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Abstract. Rains at the end of the dry season can trigger increases in emissions of nitric oxide (NO) and
nitrous oxide from forest and pasture soils in the Amazon Basin. The relative importance of the rain-
stimulated emissions in the seasonal and annual budgets of these nitrogen gases for forests and pastures
in the western Amazon is not well established. We measured soil emissions of NO and N2O from a
forest and two pastures, 11 and 26 years old, after a simulated rain event. Wetting the soil resulted in
very small pulses of NO or N2O from forest soils and no significant NO or N2O pulses from the pas-
tures. We estimated that in the forest, the amounts of each gas emitted from pulses during the dry to wet
transition period represented 3.4% of the NO and 1.8% of the N2O dry-season emissions, but amounted
to less than 2% of the annual emissions of either gas. Total N oxide emissions of 5.6 kg N/ha/yr from
the forest were nearly evenly divided between NO (42%) and N2O (58%). The emissions of NO were
evenly distributed over the wet and dry seasons, while over 84% N2O fluxes occurred during the wet
season.

Introduction

Soil wetting after prolonged dryness in tropical forests has been demonstrated to
affect the abiological and biological production of nitric and nitrous oxide gases
(Davidson et al. 1993; Breuer et al. 2000). It has been postulated that low micro-
bial activity during prolonged soil dryness results in an accumulation of inorganic
N (Shields et al. 1974). Soil accumulation of NH4

+, NO2
− and NO3

− may occur in
thin water films of microsites near oxidizing sites. Upon soil wetting, soil microbes
can quickly use these pools, and produce pulses of N oxide gases.

This process has been studied in tropical dry forests of Central America (David-
son et al. (1991, 1993); García-Méndez et al. 1991) and several temperate ecosys-
tems in North America (Davidson 1992). In the Amazon, the short-term dynamics
associated with the drying and wetting of soils in seasonally moist tropical forests
and pastures may be especially important because this region experiences prolonged
dry periods during which there is little or no rain.
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Tropical humid forests have generally high rates of net mineralization and net
nitrification that can lead to the accumulation of NH4

+ and NO3
− during dry periods

(Neill et al. 1995). When tropical humid forests are converted to pastures, N avail-
ability in soil decreases (Prather and Ehhalt 2001; Neill et al. 1995; Van Gestel et
al. 1993). This has been associated with lower N oxide emissions from pastures
(Keller and Reiners 1994; Van Gestel et al. 1993; Garcia-Montiel et al. 2001; Me-
lillo et al. 2001). However, by the end of the dry season, an accumulation of inor-
ganic N pools can occur. This could result in pulses of N oxide emissions from
pastures with the onset of precipitation. These pulses have the potential to repre-
sent a sizeable fraction of the total annual emissions from the Amazonian pastures.

We investigated how changes in soil moisture affect the fluxes of NO, N2O and
CO2 from forest and pasture soils in the southwestern Brazilian Amazon. The main
objectives were to: 1) measure the short-term dynamics of soil emissions of NO,
N2O, and CO2 in forest and pasture soils associated with soil wetting after pro-
longed dryness; and 2) quantify the contribution of the pulses of N oxide fluxes
resulting from soil wetting to dry season and annual fluxes.

Study area

We conducted this study at Fazenda (Ranch) Nova Vida, km 472 of highway BR-
364 in central Rondônia (10°30� S, 62°30� W). Climate of the area is characteristic
of humid tropical forest, with an annual precipitation of 2270 mm. The precipita-
tion pattern is characterized by a dry season starting by the end of May and lasting
until September (Figure 1). This dry period can be interrupted by sporadic rain
events. Mean annual maximum and minimum temperatures are 25.6 and 18.8 °C,
respectively, with a seasonal variation of approximately 4 °C (Bastos and Diniz
1982).

