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Effects of an experimental drought on soil emissions of
carbon dioxide, methane, nitrous oxide, and nitric oxide
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Abstract

Changes in precipitation in the Amazon Basin resulting from regional deforestation,
global warming, and El Nifio events may affect emissions of carbon dioxide (CO,),
methane (CHy), nitrous oxide (N,0), and nitric oxide (NO) from soils. Changes in soil
emissions of radiatively important gases could have feedback implications for regional
and global climates. Here we report results of a large-scale (1 ha) throughfall exclusion
experiment conducted in a mature evergreen forest near Santarém, Brazil. The exclusion
manipulation lowered annual N,O emissions by >40% and increased rates of
consumption of atmospheric CH, by a factor of >4. No treatment effect has yet been
detected for NO and CO, fluxes. The responses of these microbial processes after three
rainy seasons of the exclusion treatment are characteristic of a direct effect of soil
aeration on denitrification, methanogenesis, and methanotrophy. An anticipated second
phase response, in which drought-induced plant mortality is followed by increased
mineralization of C and N substrates from dead fine roots and by increased foraging of
termites on dead coarse roots, has not yet been detected. Analyses of depth profiles of
N,O and CO; concentrations with a diffusivity model revealed that the top 25 cm soil is
the site of most of the wet season production of N,O, whereas significant CO,
production occurs down to 100 cm in both seasons, and small production of CO, occurs
to at least 1100cm depth. The diffusivity-based estimates of CO, production as a
function of depth were strongly correlated with fine root biomass, indicating that trends
in belowground C allocation may be inferred from monitoring and modeling profiles of

H20 and COz.
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Introduction

Regional climate in the Amazon Basin may become
drier as a result of less recirculation of water between
the deforested biosphere and the atmosphere (Shukla
et al., 1990; Nobre et al., 1991; Costa & Foley, 2000; Werth
& Avisar, 2002). Global warming may also increase the
frequency and intensity of El Nifio events (Trenberth &
Hoar, 1997; Timmermann et al., 1999), which cause
severe drought in the eastern Amazon Basin (Nepstad
et al., 1999). Tropical rainfall inhibition by smoke
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(Rosenfeld, 1999; Andreae et al., 2004) may exacerbate
this general drying trend in this moist tropical forest
region.

Recent rapid land-use change in the Amazon Basin is
altering C and N cycles directly (Verchot et al., 1999;
Dias-Filho et al., 2001; Houghton et al., 2001). Changes
in precipitation could also affect emissions of carbon
dioxide (CO,), methane (CHy,), nitrous oxide (N,0O), and
nitric oxide (NO) from the remaining forested soils.
Reduced precipitation may have important feedback
effects on climate change by altering soil emissions of
radiatively important gases, such as CO,, CHy, N,O
(Prather et al., 1995), and NO (NO is not, itself, a
greenhouse gas, but it is a precursor to the formation of
tropospheric ozone, which is a greenhouse gas; Lammel
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& Grafl, 1995). Upland forest soils of the tropics are
known to be important sources of N,O (Matson &
Vitousek, 1990) and NO (Davidson & Kingerlee, 1997)
and sinks for CHy (Potter et al., 1996). Both primary
productivity and respiration are high in many tropical
ecosystems, resulting in large emissions of CO, from
soils (Davidson et al., 2000b). The direct effects of land-
use change in the Amazon region on soil emissions of
these gases have been studied (Matson et al., 1990;
Fearnside 1996; Steudler et al., 1996; Verchot et al., 1999,
2000; Davidson et al., 2000b; Kirkman et al., 2002), but
the possible effects of changes in precipitation have
been addressed only in a single small-scale (100 m?)
pilot experiment (Cattanio et al., 2002).

Trace gas emissions are affected by precipitation in at
least two ways (Davidson & Schimel, 1995; Davidson
et al., 2000a): (1) soil water content affects soil aeration,
which, in turn, affects microbial processes of produc-
tion and consumption of these trace gases and (2)
reduced precipitation could alter root turnover, litter-
fall, decomposition, and mineralization, which would,
in turn, affect the availability of carbon and nitrogen
substrates for trace gas production. However, an
increase in available N or C in the soil may first require
a change in C allocation by plants, root mortality, or soil
faunal activity.

