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a b s t r a c t

The Parnaiba River Delta is the largest open sea delta in the Americas, having a unique ecological
importance for the conservation of wildlife and fisheries resources. However, little is known about the
biogeochemistry of this ecosystem. This study estimates N and P emissions to the delta using emissions
factors, calibrated with field samples and N and P concentrations in different compartments of the delta.
The estimated loads totaled 14.517 t N year�1 and 8.748 t P year�1, indicating that anthropogenic N and P
emissions outweigh natural emissions by approximately 5 and 10 times, respectively. The activities that
contribute the most to this result are livestock farming, agriculture and the release of untreated domestic
sewage. The flows of N and P from the estimated loads corresponded to 339 kg N km�2 year�1 and 204 kg
P km�2 year�1, so the region can be classified as “meso-active” and “eury-active” with regard to the
transfer of nutrients. These results are consistent with the coastal megabasin design (COSCATs) proposed
by Meyback et al. (2006). This article presents a first approach to the calculation of an estimated annual
emissions inventory of N and P for the lower basin of the Parnaíba River and its coastal region, repre-
senting an approach that has been satisfactorily used in assessing the sensitivity of estuarine systems in
northeastern Brazil.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The excessive, global and indiscriminate release of nutrients in
water bodies affects basins at different scales. The felling of forests
and their transformation into crop and pasture fields or urban ex-
pansions increase the emissions of phosphorus (P) and nitrogen (N)
derived from human activities, which are finally deposited in lentic
and lotic systems, wetlands, coastal waters and groundwater,
modulating the trophic status of such water bodies (Seitzinger
et al., 2005, 2010; Filoso et al., 2006; Meyback et al., 2006).

The relative contribution of nutrient intakes for an individual
system is difficult to quantify because of the wide variety of sources
in any given watershed. The direct measurement of N and P con-
centrations in the environment to calculate their flows is quite
complex and costly. Therefore, environmental researchers and
agencies have employed a strategy of estimating continental inputs
of N and P to the oceans from river flows using empirical emission
aula Filho).
factor models (USGS, 2011). These models take into account data
related to major nutrient sources within the basin, according to the
types and uses of the soil, area and vegetal coverage of the basin,
river flows, rainfall levels, fertilizer application, census data on the
distribution of animal and human populations, and atmospheric
deposition (EEA, 2000; USEPA, 2003; Lacerda et al., 2006; Noriega
and Araujo, 2009), including pollutant sources, factors influencing
terrestrial and aquatic transportation, and socioeconomic data on
production and consumption at the local, regional and global levels.
This has become a very effective tool for measuring the loads of
nutrients exported by the rivers (Lacerda et al., 2008; Seitzinger
et al., 2010; USGS, 2011).

An emission factor is a number that represents the amount of a
contaminant released into a receiving body from an activity asso-
ciated with that factor. It is a fundamental decision-making tool for
the propermanagement of water resources and the development of
strategies to control and mitigate impacts of different contami-
nants. This approach has been widely applied locally (Paula et al.,
2010; Molisani et al., 2013), regionally (Howarth et al., 1996;
Boyer et al., 2002; Filoso et al., 2006; Lacerda et al., 2006;
Martinelli et al., 2010; USGS, 2011) and globally (Caraco and Cole,
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1999; Smil, 2000; Howarth et al., 2008; Seitzinger et al., 2010). Its
application in the quantification of N and P in river basins is rela-
tively simple, depends on the characteristics of the nutrient sources
and requires considerably few input data. These models are vali-
dated through their calibration, using a set of local or regional data
(i.e. basin area, sanitation, fertilizer application, rainfall, NO3

�,
NH4

þ and PO4
3� in water, soil loss, soil retention factor). Emission

factors are a valuable tool for environmental managers for allowing
visualize past trends and develop future scenarios of nutrient
export by watershed (Seitzinger et al., 2010).

The increase of fish mortality episodes and excessive prolifera-
tion of aquatic weeds, the growth in the number of occurrences
recorded in the healthcare system related to algal blooms and
problems associated with cyanobacterial toxins are the conse-
quence of excessive inputs of N and P to inland waters and coastal
areas (Andersen et al., 2006; Paerl, 2009). These effects are
particularly dramatic in areas with a notorious water deficit in
northeastern Brazil, resulting in restrictions to food production and
availability of water for human consumption (Vasconcelos et al.,
2011; Barbosa et al., 2012). Studies in the drainage basins of the
NE region of Brazil showed that anthropogenic emissions of N and P
and some trace metals exceed natural emissions by at least one
order of magnitude and that these additional loads can change the
quality of estuarine waters (Lacerda et al., 2006; Noriega and
Araujo, 2009; Cunha et al., 2010; Paula et al., 2010; Marins et al.,
2011).

The inclusion of river basins of NE Brazil in the global scenario of
continental flows to the oceans is difficult due to the lack of sys-
tematic in situ measurements of loads, flows and concentrations, a
fact that can be reverted by the use of emission factors (Paula et al.,
2010). On a regional scale, the drainage basins located in this region
include areas highly sensitive to environmental impacts related to
human activities. Therefore, it is essential to outline consistent in-
dicators aiding in the rating of the environmental conditions of
these basins (Lacerda et al., 2008).

This study aims to present and calibrate an inventory of major
natural and anthropogenic sources of N and P and their loads
released annually to the Parnaiba River Delta, located in the semi-
arid region of northeastern Brazil, using the emission factors
approach. This is a starting model in an attempt to determine the
flow of nutrients exported from the basin to an important area of
the Brazilian coastline.

2. Methodology

2.1. Studied area

The lower basin of the Parnaiba River, situated in NE Brazil, has a
drainage area of 42.810 km2 and a length of 380 km, crossing the
Savannas, Caatinga and Coastal Marine biomes (Fig. 1). It has a flow
of 770 m3 s�1, a hot and humid climate and a rainy season
concentrated between February and May with an average of
1.152 mm yr�1. It spills into the Atlantic Ocean through the only
open sea delta in the Americas. It is characterized by extensive
fluvial-marine plains and a micro-to meso-tidal regimen in its es-
tuary (MMA, 2006). The Parnaiba River Delta system is a complex
and important ecosystem, having its own river-marine dynamics
and harboring important plant communities and animals. It has a
wide coverage area of about 2.750 km2, corresponding to 15% of
mangrove vegetation (Mesquista and Barreto, 2011). This complex
configuration of ecosystems environment transforms this into an
important global conservation area (MMA, 2006). Due to its envi-
ronmental importance, in 1996 the Delta was declared an Envi-
ronmental Protection Area Extending over three states in
Northeastern Brazil. The Parnaíba watershed is characterized by a
low industrial development. The delta has few point sources of
contaminants and therefore diffuse pollution sources prevail,
which are typically difficult to control and monitor.