We used a forest and two pastures, one created in 1987 and the other in 1972. At
the time of this study the pasture created in 1987 was 11 years old and the pasture
created in 1972 was 26 years old. In these pastures rates of net N mineralization
and net nitrification have decreased compared with the forest (Neill et al. 1995).
These sites were part of previous studies of the effect of the conversion of forest to
pasture on C, N, and P stocks and dynamics (Neill et al. (1995, 1997); Garcia-
Montiel et al. 2000) and trace gas fluxes (Feigl et al. 1995; Steudler et al. 1996;
Garcia-Montiel et al. 2001; Melillo et al. 2001; Steudler et al. 2002). Forest veg-
etation consisted of open moist tropical forest with a large number of palm trees.
Forest biomass at the time of sampling at Nova Vida was 313 ton ha−1 (de Graça
1997). This forest was altered by selective logging, which removed 1–3 trees/ha
during 1987–1989. The pastures were formed by slash and burning of the original
forest with no intermediate cropping phase, soil tilling, chemical fertilization or
liming. Both pastures were planted with Brachiaria brizantha (Hochst) Stapf. All
sites used in this study were in areas at an elevation of approximately 150 m with
minimal relief. Soils contained between 20–30% clay and were classified as red-
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yellow podzolic latosol in the Brazilian classification and as Kandiudult in the U.S.
classification (Moraes et al. 1995).

Methods

Experimental design

We established five 1×2-m plots in the forest and in the two pastures. One half of
each plot was used for gas flux measurements; the other half was used for soil cor-
ing to determine soil water content and inorganic N pools. We randomly selected
three of the five established plots for irrigation. The other two non-irrigated plots
were used as controls. On August 18,1998, we simulated a 30 mm of rain in the
11-year-old pasture by sprinkling 60 L of stream water in each plot. Using stream
water to irrigate the plots did not cause N fertilization of soils because concentra-
tions of NH4

+ and NO3
− (0.74 and 2.09 �M/L) were very small relative to the con-

centrations in the soil solution. The simulation of rain in the forest was conducted
on August 20th and on August 22nd of 1998, in the 26-year-old pasture. The amount
of the simulated rain was in the range of the first rain that generally occurs near the
end of the dry season. At each site we measured fluxes of NO, N2O and CO2 be-
tween 1500–1700 hours the day before the start of the irrigation, and again at about
0600 hours immediately before irrigation. Addition of water to the plot usually took
7–8 minutes. We waited about 20 minutes to allow water to percolate into the soil,
and then made a series of measurements at 1–1.5 hour intervals for the next 12
hours to follow the time course of the emissions. Fluxes were measured once more
the next day, approximately 30–34 hours after irrigation. Control plots were mea-

Figure 1. Monthly average precipitation at Fazenda Nova Vida, Rondônia, for the period 1992–2001.
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sured four times over the whole experiment: 1) the day before irrigation, 2) the
morning immediately before irrigation, 3) at approximately mid-day on the day of
irrigation and 4) the next day at the end of the experiment.

On the night of August 6, 12 days prior to the start of the irrigation experiment,
there was a rain event that delivered 17.5 mm of water (measured at the 11-year-
old pasture site under open canopy). These sporadic rain events that occur during
the dry season can be very patchy and did not occur in all our experimental sites. A
field inspection conducted the next day at about 0600 hours indicated that no rain
had fallen on the 26-year-old pasture and the rain had little affect on the forest and
the 11-year-old pasture soils.

Following the moisture manipulations, we also measured the trace gas emissions
after the second rain, which occurred the night of August 26th and delivered 42 mm
of water. These measurements were conducted the next day (August 27th), approxi-
mately 13 and 17 hours after the rain ended in the 11-year-old pasture and forest,
respectively. At each site we measured a total of five plots, two of which were the
same plots previously designated as the non-irrigated controls during the irrigation
experiment. The other three plots were located in the control plots of an ongoing N
and P fertilization experiment (Steudler et al. 2002) adjacent to the site of the wet-
ting experiment. In these plots, pre-rain measurements had been conducted about
10 days prior to the second rain. The measurements made on the control plots dur-
ing the wetting experiment were used as the pre-rain measurements. These pre-rain
measurements represented the fluxes and N cycling conditions expected by the end
of the dry season (Garcia-Montiel et al. 2001).