We report here the results of a large-scale (1ha)
throughfall experiment manipulation conducted in the
Tapajos National Forest, near Santarém, Para, Brazil
(Nepstad et al., 2002). We hypothesized that throughfall
exclusion would affect trace gas emissions in two
phases. The first phase would be characterized by
immediate and direct responses to soil drying, such as
increased soil consumption of atmospheric CH, due to
higher diffusivity in dry soil (Dorr et al., 1993; Striegl,
1993), and an increase in the ratio of NO:N,O
produced by nitrification and denitrification in drier
soils (Firestone & Davidson, 1989; Davidson et al.,
2000a). A second phase, which would begin only after
drought stress caused significant root mortality, would
be characterized by increased substrate availability that
would increase emissions of NO, N,O, and CH, due to
mineralization of N-rich fine root tissues and enhanced
termite foraging on dead coarse roots (Cattanio et al.,
2002). It is more difficult to predict responses of soil
CO, emissions because root mortality would both
decrease root respiration and possibly increase decom-
position of dead roots.

In addition to the overall responses of emissions from
the soil surface, we are investigating the effects of
throughfall exclusion on the depths within the soil
profile where these gases are produced and consumed.
Evergreen forests of the eastern Amazon Basin depend
upon deep roots to obtain water from 8m or greater
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depths through the long dry season (Nepstad et al.,
1994). Experimentally imposed drought could cause an
increase in allocation of C to deep roots. If changes in C
allocation are substantial, we would expect to see
greater production of CO, at depth under the drought
stressed treatment. Our surface flux measurements
were accompanied by measurements of gases through-
out the soil profile, from 10 to 1100 cm depths. We then
applied a model of soil diffusivity, based on measures
of porosity, water-holding properties, and water con-
tent, to calculate the flux of CO, and N,O as a function
of soil depth.

Materials and methods

Study area

The Tapajés National Forest, located in east-central
Amazonia (2.8968°S, 54.9519°W), receives 600-3000 mm
of rain each year, with a mean of 2000 mm, most of
which falls during the wet season from January to June
(Fig. 1e). El Nifio events cause severe droughts
(Nepstad et al., 1999). The forest is situated on a terrace
of tertiary sediments capped by the Belterra Clay
Formation (Clapperton, 1993). The Oxisol soil (Haplus-
tox) is acidic (pH 4-5), is dominated by kaolinite clay
minerals (60-80% clay), and is free of hardpan or iron
oxide concretions in the upper 12m; the water table
is more than 100 m deep. The forest has emergent trees
up to 55m in height, with a continuous canopy at
approximately 30m. Of the trees and lianas >10cm
diameter at breast height, aboveground biomasses were
348 and 235Mgha ' in the treatment and control plots,
respectively, and the number of species were 169 and
188, respectively (Nepstad et al., 2002).

Experimental design

Two 1ha plots were identified from an initial survey of
20ha of forest. Details of site selection, research
infrastructure, and the broad array of ongoing ecologi-
cal measurements are available in Nepstad et al.
(2002). A 1.5m deep trench was excavated around
the perimeter of the treatment plot, to reduce the
potential for lateral movement of soil water from the
surrounding forest into the plot. A similar trench was
excavated around the control plot to avoid the
confounding of throughfall exclusion and trenching
effects. All measurements reported here were taken at
least 20 m from the trench edge to guard against edge
effects.

As with many large-scale ecosystem manipulations,
this experiment is prohibitively large and expensive to
permit replication. Following the successful study
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Fig. 1 Monthly mean surface fluxes (N = 18) of carbon dioxide, nitric oxide, nitrous oxide, and methane in the throughfall exclusion
plot (open symbols) and control plot (solid symbols). For CHy, negative fluxes indicate net consumption by the soil of atmospheric CHy,
whereas positive values indicate net emission from the soil. The error bars (a few of which are smaller than the plotting symbols)
represent standard errors of the mean. Missing data are due to equipment failure. The shaded regions show the periods when the
throughfall exclusion panels were in place. Monthly precipitation at the study site for 1999-2002 is shown in the bottom panel.

design of large-scale ecosystem manipulation experi- calibration period, beginning in September 1998. By
ments, such as those at Hubbard Brook, we have determining differences between the two plots before
intercalibrated the two Amazon plots by making and after rainfall exclusion, treatment effects are clearly
measurements in each plot during an 18-month inter- identified as trends of pretreatment similarities and
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differences between plots begin to diverge after the
treatment begins.

Throughfall was partially excluded from the treat-
ment plot during the rainy season of 2000, from early
February through early August, using 5660 panels
made of clear, photosynthetically active radiation-
transmitting greenhouse plastic mounted on wooden
frames. The panels are removed during the dry season
to reduce their influence on the forest floor. They were
put back in place during the rainy seasons of 2001 and
2002. Only ~1% of solar radiation penetrates the forest
canopy (Nepstad et al., 1996), and panels change forest
floor temperature by <0.2°C. While they are in place,
the panels are flipped on their sides every 2 days to
transfer accumulated litter onto the forest floor beneath.
Each 3m x 0.5m panel drains into a plastic-lined,
wooden gutter that carries the water into the trench,
which is also lined with plastic; the gutters serve as
catwalks for various measurements and panel main-
tenance. Water flows by gravity from the trenches into a
deeper drainage ditch, and into a small valley 250 m
away from the plot. The panels and gutters cover only
78% of the forest floor, because we left openings around
tree stems. We do not exclude stemflow from the plot,
given its small contribution to forest floor soil water
input (1-2%, Jipp et al., unpublished manuscript), and
its disproportionately high contribution to nutrient
inputs to the soil. Water yield from the gutters that
drain the plot is 72-75% of throughfall, and 58-61% of
total rainfall (Nepstad et al., 2002).

