
·r·, 

'I 

Arch. Hydrobiol. 148 3 461-479 Stuttgart, June 2000 

Chemistry and nutrient concentrations of the 
Lower Paraná River and its floodplain marshes 
during extreme flooding 

C. A. Villar and C. Bonetto 
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With 3 figures and 2 tables 

Abstract: Toe flood triggered by the ENSO event of 1997-1998 was one of the 

largest floods since records are available (1884). Water chemistry and nutrient concen
trations of the river and of a representative floodplain marsh were assessed along the 
flood, and results were compared with available information during normal periods. 
Decreased concentration and similar daily transport of suspended matter (SM) during 
the ENSO flood, in spite of higher erosion in the basin, indicates a large retention of 
sediments by the floodplain. The transport of dissolved and particulate organic carbon 
was higher during the ENSO flood. Aood water retumed from the marshes to the 
river with roughly 10% of the initial SM content, and was enriched in organic carbon, 
contributing to the higher organic content of river SM during the ENSO flood. Toe 
highest organic carbon concentrations were first observed in the marshes, when the 
flood water initially contacted the tloodplain, and later in the river. Our results sug
gest the marshes are important sources of organic carbon. Dissolved oxygen was un

dersaturated (4.3-8.5 mg/1), and dissolved free C02 was oversaturated (11.4-81.0mg/ 
I) with respect to the atmosphere; values more higher on the floodplain than in the
river. The transport of total phosphorus (TP) and soluble reactive phosphorus (SRP)

increased during the ENSO flood (42 and 105 %, respectively). The ratio TP/SRP in
the river water decreased from 4.6 during the pre-ENSO period to 3.2 during the

ENSO flood.

Discharge-weighed mean concentrations of N03 - were roughly double during the 
pre-ENSO period, and in spite of the significantly higher river discharge during the 
ENSO event, the daily transport was only 28 % higher during the tlood. This increase 
was lower than that of the non-biologically active major inorganic components (Ca2+

, 

Mg2+
, Na+, c1-; 37-60%) and much Iower than that of SRP (105%). Lower values 

during floods, in coincidence with N03 - depletion in the floodplain, suggest marshes 
are important sinks of inorganic nitrogen. S04 = concentration and transport in the 

river and floodplain water was significantly diminished during the ENSO flood. 
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La Plata, Buenos Aires, Argentina. 
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Introduction

Due to its physiographic and climatic features, South America is the largest
contributor to the world's runoff (BAUMGARTNER& REICHEL1975 quoted by
DEPETRIS& PAOLINI1991). The land is drained by six large fluvial systems
which deliver about 8,000km3 year"! of fresh water to the Atlantic Ocean. The
three largest basins of the continent (Amazon, Orinoco and del Plata) con-
tribute 13% of the total suspended solids delivered by all rivers to the oceans
(MILLIMAN& MEADE 1983, quoted by DEPETRIS& PAOLINI1991). Major
global climate anomalies can modulate natural systems (DEPETRIS& KEMPE
1993). Strong episodes of the El Nino/Southern Oscillation (ENSO) event are
believed to produce important impacts on different regions of the world
(floods, droughts). DEPETRISet al. (1996) observed that a significant relation-
ship exists between ENSO warm events and wet episodes in the southern re-
gion of South America.

The hydrology, biogeochemistry and ecology of rivers is usually largely
modified as a consequence of river-floodplain interactions. This fact has been
increasingly recognised, especially for large rivers (JUNKet al. 1989, HAMIL-
TONet al. 1997,VILLARet al. 1998). Floodplain environments differ from most
aquatic habitats in that dramatic changes in water chemistry and biotic com-
munities occur in response to periodic perturbations by the flood phase of the
river. Sediment retention and transformation of solutes in floodplains can po-
tentially modify the fluvial transport of elements from landscapes to the
oceans (HAMILTONet al. 1997). River-floodplain interactions in the lower
stretch of the Parana River are responsible of major changes in water quality,
both in the main course of the river and in its floodplain marshes (BONETTOet
al. 1994, VILLARet al. 1996, 1998).

Although there is increasing knowledge about basic biogeochemical pro-
cesses in the Parana system (e.g. DEPETRIS& KEMPE1991, 1993, KEMPE&
DEPETRIS1992, BONETTOet al. 1994), more information must be gathered in
order to understand metabolic processes that govern the river, and the poten-
tial modifications that global changes can trigger.

The aim of this paper is to describe water chemistry and nutrient concen-
trations of the Lower Parana River and its floodplain marshes during the ex-
ceptional 1998 flood, and to compare it with reported information about the
river during previous periods.

The basin

With an area of 3.1 . 106km2 shared by five countries (Argentina, Brazil, Boli-
via, Paraguay and Uruguay), and a mean discharge of 24,000 m3/s at the
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mouth, the Rio de la Plata watershed is the second largest hydrographic sys-
tem in South America, after that of the Amazon River. The Upper Parana
drains a tropical hilly landscape covered by humid evergreen and deciduous
forests, the headwaters drain sandstone from the old Precambrian Brazilian
shield. Downstream, the river drains iron-rich lateritic soils developed over Ju-
rassic-Cretaceous basalts. At Corrientes, about 1,000 km upstream from its
mouth, the Parana River joins its main affluent, the Paraguay River, to form
the Middle Parana stretch. The Paraguay River drains the huge Pantanal wet-
land, a depressed marshy environment of 105km2 located in southern Brazil-
northern Paraguay. About 150km upstream the confluence, the Paraguay River
receives its main affluent, the Bermejo River, which drains the arid and semia-
rid Chaco plain, the oriental slope of the Andes and the Puna highlands.

