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We  evaluated  how  land  use  change  affected  the  nitrogen  cycle  and  greenhouse  gas  fluxes.  We  measured
soil  temperature  and  water-filled  pore  space  (WFPS),  as  well  as  nitrate  and  ammonium  concentrations,
mineralization  and  nitrification  rates,  and  flux  of CH4, CO2 and  N2O  in  soils  of pasture  catchment  and
in  soils  of  a forest  catchment  located  on  the  north  coast  of  the  State  of  São  Paulo.  The  main  vegetation
type  in  the  forest  catchment  is  primary  Atlantic  Montane  Forest,  while  the  pasture  is an  unfertilized
40-year  old  area  planted  with  Brachiaria  humidicola.  Four  plots  were  used  for  monthly  sampling  in  each
land use  for  an  entire  year.  Soil  temperature  was  always  higher  in  pasture  than  in  forest  soils,  while
WFPS  was  lower  in  the pasture  in relation  to forest  soils.  Pasture  soils  were  a  weak  source  of  CH4 during
itrogen cycle
arbon cycle
reenhouse gases
and use change

the winter  months  and  a  less  strong  sink  of  methane  than  the  forest  soils  during  the  rainy  summer
months  of  the  year.  The  annual  median  CH4 uptake  was  −1.8 ±  1.0 mg  m−2 d−1 in the  forest  in contrast
to −0.6  ±  0.9  mg  m−2 d−1 in  pasture  soils.  CO2 emissions  were  similar  in the  winter,  but  higher  in  the
summer  months  in pasture  soils  in  relation  to forest  soils.  The  annual  median  flux in  the  forest  was
4.2  ±  1.5  �mol  m−2 s−1 and  increased  in  the  pasture  to  6.5 ± 2.9  �mol  m−2 s−1. In contrast,  N2O  fluxes
were smaller  in the  pasture  (0.3  ±  0.7  ng  cm−2 h−1) than  in  forest  soils  (0.5  ±  0.5 ng  cm−2 h−1).
. Introduction

The single most important land cover in Brazil is pasture for live-
tock: almost 200 million ha of mostly forestlands were replaced
y African grasses since Brazil was settled in the 1500s. Most of
he major Brazilian biomes – Atlantic and Amazon forests, Cerrado,
aatinga and Pantanal – were affected by the forest-to-pasture con-
ersion. The Amazon Forest and the Atlantic forest are of greatest
oncern due to the vast amount of acreage already converted and
ue to the large biodiversity of these two biomes. Besides the loss
f biodiversity in the Amazon region, the replacement of forests by
astures alters the structure and the functioning of forest ecosys-
ems. Although fewer studies have been done on the Atlantic forest,
he same changes observed in the Amazon region seem to occur in
he former biome (Coutinho et al., 2010).
Among these changes, biomass decreases abruptly, which also
mplies a loss of nutrients from the burned vegetation that are lost
rom pasture sites in a few years (Boone Kauffman et al., 1998).

∗ Corresponding author.
E-mail address: martinelli@cena.usp.br (J.B.d. Carmo).

167-8809/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.agee.2011.11.010
© 2011 Elsevier B.V. All rights reserved.

As pasture land ages, a general decrease in the nitrogen content in
relation to its original cycle is observed in the tropics, especially
in the Amazon region (Davidson et al., 2000; Erickson et al., 2001;
Wick et al., 2005; Neill et al., 2005; Cerri et al., 2006). In general, a
decrease is observed in the nitrogen transformation process such as
mineralization and nitrification, which is followed by a shift in the
nitrogen content in the soil, from nitrate–ammonium found in sim-
ilar concentrations in the forest soils into ammonium dominance in
pasture soils. As a consequence, over time the N gaseous emissions
from pasture soils become lower than emissions observed in forest
soils (Neill et al., 2005).

Although only 11–16% of the original Atlantic forest remains
(Ribeiro et al., 2009), very little is known about changes in bio-
geochemical processes caused by the conversion of forests into
pastures that occurred in this biome (Coutinho et al., 2010). There-
fore, it is reasonable to question whether the changes observed in
the Amazon region described above are similar to changes occur-
ring in the Atlantic forest due to land use changes occurring in the

past.

The main objective of this study is to evaluate how the replace-
ment of the Atlantic forest by a 40-year old pasture affected the
nitrogen cycle and the emissions of greenhouse gases. In order to

dx.doi.org/10.1016/j.agee.2011.11.010
http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:martinelli@cena.usp.br
dx.doi.org/10.1016/j.agee.2011.11.010
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chieve this objective, for one year, we measured indices monthly
hat represent the nitrogen cycle in both biomes, among them, inor-
anic nitrogen soil concentrations, potential mineralization and
itrification rates, and N2O emissions. Additionally, fluxes of CO2
nd CH4 were also measured.

