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ABSTRACT

Nitrogen variations at different spatial scales and
integrated across functional groups were addressed
for lowland tropical forests in the Brazilian Amazon
as follows: (1) how does N availability vary across
the region over different spatial scales (regional x
landscape scale); (2) how are these variations in N
availability integrated across plant functional
groups (legume x non-legume trees). Leaf N, P,
and Ca concentrations as well the leaf N isotope
ratios (3'°N) from a large set of legume and non-
legume tree species were measured. Legumes had
higher foliar N/Ca ratios than non-legumes, con-
sistent with the high energetic costs in plant growth
associated with higher foliar P/Ca ratios found in
legumes than in non-legumes. At the regional
level, foliar 8'°N decreased with increasing rainfall.

At the landscape level, N availability was higher in
the forests on clayey soils on the plateau than in
forests on sandier soils. The isotope as well as the
non-isotope data relationships here documented,
explain to a large extent the variation in 8'°N sig-
natures across gradients of rainfall and soil. Al-
though at the regional level, the precipitation
regime is a major determinant of differences in N
availability, at the landscape level, under the same
precipitation regime, soil type seems to be a major
factor influencing the availability of N in the Bra-
zilian Amazon forest.

Key words: nitrogen; lowland tropical forest;
nitrogen stable isotopes; Amazonia; foliar phos-
phorus; terra-firme forest; campinarana forest.

INTRODUCTION

Studying the potential influence of climate on
nitrogen and organic matter content of the soil,
Jenny and others (1948) showed that for a given
pair of temperature and moisture values, the
nitrogen content of the soil was much higher in
tropical soils than in the temperate soils of the
Americas. In two other studies (Jenny and others
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1949; Jenny 1950), it was hypothesized that the
cycling of nitrogen in tropical soils was faster than
in temperate soils, and that the higher gains of
nitrogen in tropical soils were due to nitrogen
additions via rainfall and symbiotic and non-sym-
biotic nitrogen fixation, mainly by the large num-
bers of legume trees in tropical forests.

The richness of nitrogen in tropical forests was
confirmed by Greenland and Kowal (1960) work-
ing in Ghana, but their observations did not sup-
port the hypothesis of the importance of symbiotic
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nitrogen fixation as the main source of nitrogen to
these forests, because only 8% of the trees be-
longed to the Legume family. Nye (1961) examined
these same forests and found higher litterfall rates
in tropical forests than in temperate forests, and
that the litter in tropical forests was more N en-
riched compared to temperate forests. Enriched
nitrogen in tropical forest litter was fully confirmed
later by Vitousek (1984) and Vitousek and Sanford
(1986). Other authors have reached similar con-
clusions: typically nitrogen circulates at higher
rates annually through lowland tropical forests
(rainforests on flatter terrain in low altitudes) and
does so at high concentrations (Cuevas and Medina
1986; Keller and others 1986; Proctor 1987; Matson
and Vitousek 1987; Piccolo and others 1994; Neill
and others 1995; Martinelli and others 1999;
Vitousek 2004; Davidson and others 2007).

The Amazon forest covers extensive areas of
Brazil and surrounding portions of South America,
constituting one of the most important ecosystems
of the Earth. This basin accounts for 45% of the
world’s tropical forest, and is largely known for its
high species diversity (Prance 1990; Prance 1994)
with legumes representing one of the most diverse
and abundant families of higher plants in this
ecosystem (Moreira and others 1992; Steege and
others 2006). A high percentage of Amazonia is
covered by non-flooded lowland evergreen rain
forests (Whitmore 1984), often referred to in Brazil
as terra-firme forest (Daly and Prance 1989), and
characterized by high species diversity (Pires and
Prance 1985; Steege and others 2006). Soils of the
Amazon Basin are often highly weathered and
nutrient poor (Sanchez and others 1982), exhibit-
ing considerable spatial heterogeneity in soil tex-
ture at both the local and regional level (Sombroek
2000). Biogeochemical and hydrological charac-
teristics of Amazonian forest ecosystems differ
throughout the soil textural mosaic in this region
(Silver and others 2000), but substantial evidence
suggests an apparent abundance of nitrogen across
the Brazilian Amazonian terra-firme forests (Mar-
tinelli and others 1999; Ometto and others 2006).
Rates of net N mineralization and leaching losses
are elevated in these Amazonian terra-firme forests
(Silver and others 2000; Luizdo and others 2004;
Silver and others 2005) and emissions of N-con-
taining trace gases from soil to the atmosphere are
also generally high (Davidson and others 2004;
Keller and others 2005). In central Amazonian
Oxisols, relatively high concentrations of organic N
in the topsoil and a large accumulation of nitrate in
the subsoil have been demonstrated (Renck and
Lehmann 2004). Therefore, pathways of N losses

seem likely to be as losses through leaching of ni-
trate into the subsoil (Salati and Vose 1984) and
gaseous loss through nitrification/denitrification
(Silver and others 2000).