Both, the Parana and Paraguay Rivers are fringed by a 10-50 km wide
floodplain, roughly half of it being occupied by a complex network of lentic
habitats, the rest being covered by marshes and riparian forests. Downstream
of Diamante, about 400 km upstream from the mouth, the Parana River is di-
vided in several branches delimiting a delta of roughly 15,000km2, which de-
veloped over the northern, uppermost part of the Rio de la Plata Estuary (Fig.
1). The region differs from the upper stretches in that marshes occupy a much
larger area than lakes within the plain and, because of tidal influence, a large
and variable amount of water is exchanged between the river and the flood-
plain, its magnitude depending on river stage height, tidal amplitude and wind
action. In this area, the Parana River has on its left margin an extense area of
floodplain marshes without major human settlements, while its right margin
delimits an area of intense agricultural activity, large cities, and industries. A
summer flood characterises the hydrologic regime of the river with maximum
discharges in Feb. and a low water phase in late winter-spring. The combined
effect of land use and damming modifies the historical hydrograph of the Up-
per Parana River: seasonal patterns have been dampened and sudden discharge
peaks are now common throughout the year (VILLARet al. 1999).

During the 1998 flood, the valley of the Lower Parana River was com-
pletely flooded by over a meter of water, covering leeves, channels and ponds,
as was observed during the ENSO 1982 event (DEPETRIS& KEMPE1993). In-
crease in water level promoted overbank flow of large volumes of water that
traversed long distances through the flooded marshes and returned to the river
downstream (Fig. 1).

Material and methods

The Parana River was sampled during the ENSO flood on nine occasions, from Dec.
97 to Jun. 98, at Brazo Largo (Parana Guazu, left arm) and Otamendi (Parana de las
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Fig, 1. Map of the Lower Parana River and location of the study sites.

Palmas, right arm), located 50 km and 40 km upstream from the river mouth, respec-
tively, and at a representative floodplain marsh at Brazo Largo (Fig. 1). Continuous
flow was observed at the marsh throughout the flood period. The marsh was covered
by a dense stand of emergent macrophytes, dominated by Cyperus giganteus and
Schoenoplectus californicus.
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Analytical procedures

Subsurface water samples were taken in the navigation channel and in the marshes.
Dissolved oxygen was determined with a YSI 51B recorder and pH with an Orion
250A pH meter. Water samples were filtered through Whatman GF/C filters, and car-
ried on ice to the laboratory. Dissolved nutrients were determined in the filtrate. Solu-
ble reactive phosphorus (SRP) (molybdate-ascorbic) and nitrates plus nitrites (cad-
mium reduction followed by diazotation) were determined following STRICKLAND&
PARSONS(1972). Ammonium (indophenol blue) was measured according to MACKE-
RETHet al. (1978). Calcium and magnesium (EDTA), sodium and potassium (flame
photometry), bicarbonate (Gran titration), sulfate (turbidimetry), and chloride (silver
nitrate titration) were determined following APHA (1998). The concentrations of dis-
solved free CO2 were calculated from pH, bicarbonate, and major ions measurements
following WETZEL& LIKENS(1990).

Suspended matter (SM) was determined as the weight difference after filtration
through Whatman GF/C filters. The filters were heated to 550·C for two hours previ-
ous to use. Particulate organic carbon (POC) was determined after GOLTERMANet al.
(1978) by digestion of the filters used for SM determination. Total organic carbon
(TOC) (GOLTERMANet al. 1978) and total phosphorus (TP) (ANDERSEN1979) were de-
termined in unfiltered water samples fixed in the field with sulfuric acid. Samples were
prepared for Fe analysis as follows: 100 ml of filtered and unfiltered water samples
were combined with concentrated HN03 and refluxed in 250 ml flasks. Total and dis-
solved Fe determinations were performed by atomic absorption spectrometry (Buck
200A) following MINOIA& CAROLI(1989).

Although our estimate of SM load was based on subsurface samples, a previous
load estimate in the Middle Parana River at Santa Fe (VILLARet al. 1999) is coinci-
dent with a more detailed study carried out by DRAGO& AMSLER(1988), in which
samples were taken at several depths in different vertical profiles.

The discharge of the Parana River at Rosario was obtained from daily stage height
records and empirical curves relating discharge and the stage height provided by the
Argentinean Institute of Water and Environment.

Discharge-weighed mean concentrations were calculated by linear interpolation of
concentrations between sampling dates, summation of the products of discharges and
concentrations over all days of the study period, and division of the sum by the total
discharge of the evaluated period (LEWIS& SAUNDERS1989). Mean mass transport per
day (tons/d) was calculated multiplying the concentration by the discharge each day,
and computing an average of the study period. Even though reported figures are only
approximates, they are important in order to illustrate order of magnitude changes in
mass transport during normal and atypical periods.

Statistical analysis

One way analysis of variance (SOKAL& ROHLF 1979) was performed to compare
chemical data of the Lower Parana River between the three sampling sites each sam-
pling date. Whenever significant differences were detected, places were compared be-
tween each other by Tukey contrasts (SOKAL& ROHLF 1979). Pearson correlations
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Fig. 2. Hydrographic curve of the Lower Parana River at Rosario comparing the 114-
year monthly means with the discharge during the EI Nino 1997-1998 event. Circles on
the actual stage curve mark sampling dates.

were calculated among all measured variates in the river water during the ENSO flood.
The statistical software utilised was STATISTICA (1993).

