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Abstract

The Atlantic Forest is one of the most important biomes of Brazil. Originally covering approximately 1.5 million
of km?, today this area has been reduced to 12% of its original size. Climate changes may alter the structure and
the functioning of this tropical forest. Here we explore how increases in temperature and changes in precipitation
distribution could affect dynamics of carbon and nitrogen in coastal Atlantic Forest of the southeast region of Brazil
The main conclusion of this article is that the coastal Atlantic Forest has high stocks of carbon and nitrogen above
ground, and especially, below ground. An increase in temperature may transform these forests from important carbon
sinks to carbon sources by increasing loss of carbon and nitrogen to the atmosphere. However, this conclusion should
be viewed with caution because it is based on limited information. Therefore, more studies are urgently needed to
enable us to make more accurate predictions.

Keywords: Atlantic Forest, biogeochemistry, carbon, climatic changes, nitrogen, topography.

Estoques e fluxos de carbono e nitrogénio nas zonas costeiras da
Mata Atlantica do sudeste do Brasil: potenciais impactos das mudancas
climaticas sobre o funcionamento biogeoquimico

Resumo

A Mata Atlantica € um dos mais importantes biomas do Brasil. Sua cobertura original estendia-se por aproximadamente
1,5 milhdo de km?. Atualmente, sua drea ocupa somente 12% de sua cobertura original. As mudangas climéticas podem
alterar a estrutura e o funcionamento dessa floresta tropical. Neste artigo, discute-se como aumentos na temperatura
do ar e mudancas na distribuicdo das chuvas podem afetar a dindmica do carbono e do nitrogénio na Mata Atlantica
litoranea da Regido Sudeste brasileira, cuja disponibilidade de informagdes é maior. A principal conclusio deste
artigo € que essas florestas detém elevados estoques de carbono e nitrogénio acima do solo e, especialmente, abaixo
do solo. Um aumento na temperatura do ar pode transformar essas florestas de sumidouros para fontes de carbono para
a atmosfera por meio de um aumento nos processos de decomposicéo. Entretanto, essas conclusdes devem ser vistas
com cautela ja que estdo baseadas em um niimero limitado de informagdes. Portanto, é urgente que um niimero maior
de informacdes seja produzido, permitindo conclusdes mais robustas no futuro.

Palavras-chave: biogeoquimica, carbono, Mata Atlantica, mudancas climdticas, nitrogénio, topografia.
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1. Introduction

The Atlantic Forest is considered one of the major
tropical biomes in the world. In terms of biodiversity,
it is considered an important center of endemism and
one of the 25 “hotspots” of the world. Among these,
it is considered by some “the hottest of the hotspots”
(Cardoso da Silva et al., 2004; Laurance, 2009). This entire
biome originally covered approximately 1.5 million km?
spanning a latitudinal range of approximately 28° and
a longitudinal range of approximately 25°. Today, only
approximately 12% remains mainly due to agriculture
expansion and urbanization (Ribeiro et al., 2009). Most
important is the fact that while this biome is vanishing,
we have not yet acquired sufficient knowledge about it to
propose sound conservation and regeneration programs
that could be transformed into public policy. It is true that
in recent decades, biological data on the Atlantic Forest
has increased (e.g. Laurance, 2009; Ribeiro et al., 2009;
Lobo et al., 2011). On the other hand, information about
the functioning of the forest in terms of its hydrological
and biogeochemical cycle is much less available. Most of
the data available focuses on coastal and sub coastal forest
areas located in the Southeast region of Brazil.

The main objective of this paper is to summarize the
available information on the biogeochemical process
that regulates the carbon and nitrogen dynamics in the
southeastern coastal Atlantic Forest of Brazil. Based on
the knowledge that specific environmental conditions, such
as climate, soils, species composition and successional
stage, drive nutrient cycling in tropical forests (Vitousek,
2004; Saiter et al., 2009), we will focus our analysis on
how climate changes according to scenarios described
by Marengo et al. (2009), which may affect carbon and
nitrogen of the coastal Atlantic Forest. In this context, it
is also important to remember that biodiversity of this
area can also be severely affected by climate changes
(Loiselle et al., 2010).

In the first part of this review, we present the
environmental features, namely, precipitation and
temperature, as driving forces of changes in nutrient
dynamics. This topic is followed by an analysis of how
changes in species composition due to climatic changes
may interfere with biogeochemical cycles. In the second
part of this article we summarise the available information
on carbon and nitrogen dynamics. The last part of this
article is dedicated to forecasting potential impacts of
climate changes on these elements.

