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Abstract. Soils of tropical forests are important to the global 1  Introduction
budgets of greenhouse gases. The Brazilian Atlantic Forest is
the second largest tropical moist forest area of South AmerThe Brazilian Atlantic Forest is a heterogeneous region that
ica, after the vast Amazonian domain. This study aimedincludes a large variety of forest physiognomies and compo-
to investigate the emissions of nitrous oxide,(, car-  sitions (plant and animal species) and is distributed in dif-
bon dioxide (CQ) and methane (CiJ fluxes along an al- ferent topographic and climatic conditions such as areas of
titudinal transect and the relation between these fluxes andoastal flooded forest (restinga), lowland, submontane and
other climatic, edaphic and biological variables (tempera-montane forests (Metzger, 2009; Vieira et al., 2008). It orig-
ture, fine roots, litterfall, and soil moisture). Annual means inally covered an area of 148 million ha, corresponding ap-
of N2O flux were 3.9 £0.4), 1.0 ¢0.1), and 0.94£0.2) proximately to 17.4% of the Brazilian territory, extending
ngNcn2h~1 at altitudes 100, 400, and 1000 m, respec-for over 3300 km along the eastern Brazilian coast between
tively. On an annual basis, soils consumedCH all alti- the latitudes of 3 and 3% (Metzger, 2009; Ribeiro et al.,
tudes with annual means ef1.0 (£ 0.2),—1.8 (+0.3), and  2009). The Atlantic forest represents the second largest trop-
—1.6 (£0.1) mgnT2d-1 at 200m, 400m and 1000 m, re- ical moist ecosystem of South America, after the vast Ama-
spectively. Estimated mean annual fluxes of,G@re 3.5, zonian domain (Oliveira-Filho and Fontes, 2000), and it is
3.6, and 3.4 umol m? s~1 at altitudes 100, 400 and 1000 m, also considered a hotspot in terms of biodiversity and en-
respectively. NO fluxes were significantly influenced by demism (Myers et al., 2000). Nevertheless, the Atlantic For-
soil moisture and temperature. Soil-atmosphere exchange adst is among the most threatened tropical forests in the world
CHy responded to changes in soil moisture. Carbon diox-because its location coincides largely with the most popu-
ide emissions were strongly influenced by soil temperaturelated areas of Brazil, where the settlement of European pio-
While the temperature gradient observed at our sites is onlyeers and African slaves started four centuries ago (Oliveira-
an imperfect proxy for climatic warming, our results suggestFilho and Fontes, 2000). Currently the Atlantic Forest is re-
that an increase in air and soil temperatures may result in induced to only 12% of its original cover (Metzger, 2009), and
creases in decomposition rates and gross inorganic nitrogemost remnants are small and disturbed fragmeatsO(ha)
fluxes that could support consequent increases in sg) N or larger areas sheltered on steep mountain slopes (Metzger,
and CQ emissions and soil CiHconsumption. 2009; Ribeiro et al., 2009).

Despite the importance of the Atlantic Forest biome there
are very few data concerning its function (Maddock et al.,

Correspondence tcE. Sousa Neto 2001). Soils of tropical forests are considered as impor-
BY (eraklito@gmail.com) tant contributors to the global gas budgets as a source of
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atmospheric nitrous oxide (Bouwman et al., 1995; Maddock According to the meteorological stations of the Depart-
et al., 2001), and carbon dioxide (Keller et al., 1986), and asment of Water and Energy of® Paulo State (DAEE-SP) the

a sink of methane (Reiners et al., 1994; Reiners et al., 1997historical annual mean precipitation (1973-2004) at the mu-
Although considerable research has been made on quantifyricipality of Ubatuba located at 220 m altitude is 3050 mm
ing the global sources of the main greenhouse gasg®,(N and in the municipality of Natividade da Serra, near altitude
CH4, and CQ) the uncertainties in the overall budgets of 1000 m, the annual mean precipitation decreases to approxi-
these gases remain large in part because of the limited spanately 2300 mm. During May through August, the total his-
tial and temporal extent of the sampling in tropical regionstorical precipitation is 200 mm, about half as much as in other

