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The Paraiba do Sul watershed is an important hydrological resource for southeastern Brazil, that has
undergone extensive land use changes related to industrial, agricultural and urban activities. Over
11 years, between 1997 and 2007, a long-term study was conducted to evaluate hydrochemical variation
in the basin outlet through estimations of annual fluxes and identification of their controlling factors.
River water was classified as Na-HCOs, with TDS ranging from 32 to 132 mg L~!. Variation between sea-
sons was found: cations, total alkalinity, electrical conductivity, dissolved oxygen, nitrate and chlorophyll
“a” had increased values the during low discharge period, while concentrations of DOC, ammonium,
nitrite, phosphate and SPM had increased values during the high discharge period. Chloride, sulfate, silica
and pH showed no clear relationship with discharge. These patterns also were correlated with hydrolog-
ical flow paths originating from different sources. Wavelet decomposition was used to characterize pre-
cipitation anomalies largely associated both with long-term climate factors (i.e. ENSO) and short-term
climate responses from the two discharge periods that were studied. Distinct responses of fluvial hydro-
chemistry were observed including ENSO-induced fluctuation to be particularly strong for DOC, with
annual flux varying approximately 60% around measured median value.

© 2013 Published by Elsevier B.V.

1. Introduction

Riverine transport of dissolved and particulate materials is re-
lated to a large number of inter-linked processes involving cli-
matic, hydrological, geological, physical-chemical and
biogeochemical aspects across temporal and spatial scales. For in-
stance, weathering plays a key role in the type and amount of dis-
solved and particulate loads (Berner and Berner, 1996), while in-
channel hyporheic zones can significantly affect the migration of
essential nutrients of fluvial food webs (Hinkle et al., 2001). Fluvial
hydrochemistry also can be affected by anthropogenic factors, such
as urban demands, and impacts from agricultural and industrial
activities (Négrel et al., 2007). In particular, expansion of popula-
tion and economic activities, especially in developing countries,
has lead to widespread discharge of effluents to river waters.

In southeastern Brazil, several major urban areas (i.e. the Sdo
Paulo and Rio de Janeiro metropolitan regions) are concentrated
in and associated with the watershed of the Paraiba do Sul River.
Since the 1980s the Paraiba do Sul River has received considerable
attention due its importance as a water source for agriculture,
industry and human use for approximately 13 million inhabitants
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and 5000 different types of industry especially for the State of
Rio de Janeiro. Early studies of river water conducted in this catch-
ment did not consider temporal changes, if any, resulting from this
development, thereby making it difficult to understand the evolu-
tion of water quality and to discriminate between natural and hu-
man induced processes. In general, these studies have been
restricted to internal reports from state and federal environmental
agencies, though several studies by Pfeiffer et al. (1986), Azcue
et al. (1986, 1988) and Malm et al. (1988) assessed the critical
pathway of heavy metals contamination in this river through use
of an integrated research methodology.

Beginning in the 1990s and more recently in this decade, sev-
eral studies began to consider the temporal (Lacerda et al., 1993;
Carvalho et al,, 1999; Dittmar et al., 2012) and spatial (Carvalho
et al.,, 2002; Lage Pinto et al., 2008; Souza et al., 2010) effects of
land use in this watershed on riverine water. However, long-term
changes, particularly those associated with global climate changes,
have received limited study (Marengo and Alves, 2005).

Studies assessing long-term changes have been recognized as a
key tool for understanding ongoing processes in watersheds and
for providing an essential background for evaluation of rapid
changes within industrialized and developing countries (Nihlgard,
1994; Chen et al., 2002; Clair et al., 2002, 2008; Zakharova et al.,
2005; Yuan et al., 2007; Tao et al., 2010). Nowadays, long-term
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studies also have been placed into a broader context, as changes in
global climate factors, such as the El Nifio Southern Oscillation
(ENSO) and other atmospheric-ocean processes have been shown
to impact ecosystem-levels changes. The aim of this article is to
evaluate the long-term variations of hydrochemistry at the outlet
of Paraiba do Sul River Basin, through the estimation of annual riv-
erine fluxes and the identification of their controlling factors.

2. Materials and methods
2.1. Study area

The Paraiba do Sul River (PSR) watershed occupies an area of
57,300 km? in the states of Sdo Paulo, Minas Gerais and Rio de Ja-
neiro and is located between the latitudes of 20°26’ and 23°38'S
and the longitudes of 41°00’ and 46°30’'W. The total length of the
river channel is approximately 1150 km (Fig. 1). The area within
the PSR watershed is highly urbanized, with a total population of
close to 5 million residents. Water from this river is used by
13 million people, and approximately 160 m3s~! of water is di-
verted from the PSR watershed for use by the Rio de Janeiro metro-
politan region. Presently, vegetation cover in the PSR watershed is
approximately 70% pastures, 27% agriculture and reforestation
areas, and only 3% of the original Atlantic Forest.

