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ABSTRACT

In this study we investigated the spatial distribution of the plankton community, bacterio-, phyto-, and zooplankton, in relation
with environmental conditions along the intertidal coast of the Rio de la Plata estuary, Argentina. Plankton was analyzed in terms
of species composition, abundance, biomass (carbon content), and size-structure. We aim to evaluate the potential effects of an-
thropogenic impacts (e.g., nutrient enrichment) and physicochemical gradients alongshore (e.g., salinity, turbidity) on the compo-
sition and functioning of the plankton. We asked whether the natural structuring of the plankton by salinity and turbidity, known to
be true of estuaries, is modified by eutrophication along the studied shoreline. We found that the density and biomass of bacteria
and phytoplankton were strikingly enhanced by high eutrophication levels along the intertidal southwest coast of the Rio de la Plata
estuary. We also found that the highest zooplankton density in the most polluted area but the biomass showed a different distribution
pattern. Nevertheless, when zooplankton was analyzed by means of its size fraction, we accordingly found that the microzooplankton
biomass was positively associated with smaller-size phytoplankton groups and the most polluted study sites. Copepods were the
major taxonomic groups that best represented the mesozooplankton biomass. We therefore expected that its distribution was mod-
ulated by the presence of its food items (i.e., large cells) which, in turn, were more abundant in the middle-outer zone. In contrast,
we found that the highest biomass of copepods occurred at the innermost site of the estuary and we found no significant association
with other planktonic groups. Overall, this study highlights the noteworthy impacts of human activities modifying the functioning
of this coastal ecosystem. The differences found in the taxonomic composition and size structure of the planktonic community as-
semblage between the most polluted and less polluted sites constitutes excellent baseline for considering plankton as ecological an
indicator of water quality.
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INTRODUCTION tivities and domestic, industrial, and urban discharges
strongly modulate plankton community biomass and com-
position (De Jonge et al., 2002; Paerl et al., 2010). Thus,
in several studies plankton is considered as a useful eco-
logical indicator to evaluate the impact of anthropogenic
activities on the functioning of ecosystems in coastal en-
vironments (Beaugrand, 2005; Verlecar et al., 2006). For
example, anthropogenic perturbations strongly modulate
the phytoplankton-community biomass and composition
(Paerl et al., 2010), because of its direct link and sensitiv-
ity to nutrient loading (Borja ef al., 2012). On the other
hand, in other estuaries, zooplankton response is predict-
ing to environmental changes like salinity, water temper-
ature, and turbidity (Marques et al., 2008), and some

Coastal and estuarine environments are highly produc-
tive ecologic systems that are extremely interlinked with
human activities (De Jonge et al., 2002). Estuarine sys-
tems are therefore consummately variable and stressful
aquatic biotopes in which environmental conditions can
abruptly change over both space and time (Gonzalez-Or-
tegoén et al., 2006). Thus, estuaries constitute dynamic
ecosystems where the water circulation, anthropic im-
pacts, and the influence of the surrounding land produce
a high flux in the distribution and structure of the plank-
tonic populations.

In estuaries, it is the variation itself in salinity (and

other physical conditions such as temperature and turbid-
ity) that can be the major source of stress to the organism
(Wilson, 1994). In addition, eutrophication and organic
pollution through the anthropic input from agricultural ac-
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zooplanktonic species should be considered as a potential

indicator of the impact of sewage (Dutto ef al., 2012).
The Rio de la Plata basin is affected by large crop

areas and cattle breeding on both margins. In addition,
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large urban and industrial areas surround this estuary
(those being mainly the cities of Buenos Aires and Mon-
tevideo, with a total of about 13 million inhabitants) that
also affect the coastal aquatic habitats and water quality
(Mianzan ef al., 2001). Because of the extensive human
population along the Rio de la Plata’s shores, the estuary
is subjected to sewage input from large and small coastal
cities, industrial waste discharges, spills of oil and other
materials associated with maritime transport, and changes
in the topography of the river bottom through the dredging
of access channels (Framifian and Brown, 1996). Differ-
ent studies on the Rio de la Plata estuary have analyzed
the diversity and structure of the phytoplankton in the
coastal fringe and the fluvial-mixohaline axis (Roggiero,
1988; Goémez and Bauer, 1998; Gomez et al., 2002, 2004;
Kogan, 2005). Moreover, environmental modulation of
phytoplankton biomass and production has been exten-
sively evaluated along a large-scale gradient between the
Rio de la Plata estuary and the shelf-brake off Uruguay
(Calliari et al., 2005, 2009). Also, Alonso et al. (2010) an-
alyzed for the first time the abundance and composition
of bacterioplankton along the salinity gradient occurring
in the outer region of the Rio de la Plata. Nevertheless, so
far no ecological studies have been undertaken on the
whole plankton community (i.e., bacterioplankton, phy-
toplankton, and zooplankton) along the freshwater inter-
tidal coast of the Rio de la Plata estuary where high
eutrophication and organic pollution are more influential.
The main goal of this study was therefore to analyze struc-