Determination of NO, N2O and CO2 fluxes

Fluxes of NO, N2O and CO2 were measured using re-circulating chambers. In each
plot, one polyvinyl chloride (PVC) anchor ring was inserted 2 cm into the forest or
the pasture soils. Anchor rings were installed at least two days before measure-
ments. Gas measurements were conducted by placing a PVC chamber top on the
anchor ring to create a chamber with 7.0–8.5 L headspace. Gas fluxes were then
measured by the changes in headspace gas concentrations. Measurements lasted 20
minutes.

Fluxes of NO and CO2 were instantaneously measured with a Unisearch Asso-
ciates LMA-4 NO2 analyzer for NO (Unisearch Associates Inc. 1996) and a LI-
COR model 6252 infrared gas analyzer for CO2 (IRGA), both connected to a
CR10X Campbell data logger. Gases were re-circulated throughout 6 mm Teflon
tubes connected from the chamber top to the LMA-4 NO2 analyzer and to the LI-
COR. Our design used the LICOR pumping system to re-circulate air at 1 L/min
through the Teflon line connected to the chamber top, while the NO analyzer sub-
sampled this same air flow at about 400 mL/min and returned the air to the re-
circulating air stream. The sample air that entered the analyzer was oxidized to NO2

by reaction with CrO3. The sample air was then passed across a fabric wick satu-
rated with luminol solution, which is oxidized when in contact with NO2, to pro-
duce chemiluminiscence. This chemiluminiscence was measured by a photomulti-
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plier tube and is directly proportional to the mixing ratio of NO2 (Unisearch Asso-
ciates Inc. 1996). The effect of temperature changes on the luminol reaction was
automatically corrected by the instrument (Unisearch Associates Inc. 1996). Be-
cause high humidity affects the lifetime of the CrO3 catalyst, we modified the in-
strument to increase the efficiency of water removal from the sample air stream by
increasing the pressure differential across the Nafion shell dryer. We also connected
a silica gel drying tube to the outer shell of the Nafion dryer. These modifications
resulted in stable conversion efficiencies for at least 50 hours of use under 25–30
°C temperature and approximately 90% relative humidity. Fluxes were calculated
from the rate of increase or decrease of NO or CO2 concentrations using the steep-
est linear portion of the curve. This linear phase usually started 1 or 2 minutes after
placing the chamber top on the anchor; however, very fast linear increases in NO
concentration were often obtained in half a minute after placing the chamber top
on the anchor.

The LMA-4 NO2 analyzer was calibrated using a 49.2 ppmv NO standard ob-
tained by dilution of a 1.032 ppmv NO standard in O2 free N2 (Scott-Martin, Cali-
fornia) with NO/NO2 free air. NO/NO2 free air was produced by passing ambient
air through a drierite scrubber to remove water vapor and through an ascarite
scrubber to remove ambient NO and NO2. The NO/NO2 free scrubbing system
produced air that contained NO concentrations of � 0.006 ppbv. The IRGA was
calibrated using an 826 ppmv CO2 standard (Scott-Martin, California). Both, the
LMA-4 NO2 analyzer and the IRGA were calibrated in the laboratory before and
after each day of sampling and variations between calibrations were usually within
± 10% for NO and less than ± 1% for CO2

Measurements of changes in N2O concentrations in the chambers were synchro-
nized with the field measurements of NO and CO2. Headspace gas samples were
collected for N2O at the beginning of the incubation and then after 5, 10 and 20
minutes, using 10 mL BD syringes equipped with stopcocks. Nitrous oxide con-
centrations were analyzed within 10 hr after collection at Nova Vida using an elec-
tron-capture gas chromatograph with a detector temperature of 310 °C (Bowden et
al. 1990). A certified standard of 0.985 ppmv N2O in N2 (Scott-Specialty gases,
Pennsylvania) was used for calibration and fluxes were calculated by linear regres-
sion of incubation time and N2O concentrations using the linear part of the curve.

Shaded ambient air (about 1 m above the ground), inside chamber air and soil
temperature at 2, 5 and 10 cm depth, were measured during each incubation. Be-
cause of large temperature variation in pastures, readings were conducted before
and after the incubation and then average values were used for flux calculations.
Barometric pressure was also measured at the beginning of each incubation.