The basin includes 60 counties belonging to three states Cear�a
(CE), Piauí (PI) and Maranh~ao (MA), with an overall population of
1.323.250 inhabitants (IBGE, 2012). The main land uses are grass-
lands (10%), agricultural areas (8%), uncultivated forest areas (48%),
conservation areas (16%), urban areas (1%) and others such as
wetlands, water bodies, exposed soils, dunes and mangroves (17%).
The main soil types are latosols (10.367 km2), plinthosols
(10.900 km2), podzols (8.481 km2), lithic soils (6.078 km2),
dystrophic (2.310 km2) and marine (487 km2) quartz sands, pla-
nosols (1.639 km2), alluvial (1.439 km2), solonchak (593 km2),
gleysols (134 km2) and solonetz (130 km2). The areas correspond-
ing to mangroves, lithic soils, sands and sea cliffs were not
considered in the inventory of soil sources since the mangroves are
considered to be accumulation areas. The leaching in lithic soils
occurs at a geological time scale and beaches and sea cliffs export
materials directly to the sea (Paula et al., 2010). The main economic
activities in this area are linked to agriculture and livestock farming,
with greater emphasis on dry land agriculture (i.e. soy, rice, beans,
corn, cashew, cotton and sugarcane), bovine, goat and shrimp
farming. The secondary sector is not too significant, with an
incipient participation of the sugar and alcohol agribusiness
(CODEVASF, 2006). There is no sewage grid, resulting in the
discharge of untreated domestic wastewater to the streambeds,
rivers and lakes. Data on the region's water quality is scarce and
there is no effective and continuous monitoring system to assess
the water quality status in its water bodies (MMA, 2006; ANA,
2012).

2.2. Tools and data for the calculation of N and P flows

The following criteria were considered when choosing the
emission factors to quantify the loads of N and P from natural and
anthropogenic sources in the low Parnaiba River: (a) the relevance
of the collected information for it to accurately reflect the most
significant emissions in the system, aiming to reduce the un-
certainties to the minimum; (b) the compilation of sufficiently
comprehensive, meaningful and preferably regionalized data so as
to maximize the reliability of the results; (c) ensure that the in-
formation is consistent and comparable over time. All 60 counties
in the basin were considered for the purposes of the inventory. The
qualitative and quantitative characteristics of natural and anthro-
pogenic (socioeconomic) sources for the inflows and outflows of N
and P are expressed by formulas representing each activity or
process (see Equations (1)e(10)). In most cases, the emission fac-
tors used in this study were adapted according to local data avail-
able from governmental statistics sources (IBGE, 2012; SNSA, 2012;
ANA, 2012).

2.2.1. Natural sources: atmospheric inputs and soil denudation
Since the larger the basin area the larger the atmospheric

deposition, nutrient loads from this source are directly related to
basin area and the concentration of the chemical species resulting
from atmospheric deposition, adjusted by the retention rate of the
element by the soil. N and P emissions associated to atmospheric
deposition were estimated according to Equation (1) below.

L
N;P
At ¼ rℛw$AWs$ð1� arSÞ

.
103 (1)

Where L
N;P
At is the estimated N or P load from atmospheric depo-

sition, AW s is the basin area (km2) and rℛw is the deposition of N
and P depending on the nutrient concentration in rainwater and
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Fig. 1. Brazilian river basins, detailing the lower basin of the Parnaíba River and its estuarine delta and the total N and total P monitoring points in the two sampling surveys
conducted between 2010 and 2012.
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the annual rainfall in the region (mg m�2 year�1). It may provide a
wide range of values, depending on the degree of urbanization and
industrialization of a specific area. In the Brazilian coast they vary
from 80 to 300 mg Nm�2 year�1 and from 4 to 10 mg P m�2 year�1,
considering an average rainfall of 1.000 mm year�1 (Mello and
Almeida, 2004). In our calculations we have used an average
emission of 100 N m�2 year�1 and 8 mg P m�2 year�1, considering
the level of preservation and incipient industrialization and ur-
banization of the area under study. These values were corrected by
the average rainfall in the region. Finally, the deposition fraction
reaching thewater streams also depends on the soil retention rates,
which in this basin correspond to 65% for N and 70% for P (Golley
et al., 1978; Malavolta and Dantas, 1980; Silva, 1996).

No dry deposition data is available for the basin of the Parnaiba
River. Thus, dry deposition was estimated as proposed by Filoso
et al. (2006) for the basin of the Piracicaba River in S~ao Paulo,
based on the input of N and P due to wet deposition. We used this
assumption in the inventory estimates as dry deposition is likely to
be significant in the region, mainly due to the burning of vegetation
for land preparation for agriculture, especially in savannah areas
where deforestation is most intense (MMA, 2006).

When determining emissions from the physical and chemical
denudation of soils (Equation (2)), we considered that agricultural
and urban tropical soils under non-mechanized cultivation have an
annual soil loss of 128 t km�2 year�1 (Greenland and Lal, 1977;
Goudie, 1987). Losses from urban and agricultural soils can reach
rates of 116e309 t km�2 yr�1 in areas under temperate climate
(Schlesinger, 1997) and 60 to 760 t km�2 yr�1 in tropical regions
(Goudie, 1987). An average of about 130 t km�2 yr�1 was reported
for low declivity areas with lack of mechanized agriculture in
tropical Africa (Greenland and Lal, 1977). This environmental
setting is similar to the Parnaiba basin and coastal plains of
northeastern Brazil. Thus, average soil loss rate of 128 t km�2 yr�1,
as proposed by Goudie (1987), will be used for the calculations of N
and P emissions from soil loss in the present study, in a manner
similar to other studies carried on in diferent basins of northeastern
brazil (Lacerda, 2006; Lacerda et al., 2008; Noriega and Araujo,
2009; Paula et al., 2010).

The concentrations of N and P in the soils vary from 500 to
900 mg g�1 for N and from 100 to 500 mg g�1 for P, depending on
the type of soil (Jacomine et al., 1986; Silva, 1996). The average
concentrations of N and P in soils (mg g�1), are respectively: alluvial
soils: 900 and 500; Plinthosols/Gleysols: 900 and 100 (Novais et al.,
2007); quartz sand dystrophic soils: 500 and 100; Latosols/Podzols:
500 and 500; Solonchack/Solonetz: 500 and 500; Planosols: 500
and 500 (Cantarella, 2007).