Much is known about the nitrogen status in
lowland tropical forests; however, much less is
known concerning nitrogen variations at different
spatial scales and integrated across functional
groups. Given that soil types and precipitation re-
gime affect N cycling, these issues were addressed
for lowland tropical forests in the Brazilian Amazon
as follows: (1) how does N availability vary across
the region over different spatial scales (re-
gional x landscape scale); (2) how are these vari-
ations in N availability integrated across plant
functional groups (legume x non-legume trees).

Because foliar nutrient concentrations have long
been used to indicate plant nutrient status and
even likelihood of limitation by particular nutrients
(Medina and Cuevas 1994), we measured foliage
from the upper canopy of a significant number of
tree species as well as soil concentrations of N, P,
and Ca to address the issues outlined above.
Additionally, nitrogen isotope ratios in leaves and
soil samples were used to infer about N cycling
under different conditions (Handley and others
1999; Martinelli and others 1999; Amundson and
others 2003). Clearly, the nitrogen stable isotopic
composition of a plant is not solely an integration
of its N source, but it is an integration of the whole
nitrogen balance of a plant (Evans 2001). Mecha-
nistic explanations for local or regional patterns of
3!°N values would require, at least, the use of
Rayleigh equations to determine variations in the
product (for example, plants) and the N source (for
example, source) (Robinson 2001) but due to the
complexity of the N dynamics in a soil system, it is
very difficult to apply a Rayleigh model approach
(Hogberg 1997). Several previous studies have
been focused on qualitative patterns of 3'°N values
in ecosystems to derive information about the N
cycle. Substantial 8'°N variations within and
among ecosystems on a local (Austin and Vitousek
1998; Schuur and Matson 2001) or large scale
(Handley and others 1999; Martinelli and others
1999; Amundson and others 2003) have been
documented. Variations in 3'°N values reflect both
nitrogen isotope fractionations as well as differ-
ences in substrate values. In biological systems, the
leaves usually become '°N depleted relative to their
substrate (HOogberg 1997). Recently, Houlton and
others (2006) used an isotopic approach to examine
a series of tropical forests in Hawai’i and to identify
the mechanisms responsible for variations in the
elevation of soil '°N values relative to atmospheric
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N,, where the isotopic discrimination by microbial
denitrification appeared to be the major determi-
nant of N isotopic variations across a rainfall gra-
dient. If N functions as an excess nutrient in
tropical forests, then large losses of N by fraction-
ation pathways would result in increased §'°N
values in these forests.

METHODS
Study Sites
Comparison at the Regional Level

The sites studied in the Brazilian Amazon basin
were: (1) in the eastern Amazon, the Tapajoés Na-
tional Forest situated 50 km south of the city of
Santarém, Para, between the Tapajos river and the
road BR 163 (2.85 S; 54.95 W); (2) in the central
Amazon, the ZF-2 Experimental Station of Tropical
Forestry administered by the National Institute for
Research in the Amazon (INPA), located 70 km
north of Manaus, in the state of Amazonas
(02.37 S; 60.09 W), and (3) in the western Ama-
zon, the National Park of Pico da Neblina, located
70 km northeastern from the city of Sdo Gabriel da
Cachoeira, Amazonas state (0.14 N; 66.46 W).

Two additional locations with large foliar isotope
records collected during previous assessments were
used here. The details about these two sites, Rebio
and Samuel, both located in the south-western
Amazon in the Rondonia state, can be found in
Ometto and others (2006) and Martinelli and oth-
ers (2000), respectively.

The annual precipitation at the study sites varied
between 1800 and 2000 mm in Santarém, 2000
and 2200 mm in both Rebio and Samuel, 2200 and
2400 mm in Manaus, and 3200 and 3600 mm in
Sdo Gabriel da Cachoeira (Sombroek 2001). The
number of consecutive months with less than
100 mm of rainfall (defined as the dry season) is
5 months for Santarem, 4-5 months for Rebio and
Samuel, 2-3 months for Manaus, whereas there is
no well-defined seasonality in Sdo Gabriel da Cac-
hoeira (Sombroek 2001).

In all the study sites used for this regional com-
parison, dense terra-firme forests (closed canopy;
flat terrain, upland non-flooded tropical forests
(Whitmore 1984; Pires and Prance 1985) were
sampled and soils are classified as Oxisols (Dub-
roeucq and Volkoff 1998; Telles and others 2003).
In Santarém, soils are deeply weathered with high
clay content (600-800 mg kg™ '), low pH (3.6-4.0),
low effective cation exchange capacity (CEC), and
high aluminum saturation (Silver and others 2000;
Telles and others 2003) (Table 1). This region is
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situated on a large plateau with a deep water table
(up to 100 m depth). In Manaus, the dense terra-
firme forest site is located on a plateau that is dis-
sected by streams (Telles and others 2003; Luizao
and others 2004). The soils have high clay content,
low pH, and low effective CEC (Table 1). In Sao
Gabriel da Cachoeira, the terrain is gently rolling
with altitudes varying between 80 and 160 m of
height. The soils presented low pH (3.6-3.9) and
low CEC values and contain an intermediate per-
cent of clay (Table 1).