. Material and methods

.1. Study sites

We  conducted our sampling in four 1-ha plots in two  small
atchments located on the border between the Atlantic plateau and
he scarps of the mountain chain of the Serra do Mar, which in turn
each the Atlantic Ocean coastline. In the first four months, we con-
ucted our sampling in 1 ha plots located in the State Park of the
erra do Mar  in the Santa Virgínia unit near the crest of the moun-
ain chain at 23◦17′–23◦24′S and 45◦03′–45◦11′W.  Due to logistical
easons, we had to move these initial sampling plots approximately

 km southwest from this site in the same park to a site at the same
ltitude of approximately 1000 m.  Both sites have the same type of
oil and vegetation. However, we cannot exclude the possibility of
ifferences in the parameters that we measured between these two
ites. The new sampling area encompasses a forest catchment area
f 11.5 ha located at 23◦19′19′′S; 45◦05′56′′W.  The pasture catch-
ent area is 4.7 ha in size and located approximately 18 km to the
est (23◦24′54′′S; 45◦15′04′′W)  from the forest catchment at an

ltitude of 886 m.
These forests are classified as Montane Ombrophylus Dense

orest according to the Brazilian classification. The average above-
round biomass of our studied site is approximately 280 Mg  ha−1,
nd the average above-ground carbon stock was 149 Mg  ha−1.
here are approximately 1700 stems ha−1, considering a diameter
reast height of 4.8 cm,  and the average height of the canopy is 15 m,
ith emergent trees reaching 30 m (Alves et al., 2010). The annual

itterfall is 5.5 Mg  ha−1 yr−1 and the litter stock is 4.8 Mg  ha−1 yr−1

Sousa Neto et al., 2011). A thick layer of fine roots, reaching a den-
ity of 684 g m−2 (live and dead fine roots) during the rainy season,
nd increasing to almost 2000 g m−2 during the dry season (Sousa
eto et al., 2011).

The local climate is humid subtropical with hot summers (Cfa
ype in Köppen) with a mean annual precipitation of 2500 mm  and

ean annual temperature ranging from 19.1 to 25.5 ◦C (Sentelhas
t al., 1999). The rainy season occurs from October to March with
aximum rainfall in summer from November to February and min-

mum in winter from June to August, although, precipitation is
arely absent in all months (Setzer, 1966; Tabarelli and Mantovani,
999; Salemi, 2009; Trevisan, 2009). Bulk soil density was higher in
he pasture soils than in the forest soils in the four depths (15, 30,
0 and 100 cm)  where samples were taken (Salemi et al., submitted
or publication).

Pasture was established in 1968 by replacing the forest with
rachiaria decumbens Stapf. There was no use of either heavy
achinery or any type of fertilizer, and soil was not amended

uring this period. The mean cattle stocking density is about
–3 heads per ha−1.

Forest and pasture soils are young soils such Inceptsols (Typic
ystrudepts) formed under gneisses and granites. Both soils are
f medium texture containing approximately 57% of sand and 23%
f clay. The pH is very acid (3.5–3.8), with low P and base cation
oncentrations (Salemi et al., submitted for publication).
.2. Experimental design and soil gas flux

Soil gas fluxes were measured once a month from May  2007
hrough April 2008, in each plot with a day of collection per land use,
 and Environment 148 (2012) 37– 43

generally between 08:00 and 18:00 h local time. Fluxes of nitrous
oxide (N2O), carbon dioxide (CO2), and methane (CH4) were mea-
sured at random points along 30 m lines, a line per plot. Transects
were initiated at randomized seed points in randomized direc-
tions each month with eight cylindrical PVC chambers (Comercial
Hidráulica, Piracicaba, SP, Brazil), with volume of 0.01 m3 (8 sub-
sample chambers per plot) consisting of a pipe serving as a base
(0.29 m diameter) and a cap fitting snugly on the base (Keller et al.,
2005). Hutchinson and Livingston (2001) recommended an inser-
tion depth in the soil of less than 5 cm in fine-textured soils, wet or
compacted soils. Our soils are of medium texture, and they are wet
in the forest and compacted in the pasture. Accordingly we  chose
an insertion depth of 2.5 cm in the soil in order to minimize root
disturbance, which is always a concern in gas flux measurements
with chambers (Davidson et al., 2002). Another concern when
using chambers is the place and time of deployment. Keller et al.
(2000) found that immediate installations made minutes before gas
flux measurement, and permanent long-term installations made at
least 30 days prior to measurement produced a lower error in flux
measurements. Soil heterogeneity is always a problem for gas flux
measurement (Davidson et al., 2002). In order to minimize poten-
tial errors in deploying a chamber in a site with a particularly large
or small flux, we  rotated the deployment of the chamber at each
collection as explained above.