(Maddock et al., 2001; Purbopuspito et al., 2006). months. In this study we considered these four months as dry
The main objective of this paper is to quantify the soil season and the other eight months as rainy season.
emission rates of pO, CH; and CQ along a gradient of Soils of the study sites are mostly sandy, but with higher

elevation in the Coastal Brazilian Atlantic Forest located in clay contents at 100 m (Table 1). Compared to other tropi-
the northern coast of#® Paulo state, southeast region of cal forests in the world (Purbopuspito et al, 2006; Campo et
Brazil. Most studies related to tropical forest soil emis- al., 2007; Arnold et al., 2009), soils at the three altitudes of
sions are still strongly biased toward lowland tropical foreststhe Brazilian Atlantic Forest have low carbon (C) and nitro-
(Keller and Reiners, 1994; Davidson et al., 2000, 2001).Wegen (N) contents and these nutrients are concentrated in the
chose to work along a gradient of elevation because of differ-upper soil layer (up to 10 cm depth), decreasing with depth
ences in climatic conditions, species composition and struc{Martins, 2010). Soil C and N concentrations and stocks pro-
ture (Marrs et al., 1988), nutrient supply (Grubb, 1977) andgressively increase along the altitudinal gradient (Table 1).
soil physical and chemical properties (Sollins, 1998; TannerSimilar C and N contents were found in soils in the Brazilian
et al., 1998). Climate and soil properties are well known Amazon basin (Nardoto et al., 2008).

factors that modulate the emission of trace gases by soils )

(Davidson, 1993; Steudler et al., 1996; Breuer et al., 200022 Soil gas flux

Davidson et al., 2000; Kiese and Butterbach-Bahl, 2002;
Moreira and Siqueira, 2006). Therefore, we expected soi
gas emissions to vary with altitude responding to combina-

t each altitude four plots (replicates) of 1 ha were delim-
ited (Alves et al., 2010). Gas samples were collected once a

tions of the factors described above. Although tropical forestmonth from September 2006 through August 2007, in each

soils are expected to respond to global warming few studie%g)%\g'th gfg%gl;]cgle;ltlon pefr a_lttltude, g_gnerally b ei)tween
have investigated soils from forests along a gradient ofelevaa_ : i anC : q ) tﬁxes oCm rous oxi ez(DD,(;:art on
tion that might provide some insight into controls on future ioxide (CQ), and methane (Cij were measured at ran-

trace gas exchange (Riley and Vitousek, 1995; Purbopuspit(f)jom.pOIntS along_30 m transect; that were initiated at ran-
etal., 2006). domized seed points in randomized directions each month

with eight cylindrical PVC chambers (8 sub-sample cham-

bers per plot) consisting of a pipe that served as a base
2 Material and methods (0.29 m diameter) and a cap that fit snugly on the base (Keller
et al., 2005). For BO and CH, four samples of 60 mL of
the air from the chambers were withdrawn at intervals of 1,

This study was conducted in the Coastal Brazilian Atlantic 10- 20 and 30 min after closing with 60 mL syringes and then
Forest, on the northern coast of theoSPaulo State, within transferred to previously evacuated glass serum vials sealed
the management units (nucleos) of Picinguaba (lowlandWith gas impermeable, butyl rubber septum stoppers. Sam-
2331 to 2334'S and 4502 to 45°05W) and Santa Vir- ples were analyzed by gas chromatography (SHIMADZU
ginia (montane, 227 to 2324 S and 4503 to 4517 W) GC-14A Model) within five days of collection. Lab tests