2. Environmental Driving Forces Acting on
Carbon and Nitrogen Dynamics in the Atlantic
Forest

2.1. Effects of precipitation and seasonality on carbon
and nitrogen inputs of tropical forests

It is well known that biogeochemistry cycles are
strongly related to rainfall in moist and seasonally dry
tropical forests in the opposite manner (Saiter et al., 2009).
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Among these processes, litterfall, litter nutrient input,
decomposition rates and nutrient release are strongly
influenced.

While in moist tropical forests the peak litterfall,
than as a consequence C, N as other nutrients, is in the
wet season, in seasonally dry forests the peak of litterfall
mass and nutrient input is in the dry season. This common
pattern of tropical forests suggests that water is one of the
main factors driving leaf-litterfall and its nutrients in these
ecosystems (Brando et al., 2008).

Climate may also interfere with the litter decomposition
process, a critical step in biogeochemistry cycling, which is
responsible for the transference of nutrients from the litter
layer to the poor surface soils of the tropics (Saiter et al.,
2009) and carbon and nitrogen release from organic
matter. Dry-season retardation of leaf-litter decomposition
has been observed in moist (Luizdo and Schubart, 1987)
and dry tropical forests (Villela et al., 1998; Villela and
Proctor, 2002).

Pulses of nutrients are known to be important regulators
in tropical forest functioning (Lodge et al. 1994; Villela and
Proctor, 2002). Nevertheless, a change in its mechanism
should be accompanied by alterations in forest dynamics in
terms of population and community growth and processes.

Carbon and N litter inputs in Atlantic forests follow
similar patterns found for tropical forests. This process is
very seasonal, driven mainly by leaf-litterfall mass (Villela
et al., 2006). In moist tropical forests, the C and N peak is
in the wet season (Mazurec and Villela, 1998; Moraes et al.,
1999; Cavi et al. 2009), while in seasonally dry forests,
the peak of litterfall mass and nutrient input is in the dry
season, as reported for the Tabuleiro forest (Villela et al.,
1998; Villela et al., 20006), as in seasonal Atlantic forests
elsewhere (Portela and Santos, 2007). However the annual
and seasonal rainfall effect is not clear over the annual
quantities of litterfall in Atlantic forests, as moist or dry
forests produce annually about 5.5 to 10 Mg ha'! year™
litter mass (Mazurec and Villela, 1998; Moraes et al.
1999; Villela et al. 1998; Cavi et al. 2009), a variation
that may be driven also by other factors such as floristic
composition, successional stage or soil type (Saiter et al.,
2009). Generalising about C and N input can be difficult
as data are scarce, mainly in seasonally dry forests.

The seasonal period of nutrient input to the forest floor
through the litter is decisive in availability and/or possible
risks of nutrient losses, as decomposition and mineralisation
processes are greatly related to water availability. Leaf-
litter decomposition rates and nutrient release is low in
seasonal Atlantic forests (Villela et al., 1998) compared to
the moist Atlantic forests in the same region of northeast
Rio de Janeiro state, as occurs elsewhere in the tropical
forests (Saiter et al., 2009).

The faster decomposition process in the wet season is
attributed to an increase in the activity of micro-decomposers
and macro-fauna, and in some forests to a greater growth
of fine roots, caused by water and nutrients availability
(Luiz@o and Schubart, 1987; Saiter et al., 2009). A rapid
decomposition rate is the result of the initial rains stimulating
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mass loss and nutrient release after dry spells resulting in
pulses of nutrients (Lodge et al., 1994; Saiter et al., 2009).

Therefore, the higher stock of C, N and other nutrients
in the small litter layer of seasonal Atlantic forests in the dry
season may be a consequence of the high input and a low
litter decomposition rate during this season (Villela et al.,
2006). However, although differences among sites may
influence decomposition, the effects of substrate quality
and soil fauna can be crucial in this process in tropical
forests. This common pattern of tropical forests suggests
that water is one of the main factors that drive leaf-litterfall
and its nutrients in these ecosystems.

2.2. Altitude and temperature effects on the Serra do
Mar Atlantic Forest

Altitude is a factor that may interfere with the rain
forest structure, productivity, nutrient limitation and
cycling. Most studies have shown that tropical rain forests
decrease in stature, above-ground biomass and net primary
productivity, litterfall nutrient input, decomposition rate,
and soil nitrogen concentration, with increasing elevation
mainly in response to decreasing temperatures (Saiter et al.,
2009). Plant growth and litter production, are limited by N
or N and P in montane forests (Kitayama and Aiba, 2002),
which may be not only an effect of soil nutrient limitation
and reduction of plant nutrients with altitude, but it may
be influenced by air temperatures directly (Kitayama and
Aiba, 2002). These features are more evident in forests
situated above 1500 to 2000 m asl.