Results

The flood triggered by the ENSO event of 1998 attained a mean and a max-
imum discharge at Rosario of 32,500 and 55,600 m3/s, respectively, and was
one of the largest floods recorded since records are available (1884, Fig. 2).
The mean discharge for the reported pre-ENSO period (1993-1995) was
19,130m3/s. The 1998 ENSO flood was unusual in that local rainfall was a sig-
nificant contribution to the tributaries of the lower basin. During June 1998,
5,300m3/s of river water traversed the floodplain marsh between B. Largo and
the northern border of the floodvalley (Fig. 1), representing roughly 10% of
the river discharge (Argentinean Institute of Water and Environment).

Seasonal pattern of river water during the ENSO flood

Conductivity, and major ions, SM, TOC, POC, SRP, TP and Fe were signifi-
cantly higher at Otamendi than at Brazo Largo (p < 0.05) (Table 1). Major ion
concentrations were correlated with each other and with SRP and TP
(p<O.Ol), but not with water level. Conductivity showed the same pattern dur-
ing the flood period in both arms of the river: decrease during the rising stage
to a minimum during the highest level, followed by a subsequent increase dur-
ing the receding stage.
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Dissolved oxygen was undersaturated and dissolved free CO2 was oversat-
urated with respect to the atmosphere along the study period: oxygen concen-
trations ranged from 4.3 to 8.5 mgll and dissolved free CO2 from 11.4mgll to
81.0mgll (for atmospheric equilibrium concentrations see Table I). The lowest
oxygen concentrations were coincident with the rising water level (Fig. 3 B).
Dissolved free CO2 concentration increased as water level increased (r = 0.72;
n = 17, p<O.01), peaking 14-21 May 98 (Fig. 3 C). Dissolved oxygen concen-
trations were negatively correlated with TOC (r = -0.53; n = 17, p<0.05) and
POC (r = -0.52; n = 17, p<0.05). Water pH was moderately acid during the
flood (5.6-6.6), being negatively correlated with water level (r = -0.77; n =
17; p<O.OI) (Fig. 3D). Figures observed at B. Largo after the flood peak were
lower than at Otamendi.

SM concentrations did not have a discernible pattern during the flood pe-
riod. Otamendi had higher values than B. Largo, except during the highest wa-
ter level (14-21 May 98), when figures were not significantly different be-
tween sites. SM and POC concentrations were correlated (r = 0.62; n = 17;
P <0.01). Nevertheless, SM concentration was negatively correlated with its
carbon content (r = -0.5528; n = 17; P <0.05). TOC and DOC concentrations
were correlated (r = 0.97; n == 17; p <0.01), attaining the higher values on 18
Mar. 98, during the initial phase of the flood, coincident with the minimum
oxygen concentrations, and being lower during the rest of the period (Table 1).
Changes in TOC concentrations were largely associated with variations in
DOC concentrations (Fig. 3 E).

TP concentration was higher at the beginning of the flood, decreasing
slowly thereafter. Its concentration was correlated with the SM concentration
(r == 0.80; n = 17; p <0.01). SRP concentrations peaked on both sampling sites
on March 98, having lower values thereafter. NH4+ concentrations were corre-
lated with water level (r == 0.55; n == 17;p<0.05). N03- had the lowest concen-
trations in coincidence with the lowest oxygen and highest CO2 concentrations
at the rising water level. N03 - concentration was correlated with dissolved
oxygen concentration (r = 0.48; n == 16; p = 0.062), and they were both nega-
tively correlated with water temperature (r == -0.49, n == 16; P <0.05 and r ==
0.49, n == 16; P <0.05, respectively). N03 - concentrations changed differently
between both arms of the river during the course of the flood: during the rising
limb of the hydrograph Otamendi had higher figures, while after the flood
peak higher figures were observed at Brazo Largo. This change was simulta-
neous with a sudden rise in N03 - concentrations in the floodplain marsh wa-
ters at B. Largo.

At the beginning of the flood, roughly 30 % of the Fe was in the dis-
solved fraction, increasing steadily up to 60 % by the end of the flooding pe-
riod, when the main volume of water returned from the flooded valley to the
river.
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Table 1. Mean limnological variates of the Parana River at Otamendi (P. de las Palmas) and Brazo Largo (P. Guazu) and of the floodplain I~marsh at Brazo Largo. At the commonly observed water temperatures of 17-30·C, the concentration of dissolved oxygen at atmospheric
equilibrium ranges from 9.7 - 7.6 mg/l. The equilibrium concentration of dissolved CO2 ranges from 0.57 -0040 mg/l (for atmospheric PC02
= 350 ppmv) (HAMIL TON et al. 1995).

0
stage T. Condo D.O. % sat. pH susp.mat. CinSM TOC DOC POC Dis. CO2 HC03 ~

SM
~height ·C jlS/cm mgll mgll % mgll mgll mgll mgll mg/l iil

Parana R. - Otamendi
....•
Dl

4/12/97 3.06 27.0 108 5.8 72.8 6.6 16.5± 0.5 6.5±3.2 4.8±0.6 3.7 1.1±0.5 11.4 29.8±0.8 :::J
Q.

