with tiflage and N fertilization, there were no clear
telationships among rates of N fertilizer application, net
mineralization, net nitrification, NO, N,O, and total N oxide
emissions. The magnitude of the increased N oxide fluxes
differed based on the timing of fertilizer application rela-
tive to the presence of plants and the magnitude of plant N
demand. Emissions of N oxides decreased with the use of
restoration sequences that minimized reductions in pasture
-grass cover [do Carmo ef al., 2005].

A few authors have attempted to estimate the regional ef-
fects of land use changes on the fluxes of N oxides. Potter
et al. [1998] using the NASA-CASA ecosystem model esii-
mated a total flux of 0.5 Tg N;O-N a™! from Brazilian Ama-
zonia. In a subsequent study [Potter ef al,, 2001], a version
of this model was applied to-two forest sites, located in the
Brazilian states of Rond6nia and Pard, differing in terms of
seasonality of rainfall, length of the annual dry period, and
soil properties, The measured fluxes of soil N;O for forests
closely matched the proposed models for the forest in Pard
but not for that in Rondénia. This result suggested that algo-
rithms controlling nitrogen trace gas fluxes, particularly in
relatively sandy tropical soils require further development.

Melillo et al. [2001] used a constant value of 1.4% of mod-
eled N mineralization to estimate N>O emission. With this
approximation, Amazon Basin-wide (area of 6.9 x 10° km?)
emissions from 1978 to 1995 averaged 1.3 Tg N,O-N 2! with
0. 8 Tg N;O-N a™ for the Brazilian portion of the Basin.

3.4. Conversion of Cerrado to Pasture and Crops S

Planted pastures (mainly Brachiaria spp.) are the most
extensive land use in the cerrado, and with an area of ap-
proximately 50 million ha they occupy nearly one fourth of
. the biome [Sano ef al., 2000]. In well-managed pastures on
clayey soils in the cerrado region, productivity and long-
term soil C stocks can surpass levels for native vegetation
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[Corazza et al., 1999; Bustamante et al., 2006]. On the other
hand, poor management practices, especially overgrazing,
lead to pasture degradation after a few years. According to
Oliveira et al. [2004], degraded pastures in the tropical re-
gion of Brazil occupy 25 million ha. :

Although few studies have been conducted on N oxide
emissions from pasture soils in the cerrado region (Table 2),
they suggest a decrease in emissions with pasture age as pre-
sented in section 3.3 for the Amazon region. Farella et al.
[2004] measured fluxes of NO in a 20-year-old B. brizantha
pasture in central Brazil and found annual NO emissions of
only 0.1 kg N ha™! a1, Emissions of soil N;O were below
the detection limit (<0.6 ng N-N;O cm2h ™ = 0.5 kg N ha™
a V). Saminéz [1999] measured annual N»O soil emission of
0.5 kg N'ha™! a™lin both native cerrado and in a S-year-old
Andropogon gayannus pasture.

Because planted pastures in the cerrado tend to lose pro-
ductivity with time, ranchers use a variety of agronomic ap-
proaches including tillage and fertilization to reform their
pastures. Pinfo et al. [2006] studied the effects of pasture
reformation on N dynamics (net N mineralization, net nitri-
fication, available inorganic N and NO, and N;O gas fiuxes).
The study focused on three areas of cerradéio (closed savanna
woodland) converted to B. brizantha in 1991 that exhibited
characteristics of degradation after 9 years. In 1999, differ-
ent restoration treatments were tested: (1) fertilization (60 kg
N ha™! and 12 kg P ha™"); (2) association of grasses and leg-
umes (B. brizantha and Stylosanthes guianensis) with addition
of 12 kg P ha™’, and (3) a traditional plot without manage-
ment. These treatments were also compared with a fourth area
of cerraddo converted to B. brizantha pasture in 1999 (young
pasture). Measurements were carried out during the wet sea-
son of 2001-2002. Ammonium was the predominant inor-
ganic N form in the soils, All plots showed high variability of
soil N gases emissions. Peak emissions of NO (3.6 ng N-NO
em2 h7!y and N0 (6.7 ng N-N,O em ™2 h™!) were probably
caused by cattle urination and defecation that led to an irregu-
lar distribution of organic residues. Despite these peaks of N

' gas emissions, overall nitrogen oxide emissions were low and

only amounted to 0.03 kg N ha™! during the January to April
growing season. A water addition experiment during the dry
season (September 2002) indicated that the transition from
dry to wet season might be an important period for the pro-
duction of NO in the young pasture with fluxes ranging from
6.8 ng N-NO cm 2 b within an hour after wateringto 3.0 ng
N-NO em 2 h™! 2 days after the treatment.