tural changes in the coastal plankton of Rio de la Plata
along a natural gradient modified by nutrients and organic
matter. We specifically 1) analyzed spatial patterns of den-
sity and biomass of decomposers (bacteria), producers
(phytoplankton), and consumers (zooplankton), ii) related
those patterns to the main variables that define both the
natural gradient (conductivity and turbidity) and the an-
thropogenic gradient (nutrient and organic matter), and
ii1) identified the indicators of plankton that best reflect
changes in water quality. We expected that the natural
structuring of the planktonic community assemblage by
salinity and turbidity, known to be true of estuaries, would
be significantly modified by high eutrophication levels
along the intertidal coast of the Rio de la Plata estuary.

METHODS
Study area

The Rio de la Plata is an extensive, shallow coastal-
plain estuary on the southeastern shore of South America
(Mianzan et al., 2001). The tidal range varies from 30 to
100 cm, tidal currents are typically below 45 ¢cm s!, and
the residence time is 46.6 days in the estuary’s mixohaline
zone (Guerrero ef al., 1997). This study was carried out
along the southwest intertidal coast of the Rio de Plata es-
tuary between the coordinates 34° 27’ S, 58° 30 W and
35°27° S, 56° 45’ W. Twelve intertidal sites affected by
different land uses were established along 170 kilometers
of the coastline (Fig. 1). The northernmost sites (S1 and
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Fig. 1. Map of the Rio de la Plata estuary and study sites (S).
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S2) are exposed directly to the impact of human, naviga-
tional, and port activities of Buenos Aires city. Site 3 is
exposed to continuous domestic- and industrial-effluent
discharges into the already polluted Santo Domingo
stream as well as downstream of the Matanza-Riachuelo
River. Site 4 corresponds to a recreational area. Site 5 is
located close to the sewage effluent of Buenos Aires city.
Site 6 is exposed mainly to recreational and fishing activ-
ities. Site 7 is located on the natural reserve Selva Mar-
ginal de Punta Lara, though it is exposed directly to a
strong discharge of domestic and industrial effluents. Site
8 is situated on the area surrounding the La Platacity
sewage effluent downstream. Sites 9 through 12 are ex-
posed to small-scale recreational and fishing activities,
while the last of these sites is the closest one to the mouth
of the estuary. The hydrodynamic of the study area is de-
fined by the corridor Parana de las Palmas River (sites 1
through 10) and the recirculation zone (sites 11 and 12;
Jaime et al., 2001).

Sampling procedure

Field sampling was carried out in October 2007 and
May, September, and December 2008. We measured pa-
rameters in situ, such as water temperature, dissolved-
oxygen concentration (DO), pH, conductivity, and
turbidity, with a digital multiparameter Horiba sonde and
estimated the salinity from the conductivity and temper-
ature measurements. Surface water samples were col-
lected for the analysis of dissolved nutrients: phosphate
(P-PO,?), nitrite (N-NO,"), nitrate (N-NO;"), ammonium
(N-NH,"; Mackereth et al., 1978); chemical oxygen de-
mand (COD) and biological oxygen demand (BODg;
APHA, 1998).

To perform bacteriological analyses, we collected sur-
face-water samples in sterile 10-mL vials and added for-
malin to 2% (v/v) for fixation. For the quantitative
analysis of the phytoplankton, we sampled 125 mL of sur-
face water, fixed the organisms present with 4% (v/v) for-
malin, and stored the samples in amber glass bottles.
Finally, for the study of the zooplankton, we filtered 100
L of water through a plankton net (32-um mesh), concen-
trated the sample in the bucket, and fixed the specimens
with 4% (v/v) formalin. All plankton samples were col-
lected and processed in triplicate.