Inorganic n pools and soil moisture content

Soil samples were collected from the 0–2, 2–5, and 5–10 cm soil depths at each of
the 1 × 1-m subplots assigned for soil coring using a 2.5 cm diameter soil corer.
Soil sampling was synchronized with the gas flux measurements. No soil was col-
lected the day before irrigation was conducted, but it was collected early in the
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morning before irrigation started. All soil samples were prepared the same day of
collection by removing roots and stones and mixing by hand. Extraction of NH4

+

and NO3
− was done with 2 mol/L KCl as described in Piccolo et al. (1994). Gravi-

metric moisture content was obtained by drying a soil subsample to constant weight
at 105 °C. Final N pools were corrected for moisture content and reported on mass
of oven dry soil. Soil water content was converted to % water filled-pore space
(WFPS) using bulk density and particle density.

Results

Changes in % WFPS and soil temperature during the wetting experiment

In forest soils, the simulation of 30 mm of rain produced a very little increase in %
WFPS of the 0–2 cm soil depth. At the 2–5 cm depth % WFPS increased from
about 36% to 50% just 20 minutes after irrigation. In the 5–10 cm depth a similar
increase occurred but with a delay (Figure 2a). The same 30 mm of water addition
to pasture soils caused larger increases in % WFPS at all depths (Figure 2c and 2e),
but as in the forest the largest increase occurred in the 2–5 cm of soil depth.

Soil temperature in control plots of the forest soil never exceeded 27 °C (Figure
2b) and water addition to the irrigated forest plots maintained soil temperature about
2 °C below the soil temperature in control plots. In pastures, soil temperatures were
higher and more variable than in forest soils (Figure 2d and 2f). Maximum tem-
peratures in the 0–2 cm depth of the non-irrigated pasture plots ranged between
29–33 °C (Figure 2d and 2f).

Changes in inorganic n pools

In the forest, soil NH4
+ pools from non-irrigated and irrigated plots were always

lower than the NO3
− pools at all soil depths (Figure 3a and 3b). The forest NO3

−

pools were greatest in the 0–2 cm depth (Figure 3b). In contrast, NH4
+ pools in

non-irrigated and irrigated plots of pasture soils were always larger than NO3
− pools

at all soil depths (Figure 3c, 3d, 3e and 3f). The pasture NO3
− pools were very small

at all soil depths from both pastures (Figure 3d and 3f). During the irrigation ex-
periment, neither forest nor pastures soils showed a clear trend in the size of inor-
ganic N pools (Figure 3).

Effect of irrigation on NO, N2O and CO2 fluxes

Prior to irrigation of forest soils, fluxes of NO were more than 20 times higher than
fluxes of N2O, which usually showed net uptake (Figure 4a). Two and one half-
hours after irrigation, NO fluxes showed a 4.3-fold increase relative to the pre-
treatment fluxes, but eight hours after irrigation, NO fluxes decreased to the pre-
treatment level (Figure 4a). Nitrous oxide fluxes also showed a 10.2-fold increase
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relative to the pre-treatment N2O level (Figure 4a). As with NO, forest fluxes of
N2O returned to nearly pre-treatment levels eight hours after irrigation.

In both pastures, soil fluxes of NO from the non-irrigated plots showed net up-
take, while pre-treatment fluxes of N2O were approximately 10 times larger than
fluxes of NO (Figure 4b and 4c). After addition of water to pasture soils, changes
in NO fluxes were relatively small compared to those observed in the forest (Fig-
ure 4b, 4c). In contrast to NO fluxes, fluxes of N2O were different between the two
pastures. In the 11-year-old pasture, we observed no clear trends in N2O emissions
after addition of water to soil (Figure 4b), but in the 26-year-old pasture N2O fluxes
showed a much clearer trend. Twenty minutes after irrigation, N2O fluxes from the
26-year-old pasture increased from 10.2 �g N m−2 hr−1 to 30.6 �g N m−2 hr−1, but
returned to pre-treated levels three hours after the water was added.

