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Abstract. Anthropogenic N inputs and riverine export were determined for a meso-scale river basin in
one of the most developed and economically important regions of South America. The Piracicaba River
basin is located in southeastern Brazil and drains into a tributary of the Paraná River. The basin supports
over 3 million people (about 2% of the population of Brazil) with intensive agricultural and industrial
activities. During two years from 1995 to 1997, biweekly samples were collected at 10 stations along
the Piracicaba River and its tributaries for analyses of dissolved and particulate N. The average annual
flux of dissolved inorganic N and total N increased by a factor of 15 and 20 times, respectively, from
the headwaters to the lower reaches of the main channel, whereas discharge increased by only 7 times.
On a per area basis, the export of TN varied according to land use and was significantly correlated to
the net input of anthropogenic N. Among 10 sub-catchments composing the basin, areas mostly covered
by pasture and forest had the lowest export, whereas more agricultural and urban areas had higher ex-
port. The amount of N exported from each sub-catchment varied widely, but inputs were consistently
higher than fluvial outputs. Losses and retention of N occurred throughout the basin but were especially
high in the sub-catchment with a main-stem reservoir, suggesting that aquatic processing plays an im-
portant role in controlling riverine N export. Total net anthropogenic input to the Piracicaba River basin
was 4,500 (± 900) kg N km−2 yr−1 of which about 40% was exported via fluvial outputs.

Introduction

In the past century, rates of synthetically-fixed N have increased dramatically be-
cause of human activities such as the production of fertilizer, energy, and cultiva-
tion of leguminous crops (Galloway 1998). Although 78% of the atmosphere is
composed of N, biological systems are N limited because most biota are unable to
use N2, which is the largest form of N in the atmosphere (Vitousek and Howarth
1991). High amounts of fixed or reactive N in the environment can lead to increased
primary productivity, decreased species diversity, and changes in foodweb structure
(Vitousek et al. 1997). In the atmosphere, anthropogenic emissions of nitrous oxide
contribute to global warming and stratospheric ozone depletion (Kroeze 1994; Gal-
loway et al. 1995; Kroeze and Seitzinger 1998).

Biogeochemistry 65: 275–294, 2003.
© 2003 Kluwer Academic Publishers. Printed in the Netherlands.



While the fate and accumulation rate of this excess N in the environment is
poorly understood for many regions of the world (Galloway 1998), studies con-
ducted in North America and Europe indicate that export of N in rivers is highly
correlated to net anthropogenic inputs of N in watersheds (Howarth et al. 1996).
Moreover, only a small percent of the net anthropogenic inputs is generally ex-
ported in rivers (Boyer et al. 2002), while the remaining is retained or lost in the
watershed before reaching the aquatic system.

In tropical ecosystems, terrestrial environments are typically less nitrogen-lim-
ited than those of the temperate zone (Martinelli et al. 1999a). Consequently, the
export of N in tropical rivers tends to be relatively high in comparison to terrestrial
inputs (Lewis et al. 1999). In contrast, aquatic environments of the tropics are com-
monly more nitrogen-limited and therefore have a greater potential response to nu-
trient loading than aquatic environments of the temperate zone (Talling and Lem-
oalle 1998). Small catchments studies in pristine regions such as the Amazon have
shown dramatic increases in stream N exports with deforestation (Williams and
Melack 1997; Williams et al. 1997a). However, different land use characteristics,
the relative importance of different N sources, and climatological factors ultimately
determine the extent to which N is exported in rivers (Turner and Rabalais 1991;
Howarth et al. 1996; Jordan et al. 1997; Vizcarra and Lavkulich 1997; Fowler et al.
1998; Boyer et al. 2002). Therefore, site-specific studies that assess the effects of
anthropogenic activities on N inputs and outputs in impacted tropical regions are
needed, especially at meso and regional scales.

In this study, we determined the export of N in the Piracicaba River, São Paulo,
Brazil, which drains a densely populated and highly agricultural basin. We com-
pared the export of N from 10 sub-catchments of the basin with different land uses
and population sizes to assess the relationship between anthropogenic N inputs and
riverine export and the effects of N inputs in this tropical mesoscale watershed.

