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Abstract Man-made activities exert great influences on
fluvial ecosystems, with lowland rivers being substan-
tially modified through agricultural land use and popu-
lations. The recent construction of drainage canals in the
upper stretch of the Salado-River basin caused the mo-
bilization of huge amounts of salts formerly stored in the
groundwater. The main aim of this work was to analyze
the effect of the discharges of those canals into the
Salado-River water, under different hydrologic condi-
tions, and the role of the wetlands and shallow lakes
placed along the canals’ system. Physicochemical vari-
ables were measured and water samples were taken
during times of high water, mean flows, drought, and
extreme drought. The environmental variables and the
plankton development were related to the hydrologic
regime and reached minimum values during floods be-
cause of low temperatures and dilution. Local effects on
the water’s ionic composition became pronounced dur-
ing droughts because of groundwater input. Nutrient
concentrations were mainly associated with point waste-
water discharges. Conductivity, ion concentrations, total
plankton biomass, and species richness increased in the
Salado-River downstream site, after the canals’ dis-
charges. The artificial-drainage system definitely pro-
motes the incorporation of salts into the Salado-River
basin. In this scenario, a careful hydraulic management
is needed to take into account this issue of secondary
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salinization that threatens the economic exploitation of
the region. The wetlands present in this study acted as
service environments not only helping to reduce salt,
nutrient, and suspended-solid concentrations down-
stream but also contributing a plethora of species and
plankton biomass into the Salado-River main course.
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Introduction

The dynamics of fluvial ecosystems are largely depen-
dent on the hydrologic regime and the seasonal variation
in the physicochemical variables (de Cabo et al. 2003).
According to Junk et al. (1989), the pulsing of a river’s
discharge acts as an influential forcing agent for the
aquatic biota, sustaining the hydrologic connectivity
and continuity between the river’s course and the flood-
plain. Accordingly, floods, like droughts, are considered
as hydrologic disturbances, characterized by a particular
timing, duration plus magnitude, and associated shifts in
the environmental variables (Poff et al. 1997; Schagerl
et al. 2009). In addition, ecological theories applied to
low-order watercourses consider that stream-corridor
ecosystems are compounds of concentric subsystems
(i. e., superficial, hyporheic, parafluvial, riparian), that
are spatially separated but hydrologically connected.
The arrangement of those landscape patches, referred
to as their configuration, is closely linked to the system’s
response to disturbance and overall resilience (Fisher
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et al. 1998). River ecosystems are increasingly threat-
ened by civilization (Margalef 1983), and as a conse-
quence, their hierarchical organization and functional
properties are often disrupted (Sparks 1995).

The anthropic impact on freshwater environments
can be separated into two categories: chemical alteration
of water quality through pollutant emission and physical
degradation through human activities—e. g., deforesta-
tion, urbanization, and canalization—that modify the
hydrologic and biogeochemical cycles (Zalewski
2007). Among these anthropic influences, hydraulic
works may represent an additional disturbance factor
that modifies the river’s drainage network, morphologic
aspects, and hydrologic dynamics (Weilhoefer et al.
2008; Lair et al. 2009). As a consequence, natural flow
pulses are altered with a resulting reduction in the spatial
heterogeneity and connectivity of the floodplain envi-
ronments (Amoros and Bornette 2002). Moreover, can-
alizations may also accelerate the downstream transport
of water, nutrients, and suspended materials, with a
consequential effect on the storage and loading capacity
of fluvial ecosystems (Kronvang et al. 1999).

The entrance of suspended solids, dissolved nutri-
ents, and organic matter may lead to the eutrophication
of aquatic environments (Ensign and Doyle 2006). Fur-
thermore, nutrient enrichment degrades water quality
and perturbs biogeochemical cycles, thus becoming an
increasing problem in many rivers (Jarvie et al. 2002,
2008). In this regard, agriculture and urban activities are
considered the major sources of P and N input into
aquatic ecosystems (Carpenter et al. 1998). Excesses
of P added to cropland may accumulate in soils, there-
after reaching lotic systems by means of erosion
(Carpenter 2008). In the water, the particulate P is
dissolved, thus becoming available for algal growth
(Garnier et al. 2005).

The salinization of freshwater ecosystems is a global
issue that is mainly a result of human activities (e. g.,
mining, irrigation, road-deicing agents, resource extrac-
tion). Salt concentrations are being increased in rivers
around the world; and according to some predictions,
this situation will worsen in the future because of
climate change, global warming, and the increasing
demands on water (Caiiedo-Argiielles et al. 2013).
Secondary salinization—another man-made distur-
bance—is a hazard for terrestrial and aquatic systems,
exerting irreversible adverse effects on arable lands and
ecosystem services (Herczeg et al. 2001). That pertur-
bation constitutes a major issue in freshwater
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environments, since salinity represents a key biologic
parameter (Williams 1999; Cainedo-Argiielles et al.
2016a) and a potential toxicant as well (Kefford et al.
2002). In lotic systems, salinity acts as an additional
selective force for unidirectional flow and as such
creates novel environments, consequently leading to
new research (Kefford et al. 2016). Accordingly, salin-
ity appears as a pressing disturbance for stream com-
munities, acting at the physiologic level of the constit-
uent biota so as to enable a species to withstand the
impending stress (Schéfer et al. 2011). In view of the
effects of salinization on the aquatic biota present;
wetlands, streams, and riparian vegetation are the prin-
cipal ecosystems at risk (Hart et al. 2003).

Wetlands represent diverse aquatic environments that
exhibit a high spatial heterogeneity and biologic rich-
ness. In addition, periodic floods influence the structure
and function of these ecosystems (Zalewski et al. 1998;
Kiedrzynska and Zalewski 2012). Valuable environ-
mental functions—such as the retention of nutrients
and organic matter, and the processes of degradation
and transformation into biomass—take place in these
unique areas, shortening the spiraling nutrient loop
(Reddy et al. 1999; Hein et al. 2005; Zalewski 2007).
As a consequence, wetlands are fundamental regulators
of biogeochemical cycles, yet are strongly shaped by
hydrology and hydrologic inputs (Reddy and De Laune
2008; Wolf et al. 2013). In recent years, natural and
constructed wetlands have been successfully imple-
mented with the objective of retaining P in agricultural
landscapes (Kroger et al. 2013).

Plankton exerts a key role in lotic ecosystems, since
that biota represents a food supply for many consumers
and a quality source of organic carbon. The structure
and dynamics of the phytoplankton and zooplankton
communities are believed to be largely controlled by
physicochemical conditions such as temperature, pho-
toperiod, turbulence, water velocity, and turbidity
(Thorp et al. 1994; Basu and Pick 1996). In addition,
the geomorphological features of the river basin and the
ongoing hydrologic condition may also regulate plank-
ton growth and development (de Ruyter van Steveninck
et al. 1992; Descy and Gosselain 1994). As a conse-
quence, chlorococcal chlorophytes, diatoms, rotifers,
and small cladocerans are frequently the dominant
groups of the river plankton because of their particular
adaptations to those physical limitations (Reynolds and
Descy 1996). Moreover, plankton is considered as a
resilient community owing to that biota’s special
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characteristics such as microscopic dimensions, quick
growth, short life cycles, and the production of resting
eggs and other resistant structures that enable the organ-
isms to cope with disturbances (Fisher et al. 1998;
Rossetti et al., 2009).