Comparison at Landscape Level (Manaus Toposequence)

In the Central Amazon, near the city of Manaus (in
the state of Amazonas), different forests occupying
different positions along a toposequence were
sampled to assess forest sites differing in their soil
type. One was the dense terra-firme forest site lo-
cated on a plateau (same site used for the compar-
ison at regional level), and the other terra-firme
forest site was located on a valley bottom (locally
known as baixio), which is an area partially flooded
during the rainy season (Telles and others 2003;
Luizdo and others 2004). This undulating relief has
a maximum peak-to-trough height difference of
120 m. The dominant soil type on the plateaus is
well-drained Oxisols rich in kaolinite clay, whereas
in the baixios, a quartz sand mix with organic
matter predominated (Spodosols). The dense
terra-firme forest on the plateau had higher
aboveground biomass and canopy height when
compared to the terra-firme forest on the baixio,
which had a dense sub-canopy with several palms.
These terra-firme forests were evergreen with mean
canopy height of 23.3 + 8.4 m and 17.5 £ 6.1 m
and maximum canopy height of 54.5 m and 32.2 m
in plateau areas and baixio areas in Manaus,
respectively (M. Keller, personal communication).
We also sampled an intermediate forest along the
toposequence, locally called as campinarana forest
(official site of the BIONTE Project—INPA/ODA,
Manaus, Brazil), which had a dense root mat above
the mineral soil, distinctive vegetation features
including scleromorphism, trees with small diame-
ters and heights, and a dense sub-canopy with high
abundance of epiphytes (Anderson 1981; Ribeiro
and others 1999). The soils of this area are classified
as Ultisols (Ranzani 1980) (Table 1).

Field Sampling

With the exception of Sdo Gabriel da Cachoeira,
field sampling of vegetation was conducted in areas
that already had detailed vegetation surveys. In the
Santarém forest site (hereafter referred to as San-

tarém), sampling was conducted along four tran-
sects (50 x 1000 m) of a permanent forest
inventory belonging to the LBA international re-
search project (Large-Scale Biosphere-Atmosphere
Experiment in Amazonia) (Rice and others 2004;
Vieira and others 2004). In the Manaus region,
sampling was conducted along a single transect
(20 x 2500 m) established by the long-term pro-
ject JACARANDA (INPA, Manaus). This transect is
situated at km 34 of the unpaved road ZF-2, and
included a dense terra-firme forest site on the pla-
teau (hereafter referred to as Manaus-plateau) and
a terra-firme forest site on the baixio (hereafter
referred to as Manaus-baixio). One permanent plot
(100 x 100 m) belonging to the long-term project
BIONTE (INPA, Manaus) was chosen in the
campinarana site (hereafter called Manaus-camp-
inarana), situated at km 24 of the unpaved road ZF-
2. In Sdo Gabriel da Cachoeira (hereafter referred
to as Sdo Gabriel) the study was carried out along a
transect of 20 x 700 m located west of km 55 of
the unpaved road (BR 307) that crosses the
National Park of Pico da Neblina.

In Santarém and Manaus the species were se-
lected based on the important value index (IVI),
which calculates the importance of each species
according to their abundance, frequency, and
dominance. IVI values were taken from previous
inventories carried out at these sites, where trees
were already tagged, mapped, and most identified at
the species level. Sampling was conducted accord-
ing to the putative N,-fixing ability (individuals
belonging to the Leguminosae family and hereafter
called legumes) or inability (individuals belonging
to families other than legumes and hereafter called
non-legumes) according to previous reports (Allen
and Allen 1981; Faria and others 1989; Moreira and
others 1992; Gehring and others 2005).

Plant and woody materials from the trees sam-
pled in Sdo Gabriel were submitted to the Depart-
ment of Forest Management, INPA (Manaus, AM)
for identification at the species level. Subsequently,
we separated species into legumes and non-legume
groupings. Leaf collections from all sites were
obtained during the rainy season.

The number of samples of legumes and non-le-
gumes collected in each site is shown in Table 2.
Trees with a diameter greater than 10 cm were
used for sampling in Santarém and Manaus sites;
trees with a diameter greater than 5 cm at breast
height (DBH) were selected for sampling in Sao
Gabriel. A composite sample of healthy, fully ex-
panded leaves from the upper canopy was har-
vested from each sampled individual (150-200 g).
Most leaves were sampled by climbing to reach the
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Foliar §'°N and Foliar N, P, and Ca Concentrations (Mean and 1 Standard Deviation) for Legumes (L) and Non-Legumes (NL) Sampled at
142

Each Dense Terra-Firme Forest in Oxisols Under Different Precipitation Regimes and Each Forest Site of the Manaus Toposequence

Statistical differences among sites (ANOVA followed by post hoc Tukey; P < 0.05) are represented by different letters as follows:

Statistical differences in the paired tests (L vs NL) for every site (t test; P < 0.05) are indicated by the asterisk (*).