At all three sites, fluxes of CO2 showed an immediate increase in response to
irrigation (Figure 5a, 5b and 5c). Even in the forest, where changes in % WFPS
were relatively small compared to the pastures, the CO2 response was large. Twenty

Figure 2. Percent water filled-pore space (a, c and e) and soil temperature (b, d and f) at 0–2, 2–5 and
5–10 cm soil depths during the irrigation experiment conducted in a forest and 11- and 26-year-old
pastures at Nova Vida. Close symbols represent % WFPS or temperatures in irrigated plots and elimi-
nate open symbols represent % WFPS or temperatures in non-irrigated control plots. Shaded areas re-
present measurements made the day before the irrigation experiment started and the vertical dashed line
indicates when water was added to the soil. Error bars are standard errors.
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minutes after addition of water, CO2 increased by about 1.8-fold in the forest and
pastures, and this response was of longer duration than the responses to irrigation
observed in NO or N2O fluxes. Twenty-eight hours after irrigation, forest soils were
still emitting 80% more CO2 than the corresponding control (Figure 5a). The 11-
and 26-year-old pasture soils were still emitting 69% and 44% more CO2 than the
controls (Figure 5b and 5c).

Effect of the second rain on % WFPS, N pools and trace gas emissions

Percent WFPS at the end of the dry season was the lowest in the 0–2 cm depth of
forest and pasture soils (Table 1). Several hours after the rain, % WFPS increased
at all soil depths at both sites, but the observed increase was larger in pasture soils
(Table 1).

In forest soils, end of the dry season pools of NH4
+ and NO3

− were the greatest in
the 0–2 cm depth (Table 1), while in pasture soils only NH4

+ was high in the 0–2
cm depth. In contrast to the forest, the NO3

− pools in the pasture soils was very

Figure 3. Ammonium (a, c and e) and NO3
− (b, d and f) pools at 0–2, 2–5, and 5–10 cm soil depths

during the irrigation experiment conducted in a forest and 11- and 26-year-old pastures at Nova Vida.
Close symbols represent N pools in irrigated plots and open symbols represent N pools in non-irrigated
control plots. Vertical dashed line indicates when water was added to the soil. Error bars are standard
errors.
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small at all soil depths (<0.5 �g N gds−1). Several hours after the rain, the NH4
+

pool showed a 1.4-fold increase in the 0–2 cm depth of forest and pasture soils and
a 5-fold increase in the 5–10 cm depth of only forest soils (Table 1). In contrast,
the NO3

− pool showed little variation between the end of the dry season and several
hours after the rain at both sites (Table 1).

Figure 4. Fluxes of NO (*) and N2O (©) during the irrigation experiment conducted in a forest (a)
and 11- and 26-year-old pastures (b and c) at Nova Vida. Closed symbols represent fluxes from irrigated
plots and open symbols represent fluxes from non-irrigated control plots. Shaded areas indicate mea-
surements made the day before the irrigation experiment started and the vertical dashed line indicates
when water was added to the soil. Error bars are standard errors.
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Several hours after the end of the rain in forest, soil emissions of NO increased
2-fold relative to the pre-rain mean emissions (Figure 6a). In contrast, rain did not
produce a large increase in forest N2O emissions relative to the pre-rain emissions
(Figure 6b). Pasture emissions of NO or N2O showed very little change after the
rain (Figure 6a and 6b).

Figure 5. Fluxes of CO2 during the irrigation experiment conducted in a forest (a) and 11- and 26-year-
old pastures (b and c) at Nova Vida. Closed symbols represent CO2 fluxes from irrigated plots and open
symbols represent CO2 fluxes from non-irrigated control plots. Shaded areas indicate measurements
made the day before the irrigation experiment started and the vertical dashed line indicates when water
was added to the soil. Error bars are standard errors.
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In the forest, end of dry season emissions of CO2 were 65 mg N m−2 hr−1 (Fig-
ure 6c). In the pasture, this emission was 89 mg N m−2 hr−1. Several hours after
the rain in forest or pasture, CO2 emissions increased only slightly relative to the
pre-rain levels (Figure 6c).