The study area—Ilocated in the northwestern portion
of the Salado-River basin (Buenos Aires, Argentina)—
is generally known as the sandy pampa (or western
pampa) because of the characteristic landscape of lon-
gitudinal and parabolic dunes of sand previously formed
by eolian accumulations during the present Holocene
epoch (Imbellone and Giménez 1998; Viglizzo and
Frank 2006). The natural drainage network of the Sala-
do River is poorly developed and lacks hydrologic
integration (Carol et al. 2010). In particular, the sandy
pampa—an endorheic zone covering 66,000 km*—is
drained artificially by urban and rural canals that con-
stitute a complex network. These canalizations were
constructed and connected within the Salado basin in
the last decades, after the extreme floodings registered
during 1987 through 1988 (Luduefia 2006). Since then,
large amounts of salts have been mobilized from the
saline groundwater of the northwest region to be
discharged into the Salado River, thus promoting an
increased salinization.

The consequences of secondary salinization in
streams and rivers have been largely studied in the
USA, Europe, and Australia (Cafiedo-Argiielles et al.
2013; Kefford et al. 2016). In this regard, research
efforts are needed in the Salado-River basin, since that
watershed is one of the most productive agricultural and
cattle breeding regions in the country (Gonzalez and
Fernandez 2007). Previous studies had recognized the
chemical characteristics and the nutrient dynamics of the
Salado River as well as the influence of the hydrologic
regime on plankton development (Neschuk 2001;
Gabellone et al. 2005, 2013a, b; Bazzuri et al. 2008,
2010). Those investigations, however, were not focused
on the main affluents of the upper stretch of the basin—
that is, the saline canalizations of the sandy pampa.
Those water discharges, being mainly governed by the
ongoing hydrologic condition, affect the water charac-
teristics of the Salado-River water. In addition, the can-
alizations pass through diverse wetlands and shallow
lakes within the study area. Hence, the characteristics
of the water of those canals are modified by this serial
system of lentic environments, which effluents subse-
quently drain towards the Salado River. On the basis of
these considerations, the objectives of this work were (a)

to measure the physicochemical characteristics of the
water in the drainage canals; (b) to assess the effect of
the drained wetlands and shallow lakes present within
the study area on the water from the canals; (c) to
examine the influence of the canals’ allochthonous dis-
charges on the Salado River’s main course; (d) to ana-
lyze the structure, dynamic, and richness of the plankton
community in the study area and; (e) to recognize the
changes in the system under different hydrologic condi-
tions (i. ., flooding, mean flows, drought).

Materials and methods
Study area

The Salado—the southernmost tributary of the La Plata
River estuary and 571 km in length—is a typical low-
land river with a gentle slope (0.107 m km ") whose
catchment covers 150,000 km? in the pampas plain
(Bazzuri et al. 2010). Because of these geomorphologic
characteristics, evaporation and infiltration became pre-
dominant (Forte Lay et al. 2007). In addition, a regional
climatic phenomenon consisting of interannual hydro-
logic cycles occurs, where various consecutive wet
years are followed by dry ones in an irregular pattern
(Iriondo and Krohling 2007). The alternation between
extended periods of excessive and deficient precipita-
tions produces prolonged floodings and droughts that
greatly affect human activities in the region (Scarpati
et al. 2002; Cesanelli and Guarracino 2011). More in-
formation about the geologic features and land use of the
Salado basin can be found in Gabellone et al. (2005,
2008 and 2013a) and Neschuk (2001).

In the sandy pampa, the mean annual precipitation
is 850 mm and the mean annual potential evapotrans-
piration 1092 mm. Thus, a negative water balance is
usually observed from November through February.
During dry periods, the water tables drop and the
water accumulated in land depressions evaporates
producing soil salinization (Badano 2010). This pro-
cess threatens the economic exploitation of the land;
it is mainly devoted to extensive cattle breeding
along with crop and pasture rotation (Ghersa et al.
2002; Viglizzo and Frank 2006).

A characteristic feature of the sandy pampa is the
close linkage between ground- and surface-water pro-
cesses—namely, the occurrence of groundwater-
induced surface flooding and runoff (Palmer et al.
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2002). The chemical characteristics of the groundwater
in the study area are only partially known. For its part,
the sandy-pampa region has saline groundwater with
moderate conductivity values and chloride-sodic waters.
These chemical characteristics result from the presence
of continental evaporites, widely distributed in this
endorheic region and in the Salado-River basin. In ad-
dition, the aquifer also flows through subterranean gyp-
sum deposits, thus contributing sulfates (Aradas et al.
2002; Kruse and Zimmermann 2002; Rojo et al. 2006).
In contrast, the city of Bragado lies above a freshwater
aquifer that supplies water to the surroundings. Al-
though the proportion of the precipitation and ground-
water supplying the river discharge is still unknown, the
ionic composition of the river’s water within the stretch
under investigation suggests that the groundwater is the
main input (Gabellone et al. 2008).

Sampling stations

The sampling stations were chosen in order to include (i) the
transport of the water that comes from the sandy-pampas
region via the canals, (ii) that water’s passage through the
main shallow lakes and wetlands of the study area, and (iii)
the influence of those discharges into the Salado River. For
this purpose, the following sampling stations were selected:
the Mercante Canal (C1), where all the sandy-pampa can-
alizations converge; the Vinculacion Canal (C2), which
channel links the wetland between the Municipal and the
Bragado shallow lakes; the Este Canal (C3); and the

Saladillo Stream (S)—the latter two being effluents from
the Bragado shallow lake and discharge into the Salado
River. In the river, we placed an upstream (R1) and a
downstream (R2) site in relation to the discharge of the
aforementioned system of tributary canals. The study area
covered ca. 3000 km? (Fig. 1). Samples were taken under
four different hydrologic conditions, heretofore referred to
as: A, high water (flooding; May 2007); B, mean flows
(March 2008); C, low flows (drought; November 2008);
and D, very low flows (extreme drought) in the tributaries
but with mean flows in the river proper (September 2009).
The Este Canal Station was added and then sampled during
low-water conditions (C and D). The total annual precipi-
tation at Bragado city was 1015 mm in 2007, 734 mm in
2008, and 926 mm in 2009, occurring mostly in spring and
autumn (SMN 2016).

Analytical procedures

At each sampling site, the temperature, turbidity, pH, and
conductivity were measured with a multiple sensor Horiba
U-10; dissolved-oxygen concentration (DO) with YSI ox-
imeter; and light penetration with a Secchi disk. Because no
flow-discharge data were available for the study area, we
measured the flow velocity by means of a current meter and
determined the hydrometric level as well. A submersible
centrifugal pump was used for sample extraction from the
center of the channel. Samples were collected in 1-L acid-
cleaned polyethylene bottles for chemical analysis. For in
situ chlorophyll-a estimates, water samples were drawn

340117 2
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Fig. 1 Site map of the Salado-River watershed (left panel), show-
ing the recent channelizations within the sandy pampas, the loca-
tion of the study area (dotted box, enlarged in the right panel), and
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through Whatman GF/C filters into a suction flask connect-
ed to amanual vacuum pump. Phytoplankton samples were
preserved in 1% acetic Lugol’s solution and stored at room
temperature until the time of analysis. Avolume of 50 L was
pumped from a depth of 0.5 m below the surface and passed
through a 25-mm-diameter hose into a 35-pum mesh net.
The material retained was preserved in a 4% aqueous
formaldehyde solution. All samples were transported to
the laboratory in an ice-cooled isolation box and thereafter
stored in the dark at 5-8 °C until further analysis.