For N2O and CH4, four samples of 60 mL  of the air from the
chambers were withdrawn at intervals of 1, 10, 20 and 30 min
after closing with 60 mL  disposable syringes type BD (Cremer
S.A., Blumenau, Santa Catarina, Brazil) and then transferred to
previously evacuated glass vials sealed with 20 mm gas imper-
meable blue butyl rubber septum style stopper (Bellco Glass,
Vineland, NJ, USA). Samples were analyzed by gas chromatog-
raphy (SHIMADZU GC-14A Model – Columbia, MD,  USA) within
5 days of collection. Laboratory tests showed that N2O and CH4
concentrations were unaffected by storage for up to 30 days.
Gas concentrations were calculated by comparing peak areas for
samples with those of commercially prepared standards (Scott-
Marrin – Riverside, CA, USA) calibrated against standards prepared
by the National Oceanic and Atmospheric Administration/Climate
Monitoring and Diagnostic Laboratory (NOAA/CMDL – Bolder, CO,
USA). Two  cylinders were used to compare peaks, and their con-
centrations for N2O and CH4 were for cylinder #1: 313.4 ppb
and 1.810 ppm; and for cylinder #2: 773.0 ppb and 0.920 ppm,
respectively.

A dynamic flow system was used for measurements of CO2. Air
flowed from the soil enclosure through a Teflon-lined polyethy-
lene sample line 5 m in length, and then it entered an infrared gas
analyzer (Li-Cor 820 – Li-Cor Biosciences, Lincoln, NE, USA). Cham-
bers were sealed closed for 5 min  and the whole data sets from
the beginning of the closure of the chambers were used in flux
calculations.

Fluxes were calculated from the increase of concentration
versus time adjusted for the ratio of chamber volume to area
and the air density within the chamber (Keller et al., 2005). It
has been reported that a linear regression is not always the best
fit of the regression between time and gas concentration in the
chamber (Kroon et al., 2008; Koehler et al., 2009). The failure to
choose the right regression type could severely affect flux esti-
mates (Kutzbach et al., 2007; Forbrich et al., 2010). Based on the
Akaike coefficient, we tested all regression (697 chambers) to
find the best data fit for flux calculations. For N2O, approximately
89% followed a linear regression, 10% a quadratic regression and
only 1% an exponential regression. Only 2% of CH4 measurements

found a quadratic regression, with 98% of the remaining data fol-
lowing a linear regression. Finally for CO2 approximately 50% of
all regressions followed a linear regression, and 50% a quadratic
regression.
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Table 1
Mean values and standard-deviation (stdev) for soil parameters measured in the
forest and pasture sites of the Atlantic forest biome.

Forest Pasture

Mean Std.dev Mean Std.dev

Air T (◦C) 16.5 3.7 23.8 5.2
Soil  T (◦C) 15.1 2.1 19.7 2.7
Soil  humidity (%) 41.6 7.5 21.7 4.6
WFPS (%) 56.7 10.3 55.5 11.7
Soil  NH4 (�g g−1) 9.6 7.8 9.3 1.3
Soil  NO3 (�g g−1) 12.7 15.9 7.8 12.7
N-mineralization (�g g−1 d−1) 3.2 5.5 0.1 2.3
N-nitrification (�g g−1 d−1) 3.4 5.1 0.4 0.3
N O fluxes (ng cm−2 h−1) 0.5 0.5 0.3 0.7

wet seasons (Table 2). Soil temperature increased from May-2007
to March-2008 and started to decrease again in winter in April-
2008 in forest as well as pasture soils (Fig. 1B). Soil temperature in
the dry season were lower than the wet  season (Table 3) for both
J.B.d. Carmo et al. / Agriculture, Ecosy

.3. Soil water-filled pore space (WFPS) and N contents

Once a month during one year of collection, and after soil gas
ollection, the surface litter was removed from each chamber loca-
ion and a soil core about 5 cm diameter and 10 cm length was
ollected. After collection, soil samples were transported on ice in
n insulated cooler to the Laboratory of Isotope Ecology at CENA-
SP and stored at ∼4 ◦C until analysis. Before analysis procedures,

oil samples were left for 24 h for acclimatization to recondi-
ion the microbial activity and to avoid artificially low N cycling
ates possibly due to the cooling. Soil samples were sieved (sieve

 mm mesh), and a 10-g-subsample was oven-dried at 105 ◦C for
4 h to determine water content gravimetrically and N contents
NH4