In 2006, approximately 14 million ha of cerrado were
cropped with soybean, maize, cotton, common bean, and rice
(see the Companhia Nacional de Abastecimento Web site at
http://www.conab.gov.br). Soybean production catalyzed
the agricultural expansion in the cerrado during the last 2-
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decades. This crop occupies more than 6 million ha in the
plateau regions of the cerrado. However, continuous mono-
culture of soybeans coupled with inadequate tillage prac-
tices has caused severe erosion and soil degradation [Resck
et al,, 1991]. Because of the problems associated with con-
ventional systems, low-tillage agriculture was introduced.
In 1989—1990, low-tillage agriculture in Brazil occupied an
area of 1 x 10° ha, and by 2004 it bad expanded to 23.6
% 10¢ ha (see the Federagfio Brasileira de Plantio Direto na
Palha Web site at http:/www.febrapdp.org.br). Of this total
low-tillage area, about 8 x 10° ha were in the cerrado region
[Duarte et al., 2007]. .

Few studies track the effects of the conversion of cerrado
to row crops for nitrogen oxide emissions. Work done to date
has shown that N»O emissions are not great. Results from a
soybean-corn ¢rop rotation showed that N>O flux increased
modestly from 0.8 ng NO-Nem™h™ 0 2.5 ng N2O-N em?
h™! under soybean cultivation [Saminéz, 1999] compared to
other published accounts of elevated emissions from tropi-
cal agricultural soils. Low emissions may be explained by
the relatively dry cerrado climate that does not favor large
N,O emissions. Metay et al. [2007] studied two 5-year-old
systems during a cropping cycle in Goidnia, Goids: tillage
with disking in the first 15 cm and no tillage with a direct-
sowing mulch-based crop system and an additional cover
crop. Emissions of N2O were very low, and no significant
difference between treatments was observed. Monthly mean
N;O emissions increased exponentially with monthly mean
{WFPS) in the 0- to 10-cm layer.

NO emissions may be quantitatively more important for
N cycling than N2O emissions in croplands in the cerrado
region. Carvalho et al. [2006] compared NO fluxes in a
cornfield under no-tillage and tillage systems fertilized with
urea. Irrigation was performed immediately following the
fertilization. No significant differences in nitrogen oxide
fluxes were found between plots under tillage and no-tillage
systems. The response to fertilization was rapid. Following
broadcast fertilization, high NO fluxes were measured 13
min (5.4 ng N cm™ h™!) and 3 days after N fertilization (4.8
ng N cm h7%), but fluxes decreased to 1.2 ng N cm 2!
after 5 days. :

Unfortunately, the database related to N oxide emissions
in the cerrado is even more restricted than in Amazonia.
Most of the data are from the core region of the cerrado
(state of Goids and the federal district) and these studies have
focused on the most common soil types in the cerrado re-
gion (Latossolos Vermelho-Escuro and Vermelho-Amarelo
in the Brazilian system and Acrustox in the U.S. Depart-
ment of Agriculture taxonomy system). The diversity of
crop systems -and management practices in the region limit
extrapolation.