19/2/98 3.88 26.0 197 4.1 50.5 6.3 85.0± 15.0 1.4±0.2 8.2±0.6 7.0 1.2±0.2 31.7 41.0±3.0 0
18/3/98 3.84 22.0 182 5.1 58.3 6.2 51.4± 8.5 2.0±0.6 5.5±0.1 4.4 1.1±0.5 43.2 42.1 ± 1.0 CD
5/5/98 4.92 17.5 187 5.2 54.3 6.3 67.9± 6.1 2.0±0.2 5.2±0.5 3.8 l.4±0.1 34.8 39.7±1.3 0
14/5/98 5.32 17.5 152 4.5 47.0 5.9 31.7± 1.6 2.7±0.4 6.3±1.0 5.4 0.9±0.1 81.0 36.8±2.2

:::J
~21/5/98 5.52 17.0 152 5.0 5l.7 6.2 62.6± LO.4 1.7±0.1 5.9±0.7 4.8 1.1±0.2 40.6 36.5±0.3 0

28/5/98 5.34 16.9 142 5.4 55.7 6.2 46.3± 1.5 2.2±O.1 5.5±0.4 4.5 1.0±0.0 37.9 34.0±1.1
4/6/98 5.14 15.9 173 5.0 50.5 6.2 59.8± 5.0 1.6±0.1 7.0± 1.0 6.1 0.9±0.1 44.8 39.5±0.3
17/6/98 4.52 13.2 186 8.3 79.1 6.2 42.1± 2.9 1.6±0.1 5.6±0.3 4.9 0.7±0.0 43.3 36.2±0.5
Parana R. - B. Largo
19/2/98 25.0 122 4.0 48.4 6.4 35.0± 3.8 1.7±0.3 6.0±0.6 5.4 0.6±0.1 20.5 33.0±0.8
18/3/98 22.0 111 5.8 66.3 6.3 25.6± 4.5 2.6±0.2 4.5±0.1 3.8 0.7±0.1 24.6 30.2±1.6
5/5/98 17.0 90 5.1 52.7 6.1 45.4± 2.1 2.3±0.2 4.3±0.0 3.3 l.0±0.! 38.4 27.4± 1.1
14/5/98 17.5 78 6.4 66.9 5.9 37.4± 6.9 2.3±0.2 4.7±0.7 3.8 0.9±0.2 54.6 24.8± 1.4
21/5/98 15.9 76 6.6 66.7 5.9 63.1 ± 10.8 1.6±0.3 4.1±0.2 3.1 1.0±0.0 54.3 24.0±0.3
28/5/98 16.8 90 6.4 65.9 5.9 34.9± 2.4 2.1±0.1 4.9±0.6 4.2 0.7±0.1 56.4 25.3± 1.9
4/6/98 15.2 96 6.2 61.7 6.0 35.8± 2.4 2.0±0.1 5.0±0.2 4.3 0.7±0.0 44.8 24.6±0.3
17/6/98 13.0 101 8.3 78.7 6.0 29.8± 4.9 1.4±0.2 4.8±0.3 4.4 0.4±0.07 49.8 26.2±0.8
Floodplain Marsh
19/2/98 25.0 128 0.0 0.0 5.9 4.0± 1.6 40.1±25 1O.0± 1.4 8.6 1.4±0.7 80.7 41.0± 1.6
18/3/98 22.0 123 0.2 2.4 5.7 4.7± 0.7 21.3±0.1 9.5±0.8 8.5 1.0±0.1 150.7 46.4±2.0
5/5/98 17.0 89 0.8 8.2 5.6 7.7± 4.1 9.7±3.3 5.2±0.2 4.5 0.7±0.1 128.4 29.0±0.5
14/5/98 17.0 55 1.3 13.4 5.5 4.7± 0.3 !4.1±1.7 5.6±1.6 4.9 0.7±0.! 108.8 19.5±2.5
21/5/98 15.8 63 3.1 31.3 5.6 4.6± 0.5 !2.9±2.2 4.7±0.4 4.1 0.6±0.2 97.3 21.5±0.3
28/5/98 16.0 52 2.6 26.3 5.6 5.3± 2.8 16.3±0.6 5.1±0.8 4.5 0.6±0.0 94.2 20.9±0.3
4/6/98 !4.2 63 2.6 25.3 5.7 7.3± 2.0 7.4±0.8 4.2±0.3 3.7 0.5±0.! 74.5 20.! ±O.!
17/6/98 12.0 79 5.1 47.3 6.0 5.7± 1.7 5.3±2.2 4.7±0.5 4.4 0.3±0.05 46.8 24.1±2.0
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Table 1. Continued.