of the Serra do Mar State Park. Three areas (treatments) we'oWed that MO and CHconcentrations were unaffected
selected at the altitudes of 100 m (lowland), 400 m (submonPY Storage for up to thirty days. Gas concentrations were
tane), and 1000 m (montane) (Alves et al., 2010). Histori-calculated b_y comparing peak areas for samp_les to those
cal monthly average temperatures of the study areas rang commercially prepared standards (Scott-Marin) that had
from 19.1 to 25.5C (Sentelhas et al., 1999). According to been calibrated against standards prepared by the National
Oliveira-Filho and Fontes (2000) and Talora et al. (2000), the©@Cc€anic and Atmospheric Administration/Climate Monitor-
lowland and submontane areas (100 m and 400 m) are chaf?d and Diagnostic Laboratory (NOAA/CMDL). Fluxes were
acterized as tropical moist forests under a tropical C”matec_alculated from linear regressions of concentration versus
(Af type in Koppen), whereas the montane area (1000 m)iMe-

is considered a tropical montane forest (Tabarelli and Man-

tovani, 2000) under subtropical climate (Cfa according to

Koppen). For a full description of the forest classification

and structure see Alves et al. (2010).

2.1 Study area
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Table 1. Physical-Chemical characterization of the soil layers (0.3 m depth) sampled at the studied sites @teeadard erron; = 32 for
each altitude and depth). Data source: Martins, 2010.

Depth N C Sand Clay Bulk Density
(cm) (gkg™h) (%) @m3)
100m

0-5 34+14 459+194 60.4:9.7 31.5+8.0 0.9+0.1
5-10 2411 31.8:153 56.5£9.3 35.1+ 8.6 1.14+0.1
10-20 1.9£0.7 25.9+10.1 56.8:£9.9 35.3+:9.7 1.3£0.1
20-30 1204 16.5-59 55.84+9.6 37.4:9.7 1.4+0.1

400 m

0-5 46+1.1 589155 66.746.6 16.4+-3.8 1.0+£0.0
5-10 3.6:0.8 45.8£127 62.2:3.8 20.5+3.7 1.1£0.1
10-20 2.A0.5 34.7£88 61.4+6.0 22.1+45 1.2+0.1
20-30 2.6£0.3 26.0+5.9 59.5+5.9 23.4£4.2 1.3+0.1

1000m

0-5 6.8£3.1 915453 57.3t12.2 20.3t8.5 0.8+£0.2
5-10 4515 58.8+21.2 53.%143 22.3:10.8 0.8+:0.2
10-20 3.8:1.2 49.6:17.1 54.0:12.2 19.8:10.7 1.0+0.2
20-30 3412 444225 53.5:-123 20.6£11.5 1.14+0.2

A dynamic flow system was used for measurements of Five fine root soil cores samples were randomly collected
CO». Air flowed from the soil enclosure through a Teflon- from 0 to 10cm depth in every plot of each altitude, and
lined polyethylene sample line 5 m in length and then it en-treated according to Vogt and Persson (1991). Fine root sam-
tered an infrared gas analyzer (Li-Cor 820). Data were storeghles were analyzed for total C and N concentration using a
in a palmtop computer and fluxes were calculated from theCarlo Erba elemental analyzer at the Laboratory of Isotope
linear increase of concentration versus time adjusted for thé&cology, CENA-USP. For statistical tests, the mean of the
ratio of chamber volume to area and the air density within thefive root samples collected at each plot was considered as
chamber (Keller et al., 2005). Because of instrument mal-one of the four replicates per gradient of elevation.
functions, CQ fluxes were not available for several months
of the year (see Results). 2.4 Soil water filled pore space (WFPS) and N contents
2.3 Litterfall and fine roots Once a month during one year of collection, and after soil gas
collection, the surface litter was removed from each cham-
ber location and a soil core about 5cm diameter and 10cm
rqleep was collected. After collection, soil samples were trans-
ported on ice in an insulated cooler to the Laboratory of

Litterfall data were obtained by thirty 80 cm diameter litter-
fall traps per plot deployed at randomized points in two plots
at each elevation and samples were collected every fiftee

days, kept in paper bags, labeled, and dried HGOAR Isotope Ecology at CENA-USP and stored~a4°C until

ter drying, samples were weighed. In addition, surface Iit-anal sis. Soil samples were sieved (sieve 2mm mesh) to
ter layer mass was weighed to assess litterfall stocks simul- ySIS. P

taneously with litterfall. Thirty surface litter samples were remove roots and large stones, and a ten grams subsample

collected from randomly located 0.3 x 0.3 m plots marked V23 oven_-drle_d at 10% for 24h to determine water con-
_ : . “tent gravimetrically and N contents (l\jHand NG;), and

by a rigid frame for two plots at each altitude, every thirty . o o

days. Samples were kept in paper bags, dried 4068nd N-mineralization and N-nitrification processes as the proce-
a . . T .. dures described by Piccolo et al. (1994).