L
N;P
S ¼

X9
j¼1

rSj$Aj$LS$ð1� arSÞ (2)

Where LN;P
S is the total load of N and P supplied by the basin soils to

river flows as a function of rSj , which is the concentration of the
nutrient in a given soil (mg g�1), Aj is the area corresponding to
each type of soil in the basin (km2), LS is the average soil loss
recorded for gentle tropical slopes and non-mechanized agricul-
ture, similar to the soils in the coastal areas of Northeastern Brazil
(Lacerda et al., 2008), and arS is the soil retention factor (Golley
et al., 1978; Malavolta and Dantas, 1980; Silva, 1996). The esti-
mated N load was corrected for NH3 emissions estimated for non-
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urban and agricultural areas, considering that a part of natural N
emissions can be transferred directly to the atmosphere (Battye
et al., 2003; Aneja et al., 2008). An average emission of 5 kg
NH3 ha�1 year�1 was considered to be lost from areas with non-
impacted soils (Schlesinger and Hartley, 1992) according to Equa-
tion (3).

LNH3
S ¼ r

NH3
NS $ANS

.
103 (3)

Where L
NH3
S is the emission factor of NH3 for non-cultivated trop-

ical savannah soils, obtained as a function of rNH3
NS (Schlesinger and

Hartley, 1992) and ANS is the natural forest or non-agricultural soil
area in the basin (20.472 ha).
2.2.2. Anthropogenic sources: wastewater, urban runoff and
municipal solid waste (MSW)

Nutrient emissions by domestic effluents are directly propor-
tional to the concentrations of N or P in wastewater, to the popu-
lation and to the amount of water consumed per capita (IBGE,
2012), corrected by the 80% rate of return for the water distrib-
uted in the water utility network (see Equation (4)). Nutrient
concentrations in wastewater were those suggested by Mota and
Von Sperling (2009) based on local conditions, whit values of
52 mg l�1 and 15 mg l�1 for N and P, and a per capita consumption
of water o 85 l inhab�1 day�1 (rural) and 114.2 l inhab�1 day�1

(urban), according to official data (SNSA, 2012). Finally, the
assumption of no-treatment prior to release was used, since the
availability of sewage treatment in the northeastern region of Brazil
reaches less than 10% of its population (SNSA, 2012).

L
N;P
Ww ¼

X60
i¼1

�
rWw$Pui$Q ui$b$365

109

�
þ
X60
i¼1

�
rWw$Pr i$Q r i$b$365

109

�

(4)

Where L
N;P
Ww is the load of nutrients from wastewater of urban and

rural areas of each county within the basin, rWw is the concentra-
tion of N or P in raw sewage (mg l�1); Pui and Pr i are the urban and
rural populations, respectively, of each county within the basin; Q ui
and Q r i are the urban and rural water consumption per capita,
respectively; and b is the water/sewage rate of return. Due to the
incipient industrialization of the area, effluents from industrial
sources were not considered in our calculations as they are a non-
significant source of nutrients in this part of the Brazilian coastline.

In order to calculate the nutrient loads in urban runoff, we used
the individual urbanization rates of each county within the basin
(IBGE, 2012), average annual rainfall (ANA, 2012) and the average
concentrations of N and P in urban runoff (NRC, 2000), as shown in
Equation (5).

L
N;P
Urf ¼

X60
i¼1

�
rUrf$AUi

106

�
(5)

where L
N;P
Urf is the estimated total load of N or P resulting from the

runoff of urban areas in each county within the basin; rUrf is the
emission factor for N or P obtained from the concentration of each
nutrient in urban runoff, i.e. 2.0 mg N l�1 and 0.33 mg P l�1 (NRC,
2000), and annual rainfall in each county (mm year�1); and AUi is
the urban area of each county within the basin (km2). The area
under study lacks large urbanized areas and the cities in this basin
have a low level of soil impermeabilization.

Emissions from solid waste are given as a function of population
data (IBGE, 2012), per capita production of waste in each county
within the basin, ranging from 0.918 to 1.071 kg inhab�1 day�1
(ABRELPE, 2011), and a nutrient concentration of 8.9 g N kg�1 and
5.6 g P kg�1 for fresh waste (Hjelmar et al., 2000). The estimates
were corrected by the introduction of factors related to the gravi-
metric composition of wastes to the rate of soil retention given in
Golley et al. (1978); Malavolta and Dantas (1980); Silva (1996) and
Hadas et al. (2004). In Brazil, for example, 64% of the MSW is
organic (ABRELPE, 2011). Also, a 42% MSW disposal factor, related
to the improper waste disposal (ABRELPE, 2011), was introduced as
described in Equation (6).

L
N;P
M sw ¼

X60
i¼1

rM sw$Pi$GM swi$dM sw$365$ð1� arSÞ
.
109 (6)

Where L
N;P
M sw is the estimated total N or P load produced by solid

waste within the basin as a function of rmsw, which is the mean
concentration of N or P in municipal solid waste (MSW); Pi is the
population of each county within the basin; GM swi is the per capita
production of solid waste in each county corrected by the gravi-
metric factor, arS is the soil retention rate, and dM sw is the adequacy
factor according to the type of MSW disposal.

2.2.3. Anthropogenic sources: agriculture
The use of fertilizers on crops is the main responsible for the

flows of N and P to water bodies from agriculture (Filoso et al.,
2006; Mizerkowski et al., 2012). Equation (7) was used to calcu-
late the emission estimates from this source.

L
N;P
A ¼

X60
i¼1

X20
j¼1

�
rtj$Atij

103

�
(7)

Where LN;P
A is the total N or P loads from the 20most common crops

(j ) cultivated in the 60 counties (i) of the region (i.e. rice, beans,
cassava, sugarcane, corn, banana, cashew, soybean, fruits, etc.), rtj is
the emission factor of N or P applied as fertilizer (kg ha�1) and the
loss percentage according to crop type, and Atij is the cultivated
area (ha.year�1) of each crop type in each county within the basin
(IBGE, 2012). Nitrogen emissions were adjusted for the volatilized
NH3 losses, as close to 30% of the applied nitrogen fertilizer is lost
by volatilization as NH3 and NOx (Mikkelsen, 2009), part is incor-
porated by the crops, part is retained by the soil and the remaining
is lost to the water streams.

2.2.4. Anthropogenic sources: livestock farming
Livestock farming emissions of N and P described in Equation (8)

depend on the concentrations of each nutrient in animal manure,
which are relatively constant (EMBRAPA, 2004), on the soil reten-
tion rate (Malavolta and Dantas, 1980; Silva, 1996), and in the case
of N on the losses to the atmosphere in the form of reactive ni-
trogen, particularly ammonia (Faulkner and Shaw, 2008).