Santarém, Manaus-plateau, and Sdo Gabriel and by "'g"”’,

No. samples

Table 2.

upper canopy. The litter-layer on the floor was
sampled at random locations using a 50 x 50 m
wooden frame (10 samples per site). Soil pits were
excavated to a depth of 50 cm in all studied sites.
Samples from three to six walls in every studied site
were taken at each depth interval (0-5, 5-10,
10-20, 20-30, 30-40, and 40-50 cm).

Laboratory Analyses

All leaves and litter were oven-dried at 65°C until
constant weight and then ground to a fine powder.
Soil samples were air-dried, sieved using a 2-mm
mesh, and homogenized. A smaller sub-sample was
taken, handpicked to remove fine roots and other
debris, and then ground to a fine powder.

A 1.5-2 mg sub-sample of ground organic mate-
rial (leaf and litter) or 15-30 mg sub-sample of
pounded soil was placed in a tin capsule and loaded
into a ThermoQuest-Finnigan Delta Plus isotope
ratio mass spectrometer (Finnigan-MAT; CA, USA)
interfaced with an Elemental Analyzer (Carla Erba
model 1110; Milan, Italy) at the Laboratory of Iso-
tope Ecology (CENA-USP, Brazil) to obtain both the
nitrogen isotope ratio (8'°N) and the carbon and
nitrogen contents of these samples. Stable isotope
ratios of nitrogen were measured relative to inter-
nationally recognized standards. Internal reference
materials (atropine, yeast and soil standard no. 502—
308 from LECO Corporation) were included in
every analytical run. Stable isotope values are
reported in ‘“delta’” notation as 6 values in parts per
thousand (%o)r so that 8%0= (Rsample/Rstandard -
1) x 1,000, where R is the molar ratio of the rare to
abundant isotope ('>N/'*N) in the sample and the
standard. Atmospheric air was used as nitrogen
standard.

Extra soil samples collected in Sdo Gabriel and
Manaus-campinarana were used to determine soil
texture, pH, total P, and the concentrations of
major cations. The analyses followed the proce-
dures of EMBRAPA (1999). Sub-samples (0.4 g dry
weight) of the organic material (leaf and litter)
from all studied sites were digested in 6 ml of
concentrated perchloric acid and hydrogen perox-
ide. Phosphorus concentration was determined by
colorimetry (EMBRAPA 1999) and an atomic
absorption spectrophotometer (Varian, Inc. model
SpectrAA) was used to determine Ca concentra-
tions (Malavolta and others 1997).

Statistical Analyses

The data were normally distributed (Kolmogorov—
Smirnov test). Therefore, the analyses were
performed using parametric tests and Pearson
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correlations. Student’s f-test was used to assess
differences between legumes and non-legumes
within a site, between two sites or for seasonal
comparisons in a same site. ANOVA followed by a
post hoc Tukey HSD test was used to determine
differences when more than two sites were com-
pared. All statistical analyses were performed using
the software STATISTICA, version 6.1 for Windows
(StatSoft, Inc. 2004). Differences at the 0.05 level
were reported as significant.

The dense terra-firme forests in Oxisols (Santa-
rém, Manaus-plateau, Rebio, Samuel, and Sado
Gabriel) were used to compare sites under different
precipitation conditions. Throughout the Manaus
toposequence, the dense terra-firme forest in Ox-
isol (Manaus-plateau) was compared with the ter-
ra-firme forest on Spodosol (Manaus-baixio) and
with the campinarana forest on Ultisol (Manaus-
campinarana). A complete list of the species sam-
pled in each forest site, as well as the average and
standard deviation values for foliar 8'°N, foliar N,
C:N ratios, and P and Ca concentrations, can be
accessed online at http://www .juruti.cena.usp.br/
geoprocessamento/phpBB2/dload.php

REsuLTs
Soil Characterization
Comparison at the Regional Level

The percent of clay of the surface soils (0-5 cm
depth) from the dense terra-firme forest sites in

Oxisols, that is, Santarém, Manaus-plateau and Sdo
Gabriel, ranged from 30 to 80% (Table 1). The
Santarém Oxisol had the highest N content
(P < 0.05), highest available, and total P values as
well as the highest concentrations of base cations
when compared to each of the other studied soils.

Total N concentration decreased with soil depth
at each site. Nitrogen concentration through the
soil profile was higher in Santarém when compared
to the other dense terra-firme forests (P < 0.05)
(Table 1; Figure 1A). At the same time, soil N
concentrations did not differ significantly between
the Manaus-plateau and Sao Gabriel, except at the
surface soil (0-5 cm depth), which was higher in
the Manaus-plateau (P < 0.05) (Figure 1A).