In addition to the latitudinal and longitudinal ranges,
the presence of these mountain chains also creates an
altitudinal wide range, reaching more than 1000 m above
sea level (asl) at the Serra do Mar and Serra da Bocaina
and more than 2000 m asl at the Serra da Mantiqueira. This
altidudinal gradient creates a temperature gradient with
lower temperatures at higher altitudes (Sousa Neto et al.,
2011). Temperature is one of the most important factors
that influences several biogeochemical terrestrial processes
(Blankinship et al., 2011; Wu et al., 2011). Therefore,
this altitudinal range offers an interesting perspective to
investigate potential effects of global changes in basic
biogeochemical processes in the coastal Atlantic Forest.

3. Floristic Composition and Diversity and its
Relations to C and N Cycling in the Atlantic
Forests

The increase in human exploitation of forest ecosystems
has led to marked changes in the availability of resources,
pollution, loss and fragmentation of habitats, which has
been caused significant loss of species (Vitousek et al.,
1997; Novacek and Cleland, 2001; Brook et al., 2003;
Tabarelli et al., 2004). In addition to many other problems,
land-use changes reduce functional redundancy of plant
communities, increasing their vulnerability to future
disturbances (Laliberté et al., 2010). The effects of loss of
species or changes in diversity of natural communities for
the functioning of ecosystems are sometimes contradictory
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(Tilman et al., 1997; Kinzig et al., 2002; Loreau et al.,
2002; Smith and Knapp, 2003; Bunker et al., 2005;
Scherer-Lorenzen, 2007). In general, however, changes
in species richness and composition negatively affect
population stability and magnitude of fluxes of matter
and energy in ecosystems (Chapin et al., 2000; Sala et al.,
2000; Bunker et al., 2005; Ruiz-Jaen and Potvin, 2011).

One of the main mechanisms explaining the positive
relationships of diversity and species composition with
ecosystem processes is associated with the complementary
effect of species due to niche differentiation (Naeem et al.,
2009). Depending on the functional diversity variation
among coexisting species, a more efficient use of resources
is expected, as at the same time decreasing interspecific
competition, which overall may increase ecosystem
productivity (Scherer-Lorenzen et al., 2007). On the other
hand, many tropical vegetation types have few species that
attain high dominance at the community level, mainly
in terms of biomass, in contrast to many subordinate or
rare species (Hubbell, 2001; Macfa and Svenning, 2005;
Pimentel et al., 2007). Thus, one may expect that the
higher abundance of a few species will be the main driver
of community structure that modulate the magnitude of
fluxes of energy and matter in ecosystems (Grime, 1998;
Dangles and Malmqvist, 2004). However, some rare
species might also contribute disproportionately to the
ecosystem processes due to a high level of specialization
such as nitrogen fixation (Reed et al., 2008).

One important point to consider is that loss of species
due to climate change will not be random. How many and
which species will be driven to extinction will depend
on the intensity, frequency and duration of changes in
environmental factors and also according to the intrinsic
abilities of species to deal with stress and disturbances that
will be associated with climate change (Vitousek et al.,
1997; Grime, 1998; Smith and Knapp, 2003; Bunker et al.,
2005). Rare species that are the most diverse component
of communities are also the most vulnerable to extinction
due to stochastic effects related to small population size
(Hubbell, 2001). Thus, the consequences of species loss to
ecosystem function will be related to the relative abundance
of a species in the community, the specific role of species
in ecosystem function and the possible occurrence of
compensatory effects of remaining species (Lavorel and
Garnier, 2002; Larsen et al., 2005).