4. METHANE FLUX BETWEEN UPLAND
ECOSYSTEMS OF AMAZONIAN FOREST
AND CERRADO AND THE ATMOSPHERE

4.1. Exchange of CHy Between Upland Soils. and the
Atmosphere in Amazon Forests and the Cerrado

In general, well-drained soils consume atmospheric CH,,
and by convention these fluxes are shown as negative. Early
studies from well-drained upland forest soils in Amazonia
conform to global trends [Keller ef al., 1983, 1986; Steu-
dler et al., 1996]. On the basis of the results of 22 studies
from humid tropical forests, Potter et al. [1996] reported an
average flux of CH, from the atmosphere to soil of —3.8 £
0.6 kg CH, ha™! a7, Several studies report CHs consump-
tion during both wet and dry seasons in forest soils in the
municipalities of Santarém and Belterra (Par4) although all
observe occasional net production of CHy during the wet
season [Da'vidson et al., 2004; Wick et al., 2005; Keller et
al., 2005). Keller et al. [2005] compared soil texture effects
CH, fluxes and found annual average (plus/minus standard
error) fluxes of ~0.3 £0.2 and —0.1 + 0.9 mg CHy m2dlon
a clay-textured Oxisol and —1.0+ 0.2 and—0.9+0.3 mg CHy
m2 d”! on a sandy loam Ultisol for two subsequent years
(2000 and 2001) with greater variability of CH, fluxes in the
Oxisol than in the Ultisol, especially during the wet season.
The size of the regional CH, sink was calculated by David-
son and Artaxo [2004], who estimated the net soil uptake of
CHyas 1to3 Tg CHy al.

In general, studies of soil CHy in Amazon forests demon-
strate that soil CH,; consumption is limited by gas diffusivity
[Verchot et al., 2000]. Net CHy production has also been
associated with soil respiration possibly because high rates
of soil respiration create anaerobic microsites resulting in
CH, production [Verchot et al., 2001]. Manipulations of soil
moisture confirm that moisture controls CHy fluxes. In an ex-
periment investigating the effects of drought, in Amazonian
forest, soil consumption of atmospheric’ CHy was increased
on soils affected by drought by a factor of >4 [Davidson et
al., 2004). Vasconcelos et al. [2004] reported significantly
lower CH fluxes in the dry season (—0.3 = 0.1 mg CHy m?
d™!y than in the wet season (0.1 =+ 0.1 mg CHy m2d 1y in
a secondary forest and that irrigation during the dry season
increased CH; efflux in relation to control plots 0.2+ 04
and —0.5 0.2 mg CH, m~2 d”, respectively).

4.2, Effects of Land Use Changes on the Soil-Atmosphere
Exchange of CHy

Soil aeration is the primary control on CH, flux. As ob-
served in Costa Rica [Keller et al., 1993; Keller and Rein-



ers, 1994], soil compaction resulting from forest to pasture
conversion restricts soil-atmosphere gas exchange and leads
to diminished CH, consumption. Along with compaction,
other factors that favor CHy emission from pasture soils in
the Amazon region include higher pH values, lower avail-
ability of aiternate electron acceptors such as N-NQOs~, and
possibly greater availability of organic matter [Feig! et al.,
2001].

Methane fluxes between soils and the atmosphere were
measured in two tropical forest-to-pasture chronosequences
in the state of Rondbnia, Brazil [Steudler et al., 1996]. For-

est soils always showed a net consumption of atmospheric

CH, with maximum uptake rates in the dry season. Pasture
soils consumed atmospheric CHy during the dry season but
at lower rates than those in the forests. When soil moisture
incredsed in the pasture soils, they became a source of CHy
to the atmosphere.

Integrated over the year, forest soils were a net sink of ap-
proximately —1.7 mg CH, m ™ d", while pastures were a net
source of about +1.0 mg CHy m™ d™*. Thus forest-to-pasture
conversion resulted in a net change in the soil flux of CHy
from the soil of almost 2.7.mg CH; m*d ™.

. Logging in Brazilian Amazonia annually affects an area

almost as large as the area clear-cut for conversion to agri-
culture and pasture [Aswer et al., 2005]. Logging operations
depend on heavy machinery that compacts forest soils, lead-
ing to a change from CHy consumption to CHy production
[Keller et al., 2005). Ground damage is limited to only a
portion of the logged area that depends upon the intensity of
harvest and the quality of the harvest management [Pereira
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et al., 2002]. Critically, CH, production is dominated by
small areas known as log decks that are used to stage logs for
trucking to sawmills. These log decks occupy approximately
1-2% of the logged area dependent upon management, and
they become waterlogged in the wet season because the
compacted soils do not readily drain. Waterlogged: decks
emit CH; at rates similar to tropical swamps while they
are inundated, accounting for >80% of the CH, emitted in
logged areas. - : '