The Paraiba do Sul River Basin can be divided into three macro-
sectors (MME-DNAEE, 1995): 1. An upper basin sector with an area
of 7300 km?, where the river descends from an altitude of around
1800 m to 600 m through narrow and embedded valleys carved
out of crystalline rocks; 2. A middle basin sector with an area of
27,500 km? and average elevation of 510 m; 3. A lower basin sector
with an area of 22,500 km? that is mainly occupied by a coastal
plain with numerous riverine meanders and islands.

The lithology of the middle and upper basins encompasses pre-
cambrian rocks, with predominant granitoid gneisses, migmatites,
biotite-gneiss and biotite schists, and localized occurrences of
quartzite, marble, granitic and alkaline intrusions. The lower coast-
al plain basin is composed of Tertiary and Quaternary terrains
(DNPM, 1983).

The climate type, according to the Képpen classification system,
ranges from Cwb (tropical of altitude with cool summer and rainy
summer) to CFB (subtropical with cool summers) and Aw (hot and
humid with summer rains). For the entire basin, the average an-
nual maximum temperature is 26-28 °C with a minimum between
15 and 17 °C. Average rainfall is 2000 mm year~' in the upper and
middle Paraiba sectors and 1200 mm year~! in the lower basin.

Within the entire PSR basin, 6000 farms and 8500 different
types of industrial production are found. Major industrial produc-
tion, especially for steel, chemicals, food and paper, is concentrated
in the middle and upper basin sectors and in the sub-basins of the
Pomba and Paraibuna rivers, tributaries of the main PSR. Extensive
farming is the main activity in the lower basin sector, especially
irrigated sugar cane production. Forty-seven different reservoirs
and hydroelectric dams of varying sizes also are found throughout
the basin.

2.2. Sampling and analytical methods

Samples were collected fortnightly from January 1997 to
December 2007, at the basin outlet, in the municipality of Campos
dos Goytacazes (Fig. 1). A glass bottle was used to collect depth-
integrated water samples from the center of the river channel.
Water samples were transferred to plastic bottles, and stored on
ice during transport to the lab Instantaneous discharges were esti-
mated using river velocity and cross-sectional area measurements
(General Oceanic model 2030 current meter).

Electrical conductivity (EC) and pH were measured in situ, while
in the laboratory suspended particulate matter (SPM) was mea-
sured by filtering well-mixed water samples (approximately
250 ml per sample) through a pre-weighed 0.45 pm polysulfone
membrane filter, which was dried to constant weight at 85 °C
and subsequently reweighed.

A sub-sample of water was appropriately preserved for dis-
solved oxygen determination (Golterman et al., 1978). Total alka-
linity was determined by automatic titration (Mettler 21). Sub-
samples were filtered (GF/F Whatman) and stored in plastic bot-
tles and frozen (—20 °C) prior to analysis. Silica, ammonium and
phosphate were determined spectrophotometrically; nitrate and
nitrite were determined by flow injection analysis (FIA/ASIA/
ISMATEC); chloride and sulfate were determined by ion chroma-
tography (Merck- Hitachi L-6200); sodium, potassium, calcium
and magnesium were determined by ICP-AES (Varian). Dissolved
organic carbon (DOC) was determined with a TOC-5000 Shimadzu
analyzer after filtration (GF/F membranes; Sharp et al.,, 1983).
These membranes also were used for spectrophotometric deter-
mination of chlorophyll “a” by ethanol extraction (Nush and
Palme, 1975). All analytical procedures were performed in tripli-
cate with an analytical coefficient of variation bellow 10%. Analyt-
ical control was made by charge balance and a test was used for
the ionic charge balance (meq L™!) that, in general, had accept-
able values.

Annual river loads were calculated by multiplying fortnightly
instantaneous discharges by the associated dissolved and particu-
late concentrations, to estimate elemental loads for a sampling
day. These calculated values were considered to be constants for
the successive days until new measurements from the next sam-
pling campaign. Daily loads were added together to obtain the an-
nual river loads.

Hierarchical cluster analysis of chemical data was performed
using Euclidean distance as measure of similarity, in the R statisti-
cal environment. Data columns were normalized to unit length and
the median of the data was taken from cluster centers. The low fre-
quency components of the discrete wavelet decomposed signals
were considered as long term trends. Meyer wavelet was used as
a basis and the calculations were also performed in R environment.
The wavelet analysis approach was preferred over Fourier methods
due to its intrinsic ability to deal with non-stationary signals, such
as those originating from complex systems, like river catchments
(Mallat, 1999; Milne et al., 2009; Pasquini and Depetris, 2007,
2010).