Study area

The Piracicaba River basin is a mesoscale watershed (12,400 km2) located mostly
in the state of São Paulo, southeastern Brazil (Figure 1). The main stem of the Pi-
racicaba River is formed by the confluence of three major tributaries and discharges
about 156 m3 s−1 into the Barra Bonita reservoir. The river system drains from east
to west and, ultimately, into the Tietê and Paraná rivers. Average annual precipita-
tion in the basin is 1400 mm, most of which occurs between October and March
(Williams et al. 2001).

The basin can be classified into three topographically distinct regions that are
representative of different land use practices. The eastern portion of the basin is
hilly with elevations up to 2000 m and large areas of forest, silviculture, and pas-
ture. The central region has moderate elevation, extensive areas of sugarcane plan-
tations, and high population and industrial densities in large urban centers. The
western portion is mostly lowland with sugarcane plantations and some pasture in
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the higher elevation areas. Overall, the dominant land cover types in the basin are
pasture (45%), agriculture (31%), natural forest and silviculture (16%), and urban
(6%). In the last 20 years, urban and agricultural (e.g., sugarcane plantations) areas
have steadily increased throughout the basin largely at the expense of pasture and
natural forests.

The basin sustains a population of approximately 2.9 million people located
mainly in urban centers (92%). Although almost 95% of the urban households were
sewered as of 1994, only 4% of the total domestic sewage was treated before being
discharged into rivers. Presently, 16% of the domestic sewage is treated and point
sources are an important factor contributing to N inputs in this river system.

Methods

Sample collection and water analyses

Water samples were collected from June 1995 to June 1997 at 10 stations of the
Piracicaba River and its tributaries. Daily discharges were measured by the Water
and Electric Energy Department for the state of São Paulo (DAEE) at each station
(Figure 1). Samples were collected from the river surface (30 cm) with a Niskin
bottle and stored on ice in the dark while transported to the laboratory. For dis-
solved N, subsamples were filtered through pre-combusted cellulose acetate filters

Figure 1. The Piracicaba River basin is located in the state of São Paulo, Brazil. River sampling sta-
tions (1–10), the location of rain collectors (solid triangles), and the names of major rivers and reser-
voirs of the basin are indicated.
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(nominal pore size 0.45 �m) in the laboratory and stored at 4 °C prior to analysis.
Nitrate concentrations were determined within 24 hours with a Shimatzu ion chro-
matograph (model LC-10AD). Ammonium was analyzed within 5 to 10 days from
collection by ion chromatography using aliquots preserved with HgCl2. Total dis-
solved nitrogen (TDN) was determined by persulfate digestion (Valderrama 1981)
followed by ion chromatography, and dissolved organic nitrogen (DON) estimated
as the difference between TDN and dissolved inorganic nitrogen (DIN = NO3 +
NO2 + NH4).

Samples for analyses of particulate nitrogen (PN) were collected with a depth-
integrating sampler in two to three vertical profiles, depending on channel width.
After collection, the water from each profile was homogenized through a US Geo-
logical Survey splitter. In the laboratory, 1-L sub-samples were filtered through
pre-weighed filters (0.1 �m pore size) for determination of PN by an elemental
CHNS analyzer (EA 1110). Total N (TN) is defined as the sum of PN, DON and
DIN.

Daily discharges at each sampling station were obtained from DAEE for calcu-
lation of discharge-weighted means and riverine fluxes. Annual discharge-weighted
means (DWM) were calculated for each sampling station as:

DWM � ��CiQi�/�Qi (1)

where Ci is the observed concentration of instantaneous river flow i, Qi is the dis-
charge volume (liters) for the two-week period with sample date as the midpoint of
the period i, and the denominator is the annual � of discharge volume.