The soil profiles from Manaus-plateau and San-
tarém had nearly identical 8'°N values, but were
more enriched in '’N than the soils from Sdo
Gabriel (P < 0.05) (Figure 1B).

Comparison at the Landscape Level (Manaus
Toposequence)

Throughout the Manaus toposequence, the per-
centage of sand and clay varied significantly,
ranging from 95% sand (baixio) to 65% clay (pla-
teau) (Table 1). There was a tendency for higher
total N soil concentrations along the profile at the
Manaus-plateau site compared to the other two
forest sites, but the differences were not statistically
significant, except at the surface soil (0-5 cm
depth) (Figure 1C).
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Soil 8'°N values in Manaus-baixio and Manaus-
campinarana did not differ with depth, but were
less enriched in "N when compared to Manaus-
plateau site (P < 0.05) (Figure 1D).

Nutrient and Isotopic Composition
of Leaves

Comparison Between Legumes and Non-Legumes

The average foliar N concentration was statistically
higher in legume leaves than in non-legume leaves
at each study site (P < 0.05) (Table 2). Averaging
over all sample collections, the total average foliar
N concentration was 26.0 &+ 7.6 g kg™' (mean =+ 1
standard deviation; SD) for legumes, which was
significantly higher than the 21.2 4+ 6.5 g kg™*
(mean + 1 SD) for the non-legumes trees
(P < 0.05).

Mean foliar §'°N values did not differ signifi-
cantly between legumes and non-legume trees
sampled within a site, but varied among sites
(Table 2). Some of the legumes appeared to be
fixing N, (with foliar 8'°N values between 0-2%,)
in the dense terra-firme forests in Oxisols.
Although the average foliar 8'°N value for non-
legume trees was 4.3 £ 1.5%, (mean £ 1 SD) on
the Manaus-plateau, the values measured in leaves
of some potentially N,-fixing legumes were signif-
icantly more depleted in '’N: Swartzia tomentifera
(0.9 &£ 0.7%,; n=4), Swartzia ulei (1.6 & 0.4%,;
n=4), Andira micrantha (0.6%, n = 1), Ormosia
paraensis (1.6%,, mn=1), and Ormosia grossa
(1.7 £ 0.79,, n = 3). In the Sdo Gabriel aseasonal
forest, the average foliar §'°N signature for non-
legumes was 3.4 + 1.29,, and two potentially N,-
fixing legumes had markedly different and depleted
8'°N values: Swartzia corrugata (0.7%,; n = 1) and an
unidentified Fabaceae (0.69%, n = 1). These appar-
ent N,-fixing legumes were excluded from sub-
sequent analyses.

At all but the Manaus-baixio study site, legumes
had significantly higher foliar P concentrations
than the non-legumes (P < 0.05) (Table 2). In
Santarém, Manaus-plateau, and Manaus-baixio,
there were no differences in the foliar N:P ratios
between legumes and non-legumes, whereas at the
other sites, legumes had higher foliar N:P ratios
than non-legumes (P < 0.05). No significant dif-
ferences were found in the foliar Ca concentration
between legumes and non-legumes (Table 2).

Melding both legumes and non-legumes obser-
vations into the analysis, foliar N concentrations
and foliar 8'°N values were positively correlated
(r = 0.49). Additionally, foliar P concentrations and

foliar &'°N values were positively correlated
(r = 0.43). Foliar N and P concentrations were also
positively correlated with each other (r = 0.52)
(P < 0.05), but foliar N:P ratio and 8'°N was
not significantly correlated (r = 0.10) with each
other.

Comparisons at the Regional Level

Aggregating all trees sampled across sites, the foliar
N concentrations were not significantly different
among the dense terra-firme forests in Oxisols
under contrasting precipitation regimes (Table 2).
Foliar P concentrations at the Santarém and Sao
Gabriel sites were similar, and were greater than
values measured in the Manaus-plateau site
(P < 0.05). On the other hand, leaves from trees
collected in Santarém generally had twice as much
foliar Ca as leaves collected from trees in the
Manaus-plateau and Sao Gabriel forests (P < 0.05)
(Table 2).

For both the non-legume and legume trees the
dense terra-firme forest in Santarém had the
highest foliar §'°N values (Table 2). The foliar §'°N
in the dense terra-firme forests increased with
increasing length of the dry season and with
decreasing rainfall, as follows: Sdo Gabriel <
Manaus-plateau = Rebio < Samuel < Santarém
(P < 0.05) (Figure 2).