weighed to determine stocks of litter on soil surface. Lit- ) ) ) )

terfall and surface litter collections started six months after 1€ main processes producing®lare microbial and are

gas sampling (March 2007) and therefore overlapped the gagltnﬁcatlon and Qemtr_lflcanon. These processes are strpngly

collections for only 6 months (March through August 2007). influenced .by soil moisture content (Firestone and Dawdson

Decomposition rates were calculated according to the mode}989; Davidson, 1993). In order to assess the relation be-

proposed by Olson (1963) and decomposition time was de;yveen N O fluxes and soil mo'istu're we estimated the' water
termined according to Shanks and Olson (1961). filled pore space (WFPS) which is thought to be an impor-
tant factor controlling N-oxide emissions from soil. Thus,

WFPS was evaluated from soil core samples collected once a

www.biogeosciences.net/8/733/2011/ Biogeosciences, 8,74232011
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Fig. 1. Monthly soil temperatures (2 cm depth) at the three different Fjg. 2. 'V'O“th'Y variation of Water Filled Pore Space (WFPS) at
elevations. Values represent the mean of four replicate plots peplfferent elevations. Values represent means of four replicates per

elevation, and error bars represent the standard error. Because 8{’8\’;?_0” a_r:d bars ;epres_(;?t ;standard ?Lrors'i Befaftsted()f IVO%fgher
weather conditions it was not possible to access the sites at aItitudgog |b|ons ! gg)%s% not possible to access the sites at altitude m
1000 m in February 2007. In February .

month from each chamber location and calculated according Results
to Carmo et al. (2007). Additionally, we recorded air and soil

temperatures (2 cm depth) using electronic thermometers. 3.1 Soil temperature and soil chemical-physical

properties
2.5 Statistical analysis i
As expected, lower soil temperature? € 0.05) were found
All data were first tested for normal distribution and for ho- at higher altitude (1000 m) and soil temperature increased at
moscedasticity by the Kolmogorov-Smirnov test. Becauselower altitudes (Fig. 1).
of the non-normal distribution of the fluxes for GHand Soil moisture expressed as WFPS was significantly higher
N0, these data were log-transformed to homogenize vari{P < 0.05) in the plots at 100 m and 400 m than in soils lo-
ances. We analyzed gas fluxes and other variables in a Zated at 1000 m (Fig. 2). The trends in WFPS reflect in part
way ANOVA design using altitude and month as treatments.the soil porosity and packing (Beare et al., 2009). Soil bulk
Four plots served as replicates at each altitude. Months coul@ensities at 5cm depth were greater at the lower elevations
be considered as treatments because the collection point®.98gn¥ at 100m and 1.06 Mg fhat 400 m) compared to
for chambers were randomized every month. Tukey’s postthe montane site (0.8 ghat 1000 m).
hoc analysis was used to make comparisons among alti- There was no difference?(> 0.05) in annual net mineral-
tudes. Pearson correlation coefficients betwee® NCO;, ization and net nitrification rates among altitudes. However,
and CH, fluxes, soil N contents, soil temperature, and soil ammonium (NH) and nitrate (NQ) concentrations were
moisture also were calculated. Statistical analyses were pesignificantly higher P < 0.05) at altitude 1000 m (9% 0.6
formed using Minitab version 15 software (Minitab Inc., and 19.11.0 ug g1, respectively). No significant correla-
2006). tions were found between soil nitrate or ammonium concen-
Cumulative annual flux of pD and CH were calculated trations and flux of soil gases during the sampling period nor
by linear interpolation and integration of fluxes among the was soil net N, net mineralization and net nitrification rates
sampling dates. The difference among cumulative annuasignificantly correlated to soil gas emissions.
fluxes by aItitude.was also tested by one_—way—ANOVA. US-35  Fine root and litter production
ing an exponential model for GOflux with temperature
(Doff Sotta et al., 2004), we estimated the missingx@a@ta  On average total fine root biomass (0—10cm depth) was
(October 2006 through April 2007) and then interpolated thegreater < 0.05) in the dry season than in the rainy sea-
data as we did for DO and CH to estimate annual fluxes.  son. During the rainy season fine roots had larger live mass
(P < 0.05) than dead mass and fine root mass (live and dead)
was larger P < 0.05) at 1000 m (Table 2). In the dry sea-
son, there was no significant difference £ 0.05) between
live and dead mass along the altitudes but greater root mass
(P < 0.05) was again found at 1000 m altitude.