The annual flux of N (Fj) at each sampling station was calculated as:

Fj � �DWM��Qj� (2)

where DWM is the concentration at each station and Q is the annual discharge.
The annual N export per unit of area of each sampling station (Ej) was calcu-

lated by dividing the annual N flux at the sampling station (F j) by the area of its
respective sub-basin (Aj). Nitrogen fluxes at each station were not cumulative (i.e.,
they excluded the flux from any upstream sampling station(s)). Nitrogen fluxes were
calculated as:

Ej � Fj � Fi/Aj (3)

Delineation and characterization of the basin

Using Arc/Info Geographic Information System (GIS), the Piracicaba basin was di-
vided into 10 sub-catchments corresponding to the drainage area of each sampling
station along the main river and tributaries (Figure 2). Total area, land use types
and cover, and population size were determined for each of the sub-catchments.
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The delineation of the sub-catchments was based on the Arc/Info Digital Elevation
Model (DEM) derived from an elevation map with 20-m vertical resolution ob-
tained from the Brazilian Institute of Geography and Statistics (IBGE). Land cover
classification was performed on a Landsat thematic mapper (TM) image from 1997.

Nitrogen inputs

Based on the area, land types and cover, and population size of each sub-catch-
ment, we calculated the inputs of human-derived N from different sources such as
atmospheric deposition, fertilizer application, and food for human consumption
(sewage) and industrial waste (Table 1). The sub-catchment of the Barra Bonita
reservoir was not used in our export calculations (total basin area without this sub-
catchment = 10,797 km2).

Inputs of N through atmospheric deposition was estimated using N concentra-
tions in precipitation measured in rain samples collected from August 1997 to July
1998 at four sites in the Piracicaba basin (Figure 1). Rain samples were collected
on an event basis during 24 hours using a wet-only collector (Aerochem Metrics).
A total of 272 samples were collected and analyzed for nitrate, nitrite and ammo-
nium by ion chromatography (Dionex 2010i). Dry deposition inputs were estimated
based on values of N deposition in rain, using the method used by Caraco and Cole
(1999), where N inputs from dry deposition equal those of wet deposition. Lovett
and Rueth (1999) and Boyer et al. (2002) have confirmed that this assumption is
valid for the northeastern United States. Although there are no available data of dry
deposition for the Piracicaba River basin, we used this assumption to estimate dry

Figure 2. The Piracicaba River basin was divided into 10 sub-catchments corresponding to the drainage
areas of each sampling station along the main channel and tributaries.
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deposition inputs in our budget because dry deposition is likely high from intensive
agricultural and industrial activities. For instance, the common land-use practice of
burning sugarcane fields occurs over a period of seven months or more per year,
and can be an important regional source of nitrogen (Lewis 1981).

Background deposition, or the deposition that occurred in the basin prior to an-
thropogenic activities, was estimated for nitrate and ammonium using concentra-
tions from the Amazon basin (Williams et al. 1997b; Filoso et al. 1999). The esti-
mated background deposition was subtracted from the atmospheric deposition mea-
sured in the Piracicaba basin in order to account only for anthropogenic N. Vola-
tilized N from fertilizer application (15%) in agricultural fields of the basin was
also subtracted from atmospheric deposition based on 15N marked fertilizer experi-
ments (Cabezas 1987; Oliveira et al. 1999).

Inputs of N from fertilizers were estimated for each sub-catchment as the prod-
uct of the amount of fertilizer used per hectare for the main agricultural land use
types in the area (Gonçalves 1995; Van Raij et al. 1996; Yamada and Lopes 1998)
and the total area of each land use type (Table 1). The amount of N in fertilizer
recommended for sugarcane cultivation in the Piracicaba basin is between 60 to
100 kg ha−1 (Yamada and Lopes 1998); therefore, we used an average of 80
kg ha−1. This amount of N in fertilizer is applied in sugarcane fields of the Piraci-
caba basin every two years, when cuttings from mature cane stalks are planted in
the soil. According to the local practice in the basin, four successive crops of ma-
ture sugarcane are harvested with each planting. During the period of successive
crop harvests, fertilization of up to 60 kg N ha−1 yr−1 is recommended (Korndörfer
et al. 1997). In the Piracicaba basin, N fertilization is uncommon during this period
because of the high cost:benefit ratio. Instead, application of fertilizer with phos-
phorus is preferred since this is the most limiting nutrient in sugarcane fields of
Brazil (Orlando Filho et al. 2001). Accordingly, we calculated inputs of fertilizer in
the basin using an average between a minimum rate of 40 kg N ha−1 yr−1 and a
maximum of 100 kg N ha−1 yr−1. The fertilization of pasture was considered to be
negligible in the Piracicaba basin as it is an uncommon practice in the region and
Brazil in general (A. Abdalla, University of São Paulo, pers. comm.; Boddey et al.
(1997)). Fertilization of eucalyptus plantation is also minimal in the region, as only
60 kg ha−1 is applied every seven years when plants are in the seedling stage
(Pereira et al. 1984; Reis et al. 1987).