3. Results

The hydrochemical characteristics of the Paraiba do Sul River
(PSR) during the sampling period are presented in Table 1. Piper
diagrams were used for the chemical characterization of riverine
water (Fig. 2) and based on these diagrams water in the PSR can
be classified as largely Na—HCO; with no distinctions resulting
from discharge at different times of the year. Calcium, the second
largest cation found in river water varied between 20% and 50%
during the sampling period. HCO; dominated the chemical compo-
sition of water in the PSR (as shown in the anion ternary diagram),
with only a small contribution by chlorine. These hydrogeochemi-
cal characteristics (observed in the Piper diagrams) reflect a wa-
tershed lithology that is dominated by rocks of gneiss-granitic
composition. Compared to other tropical watersheds, the chemis-
try of the PSR was similar to large rivers such as the Niger, Congo,
Amazon and Orinoco (as shown in the Gibbs diagram; Fig. 3) plot-
ting in the rock dominance domain, with TDS ranging from 32 to
132 mgL~! (with a mean of 60 mg L"), and Na/Na + Ca ratio be-
tween 0.3 and 1.0 (with a mean value of 0.6).
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Fig. 1. Location and topographic map of the Paraiba do Sul River watershed (a). The main industrial cities along the basin sectors (b).
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Table 1
Summary of the hydrochemical characteristics of Paraiba do Sul River in the basin
outlet.

Max Min Mean Median SD
Q(m3s1) 7500 115 758 542 728
pH 9.74 5.15 6.92 7.00 0.69
Cond (pScm™') 147 33.8 66.1 65.4 11.9
DO (mgL™1) 11.2 46 7.7 7.7 1.0
DOC (mgL™") 6.3 0.4 2.9 2.7 13
SPM (mg L) 230 1.0 37.3 22.7 39.3
DOC (mgL~') 6.3 0.4 2.9 2.7 13
Chl-a (ugL™") 355 0.3 34 1.7 5.1
N—NO; (1uM) 247 0.05 0.47 0.29 0.44
N—NO3 (uM) 110 8.7 35 35 12
N—NH; (uM) 14 0.1 2.1 15 1.9
P—PO; (UM) 3.19 0.08 0.68 0.62 0.4
Si0, (mg L 1) 13.5 2.0 6.2 6.2 15
HCO; (mgL™') 35.8 11.3 213 21.4 2.9
Cl- (mgL1) 43 1.2 5.0 45 3.7
SO2~ (mgL") 8.5 0.9 3.2 3.0 1.1
Na* (mgL™") 14.8 1.0 5.5 5.5 1.6
Ca™? (mgL") 7.0 1.7 3.7 3.7 0.8
K* (mgL™") 3.7 0.4 2.0 2.0 0.6
Mg*? (mg L) 2.5 0.4 1.4 1.4 0.3

3.1. Hydrochemical temporal variation in the Paraiba do Sul River
Basin outlet

The time series of discharge and measured parameters are pre-
sented in Figs. 4-7, and the hierarchical clustering analysis of the
data set is presented in Fig. 8.

Notwithstanding the large spatial variation of precipitation vol-
ume over the whole basin, the PSR discharge shows a remarkable
regularity along a year (high discharge from November to February
and low discharge from May to October; Fig. 4). Long term assess-
ment of discharge revealed that the period between 1998 and 2002
was affected by negative precipitation anomalies that resulted in
less pronounced duration and magnitude of high flow periods
and increased duration of dry periods, culminating in the lowest
instantaneous discharge values measured during our study in
October 2002 (115 m® s~!). By arbitrarily using the instantaneous
discharge median value (540 m®s™') as a threshold between high
and low discharge periods, we can see that this extended dry per-
iod was longer than 3 months in several studied years, though a
positive precipitation anomaly prevailed in 1997, 2003, 2004,
2005 and 2007. Analysis of long-term variation in SPM showed a
remarkable response (Fig. 4), which readily responded to every
variation in instantaneous discharge, so that its maximum and
minimum concentrations along the study period were associated
with corresponding discharge values.

Seasonal variation of dissolved oxygen was characterized by
higher concentrations during low discharge periods, which also
was associated with maximum chlorophyll “a” concentrations.
However, no clear trends in long-term variation of dissolved oxygen
were found, except for several anomalous fluctuations in concen-
trations that were observed at the end of 2005 and the beginning
of 2006 (Fig. 4). Chlorophyll “a” annual variation was characterized
by several high values during low discharge periods, with the max-
imum each year found between August and October (Fig. 4). Long-
term patterns of chlorophyll “a” showed no relationships with an-
nual precipitation anomalies during the studied period.

Fig. 2. Piper diagram showing the composition of for major ions in the PSR outlet. Plus signals refer to the high discharge periods and open circles to low discharge periods.
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Fig. 3. Gibbs diagram for the PSR data set and principal rivers of the world (Gibbs,
1970).