Biogeosciences, 8, 73342 2011 www.biogeosciences.net/8/733/2011/
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Table 2. Fine root biomass (live and dead) at different altitudes in the rainy and in the dry season. Values represent mean and standard error
of four replicates per altitude.

Altitude Rainy season (g nf) Dry season (g m?)
(m) Live Dead Live Dead

100m  204.2428.1F 82.1(16.0f 433.8¢119.1F 275.4 131.9%
400m  293.1438.1F 143.34@17.4P 310.6(¢-87.6F  219.5 (& 98.27
1000m  464.0480.2f 220.7 ¢-445P 1098.3 (-89.8f 896.2 (& 82.3f

Lower case letters indicate difference between columns within seasons.

Table 3. Concentrations of carbon and nitrogen and C:N ratio of fine roefsnim) at different altitudes in rainy (January, 2007) and dry
(August, 2007) months. Values represent mean and standard error (in parenthesis) of four replicates per altitude.

Season Altitude (m) Category C (%) N (%) C:N
Rainy  100m Live 42841.2) 14&0.1) 326&2.7)aA
Dead 37.841.4) 15¢0.1) 26.5(0.1)b,A
400m Live 4294£0.3) 15¢0.1) 31.1¢2.2)aA
Dead 38.04£24) 1.40.1) 27.1&0.5bA
1000 m Live 45.441.0) 13¢0.1) 357¢21)aA
Dead 4404£1.2) 15@0.1) 29.9¢0.9bA
Dry 100m Live 41.441.2) 170.2) 256(1.8)aB
Dead 37.44£05) 17¢0.1) 221¢1.5)b,B
400m Live 394405 16@0.1) 26.4¢1.0)aB
Dead 37.24£10) 17¢0.2) 223¢1.7)b,B
1000 m Live 43.64£0.8) 1.7¢@0.1) 27.1¢16)aB

Dead 39.640.9) 1.7&0.1) 23.3¢1.4)b,B

Lower case letters indicate difference between altitudes within seasons and upper case letters indicate difference between seasons.

Carbon to nitrogen (C:N) ratio of fine roots (live and dead) 3.3 Soil-atmosphere emissions of trace gases
collected during the rainy season was significantly higher
(P < 0.05) than in the dry season (Table 3). In both sea-Annual means of soil bD flux decreasedR < 0.05) with
sons, the C:N ratio of live roots was significanty & 0.05) the increase of altitude (Table 5). At all altitudes, we ob-
higher than in dead roots. There was no significant differenceserved consumption of soil GHwith the smallest consump-
in C:N ratio of fine roots among altitudes (Table 3). tion (P < 0.05) observed at 100 m (Table 5). g@uxes do
Although a decrease in litterfall was observed at highernot correspond to a full year and valid data correspond to
altitudes, there was no significant difference among altitudeghe months from March to August 2007. For these months,
(Table 4). Litterfall stocks on soil surface were significantly S0il COz fluxes averaged 3.1(0.3) pmol nr? s~ at 1000 m
higher (P < 0.05) at 1000m (Table 4). Calculations using and were significantly lowerH < 0.05) than at 400 m and
Shanks and Olson’s model (1961), showed that litter decayt00m (3.3 ¢0.3) and 3.6 £0.2)pmolm?s™ respec-
rate decreases as altitude increages (0.05, Table 4); litter  tively), which were not distinguishable from one another.
takes 18 months for 95% loss at 100 m and about 50% more The cumulative annual fluxes of ® and CH for the
time at 400 and 1000 m. three altitudes were calculated and the ANOVA results for
N2O were similar to the simple averages (Table 5). In con-
trast, for the cumulative fluxes of GHve found no signif-
icant difference among altitudes. We note that the simple
data provide a more powerful test than the cumulative data
because they include more degrees of freedom.