The input of N in the basin from food consumed by the human population was
estimated based on the load of N in human waste. We calculated the N load in
human waste as the product of the annual per capita load of 3.3 kg N (Meybeck
1982) and the population number in the whole basin and in each of the sub-catch-
ments. Although human waste does not represent newly fixed or imported N to
many basins of the world (Howarth et al. 1996), we estimated that part of the N in
the human waste of the Piracicaba basin originates from imported foods and, there-
fore, represents newly fixed N.

Because the main agricultural products in the Piracicaba basin are either ined-
ible by humans (wood) or do not contain protein (sugar and alcohol), we assumed
that all the vegetarian protein consumed by the human population in the basin was
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imported. This type of protein accounted for about 60% of the total consumed by
the population, based on Brazilian averages (Smil 2000), while the remaining 40%
came from animal protein.

The main sources of animal protein for the human population in the Piracicaba
basin, as for Brazilians in general, are bovine meat (55%), poultry (34%), and eggs
(9%) (FAO 2002). According to our calculations based on the total area of pasture
in the basin (Table 1), which is the only source of feed to cattle in the region, and
on the average number of cattle per area of pasture (e.g. � 2 heads ha−1) and the
weight at the time of slaughter (150 kg of meat for human consumption), the pro-
duction of bovine meat is about 28,000 tons yr−1. Such production sustains only
about half of the average per capita bovine meat consumption of 19 kg yr−1 in the
basin, hence, the other 50% of the meat consumed by the population must be im-
ported.

There are no accurate data for the percentage of imported versus locally pro-
duced poultry and eggs in the basin. However, a map from the São Paulo State
Poultry Association (www.apa.com.br) shows that out of the six major counties lo-
cated in the Piracicaba basin, four of them are major centers of poultry production.
All the egg production centers are located out of the basin. On the basis of this
information, we assumed that about two-thirds or 67% of the poultry consumed in
the basin is locally produced while the remaining poultry is imported. The origin of
fish consumed in the basin is unknown, but it constitutes only 0.6% of the protein
consumption of Brazilians (FAO 2002). In summary, 42% of the total amount of
protein consumed by the population in the Piracicaba basin is imported whereas
56% is produced locally.

Inputs from industrial waste produced within the basin were obtained from the
environmental sanitation technology company for the state of São Paulo (CETESB
– Compania Estadual de Tratamento de Esgoto e Saneamento Básico). Considering
that the main industries in the basin produce sugar, ethanol, paper and cellulose, it
is likely that some of the N in industrial waste originates from fertilizer application
in sugarcane fields.

Estimation of nitrogen losses

Losses of N through the export of agricultural products from the Piracicaba basin
were estimated for citrus and silviculture products. Since there are no available data
on what percentage of wood harvested in the basin is exported as agricultural prod-
ucts, we assumed that all of the wood produced in the basin is exported. All the
by-products of paper and cellulose production in the basin were accounted for as
industrial waste.

The N exported in wood originating from silviculture in the basin was calcu-
lated based on the N contents of several species of Eucalyptus cultivated in the
region. According to several studies (Bellote 1979; Pereira et al. 1984; Reis et al.
1987), the average N content in the wood of Eucalyptus stands 7 years of age is
373 kg N ha−1. We assumed that the remaining parts of the trees are not removed
from the forest and, therefore, are decomposed and remineralized in the forest floor.
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The export of N in citrus (2 kg ha−1 yr−1) was estimated by using literature val-
ues of N exported per ton of product (kg N ton−1) (Malavolta and Viloante Netto
1989; Gonçalves 1995). Export in sugarcane products was considered negligible
because of the low N content in the end products of sugarcane that are exported.