Root biomass

Soil shafts (12m deep, with 2.1m x 0.8m openings,
n =3 per plot), with a wooden infrastructure, were dug
to provide belowground access. Coarse root biomasses
to 12m depth (>2 mm diameter, live and dead) were 33
and 30Mgha™' for the treatment and control plots,
respectively, based on roots encountered during the
excavation of three soil shafts per plot and dried to
65°C (Table 1). Fine root biomass (0-2 mm diameter,
live and dead) was 3.4 and 42Mgha ' for the
treatment and control plots, respectively, based on 20
auger borings to 6m depth, with 1.5kg soil samples
collected at 0-0.1, 0.5, 1m, and at 1m intervals to
6m depth. Roots were separated from the soil
using a combination of sieving of the soil in suspension
through a 0.6 mm nylon mesh, and visual inspection of
the soil slurry following sieving. Live and dead
roots were distinguished using a dissecting scope
(x 10) on the basis of visual criteria and staining,
although only total root biomass is reported
here.
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Table 1 Mean annual trace gas emissions based on 14
sampling dates during the 3 years after initiation of the
throughfall exclusion treatment (see text)

Exclusion Control
CO, MgCha™) 11.8 + 1.0 10.0 £ 0.9
NO (kgNha™) 22405 0.9 +0.2
N,O (kgNha ) 15+ 02 26 +1.0
CH,4 (kgCHzha ™) -53+1.0 ~11+1.0

The error terms represent the 95% confidence interval derived
from analysis of spatial heterogeneity among the 18 flux
chambers per study plot. Note that differences in CO, and NO
fluxes between treatments are similar to pre-existing differ-
ences between plots, whereas differences for N,O and CHy
appeared only after the throughfall exclusion treatment began.

Volumetric water content

Volumetric soil water content (VWC; cm® water cm ™

soil) was measured to 11m depth in each of the soil
shafts using time domain reflectrometry (TDR). The
rods of each sensor were imbedded at one end in an
epoxy resin head. Each sensor was installed at the end
of a 1.5m auger hole drilled horizontally into the wall
of the shaft (the rods pushed into the intact soil) to
avoid shaft effects on soil moisture; the holes were then
back-filled with soil. Each of the six shafts (three per
plot) have duplicate vertical sensors at the soil surface
and duplicate horizontal sensors in opposite walls at
50, 100, 200, 300 cm, and at 100 cm intervals to 1100 cm
depth. The dielectric constant of the TDR probes was
measured with a cable tester, and VWC was estimated
from the calibration equation developed in a similar
Belterra clay formation, in eastern Amazonia (Jipp et al.,
1998). The mean VWC was calculated from the
duplicate TDR probes at each depth in each shaft.

Soil gases

Fluxes of gases at the soil surface were made using
chambers consisting of a polyvinyl chloride (PVC) ring
(20cm diameter x 10cm height) and a vented PVC
cover made from an end-cap of a 20 cm diameter PVC
pipe. In September 1998, PVC rings were pushed into
the soil to a depth of 2-3cm to make the base of the
chamber and have been left in place for the duration of
the study. Six rings were placed in each of three
subplots within the rainfall exclusion plot and the
control plots, yielding a sample size of 18 for each
treatment.

A dynamic chamber method was used for measuring
fluxes of NO (Verchot et al., 1999) and CO, (Davidson
et al.,2002). Air drawn from the chamber was circulated
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through a Nafion gas sample dryer, a Scintrex LMA-3
NO; analyzer (Scintrex Limited, Concord Ont., Cana-
da), and a LiCor infrared gas analyzer (LiCor, Lincoln,
NE, USA), and then back to the chamber, using Teflon
tubing and a battery operated pump, at a flow rate of
0.5Lmin'. Varying the flow rate from 04 to
1.2Lmin"" had no detectable effect on measured flux
rates. NO is converted to NO, by a CrOj; converter, and
the NO; is detected by chemiluminescent reaction with
Luminol. Fluxes were calculated from the rate of
increase of NO and CO, concentrations, recorded by a
datalogger at 12s intervals between 1 and 3 min after
placing the cover over the ring. The instruments were
calibrated twice daily in the field.