Discussion

Few studies have estimated the magnitude of pulses of NO and N2O emissions that
may occur upon wetting the soil after prolonged dryness in tropical seasonal eco-
systems, but the measurements that are available indicate that these gas pulses can
make up a substantial proportion of the annual fluxes. For example, the simulation
of 20 mm of rain in soils from a tropical deciduous forest in Mexico caused NO
fluxes to increase by a factor of 100 (Davidson et al. 1991). Based on these results,
Davidson et al. (1991) estimated that NO pulses from the first rain event could ac-
count for one third of the annual NO emissions from this dry tropical forest. The
same wetting experiment also resulted in a large, but short-duration pulse of N2O

Table 1. Mean (±SE) percent water-filled pore space (% WFPS) and NH4
+ and NO3

- pools during wet
season, at the end of the dry season (n = 17) and right after 42.5 mm rain during 1998 in a forest and
11-year-old pasture at Nova Vida. Percent WFPS and N pools during the wet season (n = 32) were
obtained from Garcia-Montiel et al. (2001). Measurements were done five times after the natural rain
event. Error bars are standard errors.

Soil Depth % WFPS NH4
+ Pools NO3

-Pools

(cm) (�g N g−1 dry soil)

Wet season

Forest 0–5 36.1 ± 0.6 3.4 ± 1.2 4.2 ± 0.3

11-year-old Pasture 0–5 72.7 ± 1.5 6.8 ± 0.7 0.8 ± 0.1

End of dry season

Forest 0–2 12.5 ± 1.2 14.6 ± 8.5 17.7 ± 3.1

2–5 27.8 ± 0.2 0.8 ± 0.4 5.8 ± 0.3

5–10 30.0 ± 0.7 2.8 ± 2.5 10.6 ± 3.5

11-year-old Pasture 0–2 14.9 ± 8.5 22.1 ± 8.5 0.5 ± 0.2

2–5 36.6 ± 1.9 4.5 ± 1.2 0.3 ± 0.2

5–10 24.5 ± 0.8 2.7 ± 0.3 0.3 ± 0.2

Natural rain event

Forest 0–2 27.2 ± 1.1 20.0 ± 5.9 18.8 ± 4.5

2–5 37.7 ± 2.1 4.0 ± 2.8 7.9 ± 1.1

5–10 38.3 ± 1.0 0.2 ± 0.2 5.2 ± 0.3

11-year-old Pasture 0–2 26.2 ± 2.2 31.2 ± 6.17 0.7 ± 0.4

2–5 83.5 ± 7.0 5.0 ± 1.6 0.1 ± 0.03

5–10 34.0 ± 1.9 2.7 ± 0.8 0.1 ± 0.1
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that was estimated to account for less than 2% of the total annual emissions from
this tropical dry forest soils (García-Méndez et al. 1991).

We estimated the amounts of the N oxides emitted from our wetting experiment
by integrating the area between the curves of the irrigated and control plots (Fig-
ure 4). In the forest, wetting the soils produced a 0.24 mg N m−2 NO pulse and a
0.025 mg N m2 N2O pulse over the course of the experiment. Dry season emis-
sions from this same forest averaged 35.8 �g N m−2 hr−1 of NO (n = 6; Garcia-
Montiel et al. (2001) and Steudler et al. (2002)) and 13.6 �g N m−2 hr−1 of N2O (n
= 20; Melillo et al. (2001) and Garcia-Montiel et al. (2001), Steudler et al. (2002)).
Multiplying these rates by the number of dry season days (153 days), we calculated
a dry season emission of 131.4 mg N m−2 for NO and 50.1 mg N m−2 for N2O.
Based on these estimates, NO and N2O released during the wetting experiment
represented less than 0.2% of dry season emissions and even a smaller fraction of
the annual emissions from the forest at Nova Vida.

Figure 6. Fluxes of: a) NO, b) N2O and c) CO2 at the end of the dry season and after a 42.5 mm of rain
during 1998 in a forest and 11-year-old pasture at Nova Vida. Average for the end of dry season fluxes
of NO, N2O and CO2 are based on 17 individual measurements. Nitric oxide, N2O and CO2 fluxes were
measured five times after the natural rain event. Error bars are standard errors.
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We considered the possibility that the relatively small pulses we observed from
the wetting experiment could be a consequence of the previous rain 10 or 12 days
before the start of the experiment. This rain might have decreased soil N pools and
thus reduced the N oxide pulses. However, data on N pools from soils collected
between three days after the rain and right before the start of the experiment, indi-
cated that the size of the NH4

+ and NO3
− pools were within the range of inorganic

pools measured between 1992 and 1999 in the same forest and pasture soils (Fig-
ures 7 and 8).