Results

N concentrations

Discharge-weighted mean concentrations of TN increased from upstream to down-
stream reaches of the tributaries and main channel of the Piracicaba River (Fig-
ure 3). In the tributaries, TN concentrations increased with DIN, whereas the pro-
portion of DON:TN decreased. In the last downstream sampling station of the
Atibaia River, ammonium concentrations contributed to about half of the DIN. In
the main channel, DON concentrations contributed to most of the TN increase
downriver, followed by ammonium and nitrate. Except for Station 9, the highest
ratios of DON:TN were associated with stations 1 and 4 that drain the largest per-
cent area of forest and pasture combined with low population densities in the basin
(Table 1). Conversely, sampling stations draining areas with the highest percent
cover of agricultural lands combined with urban areas had the highest ratios of
DIN:TN, except for Station 9 (Figure 3).

Figure 3. Volume-weighted mean concentrations of N partitioned into particulate, dissolved organic
(DON) and inorganic forms (NO3−N, NO2−N, and NH4−N). Sampling stations 1–3, 4–5, and 7–9 are
located along the Atibaia, Jaguari, and Piracicaba rivers, respectively.
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Land use and N export

The average annual flux of nitrogen for the two-year study was about 18,900 tons
N yr−1 (Table 2). On a per area basis, the watershed exported approximately 1,750
kg N km−2 yr−1. Export values were generally higher in sub-catchments with rela-
tively more agricultural and urban land cover and lower in sub-catchments where
the landscape was mostly pasture and forest (Figure 4). Hence, there was a signif-
icant positive correlation between N export versus agricultural (r = 0.75; n = 10)
and urban land use (r = 0.69; n = 10), and a negative correlation between N export
versus pasture (r = −0.60; n = 10) and forest land use (r = −0.56; n = 10) (Fig-
ure 5). These correlations between land use types and N export were statistically
significant (p < 0.05) only after we excluded outlier values of sub-basin 7 from the
analyses. We justified the removal of such values by considering that samples from
Station 7 did not belong to the population of samples representing the lotic system
of the Piracicaba River basin. Water samples from Station 7 were collected imme-
diately downriver from the Americana Reservoir (Figure 1) and, therefore, were
more representative of a lacustrine system.

Nitrogen budget

The total net anthropogenic N inputs in the sub-catchments of the basin varied from
about 1,500 to over 9,000 kg km−2 yr−1 (Table 2), with the highest amounts in sub-
catchments 3 and 8. The relative importance of each source varied, with atmo-
spheric deposition accounting for most of the inputs in sub-catchments located in
areas with relatively more forest and pasture, while fertilizer and/or point sources
were largest in predominantly agricultural and urban sub-catchments (Figure 6).

The export of N in the river sectors draining each of the sub-catchments was
significantly related to the total amount of net anthropogenic inputs (r2 = 0.40; n =
9) (Figure 7), although the N exported from sub-catchment 10 was considerably
higher than expected. The lowest riverine export in relation to inputs was observed
for sub-catchment 7, where the Americana Reservoir is located. As indicated pre-
viously, because N processing in the Americana Reservoir masked the effect of an-
thropogenic inputs in the sub-catchment 7, we excluded this station from our anal-
ysis in Figure 7. For all the sub-catchments, the N exported in the river sectors
ranged between 3% and 86% of the inputs (Table 2).

Although fertilizer application was the largest source of N inputs to the Piraci-
caba basin as a whole (Table 2), contribution from food and industrial waste (as
point sources) were substantial. In total, over 42,000 (± 9,000) tons of N were added
to the entire basin while the N export in the Piracicaba River was only about 45 ±
8% of the net inputs (Table 2). Hence, about half of the anthropogenic N inputs
added to the landscape was retained or lost from the basin before reaching the last
downriver sampling station of the Piracicaba River.
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Discussion

Similar to several other regions of the world (Howarth et al. 1996; Boyer et al.
2002), anthropogenic inputs to the Piracicaba River basin has increased riverine N
export. The export of N for each sub-catchment of the basin was significantly re-
lated to the magnitude and relative importance of the N sources, which varied ac-
cording to land use. For instance, the sub-catchments mostly covered by pasture
and forest (1, 4, and 6) had relatively low N inputs from anthropogenic sources
and, consequently, lower N export in their respective river sectors.