+ and NO3
−), and N-mineralization and N-nitrification pro-

esses as the procedures described by Piccolo et al. (1994).  The
receding storage time and conditions until soil extraction may

nterfere with the inorganic N fraction content (Arnold et al., 2008;
urner and Romero, 2009). The ideal situation would be to per-
orm soil extraction as soon as possible, preferably in the field. That
as not the case in this study: extractions were made between

 minimum of two days, and a maximum of five days after soil
ampling. NH4+ and NO3

− concentrations tend to increase with
torage time (Turner and Romero, 2009). Therefore, it could be
hat the inorganic nitrogen contents of this study are overesti-

ated.
The processes of N2O production are strongly influenced by soil

oisture content (Firestone and Davidson, 1989; Davidson, 1993).
n order to assess the relation between N2O fluxes and soil mois-
ure, we estimated the water-filled pore space (WFPS), which is
hought to be an important factor controlling N-oxide emissions
rom soil. Thus, WFPS was evaluated from soil core samples col-
ected once a month from each chamber location and calculated
ccording to Carmo et al. (2007).  Additionally, we  recorded air
nd soil temperatures (2 cm depth) using digital thermometers,
odel Taylor 9842 (Taylor Precision Products, Las Cruces, NM,
SA).

.4. Statistical analyses

We  tested the normality of distributions by applying the
olmogorov–Smirnov test. The following parameter did not follow

 normal distribution: soil nitrate and ammonium concentrations,
et mineralization and net nitrification, and fluxes of methane, car-
on dioxide and nitrous oxide. These parameters were transformed
sing Box–Cox transformations, but first, the parameters that had
egative numbers were transformed into positive numbers by sum-
ing a certain value for each parameter. After the transformations,

ormality was checked again together with the homogeneity of
he variance of the residues. The mineralization, nitrification and
2O flux parameters did not follow a perfectly normal distribu-

ion. Therefore, we used non parametric tests to check the results
btained by parametric tests.

Due to the possible temporal correlations among data, in order
o check for differences between land uses in the whole data
et, we used mixed-effects ANOVA considering land use as a
xed effect and months as random effects. Seasonal and monthly
ifferences were tested by applying repeated measures ANOVA
ollowed by Tukey Honest Test for unequal difference. In cases
here we checked the results obtained by parametric tests with
on-parametric tests, we used Kruskal–Wallis ANOVA and median

ests. For all cases, the parametric and non-parametric tests pro-
uced similar results. For regression analyses we  used least-square
ethodology. All statistical analysis were made using STATISTICA

ersion 10.
2

CO2 fluxes (mg  m−2 d−1) 4.0 1.4 6.9 2.9
CH4 fluxes (�mol  m−2 s−1) −1.8 1.0 −0.6 0.9

3. Results

The annual mean and standard-deviations for soil variables are
summarized in Table 1.

3.1. Air and soil temperature

Air temperature does not reflect a long-term average, but simply
the sampling day temperature. Even with this bias, the air temper-
ature of the pasture area was higher than the forest (Fig. 1A) either
considering the whole year data or the data grouped in dry and
Fig. 1. Monthly variability of the mean soil humidity (A) and mean WFPS (B) in the
forest (�) and pasture (©) sampling sites. Grey rectangles indicate dry season.
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Table 2
Statistical comparisons of soil variables between forest and pasture for different time scales. Annual – F values and probabilities between brackets of mixing-models ANOVA.
Seasonal – Tukey Honest Test probabilities after repeated measures ANOVA. Dry period: April–September; wet period: October–March. Monthly – results from Tukey Honest
Test  probabilities after repeated measures ANOVA showing months where differences between forest and pasture were significant. “ns” = not significant.

Annual Seasonal Monthly

Dry Wet

T ◦Csoil 75.03 (0.0001) (<0.0001) (<0.0001) /= All, except June
Humidity 161.86 (<0.0001) (<0.0001) (<0.0001) /= All, except December and April
WFPS  0.17 (ns) (ns) (ns) /= August
NH4 0.02 (ns) (ns) (ns) /= December
NO3 2.38 (ns) (ns) (ns) /= August
Miner.  6.00 (0.0343) (0.0007) (ns) /= June, July, and September
Nitrif. 5.02 (0.0489) (0.0006) (ns) /= June to September
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The N2O fluxes were always positive (soil- atmosphere emis-
sion) with higher fluxes in the wet season in relation to the
dry season (Table 3) (Fig. 5A). In the pasture soil, the N2O
N2O 3.49 (ns) (ns)
CO2 17.09 (0.0020) (0.0419) 

CH4 20.74 (0.0010) (<0.0001) 

asture and forest soils. Additionally, pasture soil temperatures
ere higher than forest soil temperatures either on an annual basis

s well as in the wet and dry seasons (Table 2).

.2. Soil humidity and water-filled pore space (WFPS)

Soil humidity did not change seasonally neither for forest or pas-
ure soils (Fig. 2A). However, pasture soil humidity was  lower than
he forest soil both for the whole year and for dry and wet seasons
Table 2). There was no significant difference between the WFPS
etween the land uses, and no seasonal variation was  observed in
he WFPS in forest and pasture soils (Fig. 2B).