Electrical conductivity (EC; Fig. 5), an indicator of major ions
concentrations in riverine water, was found to have a similar pat-
tern as Na*, K*, Mg?*, and to a lesser extent, Ca%*, all of which con-
stituted a common cluster in the cluster analysis (Fig. 8). Their
seasonal variations were characterized by increased concentra-

tions during low discharge periods and higher concentrations after
only a few weeks during the start of the flood periods. However,
these increased concentrations were not long lasting, as they shar-
ply decreased during peak discharge. Analysis of long-term varia-
tion of EC and major cations revealed that during years with a
negative precipitation anomaly (e.g. 1999 and 2006), the maxi-
mum concentrations observed during the beginning of high dis-
charge period were enhanced.

Total alkalinity also was found to have a similar seasonal pat-
tern as these cations, with increased concentrations during the
low and rising discharge stages, followed by a sharp decrease in
concentrations during high discharge periods. However, in several
years (e.g. 2001, 2004 and 2007) lower concentrations were still
observed during high discharge periods (Fig. 4). Long-term varia-
tion in total alkalinity showed no trend at all. No seasonal variation
was found for pH (Fig. 4), though long-term variation revealed an
acidification process that started in 2001 and extended until
2006. However, during 2007, the pH of river water returned to
its normal pH range. Both total alkalinity and pH also were in-
cluded in the same cluster of cations in the cluster analysis (Fig. 8).

Dissolved inorganic nitrogen (DIN) compounds (N—NH;,
N—NO; and N—NOj3) and their seasonal variation revealed two
different behaviors, as ammonium and nitrite were positively asso-
ciated with instantaneous discharge, while nitrate showed an in-
verse pattern (Fig. 6). Maximum DIN concentrations were found
during the initial runoff events each year and just before maximum
annual discharge. Ammonium and nitrite concentrations were con-
sistently elevated during high flow conditions, whereas nitrate
concentrations appeared to be affected by dilution. Nitrate was
by far the most abundant form of DIN (92% of all DIN), followed
by ammonium (6%) and nitrite (<2%). Analysis of inter-annual var-
iation revealed a complex pattern for ammonium and nitrite, with
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Fig. 8. Hierarchical cluster analysis of the data set.

anomalous isolated peaks and long periods when concentrations
increased dramatically (e.g. between 2005 and 2007). However, ni-
trate tended to be lower during years with high annual discharges.
This contrasting behavior also was visible in the cluster analysis,
with nitrite and ammonium grouped apart from nitrate (Fig. 8).
DOC and phosphate also were found to be positively associated
with instantaneous discharge and were grouped together in the
cluster analyses (Fig. 8). DOC generally showed a sharp increase
at the start of the rising water stage, followed by a decrease in con-
centrations with decreasing discharge (Fig. 6). Long-term variation
in DOC was found to include an increase in minimum values during
years of high discharge, as observed between 2003 and 2005. Be-

3.2. Long-term fluxes and export of SPM and dissolved elements in the
Paraiba do Sul River Basin

Table 2 illustrates the annual export fluxes for the analyzed
parameters. Inter-annual variation was found to be very large, with
total dissolved solid fluxes varying between 14.9 (2001) and 35.3
(2005) ton km™2 year~!. Relative amplitude (i.e., the ratio between
maximum and minimum annual flux) was high for nitrite and
ammonium (by a factor of 10 or more) and SPM (by a factor of
approximately 4), whereas the others chemical elements were be-
tween 2 and 3. Nitrite and ammonium concentrations strongly in-
creased from 2005 to 2007, which helps to explain the anomalous
long-term variation of their annual fluxes.

As a consequence of its direct association with instantaneous
discharge, almost 80% of annual flow of SPM occurs during high
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Table 2

Export fluxes of dissolved and particulate materials in the Paraiba do Sul River Basin outlet; Q (runoff) in mmy~'; N—NOj3, P—POi ,N—NO,, N—NH;, in kg km 2y~ '; others in

tonkm2y~ 1.

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

Na* 23 14 1.7 2.1 1.5 1.5 1.7 21 2.6 2.0 24
ca 1.5 0.9 1.1 14 1.0 13 1.5 1.7 22 1.1 1.7
K 0.88 0.53 0.65 0.81 0.59 0.67 0.80 0.97 1.05 0.78 1.09
Mg 0.56 0.34 0.43 0.55 0.37 0.42 0.50 0.65 0.72 0.48 0.87
Si0, 6.1 34 53 5.6 3.0 4.1 49 5.9 8.6 5.1 7.1
HCO3 10.2 5.4 6.5 7.7 4.8 5.9 9.3 104 13.7 7.7 10.0
S0%- 1.6 0.7 1.0 1.1 1.4 0.9 13 14 1.7 13 13
cl- 2.0 1.4 1.8 1.7 13 13 13 1.7 2.5 1.9 2.1
DOC 1.7 0.8 13 1.0 0.7 1.0 1.7 2.0 2.0 1.5 1.7
SPM 31.8 13.1 18.4 244 111 18.5 42.6 315 42.8 19.7 46.5
N—NO3 242 158 182 195 113 96 191 181 215 188 230
N—NH; 219 8.9 10.3 7.3 3.9 5.7 21.3 16.0 9.9 19.7 353
N—NO, 29 1.0 1.6 14 0.7 22 2.1 2.0 4.4 6.5 10.5
P—PO3~ 14.4 5.2 7.6 10.7 4.9 5.6 1255 8.7 121 12.9 12.9
Q 534 335 344 393 238 286 456 507 583 385 486

discharge periods, from November to February each year. There-
fore, long-term variations in the volume of precipitation induced
sharp responses in SPM annual fluxes. Other elements like cations,
which are affected by dilution resulting from increased water run-
off, were less affected by annual precipitation anomalies.