Fluxes of N,O and CH,4 were measured using a static
chamber technique (Matson et al., 1990; Verchot et al.,
1999, 2000) and using the same chamber bases as those
described above. Syringe samples removed from the
chamber headspace at 30s, 10, 20, and 30min were
analyzed in the laboratory by gas chromatography
within 48h, using an electron capture detector (ECD)
for N,O analysis and a flame ionization detector (FID)
for CH, analysis (Verchot et al., 1999, 2000). Fluxes were
calculated from the rate of concentration change,
determined by linear regression.

Both dynamic and static chamber flux measurements
were made on the same day and, in most cases, within
90 min of each other. Detailed discussion of spatial and
temporal variation using this sampling scheme have
been addressed in other publications (Verchot et al.,
1999, 2000; Davidson et al., 2000b). Fluxes have been
measured about five times per year since installation of
the rings in 1998, and these measurements are ongoing
at the time of this writing.

Stainless steel gas sampling tubes (3mm diameter)
were installed into the walls of each of the six soil shafts
at depths of 10, 25, 50, 100, 200, 300, 700, and 1100 cm,
following the methodology of Davidson & Trumbore,
(1995). The tubes were placed into 1.5m long horizontal
auger holes that were then backfilled. Duplicate gas
samples of 20mL were withdrawn from each tube
through a septum and fitting on the exposed end in the
soil pit using a nylon syringe. The N,O and CH,
concentrations were analyzed by ECD and FID gas
chromatography, as described above for syringe sam-
ples. The CO, concentrations in the soil profiles were
sufficiently high that quantification could be achieved
with the ECD despite its relatively poor sensitivity to
CO;. Profiles of NO concentrations were not measured.

Soil bulk density and water holding properties

Intact soil cores were collected from 50 cm and at every
100 cm interval between 100 and 1100 cm in shafts 1 and

2 (exclusion plots) and 4 and 5 (control plots). Water
retention curves of these intact soil cores were
determined on pressure plates by Dr E. J. M. Carvalho
in the soil physics laboratory of Embrapa Amazonia
Oriental in Belém, Brazil. Data from the water retention
curves were used to estimate the parameters needed for
the diffusivity model described below. Bulk density
was then estimated from the oven-dried soils of these
intact cores. Mean bulk densities were 1.0, 1.1, and
l.chmf3 at the 50, 100400, and 500-1100 cm depths,
respectively.

Modeling effective diffusivity and fluxes of CO, and N,O

Ambient air-filled porosity (¢) was estimated from the
difference between total porosity and VWC determined
by TDR measurements. Total porosity was calculated
from measures of bulk density:

Total porosity = 1 — (DBD/PD),

where BD is measured bulk density and PD is an as-
sumed particle density of 2.6 g cm 3. Total porosity was
0.62cm®cm > at 50 cm and decreased with depth until
about 600 cm depth, where it averaged 0.52 cm®em ™,

The water retention and bulk density data from the
cores at 50 cm depth were used for the top 50 cm soil,
which may have caused underestimation of diffusivity
in the top 25cm. Because bulk density and water
retention curves were measured for soils of only two of
the three shafts per treatment, the estimates of total
porosity, €100, and b (see below) for the third shaft were
estimated by the means of these values for each depth
from the other two shafts.

The ratio of diffusivity in soil (Dp) to diffusivity in air
(Do = 0.16 cm?s~! for CO, and N,O at 25 °C and 1 atm)
was calculated following the model of Moldrup et al.
(2000):

DP/DO = (28:]))00 + 0.048100) X (8/8]00)2+3b,

where ¢ is ambient air-filled porosity (total porosity —
VWO), €109 is air-filled porosity at —100 cm H,O tension
(i.e. the —10kPa treatment of an intact soil core on a
pressure plate), and b is the slope of the line determined
from the water retention curve:

Log — ¥ =a+ b0,

where ¥ is the water potential and 0 is the VWC of the
pressure plate measurements. The &gy term represents
macroporosity, while the b term characterizes the pore-
size distribution, generally increasing with clay content
(Moldrup et al., 2000). The mean &1 values declined
gradually from 0.27cm’cm™> at 50cm depth to
0.06cm®cm > at 1100cm depth. The b values for this
clayey soil ranged from 14 near the surface to as high as
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35 at depth, but most values were between 20 and 30.
Effective diffusivities generally ranged between 0.01
and 0.02 cm®airem ™' soils ™! in the top 50 cm and were
as low as 0.002cm®aircm ™ 'soils ™ in the deep soil.