Effects of species loss on carbon stocks and fluxes
will be largely dependent on intrinsic characteristics of
species such as wood density, maximal height and trunk
diameter (Ruiz-Jaen and Potvin, 2011) and traits related
to the leaf economic spectrum (Lavorel and Garnier,
2002; Wright et al., 2004). In forests with large trees
possessing high leaf mass per area, greater potential
for carbon storage exists (Ruiz-Jaen and Potvin, 2011).
This type of situation is often found in late successional
species of mature forests. However, throughout tropical
rainforests, the interactions of habitat loss and fragmentation
are driving forest remnants to early successional stages
(Laurance et al., 2006; Tabarelli et al., 2010) and taxonomic
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homogenisation (Lobo et al., 2011). In this case, fast-
growing pioneer and generalist species are favored, with
clear consequences for nutrient stocks and fluxes. Selective
logging in the Tabuleiro forest also had similar effects on
decreasing the abundance of large trees and decreasing
litterfall and nutrient cycling (Villela et al., 2006). Fast-
growing species tend to have less dense wood and low
leaf mass per area (Bunker et al., 2005), decreasing the
potential for carbon storage and increasing decomposition
rates often associated with leaves with lower C/N ratios
(Quested et al., 2007). Taxonomic homogenization might
affect community responses to climate change depending
of the effects on functional diversity. However, generalist
species may be able to resist a wide range of environmental
conditions, sustaining, despite low nutrient stocks and higher
decomposition rates, more stable community biomass and
species composition throughout some yet unpredictable
level of climate change (Richmond et al., 2005).

4. Carbon and Nitrogen Stocks

The two main reservoirs of carbon and nitrogen in an
ecosystem are located above and below ground. Above
ground reservoirs encompass the trees, palms, ferns,
snags, coarse wood debris and litter, while the below
ground encompass soil organic matter, and coarse and fine
roots. Generally, one-meter depth soil stock is assumed
to estimate below ground stocks.

4.1. Below-ground stocks

In a study on an altitudinal range from 100 m to 1000 m
in the Coastal Atlantic Forest located in the northern coast
of the State of Sao Paulo in Ubatuba, Martins et al. (in
review) found high carbon and nitrogen stocks in the soil
down to 1 m deep compared with soils in the Amazon region

to 280 Mg ha™! along the altitudinal range (Table 1). This
increase in carbon soil stock was followed by an increase
in the nitrogen stock, but was not followed by an increase
in phosphorus stock. From 100 m asl to 1000 m asl there
was a 7 Mg ha™! increase in the nitrogen stock (Table 1).
The same high concentration of carbon and nitrogen was
also found for soils of the Serra da Mantiqueira located
at higher altitudes (Dias et al., 2003; Benites et al., 2005;
Simas et al., 2005).

The carbon stock in fine roots also increased with
altitude (Sousa Neto et al., 2011), from 1.94 Mg ha™' at
100 m asl to 5.52 Mg ha™! at 1000 m asl (Table 1). The
nitrogen stock in fine roots also increased in the same
proportion observed for carbon (Table 1). Coarse roots
also increased with altitude (Vieira et al., 2011), but not in
the same proportion as observed for fine roots (Table 1).

As a consequence of the increase in carbon and nitrogen
stocks in soil organic matter and roots, the total above
ground carbon and nitrogen stocks increased approximately
50% along the altitudinal range, respectively (Table 1).

4.2. Above-ground stocks

Above-ground live biomass (AGLB) was also estimated
along the same altitudinal range in Ubatuba (Alves et al.,
2010). AGLB increased along the altitudinal range from
approximately 210 to 280 Mg ha™' (Table 2). Accordingly,
carbon and nitrogen stocks in AGLB also increased with
altitude (Table 2).

In addition to AGLB, there were also other components
of the above ground stocks. These are snags, coarse

Table 2. Biomass, carbon and nitrogen stocks in different
aboveground compartments in a Coastal Atlantic Forest,
Ubatuba, Sao Paulo, Brazil.