sso,': Cl- Ca2+ Mg2+ Na+ K+ SRP TP N-N~+ N-N03- Tot. Dis. Part.
Fe Fe Fe

mg/l mg/l mg/l mg/l mg/l mg/l Ilg/l Ilg/l Ilg/l Ilg/l mgll mg/l mg/l

Parana R. - Otamendi
4/12/97 3.5±0.1 9.5±0.1 6.6±0.3 0.9±0.2 11.8±0.2 2.7±0.1 - 100± 2 -
19/2/98 7.5±0.2 23.9±0.1 8.1±O 3.2±0.2 22.7±0.2 3.2±0.1 57 226±28 16± 2 120± 6 - 0.71
18/3/98 6.2±0.1 20.0±0.4 7.3±0.5 2.5±0.2 23.8±0.1 3.4±0.1 78±2 195±23 29± 8 101± 1 - 0.62 -
5/5/98 5.3±0.2 17.2±0.2 6.9±0.1 2.7±0.0 22.8±0.2 3.3±0.0 5l±1 192± 15 43± 6 105± 2 2.53 0.68 1.85
14/5/98 4.5±0.1 19.1±0.1 7.2±0.1 2.5±0.1 18.7±0.0 3.l±0.0 54±2 151± 4 33± 6 74± 2 1.44 -
21/5/98 4.6±0.0 16.5±0.5 6.4±0.1 2.9±0.1 20.3±0.2 3.7±0.2 52±3 165± 10 44±1 90± 2 2.04 0.67 1.37
28/5/98 4.5±0.2 16.3±0.6 6.2±0.2 2.9±0.2 18.5±0.9 3.9±0.0 55±1 178± 2 59±13 119± 1 1.94 0.76 1.18
4/6/98 5.6±0.1 20.1±0.9 6.5±0.1 3.2±0.2 21.4±0.3 3.6±0.2 64±0 163± 1 42± I 120± I 2.02 1.02 I
17/6/98 6.6±0.1 17.0±0.0 6.3±0.1 3.1±0.1 19.3±0.1 2.9±0.0 60±1 145± 1 30± I 121± 4 1.79 1.06 0.73
Parana R. - B. Largo

o19/2/98 3.9±0.1 11.8±0.2 6.9±0.2 2.6±0.2 13.2±0.4 2.8±0.1 42 117± 6 13 66± 7 - 0.19 - :::T
18/3/98 3.2±0.06 1O.0±0.2 5.7±0.6 2.3±0.4 12.0±0.3 2.6±0.1 49±1 165±22 39±18 71± 2 - 0.57 - (1)

3
5/5/98 1.9±0.2 8.5±0.1 5.0±0.1 2.5±0.1 1O.7±0.1 2.7±0.1 38±2 140± 3 29± 2 124± 4 1.78 0.57 1.21 iii'
14/5/98 1.4±0.1 5.9±0.1 5.1±0.02 1.9±0.3 7.7±0.1 2.4±0.1 39±1 133± 1 30± 2 70± 2 1.44 0.57 0.87 --<
21/5/98 1.3±0.1 5.3±0.3 5.0±0.1 2.2±0.1 7.9±0.2 2.8±0.1 38±3 155± 7 34± 3 131± 16 2.06 0.69 1.37 0-28/5/98 .1.4±0.1 6.0±0.0 5.1±0 2.3±0.2 7.7±0.1 2.8±0.1 42±2 139± 6 33± 2 181± 0 1.44 0.81 0.63 -:::T
4/6/98 1.7±0.2 6.9±0.1 5.7±0.5 1.7±0.3 7.4±0.0 2.3±0.0 39±6 119± 1 27± 2 160± 2 1.51 0.81 0.7 (1)

17/6/98 2.8±0.1 6.7±0.1 5.3±0.1 2.4±0.1 8.7±0.2 2.3±0.3 42±2 112± 9 21± 3 154± 2 1.34 0.81 0.53 r
0

Floodplain Marsh
~
(1)..,

19/2/98 1.0±0.1 13.5±0.3 7.3±2.3 3.2±0.1 13.3±0.8 2.3±0.0 11 86± 3 8± 8 1O± 3 - 0.07 - '1J

18/3/98 nd 12.2±0.5 6.3±0.1 2.5±0.2 15.1±0.3 3.3±0.0 18±1 125± 2 4± 2 3± 0 0.24 III- - ..,
III

5/5/98 nd 6.2±0.2 6.1±0 1.9±0.2 7.8±0.2 2.3±0.1 27±1 62± 1 21± 1 4± I 0.41 0.4 0.01 ::l
III-

14/5/98 0.5±0.1 3.2±0.0 4.0±0.3 1.9±0.1 4.0±0.1 2.5±0.1 38±1 82± I 32± 2 6± 1 0.87 0.86 0.01 ::u
21/5/98 0.4±0.1 3.0±0.0 5.1±0.2 1.8±0.2 4.5±0.1 3.0±0.7 31± I 72±1 26± 2 6O±1 0.69 0.65 0.04 <'

(1)

28/5/98 0.4±0.0 3.0±0.0 5.2±0.6 1.6±0.5 4.0±0.1 2.9±0.1 38±1 77± 7 50± 2 138± 4 0.77 0.67 0.1 ..,

4/6/98 0.3±0.0 3.2±0.0 4.0±0.1 2.0±0.2 3.5±0.1 2.1±0.0 37±1 74± I 38± 3 128± 2 0.83 0.58 0.25
I~17/6/98 0.6±0.0 3.9±0.1 5.1±0.0 2.1±0.0 4.2±0.0 2.1±0.0 39±0 80± 4 20± 6 172± 0 0.7 0.48 0.22

<0
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Fig. 3. Variations of discharge (A), dissolved oxygen (B), dissolved CO2 (C), pH (D),
and TOC and DOC (E) in the Lower Parana River during the ENSO flood.
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Water chemistry of the floodplain environments during the ENSO
flood

The continuous flow observed in the floodplain valley along the ENSO flood
hindered water stratification. The marsh vegetation remained completely sub-
mersed during the highest water level. At the receding stage standing macro-
phytes emerged from the water surface without any apparent damage, but
stems and leaves were completely covered by dense filaments of periphyton,
which evolved in the low turbidity marsh water.