However, in 1998 the flux of most dissolved elements and SPM
was lowest, except cations and sulfate that were found to have the
lowest flux level in 2001. Maximum fluxes measured during the
studied period were obtained in 2005 for anions, silica, Na*, K*
and SPM, and in 2007 for nitrite, ammonium, Ca?* and Mg?*.

4. Discussion

The riverine transport of dissolved and particulate materials is
generally related to a large number of interactions involving land
use, climatic, hydrological, physical, chemical and biogeochemical
aspects. Seasonal patterns observed in the PSR basin outlet were
related to hydrological responses such as the distribution and
quantity of rainfall and could be analyzed according to the three
component hydrological approach described by Tardy et al.
(2004): 1. Quick flow within the upper portion of soils; 2. Slow
runoff flowing within deeper soil horizons or on large flooded
plains in the lower basin; and 3. Groundwater discharge located
below the water table and delayed in time. Each pathway exerts
a large influence on the transport of solutes and SPM to the river
channel.

4.1. Factors controlling the seasonal variation of hydrochemistry in the
Paraiba do Sul River

The main sources of cations for riverine waters are from soils
and rocks weathering in which cations leach through hydrological
flowpaths described above. The relative contribution of each flow-
path varies depending on precipitation and discharge conditions.
As seen in Fig. 5, during low discharge periods cations and EC
had the highest values, which were associated with a progressively
higher contribution of groundwater input as the low water period
proceeded. Concentrations of cations in riverine water during this
stage were close to the expected hydrochemical characteristics of
the groundwater reservoir. However, unlike the expected dilution
effect induced by increasing instantaneous discharge, the abun-
dance of dissolved cations and the measured EC of riverine water
continued to increase at the beginning of each rising water period,
before decreasing in concentration close to peak water flow.
According to Tardy et al. (2004) this “lag effect” between cations
and EC and increasing discharge is related to the quick runoff that

appears as soon as the discharge starts to increase at the beginning
of the wet season and leads to the high flux of several solutes and
SPM from soils to riverine water.

Chloride and sulfate also generally followed similar patterns as
cations, especially in 1999, 2003 and 2005 (Fig. 7). Their main nat-
ural sources in the PSR basin include atmospheric inputs and
weathering of localized sedimentary rocks, especially in the middle
basin sector. These elements also exhibited high standard devia-
tion, with several isolated peaks of high concentrations during
the study period, generally in the low water periods of each year.
In particular, these high standard deviations were found for chlo-
ride concentrations and were likely associated with a complex
suite of anthropogenic inputs, such as disposal of untreated sew-
age, fertilizers and industrial effluents.

In contrast, the limited responses of total alkalinity and pH to
seasonal discharge reflect the suite of inter-linked processes that
are more difficult to quantify (Fig. 4). The lowest total alkalinity
values were always associated with high discharge periods, as ob-
served in 1999, 2001 2004 and 2007, and likely reflect the same
sources and flowpaths of cations described above. Other control
factors of total alkalinity and pH were associated with in-channel
biogeochemical processes, such as photosynthesis, respiration,
decomposition, and typical hyporheic anaerobic processes (i.e., or-
ganic matter mineralization, denitrification and ammonification)
that are enhanced by areas of extensive sedimentation in the PSR
basin, particularly in the lower sector of the basin (Pezzine and
Ovalle, 2009).

Trends in dissolved silica, as described by lack of correlation
with river discharge, indicate that this element was primarily con-
trolled by chemical weathering of silicates (Fig. 7). Terrestrial
plants also take up considerable quantities of silica from soil solu-
tions, and return it to soil from litterfall as biogenic silica (Derry
et al., 2005). After being flushed from soils the dissolved silica en-
ters the river channel, where diatoms, a major component of river-
ine phytoplankton, absorb significant amounts of silica to build
their external structures (called “frustules”). The growth of dia-
toms in the river channel during low flow conditions also were
likely stimulated by eutrophication, as suggested by high chloro-
phyll “a” values, resulting in a large scatter of silica concentrations
during the entire period of low flow, even with maximum yields of
groundwater during this period.