The riverine export of N in relation to inputs to the predominantly forested
catchments was low, similar to watersheds of the temperate zone (Howarth et al.
1996; Boyer et al. 2002). Low N export from predominately forested sub-catch-
ments is probably because of extensive cultivation of eucalyptus and pine trees,
and a high N retention capacity of the ecosystem as they are subjected to repeated
biomass removal (Vitousek et al. 1997). Silveira et al. (2001) determined that an
average of 373 kg N ha−1 accumulated in the wood of several species of eucalyp-
tus cultivated in the region is removed every seven years after cutting. Considering
that these eucalyptus forests receive about 13 kg N ha−1 yr−1 in atmospheric depo-
sition in addition to an average of 9 kg N ha−1 yr−1 in fertilizer, we assume that the
forested sub-catchments of the Piracicaba basin are retaining significant amounts of
N in contrast to natural forests of tropical regions (Martinelli et al. 1999a). Because
the net input of N in the predominantly forested sub-catchments of the Piracicaba

Figure 4. Percent cover of the main land use types in each sub-catchment of the Piracicaba River basin
and their respective export of TN (kg ha−1 yr−1).
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basin was far above the baseline determined by Lewis et al. (1999) for minimally
disturbed tropical watersheds with equivalent runoff, it is likely that cultivation of
eucalyptus and pine trees buffer the impact of increasing anthropogenic N inputs in

Figure 5. Plots of percent area of agricultural, urban, pasture and forested lands in the sub-catchments
versus TN export at each sampling station. Agricultural lands represent sugar cane, citrus, and annual
crops. Forested land includes natural stands and silviculture (eucalyptus and pine trees). All correlations
were statistically significant (p < 0.05). Correlation analyses did not include samples from sub-catch-
ment 7, marked with an open diamond (�).

Figure 6. Sum of anthropogenic N inputs on a per area basis in each sub-catchment of the Piracicaba
basin. Sub-catchments 1, 2 and 3 drain into the Atibaia River; 4, 5 and 6 drain into the Jaguari River; 7,
8 and 9 into the Piracicaba River, and 10 into the Corumbatai River.
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the region. In areas of natural forest cover, the effect of high N inputs from atmo-
spheric deposition, for instance, would probably be more conspicuous, especially
in the aquatic system.

In the more agricultural and urban sub-catchments of the basin, net anthropo-
genic N inputs were higher than those in areas covered mostly by forest and pas-
ture, although ratios of export in relation to net inputs varied considerably among
these sub-catchments (Figure 7). Some of the variation could be explained by er-
rors associated with the magnitude of the inputs and the origin of the data, such as
for industrial waste, which are often collected by the industries themselves and un-
derestimated. Alternatively, some of the variability may be associated with in-
stream processes such as denitrification and/or burial. For instance, in sub-catch-
ment 7 there is strong evidence that denitrification and/or burial of N in the Amer-
icana Reservoir regulate riverine N export. Williams et al. (2001) observed sub-
stantial DIN losses in and downriver of the Americana Reservoir of the Piracicaba
River system, and anoxic conditions have been detected frequently in the reservoir,
indicating that the environment is often suitable for denitrification (Martinelli et al.
1999b). In some preliminary measurements of N2O emissions in the Americana
Reservoir, emission rates from the water surface were on the order of 180
kg km−2 yr−1 (L. Martinelli – unpub. data), which could amount to significant losses
of N from the aquatic system. Other evidence of the importance of aquatic denitri-
fication controlling the riverine export of N was observed in sub-catchment 3, where
more than 50% of the net anthropogenic inputs entered the river as point sources
(i.e., industrial and human wastes), but the riverine export was equivalent to only
26% of the total inputs.

Because of the direct contribution of point sources, they commonly account for
the majority of the N inputs in rivers of densely populated basins (Cole et al. 1993).