As pointed out for N oxide ernissions, there are few data
on CH, emissions from cerrado soils (Table 3). In the first
measurements of CHy flux made on cerrado soils [Arderson
and Poth, 1998], newly burmned cerrado had a CH, flux of
—4.4 mg CH, m~2 d" that increased to ~20.4 mg CH,m ™2 d ™!
at sites burned 30 days earlier. However, in an area burned
1 year before, CHy upiake by soils had disappeared. CHy
fluxes were not correlated with any soil chemical parameters
measured [Poth et al., 1995]. Poth et al. hypothesized that
the absence of uptake by unburned soils would indicate the
presence of a balance between the source of soil CHa, pos-
sibly the foraging termite community, and the sink for CH,,
oxidation by the soil microbiota [Seiler et al., 1984]. San-
hueza [2007] has presented limited measurements indicat-
ing that savanna grasses in the Venezuelan llanos produced
small amounts of CHy. Saminéz [1999] compared fluxes of
CH, from Oxisols under cerrado native vegetation, 5-year-
old pasture, soybean-corn rotation, and eucalyptus and pine
plantations. CHy consumption occurred under all land uses
during both wet and dry seasons although values during the
wet season were lower (Table 3). Low but positive CHy

Table 3. Summary of Reported Average Daily Fluxes for Dry and Rainy Seasons and Annual Flux Estimation of CHy From

* Natural and Managed Ecosystems in the Cerrado Region

CH; Flux
Vegetation Cover/ Dry Season Rainy Season ~Annual
Reference Land Use (mgCH;m2d") (mgCH,m?d") (kgCHzha'a™)
Poth et al. [1995] cerrado _ 1.12 ‘
cerrado burned plus 2 days -3.93
: cerrado burned plus 30 days —20.22
Anderson and Poth [1998]  cerrado -1.68
cerrado burnt plus 45 days. -1.01
cerrado bumnt plus 17 days -1.03
Saminéz [1999] cerrado -1.24 —5.5 and —6.0
' pasture —0.88 —4.0
soybean between lines —0.69 ~-3.3
soybean line -1.09 —23
Pinus -1.17 -4.8
Eucalyptus -1.39 —5.6
Metay et al, [2007] rice, tillage (15 cm) ' 0.54
0.33

rice, direct seeding mulch
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fluxes were measured by Metay et al. [2007] ina cultivated
cerrado area under low till (0.33 kg CHy ha ™' a™) and tillage
(0.53 kg CHy ha™ ™).

" 4.3. Methane Production by Ruminant Livestock

Brazil has the largest commercial cattle herd in the world,
and it is second only to India in total cattle population [Lerner
et al., 1988]. The cattle population of Brazil is increasing
rapidly, reaching 207 million head in 2003, with a concen-
tration of animals in the center west region (mainly cerrado,
72 x 105 head) and north region (Amazon, 42 x 10® head)
(see the Banco de Dados Agregados Web site at http://www.
sidra.ibge.gov.br).

One result of the cattle population increase is that emis-
sions from livestock have become a significant source of at-
mospheric CHy. Ruminants generate CH, as a by-product of
the anaerobic digestion of food in the rumen. CHa is released
mainly by exhalation and eructation. The CH; production
rate is affected by factors such as quantity and quality of
feed, body weight, age, and exercise and varies among ani-
mal species as well as among individuals of the same species
[Mosier et al., 1998]. CHa emission from dairy cattle fed
with tropical grasses (between 121 and 147 kg CH, 27" per
animal) is greater than emissions from dairy cattle in fem-
perate climate (between 100 and 118 kg CH, 2! per animal}
probably because of differences in forage quality [Primavesi
et al., 2004]. The estimate of CH4 emissions from all cattle
raised in Brazil (including beef and dairy cattie) for 1994
was 9.77 Tg CHy a™ (96% from enteric fermentation.and
4% from animal wastes) with beef cattle contributing 81%
of the total. Of this total, the center west region (most of the
cerrado) makes the greatest contribution (3.09 Tg CHy ah),
representing 30% of the total [Lima ef al., 20011