. . o Altitude
(Table 1). Most interestingly there was a progressive increase
in carbon and nitrogen stocks with altitude (Vieira et al., 100 m 400 m 1000 m
2011). The carbon stock increased from approximately 190 Above ground live biomass
Biomass (Mg.ha™) 209 254 283
Table 1. Carbon, nitrogen and phosphorus stocks in C (Mg.ha™) 94 113 127
different belowground compartments in a Coastal Atlantic N (Mg.ha™) 0.75 1.41 1.64
Forest, Ubatuba, Sao Paulo, Brazil. Snags
Altitude Biomass (Mg.ha™) 1.49 2.52 5.01
100 m 400 m 1000 m C (Mg.ha™') 0.67 1.52 2.28
Soil organic matter N (Mg.ha™) 0 0.02 0.01
C (Mg.ha™) 187 234 281 Coarse wood debris
N (Mg.ha™) 13.5 17.9 20.1 Biomass (Mg.ha™) 40 43 84
P (kg.ha™) 35 18 33 C (Mg.ha™) 9.95 9.33 16.85
Fine roots N (Mg.ha™) 0.06 0.20 0.12
C (Mg.ha™) 1.94 1.82 5.52 Litter
N (Mg.ha™) 0.08 0.07 0.21 Biomass (Mg.ha™) 8.40 7.70 5.50
Coarse roots C (Mg.ha™') 4.00 3.54 2.64
C (Mg.ha™) 17.44 20.68 22.76 N (Mg.ha™) 0.17 0.12 0.09
N (Mg.ha™) 0.17 0.17 0.19 Total above ground
Total below ground Biomass (Mg.ha™) 259 307 378
C (Mg.ha™) 206 257 309 C (Mg.ha™) 109 127 149
N (Mg.ha) 13.8 18.1 20.5 N (Mg.ha™) 0.98 1.75 1.86
636 Braz. J. Biol., 2012, vol. 72, no. 3 (suppl.), p. 633-642
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wood debris and litter. All of these compartments had
lower biomass than AGLB, only coarse wood debris was
large enough to be comparable with AGLB (Table 2).
Snags and coarse wood debris biomass and carbon and
nitrogen stocks also increased with altitude. The increase
of coarse wood debris was particularly large with the rise
in altitude. At 100 m asl and 400 m asl the coarse wood
debris was near 40 Mg ha™!, increasing to approximately
80 Mg ha™! at 1000 m asl (Table 2). As the carbon and
nitrogen content of the coarse wood debris depend on the
stage of decomposition (Vieira et al., 2011) the carbon
and, especially, the nitrogen stocks did not increase so
vigorously with altitude. In fact, there was a decrease in
the nitrogen stock with altitude for coarse wood debris
(Table 2). The litterfall also decreased with altitude, from
8.40 to 5.50 Mg ha™! (Sousa Neto et al., 2011). Accordingly,
the carbon and nitrogen stocks in this zone also decreased
with altitude (Table 2).

As the main component of the total above ground
biomass is AGLB, there was a tendency of the total above
ground carbon and nitrogen stocks to increase with altitude.
There was practically an increase of almost 50 Mg ha™! of
carbon, and almost 1 Mg ha™' of nitrogen, respectively,
from 100 to 1000 m asl (Table 2).

5. Carbon and Nitrogen Fluxes

As an overarching process, we chose to work with
the concept of net biome productivity (NBP) defined by
Schulze et al. (2000) and slightly modified by Randerson et al.
(2002) according to the Equation 1:

NBP=GPP-R_ -R

L o hetero _]f‘ﬁre L (1)
- — - +

leaching ‘erosion hydrocarbon herbivory = lateral

where: GPP is the gross primary productivity; R and
R, .. are carbon loss by autotrophy and heterotrophy
respiration, respectively.

Lﬁre’ Lleaching’ L Lvoc ’ Lherbivnry’ Llaleral are the carbon
losses to the atmosphere by forest fires, deep leaching, soil
erosion, volatile organic carbon emissions, herbivory by
animals respectively, and L, is the loss or gain due to
lateral exchange with other biomes, such as DOC, POC,
and DIC export or import through rivers.

If gains of carbon are higher than carbon losses, NBP
will be positive and carbon stocks in the biome increase;
on the contrary, a negative NBP denotes that the carbon
losses are higher than the gains, and carbon stocks in the
biome decrease.

The Equation 1 is a broad conceptual framework to
address the net primary productivity of an entire biome.
Although this is a useful framework indicating the type of
measurements needed for such a broad balance, reality is
quite different and generally we conduct investigations on
a small scale, typically on 1 ha plots. In these small plots
net primary productivity (NPP) is defined as Equation 2:

NPP = GPP - Rau[n - Rhelem (2)

erosion’
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As NPP is also defined as any of the carbon incorporated
into an ecosystem by plants in a specified time interval, NPP
can be measured by the Equations 3, 4 and 5 (Girardin et al.,
2010):

NPP = NPP, . + NPP, 3)
NPP,.=NPP__+ NPPumopy +NPP,_+NPP, . (4)
NPPBG = NPPﬁnem(\l + NPPcnarsemm + NPPexudales (5)

where: NPP, . and NPP, . represent the net primary
productivity above and below ground, respectively; NPP__,
NPP_ . NPP_ s and NPP,  represent the net primary
productivity of stems, canopy, branches and volatile organic
carbon, respectively; NPP, ~ NPP_ ' and NPP_ .
represent the net primary productivity of fine and coarse
roots and roots exudates, respectively.