Figure 7. Export of TN at each sampling station versus net anthropogenic inputs in each sub-catch-
ment. Net input is defined as the sum of anthropogenic inputs minus the N exported from the basin as
agricultural products. The value from sub-catchment 7, marked with an open diamond (�), was not
included in the regression analysis.
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In agricultural river basins of North America and Europe, fertilizer application and
agricultural runoff are frequently cited as the major causes of increased N loadings
in rivers (Howarth et al. 1996; Boyer et al. 2002). In the Piracicaba basin, many of
the predominantly agricultural sub-catchments have high population densities, mak-
ing it difficult to determine which source contributes most of the N exported in the
different river sectors. Although we estimated that fertilizer inputs of N were greater
than those from point sources in dominantly agricultural sub-catchments, and that
they also contributed between about 50 ± 10% of the net anthropogenic N inputs
into the basin as a whole, 15N marked fertilizer experiments with sugarcane con-
ducted in the region indicated that leaching of N in sugarcane fields is low, on the
order of about 5% for clayey arable soils (Salcedo et al. 1988; Oliveira et al. 1999)
and 15% for sandy soils (Camargo 1989). Leaching is negligible in silviculture
(Pereira et al. 1984; Lima et al. 1999). Moreover, soils in the basin can be deep (>
10 m), so much of the fertilizer leached out of the rooted zone may not enter the
hydrologic system (Matson and Vitousek 1987), which is in contrast to what is of-
ten observed in temperate agricultural watersheds (Staver and Brinsfield (1990,
1996)).

Nevertheless, the highest export value of TN in the Piracicaba River was ob-
served for sub-catchments 8 and 10, where sugarcane cultivation dominates most
of the landscape, and fertilizer application contributed more N than the sum of in-
puts from all the other sources. We presume that several factors, besides high rates
of fertilizer application, contribute to the high export of TN in these sectors of the
river. For instance, the discharge of point sources directly into the main channel in
sub-catchment 8, as opposed to small streams, probably hindered any immobiliza-
tion and removal of the excess N in the river (Alexander et al. 2000). Also, in-
creased water velocity in this sector of the river, caused by abrupt elevation changes
and larger water volume, could have reduced important processes such as denitri-
fication and burial of N.

Biological N fixation associated with the plant root system in areas highly cul-
tivated with sugarcane may be another important factor contributing the high N ex-
port in this sector of the river. This source of N has not been accounted for in our
budget because of the lack of available data and ongoing debate among Brazilian
scientists about its magnitude. However, some estimates show that up to 100
kg N ha−1 yr−1 can be fixed in ten varieties of sugarcane commercially used in
Brazil given a sufficient supply of phosphorus and good irrigation (Urquiaga et al.
1992). Biological fixation could be particularly significant in areas where burning
practices are less common such as in the region surrounding the city of Piracicaba,
located in sub-catchment 8.

Another potentially unaccounted-for source of N input to agricultural fields is
the irrigation of fields with vinasse, a N-rich byproduct of sugar and alcohol. Vi-
nasse from sugar cane and alcohol industries cannot be disposed directly into rivers
because of national regulations in Brazil, so it accumulates in storage tanks and
eventually is applied to sugarcane fields as organic fertilizer or leached under the
tanks to the hydrologic system (Vianna 2001). Many of the large sugar and alcohol
industries in the Piracicaba River basin are located in the sub-catchments with the
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highest riverine N exports, which receive N from sugarcane harvested elsewhere in
the basin.

Using an average value of nitrogenous fertilizer application in sugarcane, we
estimate that fertilizer contributes about 51% of the N inputs followed by atmo-
spheric deposition (21%), imported food (15%), and industrial waste (13%). Fer-
tilizer inputs in the Piracicaba basin could account for more than 60% of the an-
thropogenic inputs, although we believe that this is unlikely because the response
of sugar cane plants during the second re-growth phase of the plant to the applica-
tion of nitrogenous fertilizer is small (Oliveira 1999) and, therefore, the cost-ben-
efit ratio of fertilizer application is too high. The causes for such a poor response of
sugar cane plants is still unknown but has been linked to the mineralization of or-
ganic matter (Demattê 1997) and nitrogen fixation (Urquiaga et al. 1992).