Dissolved oxygen concentrations were depleted during the initial rising
water level, attaining complete exhaustion on 19 Feb. 98, and remaining low
throughout the study period (mean 2.2 mgll, Table 1). Dissolved free CO2 was
oversaturated with respect to the atmosphere (mean 97.7mgll), and negatively
correlated with the oxygen concentration (r = -0.72; n = 8; P <0.05). The
highest figures were observed at the initial flood phase, peaking in coinci-
dence with the lowest oxygen and the highest DOC concentrations. The peak
of dissolved free CO2 in the marsh (18 Mar. 98) occurred two months earlier
than the one observed in the main river course (14 May 98). Water pH was
acid (below 6) during the entire flood (Table 1). The highest DOC and POC
concentrations in the marsh water were measured at the initial step of the
flood, as the flood waters first contacted the floodplain, decreasing thereafter.
The variation in DOC concentration was higher than that of POCo In the first
two samplings, the concentrations of DOC and POC in the floodplain water
were higher than in the river (p <0.05). SM in the marsh water was low
throughout the flood. Its carbon content was roughly 40 % during the initial
phase of the flood (19 Feb. 98), tapering to 5.3 % in the receding stage (17 Jun.
98).

Conductivity, as well as major ions (except K+ and S04 =), decreased as
the water level increased (p <0.05) (Table 1). Conductivity of the floodplain
water and of the Parana River at B. Largo were similar during the rising limb
of the hydrograph, but decreased at the former after 14 May 98.

N03 - concentrations in the marsh water were significantly lower than in
the river (p<O.01), except on 17Jun. 98. The concentrations of N03 - and dis-
solved oxygen in the marsh water were correlated with each other (r = 0.88; n
= 8; p cO.Ol), and they were both negatively correlated with water temperature
(r = -0.74; n = 8; P <0.05 and r = 0.87; n = 8; P <0.01, respectively). The
lowest N03 - figures (3-6!lg Nil) were observed in coincidence with the de-
pletion of oxygen at the beginning of the rising water phase. A sharp increase
in N03 - concentrations (from 6 to 60!lg Nil) was measured at the highest wa-
ter level, increasing steadily up to 172!lg Nil thereafter. This change was coin-
cident with a two-fold increase in dissolved oxygen concentration in the marsh
water. Dense mats of periphyton were evident at the time. S04= concentrations
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were also depleted during the flood, ranging from non-detectable to 1mg SII.
The lowest figures were observed in coincidence with oxygen depletion. Un-
like N03 -, the concentrations of S04= in the marsh water remained low during
the entire flood period. NH4+ and SRP concentrations in the marsh water were
correlated between each other (r = 0.80; n = 8; p <0.01), and they were both
correlated with water level (r = 0.84, n = 8; p <0.01 and r = 0.78, n = 8;
p<0.05, respectively). Both elements had lower concentrations during the ris-
ing limb of the hydrograph, increasing later to figures similar to those ob-
served in the river. Most Fe was present in the dissolved fraction (68-97%),
in contrast with the figures observed in the river water (27-60 %). The ratio
dissolved Fe/total Fe was higher at the beginning of the flood, in coincidence
with the lower dissolved oxygen concentrations.

Discharge mean concentrations and transport

The discharge-weighed mean concentrations of the main physical and chemi-
cal variates of the P. de las Palmas and P. Guazii River water and their daily
load (tons/d) for the period 93-95 and 97-98 are reported in Table 2. The
ENSO flood caused a marked decrease of the discharge-weighed mean SM
concentration. Nevertheless, because of the enhanced discharge, the daily
transport was similar during flooded and normal periods.

The biologically active dissolved gas concentrations differed between the
periods. Even though dissolved oxygen was undersaturated and dissolved CO2

was oversaturated with respect to the atmosphere in both periods, during the
ENSO flood deviations from the atmospheric equilibrium were greater (Table
1). Mass transport of dissolved CO2 was an order of magnitude larger during
the ENSO flood. Observed differences in pH between periods were caused
largely by changes in dissolved free CO2, Mean conductivity, as well as major
ions mean concentrations were lower during the ENSO flood, except K+,
which was similar. The daily mean transport of Ca/", Mg2+. Na+ and cr were
roughly 37-60 % higher during the ENSO flood, while the transport of K+
was 114% higher during the same period.

N03 -, S04= and TP discharge-weighed mean concentrations were lower
during the ENSO flood. The diminished concentrations of S04 = were not
counterbalanced by the increased discharge, resulting in a 43 % lower daily
mean transport. SRP and NH4+ discharge-weighed mean concentrations re-
mained roughly the same between periods. In terms of mass transport, how-
ever, because of the enhanced discharge, mean transport of both elements was
105 and 141% higher during the ENSO flood.

The discharge-weighed mean TOC, POC and DOC concentrations were
similar between periods, resulting in an enhanced mean daily transport during
the ENSO flood (113, 82 and 123%, respectively). Both POC and DOC mean
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Table 2. Discharge weighed mean concentrations and mean daily transport (tons/d) of the Lower Parana River during the ENSO flood (Dec.
97 -Jun. 98) and pre-Enso period (Nov. 95-Apr. 95).