Plankton abundance and biomass

We determined the abundance of the total bacteria by
epifluorescence microscopy after staining the sample with
4’, 6-diamino-2-phenyl-indole (DAPI) and filtration
through a polycarbonate black filter of 0.2-pm pore di-
ameter (Porter and Feig, 1980). We estimated the bacterial
biomass from the biovolume and density of each bacterial
form using an allometric relationship (Norland, 1993) and

expressed the results in pg C utilizing the conversion fac-
tor proposed by Bratbak and Dundas (1984).

We estimated the abundance of the phytoplankton ac-
cording to Lund et al. (1958), with an Olympus IX 51 in-
verted microscope at 400x in 5- to 10-mL sedimentation
chambers according to the amount of suspended solids
present in the sample and then identified the species with
an Olympus BX 50 microscope under phase-contrast and
interference optics at a magnification of 1,000x. Phyto-
plankton biovolume was calculated using the formula pro-
posed by Hillebrand et al. (1999) and thereafter
transformed into carbon content according to Menden-
Deuer and Lessard (2000).

We counted zooplankton using a 1-mL Sedgwick-
Rafter chamber (APHA, 1998). We estimated microzoo-
plankton biomass based on the densities and biovolume
measurements of the organisms, assuming the morpholo-
gies approximated regular geometrical shapes (Ruttner-
Kolisko, 1977; Kogan, 2005). The biovolume was then
converted to dry weight after Mc Cauley (1984). We esti-
mated the dry weight of other zooplanktonic groups
(cladocerans, copepods, and nematodes) using a regres-
sion formula that expressed weight as a function of length
in a linear morphology (Wieser, 1960; Dumont et al.,
1975; Bottrell et al., 1976; Riemann, 1990). For convert-
ing the data of dry weight into values of organic-carbon
content, we used the factors that had been proposed for
each different group: aloricate ciliates (Putt and Stoecker,
1989), tintinnids (Verity and Langdon, 1984), rotifers
(Heinbokel et al., 1988), copepods (Beers and Stewart,
1970), nematodes (Feller and Warwick, 1988), and clado-
cerans (Margalef, 1983).

Classification and data analyses

Statistical data analyses were carried out upon consid-
eration the most representative species in abundance
throughout the sampling period. Plankton was classified
into different size fractions according to Margalef (1955):
picoplankton (<5 pum), nanoplankton (5-50 pm), mi-
croplankton (50-500 pm), and mesoplankton (500-1000
um). To analyze the relationship between density and bio-
mass of major taxonomic groups of plankton and the
physicochemical variables, we used independent multiple-
regression analyses based on the stepwise-forward-selec-
tion method. To avoid multicollinearity effects, the salinity
values were excluded from the analyses because this vari-
able was highly correlated with conductivity (r>0.96).

We also performed two redundancy analyses (RDAs)
to explore the relationship among the physicochemical
variables, the study sites, and the biomass of both: the
planktonic size fractions and the major taxonomic groups.
These statistical analyses were performed after confirming
through a preliminary detrended analysis of correspon-
dence that the length of the gradient in units of standard de-
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viation obtained was lower than 4 (Lep$ and Smilauer,
2003). The physicochemical variables selected for these
analyses were conductivity, DO, turbidity, temperature,
COD, BOD;, P-PO, 3, N-NO;", N-NO,", and N-NH,* as
they showed an inflation factor of variance <10 (an infla-
tion factor of variance >10 may indicate multicolinearity
between variables; Ter Braak and Verdonschot, 1995). The
overall significance of the ordination and of the first two
axes was tested by a Monte-Carlo permutation test (P<0.01)
with the condition of restricted permutations.

All statistical analyses were done by means of JMP
statistical software (v9.0 SAS Institute) and CANOCO
software for Windows (v4.5). To meet the requirements
of normality and homoscedasticity, density values were
square-root transformed, whereas biomass and physico-
chemical data were transformed applying log,, (x +1).