Seasonal patterns of dissolved inorganic nitrogen (DIN) - ni-
trate, ammonium, and nitrite - likely were affected by microbial
activity and oxidation processes of organic matter in catchment
soils, which comprise a suite of soluble organic and inorganic com-
pounds that accumulate in the soil profile during the dry season
(Fig. 6), leading to available ammonium and organic nitrogen.
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Fig. 10. Relation between instantaneous discharge in PSR and ENSO Index (EI); negative values of the EI represent the cold ENSO phase, La Nifia, while positive EI values
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Nitrogen retention in soils results primarily from plant uptake and
microbial immobilization, while geochemical processes, such as
ammonium adsorption, generally play a less important role. In N-
enriched systems, as agricultural areas, there is less competition
for available N between microorganisms and plants, and the total
input from fertilizers and internal mineralization may exceed bio-
logical requirements, allowing nitrification to occur. Once formed,
nitrate that is not removed from denitrification in anoxic zones and
biological uptake moves quickly in the soil into groundwater and
the river channel (Van Miegroet, 1994). Consequently nitrogen
leaching in soils is mostly in the form of nitrate.

Following the first rainfall of rainy season, a large flux of solutes
is released from the watershed into river water, with surface and
sub-surface flows promoting rapid leaching of ammonium, and,
to a lesser extent, nitrite, thereby minimizing the residence time
of nitrogen in the soil to undergo denitrification and leading to ele-
vated concentrations of nitrogen compounds in riverine water with
increased discharge (Fig. 6). As noted by Figueiredo et al. (2011) ni-

trate concentrations clearly decreased during increased periods of
discharge, as surface and sub-surface flows increased their contri-
bution to river channel. This result indicates that most of the ni-
trate entering the PSR during low flow conditions was likely
from diffuse groundwater discharge. Moreover, point sources along
the watershed also provided a significant amount of the DIN from
treated and untreated wastewater that was diluted during high
discharge periods.

In well-oxygenated riverine water, ammonium and nitrite un-
dergo nitrification, while nitrate can be denitrified in the hyporheic
zone, due to advection of water through the water/sediment inter-
face and anaerobic condition of the fine sandy bottom sediments.
During low flow conditions large sedimentation areas emerged in
the river channel, especially in the lower basin sector of PSR. Pore-
water in those sediments were anoxic only a few centimeters be-
low the surface (Eh —120 mV) with high total alkalinity (up to
115 mg L™!), and dominance of reduced forms of DIN (NO3/NH, + -
NO, <0,1) compared to riverine waters (up to 19), revealing a
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Fig. 11. Variation of annual fluxes related to median values (values in %); negative values are related to La Nifia events and positive to El Nifio events.

“hyporheic-like” biogeochemical environment with heterotrophic
microbial activity that was characteristic of a typical denitrification
site (Pezzine and Ovalle, 2009). In the beginning of flood period,
bottom sediments are partially resuspended and porewater advec-
tion achieve its maximum, thus contributing to the onset of peak
levels of ammonium during the water rising stage.

The linkage between annual variation of DOC and river flow is
commonly described in the literature (Clair et al., 2008). In this
study, during low flow conditions, DOC concentrations were sus-
tained by diffuse contribution from groundwater. During the rising
limb of the hydrograph there was a change in the relative contribu-
tion of hydrological components, with two flowpaths other than
groundwater emerging - a quick flow that moved within the upper
portion of soils and a slow runoff that flowed within the deeper
horizons of soils. These flowpaths promoted a sharp increase in
DOC concentrations in riverine waters, with maximum annual val-
ues occurring just before peak river discharge (Fig. 6). Such tran-
sient flowpaths promoted leaching and flushing of organic
material not only from agricultural and natural soils, but also from
floodplain and fluvial islands that accumulated organic debris from
aquatic macrophytes and benthic algae.

Seasonal variation in phosphate concentrations in river water, a
major by-product of soil organic matter decomposition, was asso-
ciated with multiple biogeochemical processes that occurred in
upper soils, as well as in-channel processes, including biological
assimilation and sorption to sediments (House, 2003). The delivery
of diffuse P loads, including from agricultural areas, is largely due
to the strong affinity of phosphorus for particles, and is generally

associated with surface runoff. The P load from point sources, like
untreated sewage, is highly bioavailable and is delivered along
with readily degradable organic materials. Once in the river, solu-
ble phosphorus undergoes numerous transformations, involving
particles, sediments, the water column and biota.

During low discharge conditions, phosphate delivery by diffuse
groundwater inputs to riverine waters is probably overwhelmed
by untreated sewage contribution. However, the net uptake by
sediments through sorption/precipitation processes and the bio-
logical uptake by phytoplankton (and in a less extend benthic al-
gae) rapidly depletes available phosphate in riverine waters
(Fig. 6). As the rainy season begins, P-enriched porewater flushed
from both remobilization of bottom sediments and surface and
sub-surface runoff from agricultural and natural terrains results
in a sharp increase of dissolved phosphate that remains during
the high water period, though with less intensity than other water
chemical elements.