In the laboratory, Na* and K* concentrations were
determined according to method 3500 D (APHA 1995)
and CI” by argentometry, SO4> turbidimetrically in a
spectrophotometer, Ca?* concentration by EDTA
titrimetry, and Mg”* by subtraction from the total car-
bonate content. The total alkalinity was determined by
sulfuric acid (0.02 N) titration, and HCO; and CO5*~
estimated on the basis of stoichiometric relationships.
N-NO; ™ plus N-NO, (N +N) and N-NH,* were
assayed by the 4500-H and 4500-F methods, respec-
tively (APHA 1995). Total nitrogen (TN) was estimated
by spectrophotometry at 220 nm after acidic-persulfate
digestion and autoclaving at 1 atm pressure (Tartari and
Mosello 1997). Dissolved reactive phosphorus (DRP)
and total reactive phosphorus (TRP) were determined
by the 4500-(P)-E method. The same methodology was
used for total phosphorus (TP) and total dissolved phos-
phorus (TDP) after digestion with acidic persulfate
(APHA 1995). The naming of these phosphorus frac-
tions is after that used by Gabellone et al. (2013a). The
total suspended solids (SS) and particulate organic mat-
ter (OM) were measured according to the 2540D meth-
od. The dissolved organic matter (DOM) was estimated
indirectly by spectrophotometry at 440 nm (Kirk 1983),
and the dissolved polyphenols by the 5550b method
(APHA 1995). The chlorophyll-a concentration was
determined spectrophotometrically after extraction with
90% (w/v) aqueous acetone (10200-H method) after
correction for pheopigments (Wetzel and Likens 1991).

The phytoplankton counts were made with 5-mL sed-
imentation chambers under the inverted microscope (at
x400) according to the method of Utermohl. In each
sample, random fields were counted up to a minimum of
400 settling units (i. e., cells, colonies, filaments) at a
counting precision of +10% for the total phytoplankton
(Padisdak and G.-Toth 1991). The algal biovolumes
(mm® L") were calculated after adjusting the geometrical
figures (Hillebrand et al. 1999; Sun and Liu 2003) and then
transformed to carbon (Menden-Deuer and Lessard 2000).

The protozoans and rotifers were counted in (1-mL)
Sedgewick—Rafter chambers under a binocular micro-
scope and the crustaceans in (10-mL) Bogorov cham-
bers under a stereomicroscope. After sample mixing
with a magnetic stirrer, repeated subsamples were count-
ed. The zooplankton biomass was calculated after the
formulas of Dumont et al. (1975), Bottrell et al. (1976),
and Karayanni et al. (2004) and then dry weight and
carbon transformed (Mc-Cauley 1984; Lawrence et al.
1987; Putt and Stoeckner 1989; Andersen and Hessen
1991). Replicate samples of phytoplankton and zoo-
plankton were counted until a coefficient in variation
<20% in the total abundance of the dominant species
was reached. The mean values were then used in the
subsequent analyses. The planktonic organisms were
identified down to the lowest possible taxonomic level.

Statistical determinations

Multidimensional-scaling analysis (MDS) was employed
in order to analyze the ionic composition by means of a
similarity matrix (Euclidean distance, complete linkage),
based on previously normalized data. In addition, a sig-
nificant cluster analysis was done with a 999 simulations.
A principal-component analysis (PCA) was carried out in
order to determine relationships among the environmental
variables and sampling sites under each hydrologic con-
dition, and a k-means analysis was performed by taking
into account the results from all four surveys and applying
the Euclidean distance and completeness of linkage to a
basic matrix of physicochemical-parameter data. Finally,
the phytoplankton- and zooplankton species composition
was analyzed by means of a Bray-Curtis likelihood index
with a significant test based on 900 simulations.

Results

Table 1 presents the range of values of the main physico-
chemical variables measured at each sampling site. The
water of the Salado River and its tributaries was alkaline
and mainly chloride-sodic according to Piper diagrams,
with slight variations depending on the sampling site and
the hydrologic condition (Fig. 2). The concentrations of
the principal cations were generally in the order of Na* >

Mg** > Ca®* > K*, except for site C3 in very low flows,
where Mg”* became the dominant cation. The anion
concentrations followed the order CI” >HCO; > S0,*
in high water (flooding), and the order CI" > SO427>
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Table 1 Range of maximum and minimum values of the physicochemical variables recorded at each sampling site during the four surveys

(i. e., high water, mean flows, drought, and extreme drought)

Variables/sites Cl C2 C3 S R1 R2

Water temperature (°C) 11.4-29.7  9-31.5 11.6-29 15.7-25.8  9.8-27 9.9-33.2
Conductivity (mS cm™") 10.2-25 4.1-19.3 2.7-16.8 1.03-16.9  3.8-144 3.7-6
Salinity (PSU) 0.56-1.54 0.2-1.14 0.13-0.99 0.04-1 0.18-0.81  0.18-0.31
pH 8.3-8.9 8.5-93 8.1-8.7 8.7-9.3 8.4-9.2 8.6-94
Turbidity (NTU) 85-234 70-273 52-200 47.9-223 44-361 42-694
Dissolved-oxygen concentration (mg L") 5-18 5.6-14.4 2.6-17 6.3-12 7-18.4 6-17.1
Secchi disk (cm) 24-52 18-35 13.5-40 26-60 16-65 7-37