Fluxes of CO, and N,O were estimated at each
sampling depth by applying Fick’s first law:

Flux = Dp x dC/dz,

where Dp is the effective diffusivity calculated as
described above and dC/dz is the concentration (C)
gradient over depth z. For the flux at 10 cm depth, the
gradient between the concentrations at 10cm and
the ambient atmosphere was used. For the flux at
25cm, the gradient between 25 and 10cm was used,
and so on, for each of the depths to 1100 cm where gas
concentrations were sampled. This approach assumes
that the concentration profile is momentarily at steady
state and that no production or consumption of the gas
occurs between the two depth intervals, which are
simplifying assumptions that are likely not to be strictly
true. However, the approach of Davidson & Trumbore
(1995), where an instantaneous flux gradient was
calculated at each depth from the tangent of an
exponential fit to the concentration profile, was not
possible here because the concentration profiles usually
did not follow an exponentially increasing concentra-
tion with depth. Hence, calculating a concentration
gradient for each measured depth increment was
judged to be most appropriate. Although there remains
uncertainty regarding the magnitude of each individual
flux estimate, our objective is to identify the relative
trends of gas production as a function of soil depth,
season, and treatment, which this approach provides.
Where gas concentrations increase with depth, the flux
calculated for a given depth using this model provides
an estimate of the production that occurred below that
depth.

Statistical analyses

The surface gas flux measurements were not normally
distributed, so the data were logarithmically trans-
formed prior to analysis of variance. In the case of CH,
and N,O, where negative fluxes were observed, an
integer (5 CH4 and 2 for N,O) was added to all fluxes to
make the values positive prior to logarithmic transfor-
mations.

A repeated measures design was first used to test
differences between the two study plots in 1999, before
the throughfall exclusion experiment began. The effect
of sample date (repeated measures) was used to
determine the effect of seasonality within each plot.
Another repeated measures design was used to test the
effect of the rainfall exclusion treatment, in which data
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from one date in the dry season and one date in the wet
season in each of the 3 years of post-treatment
measurements were included as dependent variables.
Year and season were considered as two repeated trial
factors. To test the effect of throughfall exclusion on
the seasonality of gas fluxes, we examined the interac-
tion of the throughfall exclusion treatment and the
repeated measurements across seasons within each
year.

Annual estimates of trace gas fluxes were first made
for each individual flux chamber. Because there were
equal numbers of wet and dry season sampling dates
and because the wet and dry seasons are each about 6
months, no special weighting of the data was needed.
The average of the fluxes across the 14 post-treatment
sampling dates over 3 years was extrapolated to an
annual rate. Because there were no more than five
sample dates in any year, sampling was not sufficiently
frequent to address interannual variation, so the data
are combined across all post-treatment years to calcu-
late an average annual flux. After calculating an annual
flux for each chamber, the mean and 95% confidence
interval was calculated for the 18 chambers within each
treatment plot. Hence, temporal variation was ad-
dressed in the repeated measures analysis, while the
error terms of the annual estimates reflect only spatial
heterogeneity.

Results and discussion

Emissions from the soil surface

Fluxes of CO, and NO were significantly higher
(P<0.01) in the treatment plot than in the control plot
in 1998 and 1999, prior to initiation of the throughfall
exclusion treatment (Fig. 1a,b). We do not know the
reason for this pre-existing difference between plots.
These differences persisted at similar amounts through-
out the post-treatment period (P<0.01). Therefore, we
conclude that there has been no detectable effect of the
throughfall exclusion treatment on these two gases.
Fluxes of CO, were significantly higher and NO fluxes
significantly lower during the wet season compared
with the dry season (P<0.01), but the interaction of
season and throughfall exclusion treatment was not
significant (P> 0.05).

In contrast, fluxes of N,O were marginally signifi-
cantly higher (P = 0.04) in the exclusion plot prior to the
start of the exclusion treatment, and then became
significantly lower in the exclusion plot compared with
the control plot (P<0.01) during the wet seasons after
the throughfall exclusion began (Fig. 1c). Fluxes of CH,
were not significantly different (P>0.05) in exclusion
and treatment plots prior to the start of the exclusion
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treatment, but diverged significantly (P = 0.01) after the
throughfall exclusion began (Fig. 1d). The effect of
season was significant (P <0.01) both before and after
the exclusion treatment began for both N,O and CH,,
and the interaction of treatment and season became
significant (P<0.01) for CH,4 only after the treatment
began. As expected, fluxes of N,O were generally
higher during the wet season (January-June) than the
dry season, but the seasonal variation was diminished
in the throughfall exclusion plots (Fig. 1c). Fluxes of
CH, were negative during the dry season, indicating
net consumption of atmospheric CHy by the soil (Fig.
1d). During the very wet rainy seasons of 2000 and
2001, net production of CH, (positive flux) was
occasionally observed in the control plot receiving
natural throughfall, whereas the negative fluxes char-
acteristic of the dry season persisted throughout the
wet seasons in the exclusion plot.