The high concentration of nitrate leads to a mean N:P ratio
(74:1) higher than what could be attributed to phytoplankton.
The seasonality dynamic is notable, with lower values observed
during high discharge periods (Fig. 9), indicating that there is an
excess of available nitrogen relative to phosphorous for primary
production. Despite this limitation, primary production in riverine
waters is high, with chlorophyll “a” levels reaching up to 35 ug L™!
(Fig. 4), especially during low discharge periods. Even with high
nutrient input and the high dilution and flushing by river flow,
the Paraiba do Sul estuary is classified as mesotrophic, with low
susceptibility to eutrophication (Cotovicz et al., 2012).
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4.2. Factors controlling the long-term variation of hydrochemistry in
the Paraiba do Sul Basin outlet

After establishing the role of hydrological mechanisms in sea-
sonal material inputs to fluvial channel, it is necessary to evaluate
the response of these systems across years, especially years with
precipitation anomalies (Eimers et al., 2008). Precipitation anoma-
lies in South America are strongly affected by large-scale climatic
events such as ENSO (El Nifio/Southern Oscillation), the most
important coupled ocean-atmosphere phenomenon to cause glo-
bal climate variability on inter-annual time scales. The influence
of this inter-annual oscillation on discharge variability (Pasquini
and Depetris, 2007, 2010) and also in sediment transport and fish
biology (Smolders et al., 2002) has been observed in several South
American large rivers.

In this study, variation in long-term discharge measurements
was found to be related to both positive and negative precipitation
anomalies associated with ENSO phenomena (Fig. 10). For exam-
ple, from 1998 to 2002 the PSR watershed was under the influence
of La Nifia, with predominant negative precipitation anomalies. As
described earlier, the duration and intensity of the high flow period
of the PSR was decreased during this time compared to other years.
The cumulative effect of a sequence of years with negative precip-
itation anomalies induced a critical situation during the low flow
period in 2002, when large sedimentation areas emerged in the
lower reaches resulting in fragmentation of the river channel into
a mosaic of interconnected eutrophic ponds with lentic character-
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istics, ideal condition that gave rise to a bloom of cyano-bacteria
(chlorophyll “a” and Anabaena cf spiralis density up to 36 ug L™
and 21,000 ind mL™!, respectively;) that compromised the water
supply of almost 200.000 inhabitants of the municipality of Cam-
pos dos Goytacazes for several days. This bloom was the most in-
tense one seen during the studied period, though it was not an
episodic event. Chlorophyll “a” peaks have generally occurred dur-
ing low discharge periods, notably during La Nifia years (Fig. 4), but
this was the first time that harmful phytoplankton species pre-
vailed. For the years of 2003, 2004, 2005 and 2007 a positive pre-
cipitation anomaly was prevalent as a result of an El Nifio event of
low-to-medium intensity. During the same period, a great flood oc-
curred in January 2007 with instantaneous discharge rising to
approximately 7500 m? s~!. This long-term coupling between flu-
vial discharge and atmospheric phenomena reinforces the neces-
sity of determining fluctuations in riverine transport and their
potential linkages with precipitation anomalies (Eimers et al.,
2008).

As a result of these findings, we feel confident in describing the
long-term variation of elemental fluxes of the PSR as strongly influ-
enced by ENSO (Table 2). Using median fluxes values as a refer-
ence, we noted that cations, which are related to groundwater
discharge, were less affected by precipitation anomalies, with inter
annual variation around 30% (Fig. 11). On the other hand, com-
pounds related to surface/sub-surface transient flowpaths that
are activated during the wet season, such as nutrients and DOC,
were found to be more variable (up to 60%), mainly during La
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Fig. 12. Time series of discharge (a) and interannual trends of DOC (b) and Na (c) obtained from wavelet analysis using the Meyer scaling function.
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Nifia years, when negative precipitation anomalies drastically re-
duced the effectiveness of transport capacity of these hydrological
mechanisms.

In this context, one might consider that the transport of dis-
solved species is affected by not only precipitations anomalies,
but also by their mobilization from soils and by in-channel trans-
formations rates. In fact, microbial degradation of soil organic mat-
ter and nutrient release rates in tropical regions are directly
dependent on water availability, increasing with high rainfall (Aus-
tin and Vitousek, 2000). In-channel processes, like nitrification/
denitrification in hyporheic zones, also are affected by moisture
conditions. Changes in redox conditions in sedimentation areas
are associated with fluctuations in water-saturated zones, affecting
retention/release and reduction/oxidation processes. The conse-
quences of cumulative years of positive or negative precipitation
anomalies on the rates of these processes are complex to evaluate,
with the dissolved annual fluxes measured in PSR result from a
suite of inter-connected biogeochemical reactions.