Flow velocity (m s™") 0.001-0.73  0.001-1.09 0.001-0.17 0.006-0.04 0.139-1.67 0.08-0.82
Total suspended solids (mg L") 43-207 43-196 34-102 15-103 23-203 32.4-402
Particulate organic matter (mg L") 14.2-91 22.7-98.7 1447 10-44.9 14.3-92 18-164
Dissolved organic matter (absorbance at 440 nm) 0.012-0.23  0.015-0.18 0.043-0.14 0.003-0.17 0.036-0.33 0.037-0.74
Dissolved polyphenols (mg L") 0.6-3.7 0.95-3.25 09225 031-0.92 09225 1.1-1.98
Alkalinity (mg L") 320-1019  333-524 389-581 230-574 419-614 445-785
Hardness (mg L") 17004600 1060-2950 1100-2950 1400-2800 840-3300  900-2300
N-NO, (ugL™ 1.8-228 1.2-39 8.25-152 8.6-57.9 4-45.5 3.7-52
N-NO; (ugL™) 7.4-161 3.6-106 34.5-730 79.4-153 10.6-273 15-262
N-NH,* (ug L™") 0.7-1334 6.1-114 1382-8883 0.68-12.4  10.5-130 5.4-185
Total nitrogen (ug L") 2300-5976  3430-7132 4550-13,500 1580-3780 3890-6799 5540-10,150
Total dissolved nitrogen (ug L") 1850-3076 10904095 2870-11,460 930-2170  1660-3350 1810-3997
Total particulate nitrogen (ug L") 400-3174  1470-3880 860-3977 650-1610 22304134 2950-6153
Total reactive phosphorus (ug L") 68-282 52-444 285-988 35-125 174-1010  554-1418
Dissolved reactive phosphorus (ug L") 28-137 24.4-377 250-1465 11.6-92 130-909 332-1389
Particulate reactive phosphorus (g L") 12.8-206 9.1-144 28.2-160 20-32.8 180-16.4 29-222
Total phosphorus (ug L) 507-1363  463-1142 9163763 334-597 637-1740  903-3767
Total dissolved phosphorus (ug L") 136-774 197-620 489-2419 74-183 291-1111  546-2086
Total particulate phosphorus (ug L") 209-589 159-610 202-1343 173413 97-1146 186-1747
N:P ratio 4.2-10 4.7-1.5 33-54 39-63 2.65-6.44  1.84-6.09
Chlorophyll @ (mg m ™) 15-322 50.7-247 33.7-141 28.7-141 20.4-370 30.4-416

HCO3 in mean and low flows (drought). Both orders
were observed during the last survey (i. e., extreme
drought in the canals), depending on sampling site.

The conductivity was either high or very high at C1,
reaching a maximum value in low flows. From the
highest of those readings, the conductivity decreased at
C2, C3, and S; registering very high, high, or low values
depending on the hydrologic circumstance. In the river,
the conductivity was moderate at R1 but was higher at
R2 under all four hydrologic conditions. Minimum con-
ductivity values were reached during floodings, except
at C3 and S, which sites had oligohaline water (Fig. 3).

During flooding, the values of SS, OM, and turbidity
of the water reached maxima in C1, and then diminished
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throughout the canals up to the water’s discharge into
the river. In the mean-flow and low-water periods, these
parameters registered maximum values in R1, while R2
presented conditions similar to those of the canals. Min-
imum values were recorded in the tributaries during the
extreme drought. Water transparency exhibited an op-
posite pattern.

The river sites registered more highly oxygenated
water than did those of the tributaries. Minimal DO
values were observed in S along with peak concentra-
tions of N and P nutrients, particularly the dissolved
forms (75-93%)—i. e., N-NH4*, N+ N, TN, TDN,
DRP, TP, and TDP. In spite of the input from these
tributaries, the nutrient concentrations diminished at the
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Fig. 2 Piper diagrams for each sampling condition: a high water
(flooding); b mean flows; ¢ low flows (drought); d very low flows
(extreme drought) in the tributaries with mean flows at the Salado-

river downstream site (R2), except for ammonium on the
last sampling occasion (i. e., mean-flow). The TDP
concentrations were only substantial in high waters,
while the PP became appreciable mostly in the low and
very low flows. The DRP was the dominant P fraction at
all sites and under all hydrologic conditions, representing
from 3 to 42% of the TP at the canal sites, and 61% at the
river sites while reaching up to 64% at site S.

The N:P ratio exhibited a wider range of values in the
tributary system, particularly at C1; decreasing in am-
plitude at C2 and C3, exhibiting a minimum range of
values at S between surveys. At the downstream sam-
pling site of the river (R2), an increase in this ratio was
observed, having values similar to C2.

The dissolved polyphenols reached maximum values
during flooding, particularly at C1 (at 3.5 mg L"), and

25 25 5
Na'+ K CO,*+HCO,

River sampling sites. Key fo symbols: C1 (gray triangle), C2 (gray
hexagon), C3 (gray star), S (gray square), R1 (white circle), and
R2 (black diamond)

exhibited a gradient in concentration along the tributary
system. In very low flows, an opposite pattern was
observed that coincided with especially low concentra-
tions of DOM.

The chlorophyll-a and total plankton-biomass values
underwent a seasonal development, with the phyto-
plankton and zooplankton biomasses attaining peak
levels during mean flows and the low flows coinciding
with the spring-summer favorable period. Apart from
the seasons, during floodings, mean flows, and droughts
a progressive decrease was observed along the tributary
system, from higher values at C1 to gradually lower
values at the C2, the C3, and finally the S sampling
sites. The highest chlorophyll-a values were registered
at the Salado-River upstream site (R1), particularly dur-
ing mean flows. In addition, the highest total
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Fig. 3 Physicochemical variables at each sampling site and under
each hydrologic condition: panels a high water (flooding); panels
b mean flows; panels ¢ low flows (drought); panels d very low
flows (extreme drought) in the tributaries (C1, C2, C3, S) with
mean flows throughout the Salado-River (R1, R2). Left column:

phytoplankton-biomass value was registered at the C1
site, the most distal from the river. The zooplankton
biomass was higher at sites C1 and C2 in the canals
than in the river sites, with a considerable peak at C2
during low flows; whereas an increase in the total
plankton biomass occurred at the river downstream
sampling site (R2) during all three hydrologic condi-
tions—high-water, mean flows, and drought (Fig. 4).
A total of 438 taxa of phytoplankton and 166 taxa of
zooplankton were identified during the study. The
Chlorophyceae and Bacillariophyta (i. e., the diatoms)
were the most notable groups of the phytoplankton (140
taxa each), followed by the Cyanobacteria (90 taxa). In
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OM values in mg.L ™" (right ordinate) and concentration in pg.L ™
(left ordinate and bars) of TP and TN. N. b.: in right panel a,
instead of TN, total dissolved inorganic nitrogen (TDIN) is plotted

addition, the Euglenophyta comprised some 45 taxa, but
the Cryptophyta (13 taxa) and the Dinoflagellata (8 taxa)
were of lesser relevance. Among the zooplankton, the
Rotifera were the richest group (93 taxa), followed by
the Ciliophora (45 taxa). In contrast, among the less rich
groups, the Cladocera contained 9 taxa, the Copepoda 9,
the Rhizopoda 6, and the Ostracoda 2. Variations in the
phytoplankton- and zooplankton species composition
were observed with respect to the sampling sites and
to the hydrologic conditions (Fig. 5).