4.4. Atmospheric CH4 Measurements and CHy Sources
Evidence from satellite sensors as well as ground- and
aircrafi-based in situ sampling suggests that the CHy emis-
sions of the Amazon region have been underestimated.
Frankenberg et al. [2005] compared total column CH; con-
centrations retrieved using the Scanning Imaging Absorp-
tion Spectrometer for Atmospheric Cartography instrament
on the European ENVISAT satellite with a global atimo-
spheric chemistry and transport model. On the basis of sev-
eral months of observations from 2003, they concluded that
tropical foresi-derived CHy emissions have been underes-
timated by at least 30 Tg CHa a”! representing more than
5% of global annual emissions. In a subsequent compila-
tion of data for 2003 and 2004, Frankenberg et al. [2006]
confirmed anomalous column abundances of CHg over

Amazonia compared to accepted emission inventories.
These anomalies can be accommodated in part with an in-
creased wetland source in Amazonia of 41 Tg CHs al as
suggested by an inverse model analysis [Bergamaschi et al.,
2007]. However, this wetland source is substantially greater
than the most complete bottom-up estimate of Amazon Ba-
sin wetland CH, emissions (29 Tg CHas a! [Melack et al.,
20047). .

Measurements of CH, mixing ratios in the canopy layer
of three forest sites across Brazilian Amazonia (Caxiuand
National Forest in Paré, Cuieiras Reserve in Amazonas, and
Sinop in Mato Grosso) in both wet and dry seasons showed
net CH, emissions ranging from 2 to 21 mg CHy m2d”
[do Carmo et al., 2006]. While the measurements are sparse,
they suggest an unknown source of CHy4 from upland forests
(as opposed to wetlands) of between 4 and 38 Tg CHya ™' if
extrapolated over the Amazon forest area. Estimates of CHag
emissions based on episodic aircraft sampling from 2001
through 2006 by Miller et al. [2007] averaged 35 + 23 mg
CH, m2 d! and 20 17 mg CHy m™2 d' between the Bra-
zilian coast and the interior Amazonian cities of Santarém
and Manaus, respectively. These are also greater than the
estimates of average CH, emissions for the wetlands of the
region (16 mg CH, m™ d”! [Miller et al., 2007]).

‘What sources could account for greater CHy emissions in
Amazonia compared to bottom-up inventories? While re-
cently, laboratory experiments have indicated that aerobic
production of CHy by plants may play a significant role in the
atmospheric budget of CHy [Keppler et al., 2006], the early
estimates may have exaggerated the magnitude of the source.
Limited evidence from field studies in Venezuelan savannas
supports the plant source although with a smaller magnitude
[Sanhueza, 2007]. The extrapolation of the laboratory study
has been controversial, and several analyses indicate that even
if the laboratory results are reliable, the global importance of
plants as a CH, source has been exaggerated [Kirschbaum
et al., 2006, Houweling et al., 2006; Ferretii et al., 2007]. A
recent laboratory study using 3(.]abeled plants found no ev-
idence for plant CHj emission above'trace levels that would
be globally insignificant [Dueck et al., 2007]. It remains dif-

 ficult to justify a plant source of CHy that could account for

excess CH, observed over Amazonia. Other known sources
that may be underestimated in current inventories include bi-
omass burning (especially the manufacture of charcoal) and
termite-derived CHy [Christian et al., 2007].

5. CONCLUSIONS
Ernissions of N;O and NO from soils of mature Amazo-

pian forests range from about 1 to 7 kg N ha'a'land 1to3
N ha~! a7, respectively. Environmental controls are mainly



the variability of rainfall and soil texture as influences on
soil moisture content with higher fluxes on clayey soils, In
addition, fine-root dynamics affect the production and emis-
sion of trace gases, especially in tropical rain forests that are
characterized by a large biomass and rapid turnover of fine
roots. The proportion of N oxides emitted from soil to at:
mosphere is also dependent on the interaction with the veg-
etation canopy. Studies indicated a daily reduction flux of
NO from soil to atmosphere of about 50%.