www.biogeosciences.net/8/733/2011/ Biogeosciences, 8,74232011
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Table 4. Litterfall inputs and stocks in different altitudes and litter decomposition rafean(d time (months) for decay of 50%y )
and 95% {p o5). Data represents six months of sampling (March through August 2007). Different letters represent statistically significant

differences among altitudes.

Altitude Litterfall Forest Floor

(m) Inputs (thaly—1) Stocks (thal) | DCL (k) tos toos
100 8.4 1.5 4.3 +0.8p 22 3 18
400 7.4+ 1.8f 4.4 (£0.4P 1.4 5 25
1000 5.5 (£ 0.97 4.8 (0.60 1.2 5 27

1 DC = Decomposition coefficient.

Table 5. Simple annual mean (SA) and integrated (Int.) fluxes #®Nind CH, for different altitudes. Different letters represent statistically
significant differences among the altitudes. See text for a description of the averaging and integration approaches.

Altitude | N,O (hgNenT2h™1) CHg (mgCHym—2d-1)
(m) SA Int. SA Int.

100 3.R(+04) 4.48(+05) | —1.0A(x£0.2) —1.08(+0.2)
400 1.0°P(£01) 1.P(+0.1)| —1.8(+£0.3) -—1.72(+0.3)
1000 0. (+0.2) 1.P(+£03)| —1.6°(+0.1) —1.42(+0.1)

Higher fluxes of CQ were observed in all altitudes be- fluxes, and the largest emissions were observed between the
tween February and April, 2007, during the rainy season, andainy months of November 2006 and January 2007 (Fig. 3a)
lower fluxes were measured between May and August, 2007Avhereas significantlyf < 0.05) lower fluxes were found in
during dry season (Fig. 3c). Carbon dioxide emissions in-the dry months of July and August 2007. A weak but signif-

creased with soil temperature?(= 0.7 at 100m;?=0.9 at
400 m and 1000 m, respectivel®, < 0.05), but no correla-
tion was observed with WFPS.

The cumulative annual fluxes of GQvere also estimated
and values were 3.5, 3.6 and 3.4 umoids~! at altitudes

icant correlationf? =0.52, P < 0.05) between soil temper-
ature and MO fluxes was observed at altitude 1000 m.

At 100 m soil-atmosphere exchange of £showed only
negative fluxes (soil consumption of atmospheric4CENd
consumption varied significantly?(< 0.05) among months.

100 m, 400 m, and 1000 m altitudes respectively. Based orThe largest consumption occurred in August 2006 (transition

the exponential model we also calculategh®alues of 1.6,

between rainy and dry seasons) and in the hot and wet period

2.3, and 2.1 at altitudes 100 m, 400 m and 1000 m, respedbetween February and March 2007 (rainy season). Smaller

tively.

3.4 Altitudinal and monthly variations of soil gas fluxes
and their dependency on changes in soil
temperature and WFPS

At 100 m there was a significanP(< 0.05) variation in NO

consumption was measured during the cool and dry months
of June, July and August 2007 (Fig. 3b).