L
N;P
H ¼

X60
i¼1

X60
j¼1

rt j$H ij$ð1� arSÞ
.
109 (8)

Where, LN;P
H is the estimated total load of N or P from animal

manure in the region (i.e. poultry, meat cattle, dairy cattle, goats,
sheep and swine), rt j is the emission factor related to the annual
quantity of manure produced per animal in each county within the
basin (j) and the concentration of N or P in raw manure (mg kg�1);
H ij is the number of animals in each county within the basin (i);
and arS is the N and P soil retention rate (Malavolta and Dantas,
1980; Silva, 1996). Equation (9) presents the adjustment due to
volatilized ammonia frommanure of the six main animals grown in
the basin.



0

20

40

60

80

100

120

140

160

180

200

A Sd La Pd Pt Ne Pl Sl

E
m

is
si

on
 (t

.y
ea

r-1
)

Soil type

N P

Fig. 2. Emissions of N and P from the different soil types typical of the lower basin of
the Parnaíba River (A e alluvial; Sd e sands; La e latosol; Pd e podsol; Pt e plintosol;
Ne e neosols; Pl e planosol; Sl e solonetz).

F.J. de Paula Filho et al. / Estuarine, Coastal and Shelf Science 166 (2015) 34e4438
LNH3
H ¼

X60
i¼1

X6
j¼1

�
r
NH3
t j $H ij

.
103

�
(9)

The loss of ammonia due to volatilization, i.e. LNH3
H , is obtained

as a function of rNH3
t j , which is the emission factor for each type of

animal (kg NH3 animal�1 year�1) and H ij , which is the number of
heads of each type of animal in each county within the basin.

2.2.5. Anthropogenic sources: shrimp farming
The loads were estimated from local or regional emission factors

according to pond area and type of management, classified as
extensive, semi-extensive, semi-intensive and intensive (Cunha,
2010), according to Equation (10).

L
N;P
aq ¼

X4
j¼1

raq j$Aspj (10)

Where L
N;P
aq is the estimated total load of N or P from shrimp

farming (t year�1), raq j is the emission factor that relates the con-
centration of nutrients in the effluents according to the farmings
system ( j), the pond water renewal rate ranging from 5 to 10% daily
and 2.5 production cycles per year, which is the norm in the Bra-
zilian Northeast (Lacerda et al., 2006; Cunha, 2010); and Aspj is the
area of the shrimp farming ponds of each farming system in the
Parnaíba River Delta (Sampaio et al., 2008).

2.3. Calibration of results

The accuracy of the estimates was determined from the rela-
tionship between the flows estimated through emission factors
and the flows measured in situ (Qe ⁄ Qm) in two different hydro-
logical periods (dry and rainy seasons), The flows were calculated
from the concentrations of total N and P in water samples
collected in four sampling points upstream to the Parnaiba River
Delta, considering the historical average flow of the last 25 years
available in the HidroWeb web portal: http://hidroweb.ana.gov.br/
(ANA, 2012).

Water samples were collected in duplicate using Van Dorn
bottles, stored in amber glass bottles and preserved at 4 �C in a
thermal box. In the laboratory, samples were analyzed in triplicate
for Total P and Total N by wet oxidation with potassium persulfate
(K2S2O8) in an alkalinemedium (Valderrama,1981). After digestion,
the total P concentration was measured by spectrophotometry in
the visible range, according to the molybdate blue method
(Grasshoff et al., 1999), while the total N concentration was deter-
mined by the sodium salicylate method (Müller and Wiedemann,
1955).

3. Results

3.1. Natural emissions: atmospheric deposition and soil denudation

The estimated atmospheric inputs corresponded to 1.726 t
N year�1 and 118 t P year�1. This means that atmospheric depo-
sition is the N natural source with greater relevance, reaching 69%
of all natural nitrogen inputs to the basin. The emissions of nu-
trients in the basin by area corresponded to 40.3 kg N km�2 year�1

and 2.8 kg P km�2 year�1. The total atmospheric deposition of N
(NHx and NOy) to the lower basin of the Parnaíba River was below
the 100e175 kg N km�2 year�1 range reported by Filoso et al.
(2006) for the coastline of NE Brazil and is about 8 times lower
than the average deposition rate of 325 kg N km�2 year�1 reported
for Brazil. Overall, our results were below those reported by
Caraco and Cole (1999) for 35 major river systems worldwide,
with values ranging between 50 and 2.700 kg N km�2 year�1 and
average 743 kg N km�2 year�1. When it comes to P, the estimated
value was about 4 times lower than that reported by Mizerkowski
et al. (2012) for the Paranagu�a river basin (11 kg P km�2 year�1) in
southern Brazil.

When comparing the loads normalized by area with those of
other Brazilian semiarid coastal basins, it shows that atmospheric
inputs in the low Parnaiba exceeded those found in the basins of
the Açu River/RN (State of Rio Grande do Norte e basin area:
950 km2), i.e. 25 kg N km�2 year�1 and 1.7 kg P km�2 year�1, and
Jaguaribe River/CE (State of Cear�ae basin area: 1.735 km2), i.e.12 kg
N km�2 year�1 and 0.9 kg P km�2 year�1. These two basins have a
similar development level than the Parnaiba's (Lacerda et al., 2006,
2008). Likewise, they are beyond those reported by Noriega and
Araujo (2009) for the Capiberibe River basin (state of Pernam-
buco e basin area: 7.557 km2), i.e. 26 kg N km�2 year�1 and 1.9 kg
P km�2 year�1 and by Cunha (2010) for the Potengi River basin/RN
(basin area: 934 km2), i.e. 37 kg N km�2 year�1 and 2.4 kg
P km�2 year�1. These two basins include regional metropolitan
areas, resulting in a higher N atmospheric deposition.

The physical and chemical denudation of soils provides an
important contribution to the natural transfer of N and P to coastal
areas through river flows. This process is influenced by soil type,
vegetation and climate, and is accelerated by increased urbaniza-
tion and deforestation, with varying values for temperate and
tropical regions (Silva, 1996). The total emissions from soil denu-
dation are presented by soil type in Fig. 2, being 772 t N year�1

(corrected for the loss of NH3) and 660 t P year�1. A correction of
296 t year�1 was considered for nitrogen soil emissions related to
the outflow of NeNH3 from the basin's non-agricultural and
forested lands. Even though we considered a nitrogen correction,
we should note that there is a high dose of uncertainty involving
the estimates of NH3 emissions from non-agricultural or forested
areas, because of the ability of soils and plants to act as both sources
and sinks of NH3. Moreover, the use of a single emission factor does
not take into account the characteristics of the different soil types
in the basin, thus providing only an approximation of such emis-
sions. On the other hand, as the acidic soils of the region have a high
retention capacity, P emissions are transferred to the water streams
mostly associated to suspended particles in the form of particulate
phosphorus, giving this nutrient a practically conservative behavior
(Paula Filho et al., 2012).