To estimate the NO pulses from forest that resulted from the second rain, we
used the time sequence of NO fluxes from the wetting experiment (Figure 4a) to
proportion the NO emission of 66 �g N m−2 hr−1 (Figure 6a) that we measured 17
hours after the rain ended. We assumed that this pulse also returned to levels mea-
sured before the rain in less than 34 hours. This calculation resulted in a larger NO
pulse of 1.5 mg N m−2 than measured from the wetting experiment.

At Nova Vida, the transition period from dry to wet season is coincident with a
rainfall pattern frequently associated with the occurrence of individual rains deliv-
ering more than 17 mm of water and spaced by 15 or more days without rain. As-

Figure 7. Long-term record (grey-filled boxes) of inorganic N pools (NH4
+ and NO3

−) from a forest at
Nova Vida. Dashed boxes represent inorganic pools measured three days after the 17.2 mm rain event
(August 10,1998) and at the start of the experiment (August 20,1998). The center horizontal line of the
boxes represents the median. The hinges mark the first and third quantiles. The horizontal dashed line
indicates the mean annual average for the NH4

+ and NO3
− pools.
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suming that during the transition period an average of three of these rain events
occured (reflective of our long-term rain record over this period) and they all pro-
duce NO pulses of similar magnitude as those calculated from the second rain, we
estimate a total pulse emission of 4.5 mg N m−2 over the transition period of about
6 weeks. Using the NO dry season emissions of 131.4 mg m−2, we estimate that
this pulse would represent 3.4% of the dry season emission and less than 2% of the
annual NO emission (Figure 9).

Using the same procedure as for NO, we estimated that the N2O pulse from the
second rain was 0.3 mg N m−2 and the N2O pulses resulting from a sequence of at
least three rain events produced a total emission of 0.9 mg N m−2 during the tran-
sition period (Figure 9). This represents only 1.8% of the dry season N2O emission
of 50.1 mg N m−2 and less than 0.3% of the annual emission (Figure 9).

Pulses of N oxide emissions from pasture soils after the wetting experiment or
the second rain event were even less important than in forest soils (Figures 4b, 4c
and 6a,6b). Pulses of NO estimated from the pastures after irrigation or the increase
observed after the second rain were both insignificant. Pulses of N2O from the ir-

Figure 8. Long-term record (grey-filled boxes) of inorganic N pools (NH4
+ and NO3

−) from the 11-year-
old pasture at Nova Vida. Dashed boxes represent inorganic pools measured three days after the 17.2
mm rain event (August 10,1998) and at the start of the experiment (August 18,1998). The center hori-
zontal line of the boxes represents the median. The hinges mark the first and third quantiles. The hori-
zontal dashed line indicates the mean annual average for the NH4

+ and NO3
− pools.
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rigation were only sizable in the 26-year-old pasture, however, this also represented
a very small proportion of the dry season or annual emissions.

The pulses of N oxide emissions from forest soils were accompanied by rapid
increases in CO2 emissions. This large increase in CO2 emissions immediately af-
ter irrigation suggests an increase in microbial metabolism acting on easily decom-
posable organic substrates, such as death microbial biomass, during immediate post
wetting (Shields et al. 1974; Sørensen 1983). Laboratory incubations using 14C-
labeled substrates have demonstrated that upon soil wetting, soil microorganisms
are capable of rapidly metabolizing readily decomposable substrates that originate
from cells killed during the drying of the soils (Van Gestel et al. 1993). In pastures,
although N oxide emissions following wetting were very small, CO2 emissions in-
creased. This indicates that there was an immediate increases in microbial activity
upon wetting and suggests that the lack of N oxide fluxes was associated with the
low N availability that characterizes pasture soils.