Biological fixation in sugarcane fields could potentially account for twice as
much input of reactive N in the Piracicaba River basin as fertilizer application. If
this were the case, agricultural practices would overwhelmingly be the dominant
source of N to the basin, similar to the Mid-Atlantic region of the US where agri-
culture is the dominant land use type (Boyer et al. 2002). The contribution of at-
mospheric deposition to the inputs of N in the Piracicaba basin (Table 2) was com-
parable to that reported for many catchments in the Northeastern US (Boyer et al.
2002) and was the single most important source of N to forested areas. The rela-
tively high deposition rates in the Piracicaba River basin are probably related to
intensive industrial activity, fuel combustion in densely populated areas and the
burning of sugarcane fields. Volatilization from sugarcane fields can also contribute
significant amounts of N to the atmosphere (Cabezas 1987; Kwong and Deville
1994; Trivelin et al. 1996; Oliveira et al. 1999), even after the percentage originat-
ing from fertilizer is subtracted from the total. However, it is possible that the
amount of newly fixed N in atmospheric deposition has been overestimated because
some of the fertilizer applied in sugarcane fields and assimilated in plant tissues is
released to the atmosphere during biomass burning. Alternatively, the long-range
transport of NHx from the basin may reduce the contribution of dry deposition and
the overall importance of atmospheric deposition.

The average export of TN in the Piracicaba River for the two-year study was
over 1,750 kg km−2 yr−1, with about two-thirds of the N in the form of DON. Still,
the river exported over 520 kg km−2 yr−1 of N in inorganic dissolved forms, rank-
ing the basin among those with the highest yields of DIN in the world, along with
China, India, northeastern and central Europe and northeastern US (Howarth et al.
1996; Seitzinger and Kroeze 1998). Problems associated with high DIN concentra-
tions include phytoplankton blooms, anoxic conditions, and massive mortality of
fish and benthic invertebrates (Gabric and Bell 1993; Jordan et al. 1997). In the
Piracicaba River, these problems are accompanied by the export of large amounts
of readily available N and P to two important reservoirs that supply water and en-
ergy for several cities of the basin. Euthrophication of large reservoirs in Brazil has
been a major problem in the country in the past several years, and continues to
threaten water supplies and energy production in the state of São Paulo (Tundisi
and Matsumura-Tundisi 1990).
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Although the Piracicaba River exports large amounts of N from the basin, about
half of the net inputs were retained or lost. High retention rates of net inputs from
fertilizer application, atmospheric deposition, and fixation by leguminous crops are
common in temperate regions (Howarth et al. 1996; Boyer et al. 2002). This input-
output deficit can be attributed to storages such as accumulation in soil and plant
tissues, and to losses such as leaching below the root zone, volatilization and deni-
trification in soils (Boyer et al. 2002). Also, Seitzinger et al. (2002) suggest that up
to 40% of N losses in temperate zone watersheds occurs via aquatic denitrification.

Because pristine tropical, terrestrial systems tend to be less retentive (Howarth
et al. 1996; Martinelli et al. 1999a), relatively large anthropogenic inputs are likely
to increase the flux of diffuse N inputs to receiving waters (Downing et al. 1999).
Moreover, there are large N inputs from point sources in the Piracicaba basin. Ac-
cordingly, we expected the riverine N export:N input ratio to be higher than ob-
served. Although the lower-than-expected ratios may have been the result of over-
estimated inputs, this is unlikely since our budgets did not include inputs from N
fixation and vinasse application to sugarcane fields. Alternatively, our N budget
analysis and the findings of other studies done on the Piracicaba River (Martinelli
et al. 1999b; Williams et al. 2001) suggest that rates of denitrification and burial in
the aquatic system are high, particularly in a main-stem reservoir immediately
downriver of concentrated urban centers. Eutrophic conditions observed in many
tropical river systems that include main-stem reservoirs (Tundisi and Matsumura-
Tundisi 1990) suggest that anoxia is common and, therefore, aquatic denitrification
in these rivers is potentially high. Although recent estimates of N losses range from
about 10% to 67% of total N loading to temperate aquatic systems (Howarth et al.
1996; Seitzinger et al. 2002; van Breemen et al. 2002), rigorous studies that spe-
cifically address the relative importance of aquatic N processing in tropical rivers
and reservoirs are still needed in order to make robust comparisons between tropi-
cal and temperate systems.
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