According to the MDS analysis, the sites were grouped
mostly with respect to the ongoing hydrologic condition
(Fig. 6). In low flows (drought), the C2, C3, S, and R2 sites
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Fig. 4 Total phytoplankton (right
ordinate and bars) and
zooplankton (left ordinate and
line) biomass (pg C L ') at each
sampling site and under each
hydrologic condition: panel a
high-water; panel b mean flows;
panel ¢ low flows (drought); panel
d very low flows (extreme
drought) in the tributaries (C1,
C2, C3, S) with mean flows
throughout the Salado-River (R1,
R2). In the panels, the biomass in
ug C L7 is plotted on the ordi-
nate for each of the sampling sites
indicated on the abscissa. N. b.:
because the phytoplankton value
(gray bar) at site C1 of panel b
was above the maximum ordinate
value, the bar is left open and the
exact biomass denoted above
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were grouped according to Mg** and SO4>~ concentra-
tions; but the river upstream site (R1) was closely related to
itself during the different sampling occurrences. Sites were
arranged according to Ca®* concentrations during the

C2 C3 S R2 R1

hydrologic condition of very low flows in the tributaries
and mean flows in the river. Site C1 was separated in the
analysis from Na* + K* concentrations in low flows
(drought) and from CI” and HCO5%™ concentrations in
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Fig. 5 Plankton-species richness at each sampling site and under
each hydrologic condition: panel a high water (flooding); panel b
mean flows; panel ¢ low flows (drought); panel d very low flows
(extreme drought); panel e total number of cumulative species, in
the tributaries (C1, C2, C3, S) with mean flows throughout the

very low flows (extreme drought). As a result, cluster
analysis (Fig. 7) indicated significant differences
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Salado-River (R1, R2). Left column, total number of phytoplank-
ton species; Right column, total number of zooplankton species.
The key to the bar textures representing the species is indicated
above each column

(p<0.05) at 13 nodes in the dendrogram, thus dividing
the sampling sites into six main groups. A high-water
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Fig. 6 MDS analysis of the ionic
composition of the water at each
sampling site during the surveys:
panel a high-water (white); panel
b mean flows (light gray); panel ¢ A
low flows (black); panel d very
low flows in the tributaries but
mean flows in the Salado River
(darker gray). Key to symbols: C1,
triangles; C2, hexagons; C3, stars;
S, squares; R1, circles; and R2,
diamonds. The arrow indicates
the close relationship between the
R1 sites (circles) throughout the
survey

Stress: 0.07

A

group had a minimal distance between sites, as did a low-
water group. The river downstream site (R2) was closely
related to C2 in the mean-flow and low-water survey;
whereas R1 remained significantly related to itself under
different hydrologic conditions.

The PCA was suitable for the ordination of sampling
sites under each hydrologic condition examined,
explaining 79-88% of the total variation with respect
to the first two axes (Fig. 8). Table 2 shows the correla-
tions between the environmental variables and each axis
(factors 1 and 2). Factor 3 was only considered in the
last survey because of correlations > 0.8. In this circum-
stance, the sum of the three factors explained up to 93%
of the total variance.

Site C1 was characterized by high water conductivity
and hardness under all hydrologic conditions, and by
high values of turbidity, SS, OM, N + N, TP, TDP, and
dissolved polyphenols during flooding. Site S featured
elevated values of nutrients (N + N, N-NH,*, TP, TDP,
DRP), DOM, and alkalinity, but exhibited a negative
correlation with DO, under all hydrologic conditions.
The river upstream site (R1) was associated with more
highly oxygenated water during high-water periods and
to higher values of pH, OM, SS, turbidity, and P nutri-
ents under the other hydrologic conditions. In contrast,
R2 was closely similar to C2 during floodings, mean
flows, and droughts. Both of those river sites (R1 and
R2), however, became mutually associated under the
extreme drought condition within the tributaries prevail-
ing during the last survey.

The sampling sites were arranged by k-means analysis
into the five following groups: (I) all sites during
flooding, (II) R2 and tributaries during mean and low
flows, (IID) S sites during low and very low flows, (IV)
R1 sites under different hydrologic conditions with R2 at
the last survey, and (V) the canals during the extreme
drought. The environmental variables were also grouped
as follows: (I) temperature, conductivity, and hardness;
(II) N-derived nutrients; (IIT) DO and P-derived nutri-
ents; (IV) transparency, flow velocity, dissolved poly-
phenols, and hydrometric distance; and (V) pH, turbidity,
SS, OM, DOM, alkalinity, and chlorophyll a.

With respect to species richness, the Bray-Curtis
analysis indicated significant differences (p <0.05) at
10 nodes in the dendrogram of the phytoplankton com-
position and at 14 nodes in the zooplankton array
(Fig. 9). In both dendrograms, the river sampling sites
R1 and R2 had the highest plankton similarity during
mean flows with scarce inflows from the tributaries
(extreme drought). In addition, the high-water groups
had quite similar species compositions, as did the low-
water groups.

Discussion
The high conductivity values registered and the domi-
nance of the Na* and CI” ions result from evaporation

and the influx of saline groundwater (Tanco and Kruse
2001; Gabellone et al. 2008). The recent construction of
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Fig. 7 Cluster analysis (Euclidean distance) of the water ionic
composition at each sampling site during the surveys: high flows
(hf), mean flows (mf), low flows (If), very low flows (vIf) in the
tributaries with mean flows (mf2) in the river. The boldface
denotes significant clades (p < 0.05)

canalizations in the heretofore endorheic sandy pampa
have worsened this situation. The ion concentration and
conductivity of the water were mostly related to the
hydrologic regime, with the lowest values occurring
during flooding and the highest in low-flow periods
(Neschuk 2001; de Cabo et al. 2003). This pattern also
depended on the magnitude and duration of the flows
and on the relative contribution of the groundwater, as in
Australian hydrologic systems (Hart et al. 2003). The
highest conductivity values registered for C1 (at 25
mS cm ) are a novel occurrence for the Salado-River
watershed.

@ Springer

The Piper diagrams indicated the Na-Cl-HCO; water
type to be found during high water, probably related to
rain infiltration and carbonate dissolution from the bed
rock. The rise in the water tables allowed the entry of
fresh groundwater from the lenticular aquifers present
inside the sand dunes and eolian mantles. The ionic
composition of the water of these geologic formations
results from Ca**/Na* exchange and evaporation. As a
result, the drainage canals also extract quality freshwater
during the wet periods, which depletion constitutes a
considerable constraint on the region (Rojo et al. 2006).
Conversely, the Na-Cl-SO,4 water type occurred during
mean-flow and low-water periods, with that composi-
tion being characteristic of the water table beneath the
Salado-River floodplains, where evaporation predomi-
nates (Kruse et al. 2010).

The oligohaline water (0.04—0.13%0) observed at
sites S and C3 during the extreme drought would indi-
cate the occurrence of surface runoff along with the
influx of fresh groundwater. A strong interaction be-
tween the surface running water and the groundwater
can be inferred from the ionic composition of the water
observed throughout the survey. Thus, the geomorphol-
ogic aspects of the Salado-River basin exert local con-
straints on this complex fluvial system (Kruse and
Laurencena 2005; Carol et al. 2010); where the hydro-
logic regime, the river’s discharge, and the basin’s li-
thology represent the main influences that control the
dynamics of the systems, as with other rivers worldwide
(Meybeck 1996).

According to the multivariate analysis, the water of
Site C1 was characterized by extremely high conductiv-
ity values, mostly owing to the presence of Na* and CI .
Large amounts of those ions are located in the ground-
water of the sandy-pampa endorheic region and derive
from continental evaporites that originated in dry periods
during the Pleistocene Epoch (Gabellone et al. 2005).