The severity and length of the dry season may explain the differences in the
magnitude of the N oxide pulses observed between the dry deciduous Mexican for-
est (García-Méndez et al. 1991; Davidson et al. 1991) and the forest we examined

Figure 9. Pulses of NO and N2O during the dry-wet transition period expressed as a percent (in paren-
thesis) of the dry and wet seasons and annual emissions. Seasonal emissions of NO and N2O are ex-
pressed as mg N m−2. Percent calculations used a transition period pulse of 4.5 mg N m−2 for NO and
0.9 mg N m−2 for N2O. Dry season NO emissions (n = 6) were estimated from data collected during
1998 (Garcia-Montiel et al. 2001; Steudler et al. 2002). Dry season N2O emissions (n = 20) were esti-
mated from a long-term data set collected from 1992 through 1998 (Garcia-Montiel et al. 2001; Melillo
et al. 2001; Steudler et al. 2002). Wet season emissions of NO (20.97+ 4.5 �g N/m2/hunitr, n = 17)
were estimated from a data set collected during 1998–1999 (Garcia-Montiel et al. 2001; Steudler et al.
2002). Wet season emissions of N2O (53.36 + 11.25 �g N/m2/hunitr, n = 32) were estimated from a
long-term data set collected from 1992 through 1999 (Garcia-Montiel et al. 2001; Melillo et al. 2001;
Steudler et al. 2002).
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in Rondônia. The severe dry season that characterizes the forest at the Mexican
site, where soils can dry to 2% water content, can produce a large effect on soil
biomass and microbial activity. In the forest at Nova Vida, the soils are subject to
a less severe dry season. The absence of drastic seasonal changes observed in the
net rates of mineralization and nitrification measured in our forest (Neill et al. 1995)
suggest a less severe effect on microbial activity.

In the forest, larger post-wetting emissions of NO over N2O suggest that nitri-
fication is the process that is triggered by the sudden increase in soil water avail-
ability. In the pastures, we observed larger post wetting emissions of N2O over NO.
Accumulations of NO3

− at the end of the dry season do not occur in pasture soils;
however, the sudden increase in % WFPS during the wetting experiment might cre-
ate the anaerobic conditions that favor denitrification. Eventhough pasture post-
wetting emissions of N2O were larger than NO, pulses from both gases were low
or insignificant, probably due to the low N availability that constrains N oxide
emissions from these soils (Garcia-Montiel et al. 2001).

Annual forest NO and N2O emissions

Based on our wet- and dry-season measurements from 1998–1999 (n = 23), we
estimated that the forest soil at Nova Vida emitted about 2.38 kg NO-N/ha/yr (Fig-
ure 9). Our estimate is about 60% greater than the mean of 1.5 kg N/ha/yr reported
by Davidson et al. (2001) for four mature Amazonian forests. It is not unexpected
that there is variability among the estimates because the total number of studies is
still quite limited.

We also estimated the annual N2O emissions from this forest to be 3.21 kg N/ha
which is greater than our previous estimate of 1.94 kg N/ha for the same forest
(Melillo et al. 2001). The current estimate is based on a more extensive data set (n
= 52) collected from 1992 through 1999 (Figure 9). One explanation for the dif-
ferences in the estimates may be that the latest result captures more of the inter-
annual variability in the fluxes. Nitrous oxide emissions are known to have high
inter-annual variability (Prather and Ehhalt 2001). Davidson et al. (2001) compiled
a data set of the annual N2O emissions from mature Amazonian forests and re-
ported a mean emission of 2.0 kg N/ha, about 62% less than we found.

Conclusions

Soil wetting after prolonged dryness produced very small pulses of NO or N2O
from forest soils and no significant pulses from pasture soils. From this study, we
found no indication that forest conversion to pasture at Nova Vida creates the con-
ditions necessary for increasing N oxide pulses. This study suggests that our esti-
mates of seasonal and annual NO and N2O fluxes from Rondônia have not missed
an important component by not including these pulses. However, reformation and
intensification of pastures and the use of fertilizer, especially those containing N,
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will likely increase N oxide emissions from pastures because of increased N avail-
ability. As a consequence, the short-term dynamics associated with soil wetting af-
ter prolonged dryness could have a larger effect on the emissions of NO and N2O
to the atmosphere.

We found that the total N oxide emissions of 5.6 kg N/ha/yr from the forest
were nearly evenly divided between NO (42%) and N2O (58%). The emissions of
NO were evenly distributed over the wet and dry seasons, while over 84% N2O
fluxes occurred during the wet season.
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