According to these considerations, our estimates show that the
greatest losses of N are associatedwith neosols (Ne) and plinthosols
(Pt), with emissions of 190 t year�1 (25%) and 172 t year�1 (23%),

http://hidroweb.ana.gov.br/
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Fig. 3. Relative N and P contributions of the different anthropogenic sources: domestic
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followed by latosols (La) with 160 t year�1 (21%) and podzols (Pd)
with 131 t year�1 (17%), these account for 88% of total P released,
with loads equal to 199 t year�1 (La), 174 t year�1 (Ne), 163 t year�1

(Pd) and 42 t year�1 (Pt).
These results indicate that the basin's soils are the main natural

source of P to surface waters, representing 85% of all natural inputs.
Emissions by basin area correspond to 18 kg N km�2 year�1 and
15.4 kg P km�2 year�1. N and P emissions reported for the non-
mechanized agriculture basins of the Atlantic eastern coast of the
Brazilian NE region vary from 30 to 100 kg N km�2 year�1 and
1e60 kg P km�2 year�1 (Lacerda et al., 2008; Noriega and Araujo,
2009). The nitrogen emissions estimated in this study were
below such range, while P was within the range of emissions re-
ported for the coastal basins of NE Brazil. These results reflect the
characteristics of the coastal soils, which are highly weathered
(latosols and podzols), generally dystrophic, with a low nutrient
availability and susceptible to erosion with a consequent loss of
nutrients associated to mineral particles (Jacomine et al., 1986).
Comparing this basin with other basins of regional importance, the
normalized values were lower than those reported for the Açu River
basin/RN, with 98 kg N km�2 year�1 and 59 kg P km�2 year�1, the
Jaguaribe River basin/CE, with 71 kg N km�2 year�1 and 26 kg
P km�2 year�1, the Potengi River basin/RN, with 34 kg
N km�2 year�1 and 30 kg P km�2 year�1 and the Cear�a River basin/
CE, with 80 kg N km�2 year�1 and 70 kg P km�2 year�1 (Lacerda
et al., 2006, 2008), reflecting the more intensive use of the soil in
these basins compared to the Parnaíba River.

3.2. Anthropogenic emissions: domestic wastewater, urban runoff
and municipal solid waste (MSW)

Since less than 10% of the population in this basin and in the
Brazilian northeast region counts with domestic sewage treatment
and is mainly restricted to metropolitan areas not included in this
study (SNSA, 2012), we considered that no sewage treatment
whatsoever was applied before the release of the effluents into the
water courses of the region. Another issue is that human sewage
does not represent new or imported inputs of N and P to the basin
(Howarth et al., 1996). Urban emissions totaled 1.215 t N year�1 and
340 t P year�1, while rural emissions added up to 736 t N year�1 and
206 t P year�1. This represents 17.1% and 6.8% of N and P, respec-
tively, of all anthropogenic emissions (Fig. 3). Our estimates
project a sewage discharge per capita of 4 g N inhab�1 day�1 and
1.1 g P inhab�1 day�1, comparable to those reported by Howarth
et al. (1996) (9.1 g N inhab�1 day�1) and Smil (2000) (1.5 g
P inhab�1 day�1) in their global emission estimates for these
nutrients.

The indicated loads are lower than those reported for coastal
basins that include urban centers and metropolitan areas, such as
the Capibaribe/PE and Coc�o/CE river basins. In the Capibaribe River
basin, which includes Recife's metropolitan area, the emissions
from sewage account for 4.965 t N year�1 (72% of all anthropic
contributions) and 993 t P year�1 (68%) (Noriega and Araujo, 2009),
while in the Coc�o River, located in the metropolitan area of For-
taleza, such emissions account for 2.116 t N year�1 (82%) and 596 t
P year�1 (80%) (Lacerda et al., 2008).

Waters from urban runoff are a nonpoint source of pollutants
that can significantly influence the quality of the receiving water
bodies. This source has grown with the expansion of urban areas
while several factors determine the magnitude of the N and P in-
puts, such as the level of soil permeability and the nature of the
drainage system (Oishi,1996). Nutrient loads from urban runoff and
municipal solid waste (MSW) were 167 t N year�1 and 25 t P year�1,
and 384 t N year�1 and 208 t P year�1, respectively. Together, these
sources account for 5% and 3% of the N and P emitted by the basin.
The runoff discharges 3.9 kg N km2 year�1 and 0.6 kg P km2 year�1,
while municipal solid waste emits 9 kg N km2 year�1 and 4.9 kg
P km2 year�1, figures similar to the values reported for the basins of
the West Atlantic coastline of NE Brazil, which is not too urbanized
(Lacerda et al., 2006).
3.3. Anthropogenic emissions: agriculture

In non-industrialized, scarcely urbanized areas, emissions from
agriculture and livestock farming activities represent an important
source of N and P to the rivers. Their emissions vary according to
soil type, cropmanagement system, planting area of each particular
crop, and herd size and type. The emission factors available for
agriculture are variable and depend on the agricultural practice
employed (i.e. conventional or direct, mechanized or traditional
tillage). Moreover, the type of crop indicates the nutrient loss rates
(Malavolta and Dantas, 1980) as each particular crop requires a
particular amount of fertilizer (EMBRAPA et al., 2003). In the
studied basin, some reports have summarized the usual quantities
of fertilizer used in most present crops (Table 1). The estimated
amount of nutrients lost to estuary in of basin is a function of these
differences in culture type and their relative area of cultivation.

Even though the area occupied by crops is less than 8%
(331.730 ha) of the basin, the emission of nutrients due to the
application of chemical fertilizers is significant, ranking second in



Table 1
Agronomic recommendations (kg ha�1) and loss rates (%), by the use of nitrogen and
phosphate fertilizers, in major agricultural crops grown in the Parnaíba Basin, NE
Brazil.

Crop Fertilizer recommendations
(kg ha�1)

Loss (%)

N P N P

Cottona 22 12 16 6.0
Ricea 90 150 20 10
Sweet potatoa 20 90 20 10
Bananaa,b 100 30 20 10
Coconuta,b 40 20 25 20
Sugar canea,c 182.5 30 29 13
Cashew nuta,b 20 30 20 25
Beana 10 60 21 1.0
Cassavaa 20 37.5 25 20
Guavab 100 30 20 10
Orangea,b 150 45 21 1.1
Lemona,b 150 45 21 1.1
Papayab 100 30 20 10
Mangoa,b 40 20 16 6.0
Watermelona,b 100 30 20 10
Melona,b 65 70 20 10
Corna 100 30 20 10
Sorghuma 100 30 20 10
Tomatoa 100 30 20 10
Tangerinab 150 45 21 1.1
Soybeana 20 100 16 10

a Agronomic recommendations for application of fertilizers in different crops
grown in the region and their loss rates, with data available in Embrapa Production
Systems, (https://www.spo.cnptia.embrapa.br/).

b EMBRAPA, 2009.
c Malavolta and Dantas, 1980.