RESULTS

Physicochemical variables

Tab. 1 summarizes the descriptive statistics of the
physicochemical parameters measured at the study sites.
The area was characterized by slightly alkaline water with
an average value (£SD) of 8.35+0.25, though Site 3
showed the lowest mean pH (at 7.8+0.38). In addition, this

site had the lowest level of dissolved oxygen (3.2+2.0 mg
L") and the highest values of BOD; (12.9+1.3 mg L),
COD (24.5+3.9 mg L), N-NH," (1.69+£0.96 mg L!), and
P-PO,? (1.51£1.21 mg L"). We obtained the highest mean
values for N-NO;~ at sites 4 through 7; ranging from
1.00+0.70 to 1.19+0.33 mg L' except at Site 5, where the
value was somewhat higher (at 1.36+0.14 mg L. As re-
gards N-NO,, Site 5 showed the highest peak with a mean
value of 0.12+0.08 mg L!. The study sites 9 through 12
(those being close to the mouth of the estuary) exhibited
remarkable increases in conductivity from 1,299+975 to
6,452+3,841 uS cm!, turbidity from 7234251 to 8474276
NTU, and salinity from 0.97+0.80 to 5.18+2.51 PSU.

Density and biomass of coastal plankton

A total of 332 taxa were identified, but only 57 were
chosen for consideration according to the selection criteria
cited in the classification and data analyses section. The
selected taxa accounted for 89.9% of the total density
(Supplementary Tab. 1).

Bacterial density revealed two main peaks at sites 3
and 7 with mean values (=SD) of 11.6+4.5x107 cell mL"*
and 7.2+1.4x107 cell mL!, respectively; while the bacterial
biomass exhibited an equivalent pattern at the same study
sites with mean values of 170.8+65.5x10* pg C mL™' and

Tab. 1. Descriptive statistics of physicochemical variables measured in the study area.

Study sites Water temperature pH Dissolved oxygen Biological oxygen Chemical oxygen Conductivity
(°C) (mg L) demand (mg L") demand (mg L") (uS cm™)
S1 21.842.9 8.01+0.89 7.9£0.5 3.3£2.1 6.3£2.1 933+990
S2 21.443.6 8.22+0.39 7.2£1.0 3.8+1.0 7.8£1.0 972+1,210
S3 21.5+6.6 7.87+0.38 3.24£2.0 12.9+£1.3 24.5+3.9 1,059+509
S4 20.6+4.7 8.19+0.72 8.5+3.3 8.5+4.4 12.54£7.1 562+245
S5 22.7£2.0 8.33+0.50 8.0+2.4 7.3+4.6 10.8+4.2 435+100
S6 23.0+4.0 8.59+0.71 9.0£1.6 3.9£1.5 8.8+2.8 325482
S7 23.7+4.5 8.44+0.71 9.4+1.2 6.1+£6.7 11.2+£7.5 294497
S8 21.543.1 8.63+0.64 9.4+1.1 6.7£3.3 11.9+6.2 459+168
S9 22.6+6.3 8.63+0.56 8.9+1.1 8.4+8.3 16.3+7.5 1,300+975
S10 23.6+5.7 8.56+0.46 9.1£0.7 5.2+4.8 21.1£9.7 1,858+1,294
S11 23.1+4.2 8.26+0.34 8.4+0.4 7.9£9.4 21.6+7.3 5,18042,368
S12 21.44+4.2 8.45+0.85 8.9+0.7 6.4+5.3 13.945.5 6,452+3,841
Turbidity Salinity Nitrate Nitrite Ammonium Phosphate
(NTU) (PSU) (mg L) (mg L) (mg L) (mg L)
S1 448+116 0.70+0.86 0.78+0.43 0.045+0.018 0.162+0.069 0.14+0.04
S2 366+115 0.73+1.00 0.84+0.58 0.061+0.010 0.292+0.096 0.09+0.04
S3 296+169 0.79+0.42 0.99+1.45 0.044+0.068 1.689+0.964 1.51+1.29
S4 196+58 0.42+0.20 1.00+0.70 0.084+0.079 0.787+0.879 0.49+0.51
S5 346+130 0.33+0.08 1.36+0.14 0.124+0.078 0.340+0.361 0.28+0.09
S6 201£70 0.24+0.07 1.13+0.17 0.051+0.021 0.120+0.166 0.24+0.08
S7 233+71 0.22+0.08 1.19+0.33 0.051+0.031 0.117+0.079 0.21+0.07
S8 328+37 0.34+0.13 0.49+0.45 0.005+0.004 0.005+0.005 0.16+0.08
S9 723+251 0.97+0.80 0.58+0.57 0.006+0.003 0.036+0.054 0.15+0.08
S10 753+263 1.39+1.07 0.48+0.52 0.004+0.002 0.061+0.096 0.14+0.07
S11 860+252 3.89+1.96 0.45+0.36 0.003+0.001 0.016+0.021 0.10+0.03
S12 847+276 5.18+2.51 0.35+0.25 0.012+0.009 0.069+0.106 0.1140.05
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105.6+£21.5x10* pg C mL, respectively (Fig. 2). Accord-
ing to a stepwise-multiple-regression analysis of the
square-root transformed density and the log-transformed
physicochemical variables, N-NO;~and P-PO,~, those pa-
rameters explained 82% of the variation (den-
sity=28.7+11698.4 N-NO,~ +17805.8 P-PO,; R>=0.82,
P=0.0005, n=12). Notwithstanding, zooplankton density
(here ZooDens) explained 76% of variation of bacterial
biomass (biomass=4.68+0.073 ZooDens; R?=0.76,
P=0.0002, n=12).