Nepstad et al. (2002) calculated that the throughfall
exclusion resulted in a depletion of 100 and 140 mm
water storage in the top 2m of soil in the exclusion plot
relative to the control in 2000 and 2001, respectively. We
conclude that drier soil conditions caused by through-
fall exclusion inhibited N,O and CH,4 production and
promoted CH, consumption.

No relationship between VWC of the top 30 cm soil
and CO; flux was observed (Fig. 2a), except perhaps a
weak indication of the highest fluxes at intermediate
water contents. The use of matric potential or water-
filled pore space as the scalar for water content did not
improve this relationship. An unusually large pulse of
CO, was observed in February 2000, when our
sampling happened to follow immediately after a large
rainfall event (Fig. 1a). In contrast to CO,, NO fluxes
were negatively correlated with VWC, and N,O and
CH, fluxes were positively correlated with VWC (Fig.
2b—d). The ratio of N,O:NO fluxes was also positively
correlated with VWC. Similar results have been shown
for many sites, where wet conditions favor the more
reduced gas, N>O, and dry conditions favor the more
oxidized gas, NO (Firestone & Davidson, 1989; David-
son et al., 2000a; Davidson & Verchot, 2000). Production
of CH, is enhanced by increased frequency of anaerobic
microsites in wet soil, whereas CH, consumption is
favored in drier soil conditions (Davidson & Schimel,
1995). The effective diffusivity of gases in the soil
increases as the soil dries, thus promoting diffusion of
atmospheric CHy and O, into the soil, which can be
limiting factors for CH4 oxidation (Dorr et al., 1993;
Striegl, 1993; Keller & Reiners, 1994; Verchot et al., 2000).
The graphs in Fig. 2 demonstrate that the exclusion
treatments shifted the VWC toward the drier end of the
gradient, thus increasing CH; consumption and de-
creasing production of N,O and CH,.

The annual emissions of NO, N,O, and CH, from the
control plot (Table 1) are within the ranges reported by
other investigators working in Amazonian forests (see
review of NO and N,O by Davidson et al. (2001), and
review of CH,; by Verchot et al. (2000)). The CO,
emissions from this site are considerably lower than
those measured by Davidson et al. (2000b) in a mature
forest near Paragominas, Pard, for which there is no
obvious explanation.

The annual NO emissions from the exclusion plot
were more than double those of the control plot. For
reasons that we cannot identify, however, NO emissions
had also been higher in the control prior to the
exclusion treatment, so this difference cannot be
attributed to the throughfall exclusion. For N,O, on
the other hand, the annual emissions from the exclusion
plot were about half those of the control plot, and this is
a statistically significant effect of the treatment. Simi-
larly, annual rates of consumption of atmospheric CHy
by the soil were >4 times higher as a result of
throughfall exclusion.

We hypothesized that the first phase of response to
throughfall exclusion would be the direct effect of soil
water content and aeration on soil microbial processes of
NO, N,O, and CH,4 production and consumption. Indeed,
this response was observed for N,O and CH, during the
first three post-treatment wet seasons. We have not yet
observed any indication of a hypothesized second phase
response related to substrate availability. If fine root
mortality had increased net N mineralization, we would
have expected to see elevated NO and N,O fluxes in the
exclusion plot in both dry and wet seasons due to
increased N substrate availability, as was observed 3 years
after the initiation of the exclusion treatment in a pilot
study (Cattanio et al., 2002). Likewise, if root mortality had
resulted in a larger mass of coarse dead roots for termite
foraging, we would have expected increased emissions of
CHy,4 even in the dry soil (Cattanio et al., 2002). Nepstad
et al. (2002) reported evidence of reduced aboveground
net primary productivity and stem wood increment
growth in the exclusion plot near the end of the second
year of rainfall exclusion. Since then, mortality of
understory trees has become apparent and canopy
openness has increased in the exclusion plots (Nepstad,
unpublished data), indicating that the effects of drought
on mortality and C allocation are just now becoming clear.
We anticipate that the hypothesized second phase of
responses of traces gases will follow in the coming years.