.3. Soil ammonium and nitrate concentrations

Ammonium concentrations were relatively constant during the
ear with a sharp increase observed in December-2007 for both
oils (Fig. 3A). For the whole annual data and for dry and wet
eriods, there was no statistical difference in ammonium con-
entration between forest and pasture soils (Table 2). However,
onsidering month by month, the concentration peak that occurred
n December-2007 in the pasture was higher than in the forest soil
Table 2).

There was also a sharp increase in the nitrate concentration in
ugust-2007 in the forest soil and one month later in the pasture
oil (Fig. 3B). From October-2007 to April-2008 the nitrate concen-
ration was relatively constant (Fig. 3B). Similar to ammonium, the
itrate concentration in the forest soil was not different than the
asture soil considering the whole year or season (Table 2). But, the

eak that occurred in August was significantly higher in the forest
han in the pasture soils (Table 2).

able 3
robabilities of Tukey Honest test for soil variables between dry and wet  periods for
orest and pasture after repeated measures ANOVA. Dry period: April–September;
et  period: October–March. “ns” = not significant.

Pasture Forest

T ◦Csoil (<0.0001) (<0.0001)
Humidity (ns) (ns)
WFPS (ns) (ns)
NH4 (ns) (ns)
NO3 (ns) (0.0190)
Miner. (ns) (0.0011)
Nitrif. (ns) (0.0005)
N2O (ns) (ns)
CO2 (0.0020) (0.0419)
CH4 (0.0010) (<0.0001)
(ns) /= October
(<0.0001) /= October to April
(ns) /= May to September

3.4. Mineralization and nitrification rates

The mineralization and nitrification rates (Table 3) of forest soils
varied between dry and wet season but not for pasture soils. In the
forest soils, both rates were higher in the dry season than in the wet
season (Fig. 4A and B). Due to these higher rates during dry season
months, the whole year data of mineralization and nitrification was
also higher in the forest than in the pasture soils (Table 2).

3.5. Gas emissions
Fig. 2. Monthly variability of the mean air (A) and soil temperatures (B) in the forest
(�)  and pasture (©) sampling sites. Grey rectangles indicate dry season.
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Fig. 3. Monthly variability of the mean soil ammonium concentration (A) and of the
median nitrate concentration (B) in the forest (�) and pasture (©) sampling sites.
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Fig. 4. Monthly variability of the mean of the net mineralization rate (A) and median

ture was  always higher than in the forest, and although the soil was
rey rectangles indicate dry season.

uxes, however, showed an abrupt variation between October and
ovember-2007 when the N2O flux went from negative (soil con-

umption) to positive (soil emission), and a seasonal significant
ariation was  not detected (Fig. 4A). With the exception of the
onth of October when the N2O concentration was  higher in the

orest than in the pasture soils (Table 2), there were no seasonal or
nnual differences in N2O fluxes between forest and pasture soils
Table 2).

The CO2 fluxes of forest and pasture soils were always positive
ith higher emissions occurring in the wet season for both sites

Table 3) (Fig. 5B). The mean CO2 flux throughout the sampling
eriod was lower in the forest soils than in the pasture soils as well
s in dry and wet seasons (Table 2) (Fig. 5B). We  found a significant
xponential correlation between soil temperature and CO2 emis-
ion in the forest (r2 = 0.66, p < 0.0001) and pasture soils (r2 = 0.74,

 < 0.0001). However, we did not find any significant correlation
etween CO2 emission and WFPS.

Finally, the CH4 fluxes in forest soils were always negative (soil
onsumption of atmospheric CH4) with no clear seasonal variation
Fig. 5C). In pasture soils, fluxes went from slightly positive to neu-
ral from May-2007 to September-2007 and became negative from
ctober-2007 to April-2007 (Fig. 5C). As a consequence, pasture

oils CH4 fluxes were higher in the dry season than in the wet sea-
on (Table 3). In relation to the forest soils, the CH4 fluxes of pasture
oil were higher especially during the dry season and less so during
he wet season (Table 3) (Fig. 5C).

The annual mean fluxes and the monthly variability observed in

he forest sampling sites were similar to gas fluxes measured from
eptember-2006 to August-2007 in a forest site located in the same
of  the net nitrification rate (B) in the forest (�) and pasture (©) sampling sites. Grey
rectangles indicate dry season.

state park, approximately 7 km northeast of our forest sampling site
(Sousa Neto et al., 2011).

4. Discussion

There were important differences in the soil temperature
between forest and pasture soils (Fig. 1). The pasture soil was
heated by the removal of the forest canopy exposing pasture soil
to direct sunlight. Additionally, bulk soil density was higher and
soil hydraulic conductivity was  lower in pasture than in forest
soils (Salemi et al., submitted for publication). This fact increased
overland water runoff in pasture in relation to forests, decreasing
the soil water volume in the former (Salemi et al., submitted for
publication). The same differential heating of pasture soils in rela-
tion to forest soils was  also observed in the Atlantic forest region
in a study conducted approximately 70 km northwest of our site
(Coutinho et al., 2010). Also the same trend was  found in a pasture
site located near the city of Rio Branco, in the state of Acre, in the
Amazon region (Salimon et al., 2004).