Methane consumption varied significanthyP (< 0.05)
among months at 400 m altitude. More consumptién<
0.05) occurred in the rainy months of September, 2006 and
March, 2007 and less consumption was measured during
November, 2006 and December, 2006 (rainy season) and in

fluxes during sampling period, with the highest fluxes mea-the dry month of June, 2007 (Fig. 3b). At 1000 m consump-
sured in the rainy months of December 2006 and Januar§ion of CH, also varied among month# (< 0.05). The pat-

2007 (Fig. 3a). A significant positive correlatior? & 0.86,
P < 0.05) between soil moisture (WFPS) and®Iflux was

tern was similar to the pattern at 400 m with less consumption

(P < 0.05) in the rainy months of November and December

observed exclusively at 100 m while there was no correlation2006 and more® < 0.05) consumption in September 2006

between soil temperature and®! flux at the same altitude.

and August 2007 (Fig. 3b).

Fluxes measured at 400 m showed significant differences !N general, there was no significant correlation between

along the sampling period, with the largesilemissions

CH, fluxes and soil temperature at any altitude. In contrast,

(P < 0.05) measured during the rainy season, between AuCH correlated weakly® = 0.40, P < 0.05) with WFPS at
gust 2006 and January 2007 (Fig. 3a). At 1000 m there wad00 m.

a weak but significantf < 0.05) monthly variation of NO

Biogeosciences, 8, 73342, 2011
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the-pipe (HIP) model (Firestone and Davidson, 1989; David-
son et al., 2000). According to this model, at a broad scale,
N2O emissions increase with the nitrogen availability (gross
inorganic nitrogen fluxes) in the system. Comparing differ-
ent tropical regions, Davidson et al. (2000) found specifi-
cally that NO emissions were correlated with soil nitrate
concentrations, N-mineralization and nitrification, and were
inversely correlated with the soil ammonium concentrations
or the ratio of ammonium to nitrate.

Our data do not follow the trends described by Davidson
et al. (2000) and other studies. At the 1000 m forest site,
soil concentrations of ammonium and nitrate were higher
than at other sites and average nitrate concentrations were
30% higher than average ammonium concentrations. Soil
pools of ammonium and nitrate reflect a balance in produc-
tion and consumption processes and do not necessarily cor-
relate with gas fluxes. Nonetheless, the logONfluxes at
the montane site are at odds with the trends for high&d N
emissions where soil nitrate pools exceeded soil ammonium
pools (Davidson et al., 2000). Despite the high nitrate to
ammonium ratio, NO fluxes were significantly lower at the
montane site than they were in the lowlands. In part, we spec-
ulate that the low MO fluxes resulted from the limitation of
denitrification by easy drainage in the sandy soil and the con-
sequent good aeration and perhaps from low gross fluxes of
inorganic nitrogen owing to the lower temperatures. WFPS
was significantly lower at 1000 m than at 100 and 400 m.

The pace of decomposition is also important. High rates of
decomposition consume oxygen promoting low-oxygen con-
ditions that promote greater,® emissions in tropical forest
soils (Keller and Reiners 1994). The data on litter stocks
(Table 4) show that the rate of decomposition (promoted by
higher temperatures) is nearly twice as great in the lowlands
as in the montane sites. Thus, low®lemissions at montane
sites could be related to low decomposition rates through the
limitation in gross nitrogen transformations and through the
limitation on oxygen consumption.

No single factor promoted the greatestONfluxes found
in months of December 2006 and January 2007 at eleva-
tion 100 m. We speculate that the high fluxes result from a
combination of high temperature, elevated soil WFPS, and
high rates of decomposition that could result low-oxygen
conditions. In addition, we note that GHtonsumption is
diminished at the same time. In this case, the association
of low oxygen conditions with high pD fluxes is corrobo-

ferent altitudes. Values represent the mean of four replicates perated by the correlation between® and WFPS(2 = 0.86;

elevation and bars represent standard errors.

4 Discussion

4.1 Soil-atmosphere emissions of XD

In order to understand the decrease in sgiDNemissions

P =0.05) at 100 m (McSwiney et al., 2001). The influence
of soil temperature on gas emissions is corroborated by the
significant positive relation between,@ and soil tempera-
ture at 1000 m/2=0.5, P < 0.05).