-------- "------'-
Weighed mean concentration (mg :-1) Mean daily transport (tons/d- I)

..-
ENSO Pre-ENSO ENSO Pre-ENSO

P. L. Palmas P. Guazu Mean P. L. Palmas P. Guazu Mean P. L. Palmas P. Guazu Total P. L. Palmas P. Guazu Total

S.M. 58 37 44 85 102 96 72628 89210 161838 45496 109976 155472
TOC 5.9 4.7 5.1 5.7 5.3 5.5 7477 11289 18766 3070 5731 8801
POC 1.11 0.79 0.90 1.02 1.17 1.12 1398 1898 3296 547 1262 1809
DOC 4.84 3.89 4.20 4.69 4.11 4.40 6094 9391 15485 2525 4426 6951
TP 181 142 155 236 257 250 229 342 571 127 276 403
SRP 0.061 0.042 0.049 0.059 0.052 0.054 78 102 IXO 32 56 XX
N-NH4 + 0.036 0.030 0.032 0.030 0.030 0.030 45 73 11K 16 33 41) o
N-N03- 0.105 0.108 0.107 ·0.204 0.183 0.190 133 260 393 110 197 307 ::T

(J)

Diss. free CO2 42.7 37.7 39.4 13.1 9.0 10.3 53469 90898 144367 6923 9622 16545 3
iii'HC03- 39.3 27.9 31.8 51.0 44.8 46.9 49571 67297 116868 27412 48226 75638 --<

S-S04" 5.7 2.4 3.5 18.6 11.8 14.0 7197 5753 12950 9996 12654 22650 0-Cl- 19.1 8.4 12.1 21.8 19.2 19.8 24018 20263 44281 11729 20632 32361 -trCa2+ 7.0 5.5 6.0 8.5 8.5 8.5 8796 13230 22026 4575 9163 13738 <D

Mg2+ 2.8 2.3 2.5 4.1 4.0 4.0 3511 5540 9051 2181 4317 6498
r
0sNa+ 21.9 10.3 14.2 24.2 19.7 21.2 27547 24779 52326 13013 21225 34238 <D

K+
..

3.4 2.6 2.9 3.0 3.1 3.1 4252 6314 10566 1617 3313 4930 '0
Diss. ox. 5.6 6.3 6.0 7.2 7.1 7.2 III..

III
pH 6.2 6.0 6.1 7.1 7.1 7.1 :J

11I-
Condo 173 96 135 182 151 167 :0<'

<D..
~Co>

CONTRIBUCIÓN CIENTÍFICA ILPLA N° 981



474 C. A. Villar and C. Bonetto

daily transport were higher during the flood. but the increase in the dissolved
fraction was more important (Table 2). The organic content of the particulate
matter was higher during the ENSO flood than during the previous period (Ta-
ble 2 and data not shown). During the pre-ENSO period the DOCIPOC ratio
was 3.9, increasing to 4.7 during the ENSO flood.

Discussion

It is often assumed that SM increases during floods because of increasing ero-
sion in the headwaters (MEYBECK 1982). SM concentration was higher during
flood periods, both in the Upper Parana (PEDROZO & BONETTO 1989), and in
the Bermejo River (PEDROZO & BONETTO 1987), an affluent that contributes
roughly 909'c of the Lower Parana SM load. The decreased concentration and
similar transport of SM during the ENSO flood suggests retention of sedi-
ments by the floodplain due to enhanced interaction between main stems and
flood valley in the lower reaches. Flooding water returned to the river down-
stream with roughly 10 % of the initial SM content probably related with de-
creased water velocity associated with the overbank widening of the channel,
and the trapping effect of the floodplain vegetation. DEPETRIS& KEMPE (1991,
1993) reported a 50 % decrease of mean SM concentration and a similar trans-
port during the ENSO flood of 1983 in the Middle Parana stretch at Santa Fe.
During the 93-95 period, VILLAR et al. (1998) reported a significant decrease
in SM along the final 600 km of the Parana River, and attributed it to sediment
retention within the floodplains. In the present study, SM flowing out of the
marshes was enriched in organic C, contributing to the higher organic content
of river SM during the ENSO flood.

The decrease in conductivity and in the mean weighed concentration of the
major inorganic components reflects the dilution effect caused by the higher
discharge. The decrease of the discharge-weighed mean concentration of K+
was less evident, resulting in a higher mass transport likely associated with
leaching of K + from decomposing aquatic and terrestrial macrophytes (FURCH
1984a, 1984b; FURCH et al. 1983 quoted by JUNK et al. 1989). The increased
transport of the main conservative inorganic components (roughly 37-60 %
higher during the ENSO flood) reflects enhanced runoff. Higher figures ob-
served in the P. de las Palmas River than in the Parana Guazii River are due to
the influence of small rivers and streams (mean conductivity 3,072 ± 1,200IlSI
cm, unpubl. data) that merge with the Parana River on its right margin. The
left margin of the river receives smaller and less saline streams, with a mean
conductivity of 873 ± 472IlS/cm (unpubl. data). Above normal rainfall III the
southern area of the basin during the 1998 ENSO period enhanced the influ-
ence of these tributaries on the main course of the Parana River.
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The observed dissolved gas concentrations indicate the strong influence of
heterotrophic processes on the net balance of the ecosystem. The effects of the
floodplain on the riverine dissolved oxygen concentration was higher during
the rising stages, and not at the highest water levels, when the exchange of wa-
ter between the river and the floodplain was greatest. The same pattern was
observed by HAMILTONet al. (1995) in the Paraguay River, the largest Parana
River affluent. The leaching of soils and detritus and decomposition of labile
organic matter are likely to be greater upon initial contact of flood waters with
the floodplain, which contains abundant plant remains as well as terrestrial
plants that do not withstand flooding (HAMILTONet al. 1995). This may ex-
plain the higher DOC concentrations initially observed in the marsh water.
The seasonal trend of temperature during the course of the flood could con-
tribute in part to the observed patterns of dissolved gases. Water temperature
fell from 27°C on Dec. 97, at the beginning of the flood, to 13°C on June 98, at
the receding stage.