10
“N-rich”
= Mean [_]MeansSE _]_ MeanSD

85N (%o)

“N-poor”

1900 2050 2200 2350 2500 2650 2800 2950 3100 3250 3400 I
Annual rainfall (mm)
“Dry” “Wet®

Figure 2. Isotopic expression of N availability for dense
terra-firme forests in Oxisols across the Brazilian Amazon
Basin. The values on the ““Y” axis represent the foliar
8'"°N including both the legumes and non-legumes
sampled at each site. The values on the “X’* axis are the
annual precipitation for the studied sites: 1800-2000 mm
for Santarém, PA; 2000-2200 mm for Rebio and Samuel,
RO; 2200-2400 mm for Manaus, AM; and 3200-
3600 mm for Sdo Gabriel da Cachoeira, AM.
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“N-poor”

18 4
16 1

N/Ca

“N-rich”

0.0 0.2 0.4 0.6 0.8
P/Ca
“Dry” “Wet®

Figure 3. Non-isotopic expression of N availability for
dense terra-firme forests in Oxisols across the Brazilian
Amazon Basin. The values in the axes represent the foliar
N/Ca and P/Ca (mean =+ standard errors) for (e) legumes
from Santarém, (O) non-legumes from Santarém; (M)
legumes from Manaus-plateau, () non-legumes from
Manaus-plateau; (#) legumes from Sdao Gabriel and (<)
non-legumes from Sao Gabriel.

Calcium tends to be mainly found as a structural
element in the leaves, often reflecting leaf thick-
ness, although in Ca richer sites this element may
be accumulated in vacuoles as calcium oxalate.
However, in the Ca poor studied sites (see Table 1)
most Ca in foliar tissues is probably found as a
structural element. Leaves of the legume and non-
legume trees did not differ in their foliar Ca con-
centrations. Based on that, we plotted foliar N:Ca
versus P:Ca ratio (Figure 3). Together with the
foliar 8'°N values versus precipitation (Figure 2),
we developed a matrix of conditions that depicted
how we expected N availability to manifest itself in
these different forests.

Comparisons at the Landscape Level (Manaus
Toposequence)

Foliar N and P concentrations did not differ signif-
icantly at the three different forest sites (Table 2).

However foliar Ca concentrations were lower in
leaves from Manaus-campinarana (P < 0.05)
when compared with the leaves produced at the
other two sites (Manaus-plateau and Manaus-bai-
Xi0).

Foliar 8'°N values from Manaus-baixio and
Manaus-campinarana did not differ significantly
(Table 2). However, woody plants from these two
sites had lower foliar '°N values when compared
to leaves on plants growing at the Manaus-plateau
site (P < 0.05). For instance, the §'°N values of
some legumes and non-legumes at these sites re-
vealed that in a single common taxa, leaves had
different N isotope values depending on their po-
sition along the Manaus toposequence (Table 3).

DiscussioN

Spatial Scales Variation in N Availability
Across the Brazilian Amazon Forest

Regional Scale

A decrease in foliar 8'°N with increasing rainfall
and decreasing length of dry season was observed
for terra-firme forests in Oxisols across the im-
mense geographical area of the Brazilian Amazon
Basin. This trend is consistent with other tropical
forests worldwide (Austin and Vitousek 1998;
Handley and others 1999; Amundson and others
2003; Houlton and others 2006).

Recently, Houlton and others (2006) pointed out
that gaseous N loss through denitrification is the
major determinant of N isotope variations across
differences in rainfall. Although in the drier sites,
incomplete nitrate consumption by denitrification
causes an elevation of the bulk soil 8'°N values, in
the wetter sites, complete denitrification prevents
this process from occurring.

Annual N-inputs via litterfall were considerably
lower in the Manaus-plateau on Oxisol and in a
forest site on Oxisol near the Sdo Gabriel terra-firme
forest, in the region of San Carlos del Rio Negro (see

Table 3. Mean (and Standard Errors) Foliar 8'°N Signatures (%,) for Some Legumes and Non-Legumes
Co-occurring Along the Manaus Toposequence (Located in the Amazonas State, Brazil)

Family Species Site
Manaus-plateau =~ Manaus-campinarana ~ Manaus-baixio

Fabaceae Dipteryx odorata Willd. 3.96 (0.6) 1.25 (1.1) 1.56
Fabaceae Swartzia reticulata Ducke 3.20 (0.4) 1.39 (0.5) —1.65
Mimosaceae Inga sp. 6.85 (0.6) 3.84 (0.3) —0.48
Bombacaceae Scleronema micranthum Ducke 4.08 (0.3) 0.90 (0.2) 0.90 (0.8)
Chrysobalanaceae Licania sp. 4.91 (0.6) —0.11 (0.7) —-0.84
Sapotaceae Micropholis guyanensis T.D.Penn. 3.76 (0.3) 0.89 (1.7) 1.09
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*fine litterfall; “leaf litterfall x nutrient concentration in leaf litter; leaf litterfall/nutrient flux via litterfall (according to Vitousek 1984); ‘Rice and others (2004); 4Luizdo and others (2004) (0-10 cm depth); “Data from F Luizdo (personal

Table 4. Litter Production and Nitrogen Fluxes, Soil Inorganic-N and Nutrient Use Efficiency (NUE) Assessed for Each Studied Site