In our study, the annual CO2 median flux was higher in pasture
than in forest soils, and fluxes were higher in both land covers dur-
ing the rainy-warmer season (Fig. 4B). The CO2 fluxes were also
higher in pasture soils located in the States of Acre and Rondô-
nia in the Amazon region (Feigl et al., 1995; Salimon et al., 2004),
but not for pastures located in the State of Pará (Davidson et al.,
2000). We  can argue that the CO2 fluxes were higher in pasture
than in forest soils only because the soil temperature in the pas-
drier, some moisture was  always available in pasture soils (Fig. 1).
There is a great deal of evidence demonstrating the effect of soil
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Fig. 5. Monthly variability of mean N2O flux (A), median CO2 flux (B), and median
C
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H4 flux (C) in the forest (�) and pasture (©) sampling sites Grey rectangles indicate
ry season.

emperature on decomposition, especially of labile carbon (e.g.
avidson and Janssens, 2006; Dorrepaal et al., 2009).

Methane uptake by forest soils was observed, as has been
bserved in other tropical forest soils (Sousa Neto et al., 2011). On
he other hand, the CH4 uptake was lower in the pasture soils, and
mall emissions to the atmosphere were observed between May
nd July-2007. It is difficult to explain the behavior of CH4 in pasture
n relation to forest soils (Fig. 4C) since there was no significant dif-
erence in the WFPS between land uses (Fig. 1B), and no significant

orrelation was found between CH4 flux and WFPS. Alternatively,
t is possible that the increase in soil bulk density in the pasture
oupled with a lower soil hydraulic conductivity could indicate a
 and Environment 148 (2012) 37– 43

decrease in the soil pore connectivity that in turn would hinder dif-
fusion of CH4 into the soil leading to a lower uptake rate. On the
other hand, it seems that the increase in CH4 production in pasture
soils after forest conversion is the rule in the tropics (Steudler et al.,
1996; Verchot et al., 2000; Cerri et al., 2006). Verchot et al. (2000)
found a significant direct relationship between CH4 and CO2 flux,
and a significant inverse relationship between CH4 and WFPS in
pasture soils of the Amazon regions. These authors considered that
an increase in the CO2 production via soil respiration decreases the
available O2 and decreases CH4 oxidation coupled with a decrease
in the O2 diffusivity caused by an increase in the WFPS. This com-
bination of factors led to an increase in the CH4 concentration.
Observed changes in CH4 oxidation with land use changes appear to
be linked to changes in the methanotrophic community composi-
tion as observed in forest-pasture and forest-croplands conversions
(Knief et al., 2005; Singh et al., 2007).

We found lower N2O emission in the pasture soils than in the
forest soils (Table 1). The same trend was  found in a pasture area of
the Atlantic forest located 70 km northwest of our study (Coutinho
et al., 2010). Additionally, this seems to be a common future out-
come in fallow unfertilized pastures of the Amazon region (Verchot
et al., 2000; Melillo et al., 2001; Garcia-Montiel et al., 2001; Wick
et al., 2005; Neill et al., 2005). Nitrogen availability is a key con-
trol agent for N2O emissions (Erickson et al., 2001). The studies
mentioned above have shown a strong decline in most indices of
the N-cycle in old pastures in relation to forest soils. Probably this
decline is a combined effect of lower N-input through biological
nitrogen fixation coupled with export of nitrogen via cattle and
progressive immobilization of nitrogen in the soil and plants (Wick
et al., 2005). As a consequence, less nitrogen is available as nitrate to
be denitrified. Additionally, several studies found significant corre-
lations between inorganic soil nitrogen concentrations or N-cycle
indices like mineralization and nitrification (e.g. Erickson et al.,
2001; Wick et al., 2005; Cerri et al., 2006). Although, in our study
we could not find any significant correlations as mentioned above,
the same decline in most indices of the N-cycle was also observed
in pasture soils, including lower N2O emissions (Table 1). In addi-
tion, a larger nitrate-to-ammonium ratio in the forest than in the
pasture soils suggests a more conservative soil N cycle in the for-
mer  soils (Davidson et al., 2000). Overall such features in pasture
soils of this study suggest that the nitrogen availability is lower in
these soils than in forest soils of the Atlantic forest, explaining the
higher N2O emission in the latter (Table 1).