The conductivity and Na* plus Cl~ values were
higher at the Salado-River downstream site (R2) under
all hydrologic conditions, as a result of the canal’s
discharge. This finding represents a relevant observation
from the standpoint of the ongoing salinization that
threatens the region. Increases in Na*, CI, and SO427
concentrations and the presence of powdery surface
efflorescence represent another indication of the pro-
gressive salinization (Herczeg et al. 2001; Meybeck
2003) clearly observed in the watercourses analyzed.
According to the multivariate procedures, the river’s
downstream site was significantly related to the tributary
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Fig. 8 Biplot of PCA scores performed on the environmental
variables recorded under each hydrologic condition sampled: pan-
el a high water (flooding); panel b mean flows; panel ¢ low flows;
and panels d, very low flows in the tributaries, but with mean

system, particularly to site C2, during mean flows and
drought. The Na-Cl-SO,4 water type along with the
water’s conductivity and hardness values all pointed to
this relationship. In contrast, both river sampling sites
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flows in the Salado River (panel D-1, factors 1 and 2; panel D-2,
factors 2 and 3). In the various panels, the different circles indicate
the positions of the various sampling sites within the matrix

were closely related during the last survey, because of
the extremely low discharge registered from the tribu-
taries at that time. These differences in the multivariate
findings suggest that the artificial canalizations modify
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Table 2 Correlations of factor variables in each hydrological survey: A, high water (flooding); B, mean flows; C, low flows (drought); D,
very low flows (extreme drought) in the tributaries, with mean flows in the Salado-River

A—high water (flooding)

B—mean flows

Variables Factor 1 Factor 2
Conductivity - 098 -0.15
Hardness -0.99 -0.07
Turbidity - 0.96 -0.29
SS -0.97 -0.24
OM - 0.94 -0.31
DO 0.96 -0.17
Secchi disk 0.73 0.02
Dissolved polyphenols - 0.74 -0.35
Flow velocity 0.40 -0.83
Alkalinity 0.57 0.81
N+N -0.81 0.56
DRP 0.59 0.79
TP - 0.84 0.38
TDP - 085 -0.11

D—very low flows (tributaries) and mean flows (river)

Variables Factor 1 Factor 2 Factor 3
DOM - 0.99 0.00 0.04
Flow velocity - 098 0.12 -0.09
DRP -0.97 0.18 -0.03
Dissolved polyphenols -0.94 0.06 0.24
TDP -093 0.35 0.03
TP - 093 0.36 0.01
Secchi disk 0.92 0.27 -0.17
DO -0.38 - 0.90 -0.21
SS -0.48 - 0.86 0.11
Hardness -0.09 - 0.84 0.25
OM -0.57 - 0.80 -0.03
pH 0.43 -0.79 -0.34
Turbidity -0.56 -0.79 -0.02
N-NH,* -0.64 0.74 0.04
Conductivity 0.35 -03 0.88
Alkalinity 0.19 -0.12 0.83
N+N -0.00 -0.20 - 0383

Variables Factor 1 Factor 2
N-NH4* -0.99 0.03
TDP - 097 -0.21
DRP - 0.94 -0.32
TP -0.92 -0.38
Flow velocity 0.87 0.31
DO - 087 —0.08
N+N -0.78 -0.34
DOM -073 -0.29
Alkalinity -0.1 - 0.94
Turbidity 0.49 - 0.86
Conductivity 0.39 0.84
pH 0.57 - 0.81
Secchi disk -0.57 0.80
oM 0.65 -0.73
SS 0.65 -0.73
C—Ilow flows (drought)

Variables Factor 1 Factor 2
Turbidity -0.98 -0.17
pH -0.98 -0.14
TP - 0.98 —-0.11
TDP - 097 -0.08
DRP - 0.96 -0.06
Conductivity 0.96 -0.19
DOM - 095 -0.23
Alkalinity -0.94 0.28
SS —0.94 -0.33
oM -0.93 -0.36
Secchi disk 091 -0.39
Hardness 0.89 -0.32
Dissolved polyphenols -0.70 0.57
DO -0.33 -0.88
N-NH4* 0.11 0.76
N+N -0.20 0.75

The italics indicates > 0.7 positive or negative correlations

the chemical properties of the Salado-River downstream
water, under certain specific hydrologic conditions,
though not under others. The ionic composition of the
water analyzed in this work are of notable relevance to
future research, since the toxicity of salts and the relation
between salinity and other chemical compounds is

@ Springer

dependent on the water’s ionic composition (Cafiedo-
Argiielles et al. 2013). Moreover, different water types
have diverse effects on aquatic organisms when the
latter are exposed to toxicants (e. g., pesticides, heavy
metals; Buchwalter and Luoma, 2005; Zalizniak et al.
2009, Scheibener et al. 2016).
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Fig. 9 Cluster analysis (Bray-
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cies composition at each sampling
site during the surveys: high flows
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tributaries with mean flows (mf2)
in the river. The boldface denotes
significant clades (p < 0.05)
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The DO was mostly related to the season and to the
hydrologic regime. The low DO values observed in the
high-water period could have resulted from oxygen
depletion through allochthonous material oxidation.
Turbidity, SS, OM, DOM, hardness, alkalinity, ion con-
centration, and chlorophyll-a levels also registered their
lowest values during flooding, owing to a dilution effect
(Schagerl et al. 2009; Devercelli 2010).

The maximum values of SS and OM were observed
during the mean-flow and low-water periods, probably
because of a greater interaction with the riverbed
(Gabellone et al. 2005; Picard and Lair 2005). In con-
tradistinction, the dissolved-polyphenol concentrations
were higher during the flooding, but exhibited the low-
est values during the extreme drought, in accordance
with previous studies (Neschuk 2001).

The nutrient concentrations displayed a local distribu-
tion pattern, particularly in the tributaries, reaching the
highest values at site S in the Saladillo Stream. Accord-
ing to the PCA results, the latter sampling site was
positively associated with higher values of N-NH,",
N+N, DRP, TP, and TDP, and negatively correlated

with the DOs under all hydrologic conditions. The TP
values observed at this site in particular were within the
range established for a septic effluent (Withers and Jarvie
2008). This finding could well be related to the sewage
emissions from the city of Bragado, registered in the
stream’s headwaters. Unprocessed wastewater dis-
charges generate first hypoxia, then anoxia; and in so
doing elevate the ammonium concentrations (Meybeck
2003). Likewise, N-NH4" peaks had been associated
with sewage discharges in the Thames River (Jarvie
et al. 2002); and similar elevations were observed for
TP, DRP, and TDP concentrations in other UK rivers
(Neal et al. 2010). In addition, previous studies in other
streams of the Salado-River basin have recorded high TP
values and eutrophic water in relation to point sources of
pollution and sewage discharge (Feijo6 and Lombardo
2007). In spite of the high nutrient concentrations regis-
tered especially at the stream site (S) in the present work,
no similar increase was observed at the river’s down-
stream site (R2); rather, the opposite pattern was obtain-
ed. This discrepancy could be related to the upstream
discharge of the canal at C3, which water contained very
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low levels of TP and TN, thus diluting out the river’s
nutrient load. The influence of tributaries in nutrient
dilution had also previously been reported in the basin
(Neschuk 2001).