The phytoplankton density contained a single peak of
103.0+88.3x10? cell mL™" at Site 3, while the other eleven
sites exhibited density values lower than 6x10* cell mL™".
Nevertheless, the phytoplankton biomass was elevated at
sites 5 (48.4+15.4x10° pg C mL™") and 8 (57.9+27.6x10°
pg C mL™) in addition to Site 3 (72.5+52.5x10° pg C mL-
I; Fig. 3). The multiple-regression analysis further indi-
cated that P-PO,73, Conductivity (here Cond), and
zooplankton density were the best predictors of phyto-
plankton density (density=58.97+339.6 P-PO,~ —-13.10
Cond -3.03 ZooDens; R? =0.98, P<0.0001, n=12). By
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Fig. 2. Density and biomass of plankton from the intertidal coast
of the Rio de la Plata estuary. SE, standard error.

contrast, the phytoplankton biomass was best explained
by the levels of BOD; and pH (biomass=—4.35+2.71
BOD+0.77 pH; R>=0.77, P=0.0013, n=12).

The zooplankton density increased from an average
value (£SD) of 0.39+0.20x10? ind. L' at sites 1 and 2 to
the highest densities at sites 3 and 4 (3.31+1.17 and
3.15+1.25x10% ind. L', respectively). Between sites 5 and
8 the density first decreased and then remained constant
at an average value of 1.54+0.50x10? ind. L', whereas
the sites 9 through 12 had the lowest average density
(0.31+0.17x10% ind. L™"). We recorded the highest zoo-
plankton biomass at Site 1 (22.1£21.0x10° pg C mL™),
while at the other sites the biomasses ranged from 2.4+1.0
to 10.4+9.3x10° pg C mL! (Fig. 2). Multiple-regression
analysis indicated that the BOD; and turbidity were the

Picophytoplankton

120 Nanophytoplankton

€
O 50 - Microphytoplankton
S 40
>
= 30
*
w i
o2
+H
w 101
(7]
g 0+ - - e £
=]
@ 15 Microzooplankton
12 4
9
6 4
3 4
0 s
50 -
Mesozooplankton
40
30 4
20 |

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
0Km . 170 Km
Study sites

Fig. 3. Biomass of size fraction of plankton from the intertidal
coast of the Rio de la Plata estuary. SE, standard error.
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best predictors of zooplankton density (density=43.9+15.3
BOD; —18.2 turbidity; R*=0.96, P<0.0001, n=12). After
entering all the variables into the multiple-regression
analysis, we were unable to find a significant model to
predict zooplankton biomass.