Most of the terms of Equations 2, 3 and 4 are not available
for the Atlantic Forest. In the case of the NPP__, which is
the most important term of Equation 4 as was described
above, we have the carbon biomass in the vegetation, but
itis not yet known how this carbon stock varies with time.

Exceptions are losses attributed to autotrophy and
heterotrophy respiration that indirectly are estimated by
soil CO, emissions (Davidson and Janssens, 2006), the
NPP_  thatis estimated through litterfall (Girardin et al.,
2010), and the lateral exchange of carbon via river discharge
(L, ora)- These last two terms were measured in the Ubatuba
altitudinal range, and canopy litterfall was measured in
Ubatuba and also in other areas.

The soil CO, emissions in the coastal Atlantic Forest
of Ubatuba did not vary with altitude and was equal to
approximately 3.6 Mg C ha™ year™ (Sousa Neto et al.,
2011). On the other hand, the litterfall (NPPcanopy)
decreased with altitude (Sousa Neto et al., 2011). At
100 m the litterfall was equal to 4.0 Mg C ha™! year,
decreasing to 3.4 Mg C ha! year! at 400 m and further to
2.6 Mg C ha™! year™ at 1000 m (Sousa Neto et al., 2011).

The export of carbon (dissolved organic + dissolved
inorganic carbon) from rivers and streams was estimated
also in the Atlantic Forest of Ubatuba, and it was estimated
to be approximately 0.1 Mg C ha™! year™! (Andrade et al.,
2010).

According to Girardin et al. (2010) either in Amazon
lowland tropical forests as well as in Amazon montane
tropical forests, the main components of the NPP are the

canopy’ NPP__, and NPP,  .So far we only have
the NPP_  available for the Atlantic Forest, which was
indirectly estimated through litterfall. In montane Amazon
Forests (1000 to 2000 m asl) this component varied from
approximately 1.5 to 3.0 Mg C ha™ year™. In Amazon lowland
forests with altitudes between 0 to 200 m asl, the NPPmopy
was higher than for the Amazon montane forests and varied
from 3.0 to almost 7.0 Mg C ha™' year™. In the Ubatuba
elevation range, at the montane forests (1000 m asl), the
NPP_ ., Was equal to 2.6 Mg C ha™! year™!, which is in the
range observed in montane Amazon Forests. The NPP_ .
at lowland forests (100 m asl) of Ubatuba was equal to
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4.0 Mg C ha! year™, which is similar to the lowest values
observed in lowland Amazon forests. It is interesting to
note that the output carbon flux via respiration, estimated by
CO, emissions to the atmosphere, in the Ubatuba elevation
range was approximately 3.5 Mg C ha™! year!, which is
similar to the NPPmopy observed in Ubatuba. On the other
hand, the carbon output via stream fluxes was very low
(0.1 Mg C ha™ year™) compared with the NPP_ _and
with CO, emissions.

The nitrogen mass balance is slightly different than
for carbon, and it is described in the Equation 6:

AN, =F, +F

biome

F * Fveg * Fsoil * Fla(eral (6)

atm-d atm-e

where: AN, is the nitrogen variation in the biome during
aperiod of time; F . is the nitrogen input due to the natural
biological nitrogen fixation; F, _ is the nitrogen input due
to nitrogen dry and wet deposition; F_ is the nitrogen loss
due to volatilisation and denitrification; FVeg is the increase
or decrease of nitrogen stock in the biomass considering a
period of time; F_ is the increase or decrease of nitrogen
stock in the soil considering a period of time; F___ is the
gain or loss of nitrogen due to any lateral exchange of
nitrogen with another biome.

As for carbon, most terms of Equation 6 are not yet
available for the coastal Atlantic Forest. We hope to have
F.. and F_, estimated in 2013 as explained above for
carbon. F, . are not only missing for the Atlantic Forest
but for almost all tropical forests. The only values that we
have available were derived by Cleveland et al. (1999)
based on very few field measurements. According to these
estimates Atlantic Forest should fix approximately 20 to
25 kg N ha™! year™.