The concentrations of dissolved free CO2 measured at the Parana River are
far higher than those in equilibrium with atmospheric levels, and are partly ex-
plained by the combination of higher rates of heterotrophic metabolism, and
reduced air-water exchange in floodplain environments (HAMILTONet al.
1995, VILLARet al. 1998). That the peak of CO2 concentrations was first meas-
ured in the floodplain valley rather than in the river suggests the marshes as a
source of this gas. HAMILTONet al. (1995) reported that root respiration of
emergent macrophytes provides roughly 40 % of the water CO2 concentrations
in the Pantanal wetland, and VILLARet al. (1998) suggested that a similar pro-
cess may be occurring at the Lower Parana floodplains. Increased CO2 lead to
water acidification (STUMM& MORGAN1981, HAMILTONet al. 1997), explain-
ing the lower pH measured during the ENSO flood in the river and floodplain
waters.

VILLARet al. (1998) reported higher SRP concentrations in the floodplain
than in the Parana River in response to riverine SM phosphorus release upon
settling in the anoxic and acid marsh environment. In the present study, com-
paratively low SRP and Fe concentrations were measured during the rising
limb of the hydrograph. It seems likely that the reduction induced iron and
SRP release flushed earlier than the systematic samplings were started. A large
demand by fast growing macrophytes and luxuriant periphyton development
contributed to the observed trend.

Because of sediment retention within the marshes, the increase in TP trans-
port during the exceptional flood was smaller than that of SRP (42 against
105%). Settling particles in the marshes may have released P bound to Fe ox-
ides and to Ca, induced by the anoxic and acid floodplain environment, pro-
ducing a shift from the particulate to the soluble P fraction. The ratio TP/SRP
in the river water decreased from 4.6 during the pre-ENSO period to 3.2 dur-
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ing the ENSO flood. The correlation of SRP and the major inorganic com-
ponents along the flood, and the higher concentrations observed at the Parana
de las Palmas River also suggests the influence of the affluents that drain the
flat Chaco-Pampean loess-mantled plains and merge the Parana River on its
right margin. These rivers and streams traverse areas of intensive agriculture
and large cities, having a mean SRP concentration of 276 ± 100 ug/l (unpubl.
data).

The right margin of the river borders areas of intensive agriculture. Urea,
the main N fertiliser used, is transformed to N03 - in the soil and leached to
rivers by rains. The mean N03 - concentration of the right margin affluents is
2,000 ± 625 ug Nil, while of the left margin ones is 440 ± 198 ug Nil (unpubl.
data). In the Upper Parana River, peaks of N03 - were detected in coincidence
with the rising limb of the hydrograph, and interpreted as leaching from soils
at the beginning of the wet season (PEDROZO& BONETTO1989). In spite of
this, N03 - discharge-weighed means concentrations were roughly double dur-
ing the pre-ENSO period. Lower values during floods, in coincidence with ob-
served high N03 - depletion in the floodplain environments, suggest floodplain
marshes are important sinks of inorganic nitrogen (VILLARet al. 1996, 1998).
The mean daily transport of N03 - resulted in only 28 % higher values during
the ENSO flood period, lower than the increase of the non-biologically active
major inorganic components (Ca2+, Mg2+, Na", Cl"; 37-60 % higher), and
much lower than the 105 % SRP increase, suggesting the trapping effect of the
flooded floodplain environments. The main pathways for N03 - removal at the
soil-water interface of floodplains include biological assimilation, dissimila-
tory N03 - reduction to NH4+, and denitrification. Under conditions of anoxic
organic sediments in contact with a suboxic water layer, denitrification seems
the main N03 - removal pathway. NH4+ inputs may also be lost through
coupled nitrification-denitrification (REDDYet al. 1989).

An alternate compound that could support significant anaerobic respiration
in the floodplain water is S04". Affluents of the right and left margin of the
Lower Parana River have on average a concentration of 91 and 18 mg
S-S04 =1-1, respectively (unpubl. data). S04 = depletion in the marsh during the
ENSO flood suggests a large demand of reducible compounds by the anaer-
obic decomposers within the floodplain environments. The mean daily trans-
port of this element by the river main course was roughly 3 times higher dur-
ing the pre-ENSO period, suggesting a much lower redox potential within the
marshes during large floods, and the enhanced capacity of the flooded valley
to act as a sink of oxidative substances to degrade in situ produced organic
matter. S04 = reduction was not so evident during non-flooded periods, but
strong smell within the marshes denoted the presence of sulfides (VILLARet al.
1998). Different patterns in the degree of S04= reduction between the ENSO
flood and normal periods may reflect a lower redox potential prevalent in the
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flooded valley in the initial stages of the large flood. Areas that are not nor-
mally covered by water provided a higher amount of labile organic carbon as a
substrate for anaerobic decomposition.

Conclusion

The biogeochemistry of the Lower Parana River is strongly influenced by wa-
ter exchange with the floodplain marshes (VILLAR et al. 1998). Present results
suggest that the enhanced interaction between river and floodplains promoted
by exceptional floods, trigger major modifications in water quality. Contact of
river water with the marshes resulted in hydrochemical changes in the main
course of the river, such as oxygen consumption, enrichment in dissolved free
CO2 with a consequent lowering of pH, release of DOC, retention of particu-
late matter and transformation or loss of inorganic nutrients. These changes
triggered by river-floodplain interaction indicate the importance of floodplain
marshes on the overall dynamics of large rivers, and points out the necessity to
evaluate their environmental role in response to major global changes.
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