When the phytoplankton were analyzed by the size
fractions of the organisms present (Fig. 3), the total bio-
mass of the nanophytoplanktonic cells (357x10° pg C
mL™") represented 84.3% of the total phytoplankton bio-
mass, and the distribution among the study sites followed
a pattern similar to what we had observed for the phyto-
plankton biomass. The biomass of the picophytoplankton
represented 2.4% of the total phytoplankton biomass and
exhibited a single remarkable peak at Site 3 with a mean
biomass of 9.8+8.9x10° pg C mL™! (Fig. 3). The micro-
phytoplankton biomass accounted for 13.3% of the total
phytoplankton biomass and increased from 0.2+0.1x103
pg C mL™" at Site 8 to the highest value of 26.6+14.0x10°
pg C mL " at Site 11 (Fig. 3). By contrast, the zooplank-
ton biomass was composed of 45% microzooplankton
and 55% mesozooplankton. The highest biomass of the
microzooplankton occurred from sites 3 through 5
(6.9+2.2x10° pg C mL™") and at Site 10 (6.5+6.1x10° pg
C mL™"), while the lowest values were recorded at sites
1 and 9 (0.8+£0.3x10° pg C mL" and 1.1+0.4x103 pg C
mL; respectively; Fig. 3). The mesozooplankton bio-
mass was about sevenfold higher at Site 1 (21.4+20.8x10°
pg C mL™) than the average biomass measured in the
other eleven sites (3.2+2.2x10° pg C mL™; Fig. 3).

The major taxonomic groups of phytoplankton were:
diatoms, with up to 80.5% of total phytoplankton abun-
dance, follow by chlorophytes 14.2%, euglenophytes
3.6%, and cyanobacteria 1.7%. The diatom biomass had
a variable distribution among the study sites but showed
the highest peak at Site 8 (57.2+31.4x10° pg C mL!; Fig.
4). The chlorophytes exhibited a single peak at Site 3 with
a biomass of 58.1£64.6x10° pg C mL™! (Fig. 4). The
cyanophyte profile contained two distinguishable biomass
peaks at sites 1 and 3 (2.9+2.2x10° pg C mL"! and
1.6+1.0x103 pg C mL™'; respectively), while at the other
sites the average biomass was 0.3£0.2x10° pg C mL"!
(Fig. 4). The euglenophytes also exhibited two peaks, but
at sites 3 and 5, with the biomasses at those two being ca.
twentyfold higher than the values for all the remaining
study sites (Fig. 4).

Fig. 4 depicts the distribution of biomass among the
major taxonomic groups of zooplankton over the different
study sites. The major taxonomic groups that best repre-
sented the zooplankton biomass were the copepods at
62.7% followed by the rotifers at 22.5%, while the remain-
ing 14.8% was explained by the biomass of the cladocer-
ans, nematodes, aloricate ciliates, and tintinnids. The
highest copepod biomass occurred at Site 1 (21.0£20.5x10°
pg C mL") followed by a second peak at Site 10

(9.1£9.6x10° pg C mL™"), whereas the lowest value was
recorded at Site 3 (0.6+£0.6x10° pg C mL™"). The rotifers
were found to be higher at sites 3 through 5 with an average
biomass of 5.4+2.5x10° pg C mL™", but we also registered
a second peak at Site 8 of 3.142.5x10° pg C mL". The bio-
mass of the nematodes at Site 12 (19£1.6x10° pg C mL )
was ca. four times higher than the average biomass of this
phylum in the other study sites. The cladocerans showed a
single peak at Site 7 with a biomass of 1.3+1.6x10° pg C
mL!. The aloricate-ciliate biomass also exhibited a single
peak, but at Site 3 (2.6+2.2x10° pg C mL™). The highest
biomass of the tintinnids was observed at sites 4 and 6
(1.3+1.6x103° pg C mL™).

Relationship between the physicochemical variables,
sites, and plankton biomass

The first RDA ordered the physicochemical variables,
the study sites, and the biomasses of the taxa arranged by
size class along two principal components accounting for
89.3% of the total variance (Fig. 5). The analysis indicated
two distinguishable groups: the first showed a significant
association between different taxa belonging to small-size
plankton (picophytoplankton, nanophytoplankton, and
microzooplankton) that were also correlated with sites
with high values of N-NH,*, P-PO,3, and BODj; while
the second related the microphytoplankton to those sites
with higher conductivity and turbidity.

The first two ordination axes of the second RDA con-
sidering the biomass of the taxa classified according to
the major taxonomic groups within the plankton commu-
nity, accounted for ca. 80% of the total variance (Fig. 6).
We observed a strong association between the biomass of
the euglenophytes, chlorophytes, and rotifers. These taxa
were also related to those sites that exhibited higher values
of N-NH,*, P-PO,, and BOD:;. In contrast, the biomass
of the aloricate ciliates, tintinnids, and cyanobacteria con-
stituted a different related group that was associated to
those sites mainly influenced by higher levels of N-NO;~
and N-NO, . The biomass of the copepods was grouped
to those sites that had high concentrations of dissolved
oxygen, while the nematodes were associated with the
sites with higher levels of conductivity and turbidity.