In view of the TP values registered, the Salado River
is classified as eutrophic (Dodds et al. 1998; Gabellone
et al. 2013a). Despite the volcanic P-rich—loess deposi-
tion occurring during the Quaternary Period that is a
geologic condition peculiar to the pampas plain, current
phosphorus loadings there are mostly related to agricul-
tural activities and wastewater discharges, especially in
the Salado-River upper basin (Neschuk 2001). Increases
in nutrient concentrations coinciding with the presence
of human populations have been regularly observed in
other rivers of the region (José de Paggi and Devercelli
2011) as well as worldwide (Weilhoefer et al. 2008;
Kroger et al. 2013).

In the Salado River, the TP and DRP concentrations
were associated with the hydrologic regime, with mini-
mum values occurring during flooding through dilution
and maximum levels in times of low flows. Forms of
particulate P predominated during low flows and
drought; but dissolved species were present during
flooding, as had been observed previously in the Danube
River (Schagerl et al. 2009) and in UK rivers (Neal et al.
2010). Conversely, in the Rhine River the forms of
dissolved P had been found to remain at low concentra-
tions throughout the year (de Ruyter van Steveninck
et al. 1992). In accordance with previous studies on the
Salado, the TP and PP concentrations became quite
elevated during low flows and also coincided with spring
tillage activities (Neschuk 2001; Gabellone et al. 2013a).

P compounds have been recognized as accumulating
in fluvial systems, particularly during the spring-
summer low flows, thus increasing the risk of eutrophi-
cation (Kronvang et al. 2007; Jarvie et al. 2008; Withers
and Jarvie 2008). In addition, the dissolved inorganic-N
fraction consisted predominantly in N-NO; , whereas
N-NH,* and N-NO, were present at much lower
levels, as had been registered in other lowland rivers
(Descy and Gosselain, 1994). The TN concentrations
recorded by us in the Salado River were higher than
those observed in the Po River (Rossetti et al. 2009) and
in rivers in the USA as well (Koch et al. 2004).

The availability of P is also linked to sorption on and
into the clay particles (< 2 um) that are regularly present
in river sediments and suspended solids (House and
Denison 1998; Garnier et al. 2005). The significant
regression coefficients between TP, PP, and SS found
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in this survey could be attributable to those sorptions
and also to agricultural runoff (Bechmann et al. 2005).

The presence of N-NO3 and DRP in the surface
water of arable lands is likewise closely related to agri-
cultural practices (Jarvie et al. 2002). According to
Woltemade (2000), cropland runoff substantially de-
grades water quality. Nonpoint sources of pollution,
such as agriculture, can magnify local problems of eu-
trophication in the pampas region (Vilches et al. 2011).
Accordingly, Mugni (2008) had determined that fertil-
izers increased DRP concentrations in pampean streams
via surface runoff during heavy rainfalls.

In the drainage canals, the DRP concentrations de-
clined as the water level and the current velocity
dropped. This relationship can be explained by biologic
consumption since these canals drain various wetlands
and saline shallow lakes within the study area, which
environments are widely known to be nutrient sinks
(Hein etal. 1999, 2005; Reddy et al. 1999). The retention
capacity of these lentic environments is based on their
characteristic reduction in flow velocity and the conse-
quent generation of longer water-residence times, which
kinetics enables an increase in nutrient uptake and the
deposition of particulate material (Jarvie et al. 2008).

The N:P ratios observed were similar to those previ-
ously cited for the Salado-River middle basin
(Moscuzza et al. 2007). All of those values were lower
than the Redfield ratio and also less than those cited for
North-American and New-Zealand streams (Dodds
et al. 2002). For their part, Neal et al. (2006) considered
that 100 ug P-PO, L' overcame nutritional limitations
on algal concentrations, which values were substantially
exceeded in the present findings. P limitations, however,
are usual in the Thames (Jarvie et al. 2002) and in the
Mississippi (Turner et al. 2003) rivers; though, never-
theless, a strong nitrogen imbalance has been document-
ed in certain other rivers in the USA (Hunt et al. 2005).

Chlorophyll-a values and the plankton biomass ex-
hibited a seasonal pattern with marked shifts as a func-
tion of temperature and the hydrologic regime, which
parameters regularly act as key controlling influences in
temperate rivers (Lair 2006; Neal et al. 2006; Schagerl
et al. 2009). Thus, the chlorophyll-a levels and the
phytoplankton and zooplankton biomasses dropped to
minimum values during the autumn flooding—probably
owing to the shortened photoperiods during the season,
to low temperatures, and to the dilution effected by the
inundation (Neschuk 2001; Garnier et al. 2005). An
inverse relationship between plankton development
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and water discharge is a common feature in other low-
land rivers of the region (de Cabo et al. 2003; Devercelli
2010) as well as worldwide (de Ruyter van Steveninck
etal. 1992; Thorp et al. 1994; Basu and Pick 1996). As a
whole, river flow, floodings, and hydrological connec-
tivity act as drivers of the biota’s structural and func-
tional properties, thus maintaining its dynamic
(Kobayashi et al. 2015).

Recent studies in stream mesocosms (Cafnedo-
Argtielles et al. 2014) indicated that salt pulses reduced
chlorophyll-a levels and other functional descriptors of
the benthic community. In contrast, chlorophyll-a con-
centrations became increased in treatments where salt
concentrations diminished the density of the algal pred-
ators, so as to trigger cascade effects (Cafiedo-Argiielles
et al. 2016b). In addition, Pilkaityté et al. (2004), in
mesocosm experiments, found that the phytoplankton
biomass of brackish-water systems, measured as chlo-
rophyll-a levels, was affected by elevations in salinity.
Whether or not the phytoplankton of the study area
responds to chronic or pulsed salt disturbances remains
unexplored along with the consequences of such pertur-
bations on the plankton community, especially at the
river’s site (R2) downstream from the canal system’s
discharge at sites S and C3.

The highest values of phytoplankton and zooplank-
ton richness were recorded during the high-water peri-
od, probably resulting from the hydrological connectiv-
ity between the river and its floodplain (Reynolds and
Descy 1996; Izaguirre et al. 2001; Wahl et al. 2008;
Devercelli 2010). Site C2 registered the highest values
of cumulative species richness for the phytoplankton
and zooplankton that were observed throughout the four
hydrologic conditions. That site’s particular geomorpho-
logical feature—that is, being a canal that links the
wetland between the Municipal and Bragado shallow
lakes—most likely encourages the formation and main-
tenance of a highly rich plankton community. Accord-
ingly, wetlands have been recognized as heterogeneous
environments capable of harboring diverse communi-
ties; moreover, lake effluents are well known to contrib-
ute lentic and sporadic species to the river downstream
(Rojas Molina and José de Paggi 2008). Consequently,
at the river’s downstream site (R2), an elevation in the
total phytoplankton and zooplankton species richness
was observed, particularly in the high-water period.
Furthermore, the lentic environments connected with
the river—such as the wetlands and shallow lakes pres-
ent in the study area—have been recognized as acting as

sources of plankton inocula that ultimately reach the
river’s main course (Neal et al. 2006; Wahl et al. 2008;
Claps et al. 2009).