Atmospheric N deposition (F_ ) is available for some
areas of the Atlantic Forest that are still less disturbed. In
the Parque Estadual de Intervales, located in the southern
region of the State of Sdo Paulo, Almeida (2006) found a
wet nitrogen deposition for two consecutive years varying
from 3.1 to 3.8 kg N ha™! year'. A similar N wet deposition
was found in the Ilha Grande, an inland located on the
coast of the State of Rio de Janeiro (Souza et al., 20006).
The highest deposition in less disturbed areas was found
by Mello and Almeida (2004) in the Parque Nacional de
Itatiaia located on the border between the states of Sdo
Paulo and Rio de Janeiro. At the highest altitude of the
park (2600 m asl) the N wet deposition was similar to other
areas (3.3 kg N ha™! year™), but at 820 m asl, the N wet
deposition increased to approximately 5.4 kg N ha™! year™'.
The lowest N wet deposition was found in the Parque
Estadual da Serra do Mar at Santa Virginia at an altitude of
approximately 1000 m. This area is located in the northern
coastal region of the State of Sdo Paulo, near the city of
Ubatuba. In two consecutive years, the N wet deposition
varied from 1.0 to 1.1 kg N ha™! year™ (Groppo, 2010).

In disturbed areas such as the city of Sdo Paulo, the N
wet deposition increased up to almost 26 kg N ha™! year!
(Forti et al., 2007), and at the Serra do Orgdos near the city
of the Rio de Janeiro the deposition was approximately
12 kg N ha! year! (Rodrigues et al., 2007). Additionally,
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Forti et al. (2007) also found high N wet deposition values
in the Serra do Mar near the city of Cunha, a region
apparently less disturbed. These authors found a deposition
of almost 10 kg N ha™! year™'. This is approximately 10
times higher than the deposition found in Santa Virginia,
which is only approximately 50 km apart.

The loss of N by gas emission (F ) includes losses
by volatilisation (NH,) and losses by denitrification (N, and
N,O). We have loss of nitrogen via N,O available for the
Atlantic Forest. Such losses were estimated in the elevation
range of the Ubatuba Atlantic Forest (Sousa Neto et al.,
2011), and in the Tigud Biological Reserve in the State
of Rio de Janeiro (Maddock et al., 2001). In the elevation
range of Ubatuba, the N, O flux decreased with altitude. At
100 m asl, the flux was equal to 3.4 kg N ha™! year™!, and
adecrease to 1.3 kg N ha™' year! and 0.9 kg N ha™! year™!
at 400 m and 1000 m asl, respectively (Sousa Neto et al.,
2011). The emissions found by Maddock et al. (2001)
was equal to 4.7 kg N ha™! year™!, which is similar to the
one found at 1000 m asl in the Ubatuba elevation range.

The nitrogen export via river and streams (F )
varied widely along the altitudinal range of Ubatuba. At
low altitudes (0 to 100 m asl), the dissolved inorganic
flux of nitrogen was approximately 11 kg N ha™! year!
(Andrade et al., 2010), decreasing abruptly to less than
1 kg N ha™! year! at 1000 m asl (Groppo, 2010). In the
Parque Estadual da Serra do Mar near the city of Cunha,
50 km apart from the Ubatuba altitudinal range, Forti et al.
(2007) found a flux of 2.7 kg N ha™! year! at an altitude
of approximately 1,000 m asl. Although this last value
is indeed higher than the one found at the same altitude
in the Ubatuba elevation range, it is also significantly
lower than the flux found in the lowlands of the Ubatuba
elevation range.

Comparing the different nitrogen fluxes, it is clear
that the highest input flux in the biological nitrogen
fixation (20 kg N ha™! year™') and the highest output flux
is via streams, especially at low altitudes, where the
dissolved nitrogen inorganic flux were approximately half
of the biological nitrogen fixation input. In less disturbed
areas the input via wet deposition varies from 1.0 to
5.0 kg N ha! year™, and in more disturbed places, could
vary from 10 to 26 kg N ha™ year™!, which is similar to the
input via biological nitrogen fixation. Finally, the N output
via N,O emissions to the atmosphere is similar to the input
via wet deposition, varying from 1.0 to 4.7 kg N ha™' year'.

6. Potential Impacts of Climate Change on the
Carbon and Nitrogen Cycles of the Coastal
Atlantic Forest of the Southeast Region of
Brazil

We still have limited knowledge on the functioning
of the Atlantic Forest. Most of the information available
focuses on coastal forests of southeastern of Brazil. As
a consequence we have a limited capability to forecast
potential impacts of climate changes on the carbon and
nitrogen cycles of this biome. Therefore, conclusions on
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this topic should be made with caution due the lack of
available data. On the other hand, reviewing the topic is
a useful exercise because it will designate areas of data
that are most urgently needed.