We compare our PO emissions with the survey made
by Breuer et al. (2000) adding recent emissions measure-
ments made in tropical forests, mainly in the Amazon re-
gion (Garcia-Montiel et al., 2001; Garcia-Montiel et al.,

with altitude we evaluate our data in relation to the hole-in- 2002; Keller et al., 2005). The median value of all these
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measurements was approximately 2.0 kg N'ha—1. Emis- soil and air temperatures were highest (Fig. 1), reinforcing
sions measured at 400 m and 1000 m forest sites were lowehe evidence for a strong temperature effect.

than these values, and near the lower end of the spectrum of

emissions. On the other hand,® emissions at the 100 m _

forest sites were larger (3.4 kg Nhkyr—1) than the median © Conclusions

value, but approximately half as great as the highest observe
emissions from tropical forests (6—7 kg NHar—1). N,O
emissions measured at 100 m were comparable to the me
flux (4.7 kgNhalyr=1) found in the only other study that
measured annualJ® emissions in the coastal Atlantic For-
est of Brazil (Tianga Biological Reserve, Rio de Janeiro,
170-300 ma.s.l.) (Maddock et al., 2001).

8vera|l we found that the emissions of® and the uptake
a(?{ CH4 by soils of the coastal Atlantic Forest of Brazil are
within the range of other tropical forests of the world. We ob-
served that MO and CQ emissions were lower at higher al-
titudes, although the nitrogen and carbon stocks were greater
at higher altitudes. We speculate this contrast cannot be ex-
plained by an isolated factor but by an association of factors
including air and soil temperatures, species composition (van
Haren et al., 2010), soil physical and chemical properties,
decomposition rates and nutrient supply. Amongst all those
factors, the temperature gradient was most obvious. An ap-
parently non-linear response of both decomposition and ni-
trogen cycling to elevated temperature leads to strong sea-
sonal NO emissions in the lowlands whereas emissions are
relatively low at submontane and montane sites throughout
the year. Climate change associated with increasing tem-
peratures may result in increased in microbial activity with
sphere and soil water content regulates the flux through ité (_:onsequent increase In _SO'W and CQ emissions and_
soil CH4 consumption. While a response along an elevation

control on the diffusion of Chlin the soil (Crill, 1991; Born - Lo :
et al., 1990). Butterbach-Bahl et al. (2004) in a study in ang_radlent is likely to be mediated by temperature, we recog-

Australian tropical rainforests have shown thatQlptake nize that nolsingle factor in this complex system can ade-.
was correlated with WFPS. Although weak, there was a Sig_quately predict the response of greenhouse gas fluxes to cli-
nificant (P < 0.05) positive correlation between WFPS and mate change.

CHy flux at the .100m forest sitef=0.4, P < 0.05). There AcknowledgementsThis research was supported by the State
wasno correlation between WFPS andﬂltlx_at the higher “of SAo0 Paulo Research Foundation (FAPESP) as a scholarship
altitudes. We note that temperature and moisture correlate ifp005/57549-8) and as part of the Thematic Project Functional
these systems and that when soil moisture conditions are ofsradient (FAPESP 03/12595-7 to C. A. Joly and L. A. Mar-
timal for CHy consumption in the cooler sites (400 m and tinelli), within the BIOTA/FAPESP Program — The Biodiversity
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activity responsible for Chiconsumption. IBAMA/CGEN 093/2005 permit. We gratefully acknowledge the
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4.2 Soil-atmosphere exchange of CH

Tropical rain forests can function as a significant sink for
atmospheric Chl and most studies have reported negative
fluxes (Verchot et al., 1999; Breuer et al., 2000; Gut et al.,
2002; Kiese et al., 2003). Data from the Atlantic Forest cor-
roborate this finding, and the annual mean fluxes ofyCH
found in this study are similar to fluxes reported by other
studies conducted in tropical forests (Keller et al., 2005).
Well-drained soils generally consume giftom the atmo-

4.3 Soil-atmosphere emissions of C£

Because of equipment malfunctions, the temporal extent o
CO; emissions measured in our study was limited to only
about one-half year. Using the exponential model of flux by
altitude, the integrated carbon dioxide emissions were simi-

lar at all altitudes despite the higher temperatures (Fig. 3) andReferences
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