5. Conclusion

The conversion of the Atlantic forest to pasture resulted in pro-
nounced change in several attributes of the soil, including a higher
soil temperature coupled with lower soil water content than in for-
est soils. These changes were followed by changes in the carbon and
nitrogen cycles. As observed in pastures of the Amazon region, the
CH4 uptake capacity of the pasture in the Atlantic forest decreased
in relation to the forest soil. Also like some pastures in the Amazon
region, pasture soil CO2 emissions were higher than soils of the
Atlantic forest, especially in the rainy and warm summer months.
Finally, as in the Amazon region, a strong decline of the N-cycle
indices was  observed with an N-impoverishment of pasture soils
that, in turn, lead to lower N2O emissions in these soils in relation
to soils of the Atlantic forest.

Acknowledgements
We  would like to thank Jim Hesson from English Academic Solu-
tions for his help with the language. We  also would like to thank
an anonymous reviewer for his/her excellent revision of an earlier



stems

v
u

R

A

A

B

C

C

C

D

D

D

D

D

E

F

F

F

G

H

K

K

K

J.B.d. Carmo et al. / Agriculture, Ecosy

ersion of this manuscript. This work was supported by FAPESP
nder the project 2006/57068-0.

eferences

lves, L.F., Vieira, S.A., Scaranello, M.A., Camargo, P.B., Santos, F.A.M., Joly, C.A., Mar-
tinelli, L.A., 2010. Forest structure and live aboveground biomass variation along
an elevational gradient of tropical Atlantic moist forest (Brazil). Forest Ecol.
Manage. 260, 679–691.

rnold, J., Corre, M.D., Veldkamp, E., 2008. Cold storage and laboratory incubation
of intact soil cores do not reflect in-situ nitrogen cycling rates of tropical forest
soils.  Soil Biol. Biochem. 40, 2480–2483.

oone Kauffman, J., Cummings, D.L., Ward, D.E., 1998. Fire in the Brazilian Amazon
2.  Biomass, nutrient pools and losses in cattle pastures. Oecologia 113, 415–427.

armo, J.B., Piccolo, M.C., Andrade, C.A., Cerri, C.E.P., Feigl, B.J., Sousa Neto, E., Cerri,
C.C., 2007. Short-term changes in nitrogen availability, gas fluxes (CO2, NO, N2O)
and microbial biomass after tillage during pasture re-establishment in Rondônia,
Brazil. Soil Till. Res. 96, 250–259.

erri, C.E.P., Piccolo, M.C., Feigl, B.J., Paustian, K., Cerri, C.C., Victoria, R.L., Melillo,
J.M., 2006. Interrelationships among soil total C and N, microbial biomass, trace
gas fluxes, and internal N-cycling in soils under pasture of the Amazon region.
J.  Sustain. Agric. 27, 45–69.

outinho, R.P., Urquiaga, S., Boddey, R.M., Alves, B.J.R., Torres, A.Q.A., Jantalia, C.P.,
2010. Estoque de carbono e nitrogênio e emissão de N2O em diferentes usos do
solo na Mata Atlântica. Pesqui. Agropecu. Bras. 45, 195–203.

avidson, E.A., 1993. Soil water content and the ratio of nitrous oxide to nitric oxide
emitted from soil. In: Oremland, R.S. (Ed.), The Biochemistry of Global Change:
Radioactive Trace Gases. Chapman and Hall, New York, pp. 369–386.

avidson, E.A., Verchot, L.V., Henrique, J., 2000. Effects of soil water content on soil
respiration in forests and cattle pastures of eastern Amazonia. Biogeochemistry
48, 53–69.

avidson, E.A., Savage, K., Verchot, L.V., Navarro, R., 2002. Minimizing artifacts and
biases in chamber-based measurements of soil respiration. Agric. Forest Mete-
orol. 113, 21–37.

avidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon decompo-
sition and feedbacks to climate change. Nature 440, 165–173.

orrepaal, E., Toet, S., van Logtestijn, R.S.P., Swart, E., van de Weg, M.J., Callaghan, T.V.,
Aerts, R., 2009. Carbon respiration from subsurface peat accelerated by climate
warming in the subarctic. Nature 460, 616–620.

rickson, H., Keller, M.,  Davidson, E.A., 2001. Nitrogen oxide fluxes and nitrogen
cycling during postagricultural succession and forest fertilization in the humid
tropics. Ecosystems 4, 67–84.

eigl, B.J., Melillo, J., Cerri, C.C., 1995. Changes in the origin and quality of soil organic
matter after pasture introduction in Rondônia (Brazil). Plant Soil 175, 21–29.

irestone, M.K., Davidson, E.A., 1989. Microbiological basis of NO and N2O production
and consumption in soil. In: Andreae, M.O., Shimel, D.S. (Eds.), Exchange of Trace
Gases Between Terrestrial Ecosystems and the Atmosphere. John Wiley & Sons,
New  York, pp. 7–21.