4.3. Determination of long-term hydrochemical trends in the Paraiba
do Sul Basin outlet by wavelet analysis

As discussed above, variations in river flow and subsequent
variations in hydrological flowpaths exerted a strong control on
water chemistry and mass fluxes, principally those which exhibit
strong hydrological controls including SPM, DOC, ammonium,
and nitrite. As a result, there is need to understand the factors that
regulate changes in mass fluxes at inter-annual scales. In this con-
text, we used wavelet decomposition (with an approximation at le-
vel 7) to analyze time series data at different frequency scales and
cluster analysis to identify the representative parameters of the
main hydrological mechanisms responsible for the river runoff
dynamics. DOC was chosen to represent both surface and subsur-
face flowpaths (Fig. 12b) and Na was chosen to indicate diffuse
groundwater contributions (Fig. 12c) to the riverine water.

The wavelet analysis indicated general patterns associated with
precipitation anomalies induced by ENSO dynamics (Cavalcanti
et al., 2005), as described above, though different responses were
found for this climatic event. As DOC represents a transient hydro-
logical flowpaths, it is natural that the pattern of its concentrations
tended to increase during periods of positive precipitation anoma-
lies associated with the El Nifio phase of ENSO and to decrease dur-
ing periods of negative precipitation anomalies (associated with
the La Nifla phase of ENSO; Fig. 12b). This pattern is nearly identi-
cal to the patterns exhibited by discharge (Fig. 12a), with only a
small advance in phase. Consequently, the clustering algorithm as-
signed DOC (as well as POf{) and discharge (along with SPM) to
different clusters, although they may represent the same hydrolog-
ical mechanism.

In contrast, Na which represents a continuous and diffuse input
of groundwater, showed an opposite pattern to the one shown by
DOC, as higher relative contributions of groundwater to river run-
off were found during La Nifia years (Fig. 12b).

5. Conclusions

The seasonal pattern of instantaneous discharge at the outlet of
the PSR basin has shown a remarkable covariance with rainy and
dry periods. Consequently, we found that dissolved loads in the
PSR exhibited consistent and yearly temporal variation during
the study period, with significant inputs coming from groundwa-
ter, as identified from hydrochemical measurements. In contrast
to the expected dilution effect during rising discharge periods,
the abundance of dissolved cations and electrical conductivity of
riverine water continued to increase until after peak river dis-

charge. This pattern was likely associated with transient flowpaths
emerging at the beginning of the rainy season that induced a lag
effect between peak flow and minimum concentrations of these
dissolved compounds in riverine waters. Dissolved silica, as well
as cations and total alkalinity, originates from chemical weathering
of the dominant granitic composition rocks of the watershed. Once
flushed from soils to the river channel, dissolved silica concentra-
tions are strongly affected by diatoms that absorb significant
amounts, mainly during low discharge periods, when highest
amounts of chlorophyll “a” occur. Therefore there was no direct
correlation between dissolved silica content and discharge.

Seasonal patterns of DOC, phosphate and the reduced forms of
dissolved inorganic nitrogen have a strong linkage to transient
hydrological flowpaths, and we found that their concentrations
reached their maximum values at the very beginning of the rising
water phase. The main source of these compounds is the mineral-
ization of organic matter in natural and agricultural soils of the wa-
tershed. Though soil organic matters plays an important role as a
source of nitrate to riverine waters, point and diffuse anthropo-
genic inputs also delivery large amounts of nitrate into the river
channel, resulting in a pattern inversely related to discharge. In-
channel processes such as primary production, nitrification/deni-
trification and sorption/desorption in sedimentation areas,
strongly affect not only the speciation, but also the amount of dis-
solved nutrients in riverine waters.

Long-term trends of instantaneous discharge have shown a
steady decrease in instantaneous discharge from 1998 to 2002,
when negative precipitation anomalies prevailed, mostly related
to the ENSO phenomenon. Concentrations of cations were found
to be highest during these dry years, which are associated with
La Nifia. During this period groundwater is by far the most impor-
tant contributor to the total discharge of the PSR. Additionally, the
long-term behavior of dissolved nutrients, like DOC, that are intrin-
sically related to transient flowpaths tended to increase during the
El Nifio phase of ENSO. The impact of ENSO phases on inter-annual
variation of fluvial fluxes delivery to the estuary ranged from
approximately 30% for cations and nearly 60% for dissolved
nutrients.

The long term study of PSR hydrochemistry revealed a chronic
eutrophication scenario, which associated with the siltation of
the river channel in the lower basin sector, favored algae blooms
when a negative precipitation anomaly prevailed. During this
study the system also suffered acute environmental disruptions
associated to toxic spills (e.g., Hoag, 2003), with the impacts
extending to the adjoining coastal shelf. In spite of the impacts re-
lated to anthropic activities all along the basin, PSR waters present
strong resilience and can be regarded as crucial for water supply as
well as for estuarine and coastal food webs (Costa et al., 2009).
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