In the work reported here, the total phytoplankton
and zooplankton species richness found was higher than
those previously mentioned for the Salado-River basin
(Neschuk 2001; Claps et al. 2009). This difference could
be related to the inclusion of the watercourses with
different geomorphological features (i. e., the drainage
canals to the stream and river) under the same contrast-
ing hydrologic conditions (i. e., flooding, mean flows,
drought). In this context, in floodplain rivers floodings
and droughts are considered as disturbance pulses that
provide of spatiotemporal heterogeneity and a diversity
of habitats for community assembly (Junk et al. 1989).
The remarkable species richness registered in this inves-
tigation—604 taxa in all—would testify to the resilient
character of the plankton community, and also its redun-
dancy, within the study area. The latter feature may
simply act as a natural insurance against species loss
(Walker 1992), such as in the example of species re-
placement after a disturbance. In this way, Gabellone
etal. (2013b) mentioned that the plankton community of
the Salado River is resilient since that biota is well
adapted to the river’s hydrological regime and to the
concomitant changes in water conductivity.

The plankton was characterized by chlorococcal
cholorophytes and rotifers, groups that frequently pre-
vail in fluvial ecosystems because of their tolerance to
lotic conditions and disturbance (Rossetti et al. 2009).
The rotifers were a quite diverse group, particularly at
the C2 sampling site (66 cumulative taxa), with this
richness value being comparable to those found in bil-
labongs of Australian rivers (Shiel & Koste, 1983). Of
the phytoplankton, the diatoms were well represented
among the sampling sites, especially at Site S in the
Saladillo Stream because of the stream’s shallow course
and nutrient-enriched waters that would have served to
improve the development of the benthos community. In
addition, at that site many euglenoids and ciliate species
were also registered, most of which are normally asso-
ciated with water polluted with organic matter and nu-
trients (Bazzuri et al. 2010). The S site, however, regis-
tered the minimum values of total zooplankton richness
within the surveys, probably owing to the high levels of
ammonia, which cation is deleterious to zooplanktonic
organisms producing serious toxic effects (Jos¢ de Paggi
and Paggi 1998). The presence of elevated values of
rotifer and ciliate species richness registered at the
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drainage system was closely related to the trophic status
of that water (José de Paggi and Paggi 1998). As a
consequence of the discharge from the tributary canals,
many rotifer and ciliate species were added to the river’s
water, in detriment to the rhizopod, cladoceran, and
copepod species richness recorded at site R2, with the
former two being taxa that had the highest cumulative
richness upstream at site R1.

The diverse sampling sites studied (i. e., in the canals,
the Stream, and the Salado River) differed among the
hydromorphologic features that are recognized as rele-
vant conditions for nutrient retention and acceptable
water quality, on the basis of the implied water-
residence times (Reddy et al. 1999). In particular, the
canals passing through C1 and C3 are trapezoidal in
cross-section, which construction increases water dis-
charges and flow velocities, thus facilitating down-
stream transport. According to the telescoping ecosys-
tem model (Fisher et al. 1998), the degree of meandrous
sinuosity exhibited by a stream increases its nutrient
retention and reduces its processing length because of
a more prolonged lateral connectivity. Moreover, this
model considers that a watercourse’s configuration re-
duces the response to disturbance since the resilience of
the system depends on its interactions with the subsys-
tems and on the latters’ sensitivity to sudden change.
From this standpoint, an opposite situation was regis-
tered for the drainage canals studied here; which water-
courses run in a straight line, have steep banks, and
contain scanty parafluvial vegetation, thus producing a
lower degree of lateral interaction among the subsys-
tems. In addition, the lower development of macro-
phytes and their associated communities has reduced
the moderation of the terrestrial runoff that would oth-
erwise occur. These geomorphologic characteristics
have limited the canals’ resilience, as would have been
expressed by wider values in the physicochemical var-
iables and in the phytoplankton and zooplankton species
richness throughout the four surveys—in comparison,
for example, to those same parameters observed at the
river’s upstream site (R1).

The wetlands and shallow lakes present within the
study area have acted as service ecosystems by reducing
salt concentration, suspended solids, organic matter, and
nutrient levels in the effluent water of the canals. Those
water bodies furthermore facilitated the increase in the
total phytoplankton and zooplankton biomasses along
with the higher species richness at the river’s down-
stream site R2. These benefits were clearly seen during
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flooding; where conductivity, ion concentrations, tur-
bidity, suspended solids, organic matter, TP, dissolved
polyphenols, chlorophyll a, and total plankton bio-
masses were present in a gradient along the canaliza-
tions. This system of interconnected canals and lentic
environments is of critical value to the Salado-River
upper basin, since that network of canals reduces the
impact of the saline canalizations on the river’s down-
stream site. Indeed, floodplains and wetlands are widely
regarded as sinks for nutrients and pollutants that would
otherwise reach the river system via wastewaters, tribu-
tary discharge, and agricultural runoff (Zalewski 2007,
Reddy and De Laune 2008; Lair et al. 2009). In fluvial
environments, hydrology is considered to be the essen-
tial determinant of an associated wetland’s structure and
functional properties, as such controlling the biogeo-
chemical cycling therein (Wolf et al. 2013).

More efficient fertilization strategies are required in
order to reduce nutrient loads and to avoid groundwater
pollution within the environs of the Salado River. The
land-use practices along with biogeochemical processes
occurring in the wetlands and streams of the basin would
then reduce the input of P, as has been observed in other
lotic systems of the pampas region (Mugni 2008) as well
as worldwide (Reddy et al. 1999; Honti et al. 2010).

Conclusions

The sandy-pampa canalizations constitute a complex
hydrologic system characterized by particular geomor-
phologic features and a strong influence of saline
groundwater. These canalizations facilitate the incorpo-
ration of salt-laden water into the Salado-River basin
under all conditions. This network, however, also ex-
tracts the quality freshwater arising from the underlying
aquifers during flooding. As Cafiedo-Argiielles et al.
(2013) pointed out, the management of secondary sali-
nization should be directed towards comprehensive
catchment strategies. Within this context, in view of
the extensive and relentless salinization that invariably
irreversibly damages the soil’s structure and restricts the
use of the water, a careful management of the canals’
environment would be required that limited agriculture
and other economic activities in the region.

The influence of the drainage-channel discharges into
the Salado River was clearly observed in the water’s
chemical characteristics and in the total phytoplankton
and zooplankton biomasses, species richness, and
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plankton compositions. Consequently, the characteris-
tics of the river’s downstream site (R2) was closely
related to those of C2 in the mean-flow and low-water
surveys. In contrast, the upstream site (R1) remained
significantly related to itself under the first three hydro-
logic conditions—i. e., high water, mean flows, and low
flows—and became comparable to R2 in only the last
survey—at a time of extreme drought with minimal
inflows from the tributaries along with mean flows
prevailing in the river.

The information garnered by this research is of rele-
vance to the well-being of the Salado-River watershed,
since additional hydraulic constructions have been
planned for the study area—the most notable of those
involving a direct discharge of C1 into the Salado River,
without passing through the wetlands and shallow lakes
of the study area. In such a circumstance, a greater
impact on the river’s downstream site (R2) would be
expected through the avoidance of those lentic environ-
ments, where the saline and allochthonous conditions of
the input water into the canals is otherwise reduced.
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