Santarém
Manaus-plateau  8.99
Manaus-baixio
Manaus-

Site

Table 4). As a consequence, the nutrient use effi-
ciency (NUE) indices [as defined by Vitousek
(1984)] for both N and P were lower in the Santa-
rém site (Table 4), denoting more efficient nutrient
cycling at the wetter rainforest sites. Additionally,
vegetation on Oxisol soils at Santarém has greater
rates of potential net N mineralization and nitrifi-
cation (Silver and others 2000; Silver and others
2005; Perez and others 2006) and high denitrifica-
tion enzyme activity (Silver and others 2000).
Gaseous N losses may be the basis of the high N
isotope ratios observed in this study. Perez and
others (2006) reported high 8'°N values of the
inorganic N form in Santarém forest soil (5'°N-
NH,* and 8'°N-NO;~ of 31.6%, and 4.2%,, respec-
tively), whereas the calculated enrichment factors
for the &'°>N-N,O product of nitrification and
denitrification were —80.1 and —26.79,,, respec-
tively. These high isotopic values suggest that trees
in Santarém were taking up relatively enriched
'>N-NH," and '’N-NO;~ that were the net result of
losses of N from the ecosystem, mainly by nitrifi-
cation and denitrification (Silver and others 2000;
Perez and others 2006). High soil-atmosphere NO
and N,O emissions from Santarém forest soil
(Table 4) and N,O fluxes of 6-7 kg Nha'y!
have been measured in Santarém and are among
the highest flux rates measured for any old-growth
tropical forest ecosystem (Keller and others 2005).
These '’N differences among sites suggest that
ecosystem N losses are higher where ecosystem N
availability is higher. The mechanism proposed by
Houlton and others (2006) based on high N losses
from the soil leaving behind a '>N enriched sub-
strate may explain the occurrence of higher §'°N in
Santarém (drier site). Non-isotopic independent
data on N availability pointed toward a similar
trend, with higher N availability in the drier sites.

Landscape Scale

Both litterfall and the annual flux of N via litterfall
were considerably lower in the campinarana and
the lowland terra-firme forest in the baixio com-
pared to the dense terra-firme forest on the pla-
teau. In addition, soil microbial processes differ
along this toposequence with nitrification as the
dominant process in the soil of the dense terra-
firme forest on the plateau and immobilization of N
predominating at terra-firme forest on the baixio
(Luizdo and others 2004). Vitousek and Matson
(1988) reported that sandy soils of the lower
topographic positions near Manaus exhibited low
potential net NO5 production and relatively low
levels of recovery of added '°’NO;. Lower net
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Table 5. Mean §'°N Values and N Concentration of Leaves (and Standard Errors) from Some Sites in the
Amazon Basin
Site Vegetation Soil MAP? MAT® Legume Non-legume Legume Non-legume
Type  (mm) (°C) 8N (%) O8°N (%) N(gkg') N(gkg)
Santarém - FLONA 1¢ terra-firme forest Oxisol 1900 24 7.0 (0.15) 6.9 (0.09) 26.7 (0.8) 21.6 (1.2)
Santarém - FLONA 2¢ terra-firme forest Oxisol 1900 24 6.3 (0.29) 5.1 (0.07) 32.7 (1.5) 20.7 (1.0)
Manaus-ZF2¢ terra-firme forest Oxisol 2300 26.5 5.5 (0.35) 4.8 (0.16) 24.5 (1.7) 19.4 (0.8)
Near Manaus—-AM¢ terra-firme forest Oxisol 2300 26.5 4.3 4.0 29.5 22.7
REBIO-RO¢ terra-firme forest Oxisol 2100 25 5.0 (0.22) 24.8 (1.0)
Samuel-RO° terra-firme forest Oxisol 2100 25 6.1 (0.16) 6.4 (0.2) 25.6 (0.2) 19.6 (0.3)
Piste de St. Eli-Guiana' terra-firme forest Oxisol 3250 26 1.9 (0.24) 5.0 (0.13) 24.4 (0.8) 21.8 (0.5)
Piste de St. Eli-Guiana' terra-firme forest Spodosol 3250 26 0.25 (0.33) 1.8 (0.21) 22.1 (1.6) 20.1 (0.9)
Piste de St. Eli-Guiana® terra-firme forest Oxisol 3250 26 1.7 (0.19) 4.9 (0.10) 23.6 (0.67) 21.7 (0.5)

Mean annual precipitation; *Mean annual temperature; “Ometto and others (2006); “Gehring and Viek (2004); *Martinelli and Medina (unpublished data); 'Roggy and

others (1999a); “Roggy and others (1999b).

nitrification rates and NO3 concentrations are likely
to reduce denitrifier activity (Livingston and others
1988).

The decrease of foliar 8'°N throughout the
Manaus toposequence as well as the differences
found in 8'°N values of the same taxa depending
on their position throughout this toposequence,
suggest that differences in soil type (differing in
sand and clay content) were linked to the changes
in N cycling processes. Silver and others (2000)
reported that greater N inputs raised productivity
and soil organic matter (SOM) content substan-
tially both in sand and clay soils, but less SOM is
stabilized in sands than in clays. Consequently less
N may be available for mineralization.