Table 2
N and P emissions (t year�1) from livestock farming in the low Parnaíba River basin
in 2010.

Animal Heads (�103)a Nb Pb

Poultry 3778 934 968
Meat cattle 498 2059 2183
Dairy cattle 42 253 183
Goats 501 161 274
Equine 74 417 324
Swine 629 732 516
Sheep 256 112 210

a Rural census (IBGE, 2012).
b Daily production of manure (kg animal�1 day�1): bovine/equine ¼ 10;

swine ¼ 2.5; goats and sheep ¼ 1.0; poultry ¼ 0.18 (EMBRAPA, 2004; FAO, 2012);
Concentration of N and P in manure: bovine/equine ¼ 0.6 and 0.4%; swine ¼ 0.5 and
0.3%; goats and sheep ¼ 0.5 and 0.5%; poultry ¼ 1.2 and 1.3% (EMBRAPA, 2004;
Galv~ao et al., 2008); soil retention factor: N¼ 0.65 and P ¼ 0.7; NeNH3 emission (kg
NH3 head�1 year�1): bovine ¼ 4.3, dairy cattle ¼ 5.6; equine ¼ 7.0, poultry ¼ 0.1,
goats ¼ 1.1, sheep ¼ 0.7, swine ¼ 1.5 (Faulkner and Shaw, 2008; Aneja et al., 2008).
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importance in N and P emissions to surface and coastal waters.
Sustainable development statistical data in Brazil report rates of
application of chemical fertilizers of 74.5 kg ha�1 for the Parnaiba
River basin, representing 21 kg N ha�1 and 25 kg P ha�1 (IBGE,
2012). According to the planted area (ha), the application of fertil-
izers added up to 7.000 t N year�1 and 8.300 t P year�1.

The estimates obtained from the nitrogen applied on the main
crops cultivated in the region (Equation (7)) (i.e. rice, corn, soy-
bean, sugarcane, beans, fruits and vegetables, as shown in Table 1),
accounted for 3.524 t N year�1 (50%), already corrected for the loss
of NeNH3, 1.510 t N year�1 or 22% of the total applied. The pro-
portion of nitrogen lost from N fertilizers due to NH3 volatilization
may can reach more than 50%, depending on fertilizer type,
environmental conditions (i.e. temperature, wind speed, rain), and
soil properties (calcium content, cation exchange capacity, acidity)
(Viero et al., 2014). The efficiency of the recovery of nitrogen to the
soil by plants is generally less than 50% (Bredemeier and
Mundstock, 2000). The uptake of the N applied through mineral
fertilizers by plants ranges from 20% to 40% (Vlek and Byrnes,
1986), thus among 1.400e2.800 t N year�1 was incorporated by
the crops in the 2010 harvest. P losses in the same period were
2.517 t P year�1 or 30% of the total applied, while the rest was
taken up by the plants (10e25%) or fixed by the soil (Brady and
Weil, 1996). The variety of fertilizer recommendations and the
diversity of factors that may influence fertilizer leaching losses in
agricultural systems represent a significant source of uncertainty
in any estimate made using emission factors. For example,
Howarth et al. (1996) reported losses of 10%e40% in argisols and
25%e80% in sandy soils in temperate regions of the North Atlantic.
In tropical soils in Southeast Brazil, fertilizer losses range from 6%
to 20% for P and 26%e32% for N (Malavolta and Dantas, 1980;
EMBRAPA, 2003). The crop type influences the loss rates of nu-
trients, since different cultures require different amounts of fer-
tilizer application.
3.4. Anthropogenic emissions: livestock farming

Livestock farming is a significant economic activity throughout
the Parnaíba basin, mainly bovine, goat and swine herds. Nitrogen
and phosphorus emissions for each livestock farming is shown in
Table 2. This activity is the most important anthropogenic source of
nutrients to the soil and eventually to surface waters, providing
around 43% and 58% of the total N and P emitted by anthropogenic
sources (Fig. 3), which may affect the hydrochemistry of estuaries.
Part of these nitrogen emissions are deposited in the soil, incor-
porated by plants or lost to the atmosphere (IPCC, 2006). The total
flow of N and P from livestock farming, based on Equation (9) and
corrected by NeNH3 losses estimated at 1.730 tons (Equation (10)),
corresponded to a net load of 4.668 t N year�1, while P emissions
added up to 4.658 t P year�1. The cattle industry is the most sig-
nificant activity, accounting for 44% and 47% of N and P emissions,
respectively, followed by poultry with 21% of the industry's
emissions.

The values for N shown in Table 2 were corrected for the loss of
NeNH3 to the atmosphere, which is an important outflow in
tropical environments. The hot and humid climate of the Brazilian
NE region, with an average annual temperature of around 27 �C,
favors higher emissions by volatilization. In our study, the average
loss was 61% of the nitrogen entered to the basin from animal
manure, which is within the range reported for N volatilization
losses (NH3 and NOx) by the Guidelines for National Greenhouse
Gas Inventories (IPCC, 2006). However, similar studies in other
basins of the Brazilian NE did not take into account the outflow of N
through volatilization and may have overestimated the emissions
of N for this activity (Lacerda et al., 2006, 2008; Noriega and Araujo,
2009; Paula et al., 2010).
3.5. Anthropogenic emissions: shrimp farming

Shrimp farms are significant sources of nutrients with potential
adverse effects on coastal environments (Thomas et al., 2010). This
industry uses large amounts of fertilizers to maintain high pro-
ductivity levels. Moreover, the volume and quality of wastewater
generated by shrimp farms depend on the type of management and
intensity, i.e. the more intensive, the higher the discharge of ef-
fluents in the receiving water body (Cunha, 2010). Estimates of
loads related to shrimp farming in the Parnaiba River Delta are
presented in Table 3, where they are compared to other areas of the
NE coast of Brazil. This industry has a pond area of 754 ha,
distributed among the states of Maranh~ao and Piauí (Sampaio et al.,
2008).

https://www.spo.cnptia.embrapa.br/
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The results presented in Table 3 show that despite the high
annual loads of N and P emitted by this industry, the relative
contribution of shrimp farming to the delta is significantly lower
than those recorded in the Jaguaribe/CE, Açú/RN and Curimataú/RN
river basins, mainly due to the type of farming. Themost commonly
used farming system in the low Parnaiba is semi-intensive, while in
the other basins shrimp farming is intensive, resulting in different
emission factors due to the different concentrations of nutrients of
each type of pond management. Aquaculture, and especially
shrimp farming, has a significant economic importance in some
states of the Brazilian Northeast. Therefore, the determination of
the N and P loads emitted by the industry is critical in determining
the carrying capacity of estuaries where the farms are located.