Land use change does not necessarily lead to a greater
emission of greenhouse gases. Logging increased emissions
0f N30 and NO from 30 to 350% depending upon soil condi-
tions, but logging-induced fluxes were unlikely to increase
regional emissions of N;O by more than about 6%. Con-
versions of tropical forests to cattle pastures do not cause
long-term increases in the contribution of soil emissions to
atmospheric NoO or NO. Lower N oxide emissions mea-
sured from pastures compared to old-growth forests are re-
lated to a progressive decline in N availability with pasture
age combined with strongly anaerobic conditions in some
pastures during the wet season. Compared to the primary
forest, predicted changes in soil nitrogen cycling lead to a
doubling in annual emissions of N,O gas during the first
year following deforestation with Iower emissions thereafter
(Figure 3). After pasture abandonment and with forest re-
growth soil emissions of N>O were initially lower and then
increased gradually. Comparisons of N oxide emissions
from agricultural areas indicated that soil preparation had an
effect, with higher fluxes under tillage. Studies of intensively
managed agriculture in Amazonia are still rare, but the evi-
dence so far accumulated indicates that natural ecosystems
often emit more nitrogen oxides than agroecosystems.

In the case of the cerrado, the combination of low nitri-
fication rates and the dominance of NH4" in the inorganic
N pools contribute to low soil emissions of N oxide gases.
Large NO fluxes have been observed immediately follow-
ing precipitation events that broke long drought periods, but
these pulses are short-lived and contribute only slightly to
annual emissions. NO emissions increased after burning,
but again the flux returned quickly to prefire or even lower
- levels. Soil moisture and vegetation type were more impor-

tant in controlling NO fluxes than fire regime. In the cer-
rado, N2O production is limited both by low N availability
and by dry conditions; fluxes of N0 are generally very low
regardless of the vegetation type or fire regime. Although
few studies have been conducted on N oxide emissions from
pasture soils in the cerrado region, the existing data suggest
a decrease in emissions with pasture age as observed for
Amazonia. The conversion of cerrado to row crops does not
contribute significantly to N,O emissions, but NO emissions
appear to be more important. However, the association of N
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Figure 3. Fluxes of inorganic nitrogen for (a) moist forest and (b)
cerrado environments schematically represented by a modified
hole-in-the-pipe model. The relative widths of the horizontal ar-
rows to the left of the boxes represent nitrification and denitrifica-
tion processes and mineralized N or fertilizer N entering into the
soil system. Horizontal arrows on the far right represent the pre-
sumed losses of Ny through denitrification. These losses have not
been well quantified and may be negligible in the cerrado as noted
by the question mark. The relative widths of the vertical arrows
represent the gaseous losses of NO and N3O from the nitrification
and denitrification processes. Where no atrows are shown, losses
are below the measurable threshold.
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fertilization with irrigation could lead to higher N,O emis-
sions (Figure3). - ‘

In general, studies of soil CHy in Amazonian foresis
demonstrate that soil CHy consumption is limited by gas
diffusivity. On-an annual basis, undisturbed forest soils al-
ways showed a net consumption of atmospheric CHy with
maximurn uptake rates in the dry season. Pasture soils con-
sumed atmospheric CHy duting the dry season but at lower
rates than those in the forests. When soil moisture increased
in the pasture soils, they became a source of CH, to the at-
mosphere, and thus forest-to-pasture conversion resulted in
a net change in the direction of the flux of CH, from the soil.
Measurements of CH, mixing ratios in the canopy layer of
three forest sites across Brazilian Amazonia in both wet and
dry seasons showed evidence for net CH, emission in upland
forests. This indicates the existence of an unknown source of
CH, from upland forests.

As pointed out for N oxide emissions, there are few data
on CH, emissions from cerrado soils, but they indicated a
predominance of CHs consumption over emission under dif-
ferent land uses during both wet and dry seasons.

Davidson and Artaxo [2004] have summed the 100-year
global warming potentials (GWP) of the annual sources and
sinks of CHy, N;O, and CO,, indicating that the Amazonian
forest-river system currently may be nearly balanced in terms
of net GWP for these biogenic atmospheric gases. Unfortu-
pately, large uncertainties remain for these estimates. There
is still & lack good predictive models for regionatization of
site-specific data. The current models lack geographic data
for parameterization and testing and, more importantly, ba-
sic theory on the controls of emissions from the ecosystem 10
the atmosphere. From a regional perspective, the unknown
source of CHy fromupland forests is the greatest uncertainty.
Improvement of models for the N oxides and CHy fluxes for
Amazonia and the cerrado still depends upon gathering more
data from sites with different edaphic and vegetation charac-
teristics, more widely distributed across two vast biomes.
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