orbrich, I., Kutzbach, L., Hormann, A., Wilmking, M.,  2010. A comparison of linear
and exponential regression for estimating diffusive CH4 fluxes by closed-
chambers in peatlands. Soil Biol. Biochem. 42, 507–515.

arcia-Montiel, D.C., Steudler, P.A., Piccolo, M.C., Melillo, J.M., Neill, C., Cerri, C.C.,
2001. Controls on soil nitrogen oxide emissions from forest and pastures in the
Brazilian Amazon. Global Biogeochem. Cycles 15 (4), 1021–1030.

utchinson, G.L., Livingston, G.P., 2001. Vents and seals in non-steady-state cham-
bers used for measuring gas exchange between soil and the atmosphere. Eur. J.
Soil  Sci. 52, 675–682.

eller, M.,  Weitz, A.M., Brynne, B., Rivera, M.M.,  Silver, W.L., 2000. Soil-atmosphere
nitrogen oxide fluxes: effects of root disturbance. J. Geophys. Res. 105,
17693–17698.

eller, M., Asner, G.P., Crill, P., Dias, J.D., de Oliveira, R.C., Silva, H., Varner, R., 2005.
Soil-atmosphere exchange of nitrous oxide, nitric oxide, methane and carbon

dioxide in logged and undisturbed forest in Tapajos National Forest, Brazil. Earth
Interact. 9, 1–28.

nief, C., Vanitchung, S., Harvey, N.W., Conrad, R.D., Chidthaisong, A., 2005. Diversity
of methanotrophic bacteria in tropical upland soils under different land uses.
Appl. Environ. Microb. 71, 3826–3831.
 and Environment 148 (2012) 37– 43 43

Koehler, B., Corre, M.D., Veldkamp, E., Wullaert, H., Wright, S.J., 2009.
Immediate and long-term nitrogen oxide emissions from tropical for-
est soils exposed to elevated nitrogen input. Glob. Change Biol. 15,
2049–2066.

Kroon, P., Hensen, A., van den Bulk, W.,  Jongejan, P., Vermeulen, A., 2008.
The importance of reducing the systematic error due to non-linearity in
N2O flux measurements by static chambers. Nutr. Cycl. Agroecosys. 82,
175–186.

Kutzbach, L., Schneider, J., Sachs, T., Giebels, M.,  Nykänen, H., Shurpali, N.J.,
Martikainen, P.J., Alm, J., Wilmking, M.,  2007. CO2 flux determination by closed-
chamber methods can be seriously biased by inappropriate application of linear
regression. Biogeosciences 4, 1005–1025.

Melillo, J.M., Steudler, P.A., Feigl, B.J., Neill, C., Garcia, D., Piccolo, M.C., Cerri, C.C., Tian,
H.,  2001. Nitrous oxide emissions from forests and pastures of various ages in
the Brazilian Amazon. J. Geophys. Res. 106, 34179–34188.

Neill, C., Steudler, P.A., Garcia-Montiel, D.C., Melillo, J.M., Feigl, B.J., Piccolo, M.C.,
Cerri, C.C., 2005. Rates and controls of nitrous oxide and nitric oxide emissions
following conversion of forest to pasture in Rondônia. Nutr. Cycl. Agroecosys.
71,  1–15.

Piccolo, M.C., Neill, C., Cerri, C.C., 1994. Net nitrogen mineralization and net nitri-
fication along a tropical forest-to-pasture chronosequence. Plant Soil 162,
61–70.

Ribeiro, M.C., Metzger, J.P., Martensen, A.C., Ponzoni, F.J., Hirota, M.M., 2009.
The Brazilian Atlantic forest: how much is left, and how is the remain-
ing forest distributed? Implications for conservation. Biol. Conserv. 142,
1141–1153.

Salemi, L.F., 2009. Balanç o de água e de nitrogênio em uma microbacia coberta por
pastagem no litoral norte do Estado de São Paulo. Masther Thesis. CENA-ESALQ,
University of São Paulo, p. 86.

Salemi, L.F., Groppo, J.D., Trevisan, R., Moraes, J.M., Ferraz, S.F.B., Villani, J.P.,
Martinelli, L.A. Land use change in the region of Atlantic Rainforest, Brazil:
consequences for the hydrology of small catchments. Agric. Ecosyst. Environ.,
submitted for publication.

Salimon, C.I., Davidson, E.A., Victoria, R.L., Melo, A.W.F., 2004. CO2 flux from soil
in  pastures and forests in southwestern Amazonia. Glob. Change Biol. 10,
833–843.

Sentelhas, P.C., Pereira, A.R., Marin, F.R., Angelocci, L.R., Alfonsi, R.R., Caramori,
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Trevisan, R., 2009. Estudo do balanç o hídrico e da dinâmica do nitrogênio em uma
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