Depth profiles of gas concentrations, VIWC, and
production estimates

Depth profiles of VWC, CO, concentrations, and N,O
concentrations are shown in Fig. 3 for five representative
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Fig. 2 The relationship between volumetric water content of the top 30 cm soil with surface fluxes of carbon dioxide, nitric oxide,
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the throughfall exclusion plot (open symbols) and control plot

(solid symbols). The R? values for the regression lines are 0.48, 0.15, 0.31, and 0.35 for NO, N,O, CH,4, and Log(N,O/NO), respectively.
The regression for N,O is significant at P<0.05 and the others are significant at P <0.01.

dates of the 13 times that these profiles have been
measured so far. The example of pretreatment profiles
in December 1999 shows that VWC near the surface
was similar in the two plots, but that the exclusion plot
had lower initial water content at depth, although error
bars often overlap. By the end of the first post-treatment
rainy season in July 2000, the exclusion plot had lower
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water content in the surface horizons, and the differ-
ences persisted throughout the remaining sampling
dates. By the last shown sampling date in June 2002,
differences in VWC were unambiguous at all depths.
The profiles of CO, concentrations were remarkably
similar in the two plots prior to the exclusion treatment
in December 1999. The CO, concentrations began
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Fig. 3 Depth profiles of volumetric water content, carbon dioxide concentration, and nitrous oxide concentration for five selected dates,
including December 1999 (pretreatment dry-to-wet season transition), July 2000 (post-treatment wet-to-dry season transition), April 2001
(wet season), September 2001 (dry season), and June 2002 (end of wet season). Means and standard errors (error bars) are shown for
three soil shafts in each of the two plots (open symbols for throughfall exclusion plot and solid symbols for control plot).
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Fig. 4 Fluxes of carbon dioxide and nitrous oxide as a function
of depth as calculated by the diffusivity model. Means were
calculated across dates within the wet season (circles) and
within the dry season (squares) and for the throughfall exclusion
plot (open symbols) and control plot (solid symbols). A
logarithmic scale is used to distribute the data more evenly
along the Y-axis for visual clarity.

diverging in the top 50cm of soil in 2000 and were
higher in the top 200-300 cm in the control plots during
subsequent rainy seasons, as in April 2001 and June
2002. Differences were smaller during dry seasons, as in
September 2001. The CO, concentrations increased with
depth in both plots on all dates, indicating at least some
CO, production as deep as 1100 cm.

The concentrations of N,O began somewhat higher in
the exclusion plot during the December 1999 pretreat-
ment sampling, but this trend quickly reversed during
the first post-treatment rainy season. The highest
concentration was observed between 50 and 300 cm in
control soils during the rainy season. This peak was
absent on all dates in the post-treatment exclusion plot
and during the dry season (September 2001) in the
control plot. Hence, production of N,O occurred mostly
in the top 300cm of the control plot during the wet
season.

Depth profiles of CH, are not shown because they
showed only one consistent trend at all dates and in
both plots — the concentration was usually below
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ambient (1.8 uL L") at all depths, indicating that most
of the CH, consumption occurred in the top 10cm. In
most cases, the concentrations were <1.0pL LY, and
they showed no consistent trend with depth. However,
occasional ‘hot spots” of CH, production were indicated
by concentrations of several \LL~" above ambient at a
single depth, but with no recognizable pattern in terms
of depth, season, or treatment. The net positive CH,
fluxes sometimes measured at the surface in the control
plots during the wet season (Fig. 1d) were most likely
due to such hot spots near the surface directly under a
flux chamber, because no consistent gradient of
increasing concentration with depth was ever observed
in these depth profiles. Hence, no attempt was made to
model CH,4 production as a function of depth.

Although the N,O concentrations peaked at 50—
300 cm, the calculated N,O flux was greatest at 10cm
depth (Fig. 4b) due to a large concentration gradient
between that depth and the overlying atmosphere, and
because the highest effective diffusivities were calcu-
lated for the surface soil. Significantly lower fluxes
calculated at 25cm depth, representing <20% of the
measured surface fluxes, indicate that most of the N,O
production occurred above 25cm depth. The large
peaks of N,O concentration measured at 50-300 cm in
the wet season (Fig. 3) result from modest production
and low effective diffusivities at those depths. Con-
sistent with surface flux measurements (Fig. 1b), N,O
fluxes calculated within the profile were higher in the
control plot than the exclusion plot and higher in the
wet season than in the dry season. Fluxes declined
rapidly with increasing depth and were near zero at 700
and 1100cm. Negative values for calculated fluxes
indicate downward diffusion from 200 to 700 cm depths
on some dates, particularly in the wet season when
production was greatest in the top 300cm. The
increasing N,O concentration profile with depth ob-
served in the dry season (e.g. September 2001) may be a
memory effect of N,O having diffused to deep horizons
during the wet season and not yet having fully diffused
back upwards during the dry season. Diffusivities were
very low in both seasons in the deep soil (usually 0.001-
0.003 cm® airem ™! soils ™).