3.6. Calibration of the inventory results

In the four sampling points monitored in both campaigns
(n ¼ 8), the average concentrations ranged from 0.19 to 0.29 mg
N L�1 (median, 0.26 mg N L�1) and 0.16e0.20 mg P L�1 (median,
0.17 mg P L�1) including the results of September 2010 (dry season)
and March 2012 (rainy season). The historical average flow for the
last 25 years obtained from the HIDROWEB web portal (http://
hidroweb.ana.gov.br/) was 770 m3 s�1. The N and P flows for the
Parnaiba River Delta, obtained from the concentration data, cor-
responded to 6.387 t N year�1 and 4.160 t P year�1.

4. Discussion

4.1. Total N and P emissions to the Parnaiba River Delta

The total loads of N and P from natural sources to the Parnaíba
River Delta reflect the contributions of chemical elements through
physical and chemical soil denudation mechanisms and atmo-
spheric sources, which total contribution amounted to 2.499 t
N year�1 and 778 t P year�1. The loads related to natural processes
are directly affected by the region's soil characteristics and climate
dynamics. The atmospheric deposition of Nwas 69% higher than the
natural intake of this nutrient from the soil. We must highlight that
even though part of the N naturally enters the atmosphere through
ammonia volatilization, microbial generation of nitrogen dioxide in
the soil and the release of N-containing particles by wind action,
there are N sources to the atmosphere that are anthropogenic in
nature. Estimates made for the Northern Hemisphere indicate that
up to 80% of N atmospheric emissions are anthropogenic (Jickells,
2006). The contribution of P from physical and chemical soil denu-
dationwasalmost 5.6 timeshigher thanatmospheric emissions.AsP
does not suffer volatilization losses and its leaching losses are usu-
ally very low, the erosion of soils and runoff are by far the most
important sources for P flows into the oceans (Smil, 2000).
Table 3
Comparison of N and P load estimates (t year�1) and relative importance (%) of
emissions from shrimp farms installed in the coastal areas of northern of Brazil.

Basin Pond area (ha) Total load e t year�1 (%)

N P

Low Parnaiba/PI/MAa 754e 181 (2) 15 (0.2)
Jaguaribe/CEb 1640 346 (41) 29 (8)
Acaraú/CEb 743 188 (12) 16 (2)
Açú/RNc 1679 411 (63) 35 (13)
Curimataú/RNc 1070 248 (20) 23 (7)
Potengi/RNd 753 202 (6) 15 (2)

a This study.
b Lacerda et al. (2008).
c Lacerda et al. (2006).
d Cunha (2010).
e Sampaio et al. (2008).
Regionally, natural loads are significant when compared to the
contributions of coastal basins of the western coastline of the
Brazilian NE region, involving the states of Cear�a, Rio Grande do
Norte, Paraíba and Pernambuco (Fig. 1). According to Lacerda et al.
(2008), the coastal basins of Cear�a contribute with about 1.503 t
N year�1 and 971 t P year�1 (15 basins). Lacerda et al. (2006) and
Cunha (2010) attribute flows of 394 t N year�1 and 155 t P year�1 to
the 7 major basins of the state of Rio Grande do Norte, while
Noriega and Araujo (2009) estimated flows of 2.160 t N year�1 and
79 t P year�1 (12 basins) for the coastal basins of the state of Per-
nambuco. Estimates of N and P exports in the regional basins were
obtained from the data available for each region instead of using a
uniform approach. Therefore, the quality of the estimates varies
among the different regions. Details and most data sources are
described by Lacerda et al. (2006).

Fig. 3 shows the relative contributions of N and P emissions of
the major anthropogenic sources to the Parnaíba River Delta. In our
inventory we considered emissions associated with domestic
wastewater (Ww), disposal of municipal solid waste (Sw), runoff
from urban areas (Urf), agriculture (A), livestock farming (Lf) and
aquaculture (Sf). The relative contribution of each source varies
according to the extent of agricultural areas, the level of urbani-
zation, sanitation and population density.

The total flow of nutrients to the lower basin of the Parnaíba
River Delta from anthropogenic sources added up to 12.019 t
N year�1 and 7.970 t P year�1. These flows are in the same order of
magnitude than those reported for other basins of the western
coast of the Brazilian NE region. Anthropogenic loads estimated for
the basins in the state of Cear�a were 12.622 t N year�1 and 6.704 t
P year�1 (Lacerda et al., 2008), while for the state of Rio Grande do
Norte they totaled 8.920 t N year�1 and 5.443 t P year�1 (Lacerda
et al., 2006; Cunha, 2010). However, our N anthropogenic emis-
sions estimates differ by one order of magnitude from those re-
ported for the basins in the state of Pernambuco (34.025 t N year�1

and 6.713 t P year�1) (Noriega and Araujo, 2009). These results
suggest the existence of a latitudinal gradient of nitrogen flows, i.e.
from the Parnaíba basin to the western coast basins of the NE re-
gion, associated with a more intensive urban and industrial use of
the land and smaller river flows.

The relative contributions of each anthropogenic source to the N
and P emission estimates presented in Fig. 3 show livestock farming
as the main source of N and P to surface waters in the lower Par-
naíba River, followed by agriculture. These results support the
scenario proposed by the Global NEWS model, which demon-
strated the importance of these sources for anthropogenic fluxes of
N and P in watershed areas with low development, reflecting the
rapid growth of livestock production and less efficient use of nu-
trients in agriculture (Seitzinger et al., 2005, 2010). Domestic
sewage ranks as the third largest source of N and P to the system,
while shrimp farming is a more significant source of N than P. Ur-
ban solid waste and runoff account together for less than 5% and 3%
of the N and P emissions, respectively.

4.2. Accuracy of N and P flow estimates to the Parnaiba River Delta

The accuracy of the N and P flow estimates for the coastal region
of the basin of Parnaiba checked out when compared to the flows of
N and P measured upstream to the delta. The results of the
measured Total N and Total P are consistent with the
estimated values. The total flows estimated in this study
(natural þ anthropogenic) through emission factors accounted to
14.518 t N year�1 and 8.748 t P year�1, while the measured con-
centrations amounted to 6.083 t N year�1 and 4.259 t P year�1.