Annual N,O fluxes from old-growth forests were
four times greater on clayey Oxisol soils compared
to sandy loam Ultisol soils (Keller and others 2005),
whereas potential denitrification was four times
greater in clayey Oxisol than in sandy loam Ultisol
soils (Silver and others 2000). Perez and others
(2006) reported that the '°N enrichment factors for
nitrification (NH,* to N,O) and for the ““first” step
of denitrification (NOs;~ to N,O) differ with soil
texture and site, where higher >N-enrichment was
found in soils with higher clay content. Based on
these characteristics of N cycling, it appears that the
remaining N pool was more enriched in '°N in the
dense terra-firme forest on the plateau when
compared to the forests on sandier soils. Given that
forests on sandier soils had more similarities both in
terms of isotopic and nutritional composition of
leaves (except Ca) and soil when compared to the
dense terra-firme forest on the plateau, these data
suggest that under the same precipitation condi-
tion, differing sand and clay content of the soil is a

major factor influencing the N availability. In the
case of the Central Amazon reported here, N
availability is higher in the dense terra-firme forests
on clayey soils on the plateau than in forests on
sandier soils. The relationships here documented
explain to a large extent the variation in §'°N sig-
natures across gradients of rainfall and soil. Al-
though at the regional level, the precipitation
regime is a major determinant of differences in N
availability, at the landscape level, under the same
precipitation regime, soil type seems to be a major
factor influencing availability of N in the Brazilian
Amazon Basin.

Nitrogen Variation Across Plant
Functional Groups (Legume x
Non-Legume Trees)

Independent of the studied site, legume trees had
consistently higher foliar N concentrations than
non-legume trees. This same trend has been re-
ported for other tropical rainforests (Roggy and
others 1999a, b; Vitousek and others 2002;
Ometto and others 2006) (see Table 5), and may
be related to a more efficient N assimilation pro-
cess in legumes especially those characterized by
high-N-demand patterns (McKey 1994). Such a
pattern is consistent with the high energetic costs
in plant growth associated with higher foliar P/Ca
ratios in legumes when compared to non-legumes
trees.

Hogberg (1997) predicted that when plants
derived a substantial portion of their N inputs from
atmospheric N,, then leaf §'°N values would be
about 0-2%, and, the '°N natural abundance
method requires a minimum 59, difference
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between the mean §'°N signals of potentially N,-
fixing and of reference plants, to estimate symbiotic
biological N fixation (symbiotic BNF) with some
degree of certainty. However, many problems that
affect the '°’N natural abundance method are
bound to vary between study sites or vegetation
types in heterogeneous forests (Gehring and Vlek
2004). The lack of a straightforward method for
measuring the §'°N-signature of ‘soil-derived’ N,
poorly understood interactions between differing
plant and soil N pools, and resulting small-scale
spatial 8'°N -patterns are some of the factors
responsible for the failure of the '°’N natural
abundance method for symbiotic BNF estimation
(Gehring and Vlek 2004).

Given the above-outlined limitations of quanti-
tative symbiotic BNF estimation, searches for indi-
rect evidence on the role of symbiotic BNF across
the gradients of soil and rainfall in the Brazilian
Amazon forest were addressed. At the campinarana
forest and the terra-firme on the baixio in Manaus,
foliar 8'°N values of potentially N,-fixing trees
overlapped with the depleted foliar 8'°N of the
non-legume trees.

Across the terra-firme forests in Oxisol soils, N
isotope ratios were high and the enriched foliar
8'°N values were not significantly different be-
tween legumes and non-legume species; these re-
sults suggest that most of these woody legumes
were not fixing atmospheric N. In these wetter
dense terra-firme forest sites, only 8-14% of the
legume species sampled were apparently fixing
atmospheric N, at Manaus and Sdo Gabriel,
respectively, based on N isotope ratio values. Geh-
ring and others (2005) considered significant sym-
biotic BNF to be a more important N input in
secondary re-growth areas (where N-limiting con-
ditions tend to be higher) than in mature rainfor-
ests of the Central Amazon.

Although Roggy and others (1999a, b) reported
that a substantial N contribution in N,-fixing spe-
cies from a drier rain forest on Oxisol soils in
French Guiana was ‘nitrogen derived from the
atmosphere’, our evidence is consistent with most
of the previous studies indicating low symbiotic
BNF rates in mature tropical forests (Vitousek and
others 2002; Gehring and others 2005; Ometto and
others 2006), especially those in which P rather
than N is apparently the limiting primary produc-
tion (Vitousek 2004; Davidson and others 2007). In
the setting of tropical forests here studied, plant-
soil interactions at smaller scales and involving
different N-pools are further great challenges for
future '’N-based research in such heterogeneous
ecosystems.
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