Using regional climate models, Marengo et al. (2009,
2010) made projections for a IPCC A2 high emission
scenario for 2071-2100 for South America and sub-regions
of Brazil. As most of our data on carbon and nitrogen
cycles of the Atlantic Forest focus on the southeast region
of Brazil, we focused on the effects climate changes on
this region to address potential changes in the functioning
of the Atlantic Forest. One of the consequences of the
above fact is that data on the functioning of the Atlantic
Forest spanning other longitudes, and most importantly,
over other latitudes are urgently needed.

The most ubiquitous climate change projected by three
regional climate models used by Marengo et al. (2010) was
an increase of temperature throughout the country at the end
of this century. Changes in precipitation projected for the
end of this century are less robust than for temperature, with
a higher degree of variability among the regional climate
models (Marengo et al., 2010). Having this uncertainty
in mind, the main projected changes are an increase in
the annual temperature over the southeastern region of
Brazil, coupled with a decrease in rainfall during the austral
winter months (June — August), followed by an increase in
extreme events of precipitation during the austral summer
months (December — February) (Marengo et al., 2009).

One of the most notorious features of tropical forests
is their ability to hold high carbon and nitrogen stocks,
either below as well above ground (Trumbore et al.,
1995). Meier and Leuschner (2010) argue that increases in
temperature may transform forest ecosystems into carbon
sources. This would occur because potential increases in
forest productivity due to the increases in temperature
and atmospheric CO, may not compensate for CO, soil
emissions from faster decomposition of labile carbon
caused by higher temperatures.

It is well known that decomposition rates and soil
respiration increase with the increase of soil and air
temperatures (Kirschbaum, 2000; Raich et al., 2006;
Wagai et al., 2008). In turn, increases in decomposition
rates and soil respiration may enhance soil carbon losses
(Biasi et al., 2008; Dorrepaal et al., 2009). However, if
rainfall decreases during the austral winter months, it may
equilibrate decomposition rates during this period. Despite
the increase in extreme events of precipitation during the
austral summer months, a period of higher decomposition
in tropical forests (Villela and Proctor, 2002; Villela et al.,
2006), may intensify organic matter decomposition, probably
improving soil carbon and nitrogen losses as a whole,
caused by the litter and soil organic matter decomposition
and mineralization rate.

Three pieces of evidence from the Ubatuba altitudinal
range suggest that carbon and nitrogen dynamics are closely
related to temperature in these forests. Sousa Neto et al.
(2011) found a consistent decrease in soil temperature
with rising elevation. At 400 and 1,000 m asl, there was a
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significant direct correlation between soil CO,emission and
soil temperature. This relation was further confirmed by a
field experiment where soils at 1,000 m asl were warmed
artificially and a significant increase in CO, emissions
was observed in warmer soils (Luiz Felipe Martins,
master thesis, data not published). The emissions of N,O
decreased with altitude in the Ubatuba elevation gradient
(Sousa Neto et al., 2011); and at same time, an increase
in the N,O emission was observed in warmed soils (Luiz
Felipe Martins, master thesis, data not published). Finally,
Vieira et al. (2011) found a strong correlation with carbon
and nitrogen above and below ground and soil temperature
in the Ubatuba gradient. Using a regression curve between
stocks and temperature, they speculated that an increase of
1 °C in mean soil temperature could result in an eventual net
transfer from the forest to the atmosphere of approximately
17 Mg C ha™! and 1.0 Mg N ha™'. Lowland net primary
productivity in the Amazon terra-firme forests varies from
approximately 10 to 16 Mg C ha™' (Aragao et al., 2009);
and montane net primary productivity in the Amazon
region varied from 6.0 to 6.5 Mg C ha™' (Girardin et al.,
2010). This kind of comparison indicates the magnitude
of carbon emissions that can be caused by global warming
in tropical forests.

This decrease of carbon stocks with an increase of
temperature found in the coastal Atlantic Forest of Ubatuba
is similar to several studies that have found the same trend
(Jobbagy and Jackson, 2000; Amundson, 2003). The three
pieces of evidence considered in this study lead us to
conclude that climate warming may reduce the amount of
carbon and nitrogen stored in the coastal Atlantic Forest,
turning these ecosystems into carbon and nitrogen sources.

It is clear that these are preliminary conclusions about
a complex issue, since decomposition rates are not only
driven by temperature (Davidson and Janssen, 2006), but the
patterns reported here are unequivocal, and should support
future studies relating climatic conditions to biogeochemical
functioning of the Atlantic Forest, especially in areas not
addressed in this study.
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