The ratios between the estimated and measured values of N and
P were 2.4 and 2.1, respectively, representing a reasonably accurate

http://hidroweb.ana.gov.br/
http://hidroweb.ana.gov.br/
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result considering the uncertainties surrounding the methodology,
especially those associated with the use and scope of regional and
global data. The observed discrepancies can be explained as the
action of buffer areas (wetlands) and retention, assimilation and
transformation mechanisms of nutrients that are inherent to these
areas (Reddy et al., 1999). The retention of nutrients varies greatly
according to the watersheds. Rivers with high specific flow and a
minor area of lakes within the catchments have in general lower
retention of nutrients than rivers with a large number of lakes and
low specific flow. Salomons (2004), in the context of EuroCat
Project, which estimated emissions of N and P from point and
diffuse sources of the rivers Vistula, Rhine-Elbe, Po, Provadijska,
Humber, Idrijca and Axios to the European coast, found an average
retention of 33% for the N. Highest retention values were observed
in basins of rivers Provadijska (86%) and Axios (61%), related to the
presence of large lakes and medium sized reservoirs in the catch-
ments, which probably causes the high retention (higher denitri-
fication) of nitrogen. Nutrient retention by artificial dams, common
in the semiarid regions of Brazil, also contributes to the outcome,
reducing the rates of export to tributary basins. In the case nitrogen,
significant losses due to [NO3

� to N2] conversion (denitrification)
can account for 30%e70% of the removal of the nitrogen trans-
ported from the basin to the river and then to the estuary (Galloway
et al., 2003). Large floodplain areas are also typical of these semiarid
basins due to strong seasonal fluctuation of water levels. These
characteristics contribute with higher retention rates of nutrients
within the basins before reaching the river. Furthermore, the
extensive mangrove areas of the Parnaíba Delta contribute greatly
to reducing the effects of loads of N and P in the coastal environ-
ment. This wetland ecosystem, in particular the soil component, is
considered a nutrient sink, which could alleviate the detrimental
impact of sewage discharges to the surrounding environment. The
mechanisms involved in the retention of nutrients in wetlands
correspond to adsorption on exchange sites and biding to organic
matter, biological oxidation and mineralization, nitrification and
denitrification and precipitation (Tam andWong,1996). In addition,
alluvial sediments rich in iron oxy-hydroxides, are the prime sub-
strates for phosphate sorption in estuaries, such as the Parnaíba
Delta (de Paula Filho, 2015).

A comparison with other tropical basins in northeastern Brazil
(Fig. 4) shows livestock farming and agriculture as the main sources
of nutrients to the coastal zone in these regions. The Parnaiba basin
had higher loads from livestock compared to other basins in the
northeastern states (179 kg N km�2 yr�1 and 75 kg P km�2 yr�1).

Finally, even though the TP and TN measurements were
made in different hydrological periods, they correspond to flash
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flows, which may not include higher loads contributed by the
Parnaíba River, which are typically transported in periods of
intense rainfall. Therefore, to better estimate their loads it is
necessary to increase the sampling period, seeking to build a
more realistic picture of nutrient flow from the basin to the
Parnaíba River estuary. However, even considering the differ-
ences between the estimates and the values measured in situ,
the results were quite consistent and capable of generating
actual scenarios for control and management decision-making
purposes involving point and nonpoint sources in this impor-
tant portion of the Northeastern coast of Brazil.

4.3. Inclusion of the coastal basins in NE Brazil within the global
scenario of continental flows to the Atlantic Ocean

The N and P flows estimated in this paper correspond to 339 kg
N km�2 year�1 and 204 kg P km�2 year�1, while the eastern coastal
basins of the Brazilian NE show highly variable N and P flows,
ranging from 259 to 7.346 kg N km�2 year�1 and 151 to 1.821 kg
P km�2 year�1.

The coastal megabasins model (COSCATs) proposed by Meybeck
et al. (2006) grouped the Parnaíba river basin and the Eastern and
Western Atlantic coast basins of the Brazilian NE region together
and classified them as “meso-active” with regard to the transfer of
nitrogen, similarly to Coral, North Sea, N. South China Sea, W. Yel-
low, New England, Rio de la Plata, E. Yellow Sea, NW Okhotsk, W.
Deccan, E. Deccan Niger Delta. This rating scale involves eight
categories obtained according to the Yi/Y* ratio (local flow/average
global flow), where a meso-active basin is in the range of 0.5 < Yi/
Y* < 2. When we refine the model to the regional level and
considering a value of Y* ¼ 355 kg N km�2 year�1 for exoreic basins
(Green et al., 2004), the calculated ratio for the coastal basin of the
Parnaíba River is 0.95, thus confirming the proposed classification.
On the other hand, the eastern coastal basins of the Brazilian NE
region showed a wide range of classifications, i.e. “meso-active”,
“eury-active”, “hyper-active” and even “hot spots” for the transfer
of materials with a Yi/Y* ratio >10, such as basins that include large
cities and metropolitan areas. Following the same reasoning for P
and with Y* ¼ 95 kg P km�2 year�1 (Seitzinger et al., 2005), the
basin can also be classified as “eury-active” in terms of P flows, Yi/
Y* ¼ 2.15 kg P km�2 year�1.

5. Conclusions

In a scenario of regional and global changes, the evidence
gathered in this study suggests that the biogeochemical cycles of N
P N P N P N P
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stern Brazil. Icapui and Jaguaribe basin (Lacerda et al., 2008); Conta basin (Paula et al.,
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and P in tropical developing countries are increasingly less
controlled by natural processes and more by human activities
mobilizing these contaminants in the environment. Although the
basin is not a very populated area, having a population density of 31
inhab km2 and an incipient industrial development, the anthro-
pogenic emissions of N and P are important sources of nutrients to
its estuarine region, mainly due to the increased use of agriculture
consumables, livestock farming and untreated wastewater dis-
charges to its water courses, altering the water quality of the
estuaries.

N and P contributions of predominantly rural human activities
(agriculture, livestock and shrimp farming) are approximately 3.8
and 9.3 times higher than urban inputs (wastewater, runoff and
municipal solid waste), respectively, together accounting for 66% of
the N and 82% of the P released to the estuary. Regarding total
nutrient emissions, anthropogenic sources account for 83% of N and
91% of P, 4.8 and 10.2 times higher than the natural contributions of
N and P to the basin, respectively. Similarly to other basins in the
western coast of the Brazilian NE region, except for major metro-
politan areas where wastewater contributions prevail, the results
showed a strong influence of agriculture and livestock farming on
nutrient emission.

The use of load estimates obtained from emission factors rep-
resents a satisfactory approach to assess the inputs of N and P (both
natural and anthropogenic) and provide an important foundation
for the development of national and regional strategiesfor the
management of water resources and the environment, especially in
areas where monitoring programs and official information on the
concentrations of these nutrients are scarce, as in the Parnaíba
River Delta Region. This is essential for the formulation of scenarios
enabling us to understand and predict the effects of additional in-
puts of nutrients from the basins to the coastal zone and for
the development of strategies for the management and remedia-
tion of environmental impacts caused by excessive nutrient
concentrations.
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