Calculated fluxes of CO, as a function of depth were
similar to N,O, except that all values were positive,
indicating at least a small source at all depths (Fig. 4a).
During the wet season, the calculated CO, flux at 10 cm
often equaled or exceeded the mean surface flux due to
a very steep concentration gradient between 10 cm and
the overlying atmosphere. Much lower fluxes were
calculated at 25cm depth (Fig. 4a). These results
indicate that most of the CO, production occurred
between 10 and 25cm depth during the wet season,
although some production above 10cm is likely,
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suggesting that the diffusion model probably over-
estimated fluxes at 10 cm.

During the dry season, the calculated flux at 10 cm
depth was only about 70% of the surface flux,
indicating a significant contribution of production in
the 0-10cm depth increment. It may be that the top
10 cm soil becomes too wet during the wet season for
significant aerobic respiration and that respiration
increases there as the soils dry during the dry season.
This interpretation is consistent with significant pro-
duction of N,O and CH,; in the surface soil from
denitrification and methanogenesis in abundant anae-
robic microsites of the surface soil during the wet
season (Fig. 1c,d). A significant flux of CO, is also
calculated at 50 and 100cm depths during the dry
season in both plots (Fig. 4a). This result indicates
significant CO, production (10-20mgCm *h™") down
to at least 100cm, which is consistent with the top
200cm of soil drying significantly during the dry
season (Fig. 3), thus increasing diffusivity, aeration,
and perhaps CO, production. Interestingly, CO, surface
fluxes showed less seasonality than the other gases (Fig.
1), which is consistent with aerobic processes being
enhanced by some degree of drying and with inter-
mediate soil water contents being optimal for CO,
production (Linn & Doran, 1984; Fig. 2a).

There appears to be no effect yet observed of
throughfall exclusion on CO, fluxes, either measured
at the surface with chambers (Fig. 1a) or calculated at
depth with the diffusivity model (Fig. 4b). It is possible
that drought-induced plant stress could reduce root
respiration, while fine root mortality enhances micro-
bial decomposition, and these two effects cancel.
However, this scenario is still speculative, and, for the
moment, we can conclude only that total soil respira-
tion has not been affected by the throughfall exclusion
manipulation.

The profiles of total fine root biomass (0-2mm, live
and dead) covaried with the estimates of CO, flux as a
function of depth calculated for the same months that
root biomass was measured (Fig. 5). The roots
apparently are the dominant source of CO, in deep
soil, either directly from root respiration or indirectly
from microbial decomposition of root detritus.
Although this correlation may not be surprising, we
are unaware of any other demonstration of this
relationship, because few studies have addressed both
root biomass distributions and CO, production with
soil depth. This covariance lends support that the
relative trends of CO, flux by depth derived from
diffusion model are reliable, although uncertainties
remain in the magnitude of these estimates. Moreover,
this relationship suggests that we might be able to
detect future changes in root distributions and alloca-
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Fig. 5 Relationship between total (live + dead) fine root (0-
2mm diameter) biomass and calculated carbon dioxide flux at
10, 50, 100, 200, 300, and 700 cm depths in exclusion and control
plots in August 2000 and July 2001, which are the dates that fine

roots were sampled. The regression equation is Log(CO,
flux) = 0.684 Log(biomass) + 1.52; R = 0.74.

tion of C belowground as the experiment progresses by
continuing to estimate CO, production as a function of
depth using profiles of diffusivity (as affected by H,O)
and concentrations of COs,.

Conclusion

This throughfall exclusion experiment has demon-
strated that emissions of N,O and CH, from Amazo-
nian forest soils are sensitive to changing climate. The
exclusion manipulation, which is similar to the reduc-
tion in rainfall experienced during severe El Nifio
events, lowered annual N,O emissions by >40% and
increased rates of consumption of atmospheric CHy by
a factor of >4. No treatment effect has yet been
detected for NO and CO; fluxes. The responses of these
microbial processes after three rainy seasons of the
exclusion treatment are characteristic of the anticipated
first phase, in which the direct effect of soil aeration on
denitrification, methanogenesis, and methanotrophy
were observed. A second phase response in which
drought-induced plant mortality is followed by in-
creased mineralization of C and N substrates from dead
fine roots and by increased foraging of termites on dead
coarse roots has not yet been detected. Determining the
potential effects of reduced precipitation due to
extensive regional land-use change on trace gas
processes in Amazonian forest soils will require longer
term monitoring of this experiment.

Analyses of depth profiles of N,O and CO, concen-
trations with a diffusivity model revealed that the top
25cm soil is the site of most of the wet season
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production of N>,O, whereas significant CO, production
occurs down to 100cm in both seasons, and small
production of CO, occurs to at least 1100cm depth.
Covariance of fine root biomass with modeled CO,
production as a function of depth suggests that trends
in belowground C allocation may be inferred from this
approach of monitoring and modeling profiles of H;O
and COs.
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