DISCUSSION

We found that the plankton community assemblage
(size fractions and major taxonomic groups) was signifi-
cantly modified by high eutrophication levels along the
intertidal southwest coast of the Rio de la Plata estuary.
We observed that high densities and biomasses of bacte-
rioplankton, picophytoplankton (chlorophytes and
cyanobacteria), and microzooplankton (rotifers, aloricate
ciliates, and tintinnids) were positively related to highly
eutrophic and polluted sites along the inner portion of the
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Rio de la Plata estuary. In that area, more than 300 point
sources of pollution have been identified as the primary
cause of the eutrophication through the anthropic input
from domestic, industrial, and urban discharges (Kurucz
et al., 1998). In contrast, we found that the biomasses of
the microphytoplankton (diatoms) and mesozooplankton
(copepods) correlated positively with the high turbidity
and conductivity levels in the estuary’s outer and less pol-
luted area.

Alonso et al. (2010) reported that the highest bacterial

abundance (1x10° cells mL™") was found in the frontal
zone of southeast region of the Rio de la Plata estuary in
conjunction with high concentrations of organic matter
and chlorophyll a. In addition, the authors suggested that
the bacterial productivity and diversity would be higher
in that particular area of estuaries. Instead, we found that
the highest bacterial density (1x10® cells mL™") was sig-
nificantly associated to higher concentrations of nitrate
and phosphate measured in that same inner part of the Rio
de la Plata estuary. Our estimation is far higher than the
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bacterial abundance estimated by Alonso ez al. (2010) and
approaches to the value of 1x10° cells mL™" for waste-
water (Hagstrom et al., 1979; Fuhrman and Azam, 1982).
We assume that this atypical value estimated for the most
polluted area could be related to other variables, besides
that positive correlation with nitrate and phosphate, not
included in this study. For instance, a higher availability
of organic substrates resulting from anthropic pollution
and/or originated in situ by other plankton groups could
also significantly increase bacterial abundance. We there-
fore believe that this atypical value could be considered
as an useful indicator of the water quality conditions in
that particular area of the estuary

The average phytoplankton density (ca. 1,100 cell
mL") along the intertidal coast of the Rio de la Plata es-
tuary was ten-times higher than the density observed
along the fluvial-mixohaline axis (Gomez et al., 2004)
and four-times higher than along the coastal fringe
(Gémez and Bauer, 1998) in the same system. In these
studies, however, the authors observed that density sig-
nificantly increase in environmentally eutrophic sites lo-
cated in the upper zone of the Rio de la Plata. We also
observed that phytoplankton density was higher at the
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Fig. 5. Redundancy-analysis (RDA) triplot of biomass of plank-
ton size fraction, the study sites (S), and the physicochemical
variables. DO, dissolved oxygen (mg L'); BOD;, biological
oxygen demand (mg L™); COD, chemical oxygen demand (mg
L); Cond, conductivity (uS cm™); Turb, turbidity (NTU); N-
NOy, nitrate (mg L™); N-NO,, nitrite (mg L"); N-NH,", am-
monium, (mg L7); P-PO,3, phosphate (mg L'). Piph,
picophytoplankton; Naph, nanophytoplankton; Miph, microphy-
toplankton; Mizo, microzooplankton; Mezo, mesozooplankton..

most polluted area. Nevertheless, our estimation was
twentyfold higher than the highest density observed by
Goémez et al. (2004), three-times higher than that esti-
mated by Gomez and Bauer (1998), and about thirtyfold
higher than the average value estimated for the other
eleven sites in this study. In contrast, the density was
lower in the outer portion of the estuary mouth, where the
salinity level was higher. The density of phytoplankton
has been reported to be enhanced by the input of inorganic
nutrients as consequence of anthropic impact and by a de-
creased abundance of phytoplankton consumers as a result
of low oxygen levels (Paerl et al., 2003; Kromkamp and
Peene, 2005). Likewise, we found that density was posi-
tively correlated with P-PO,~ levels, but negatively so
with conductivity and zooplankton density. Site 3 is char-
acterized by the highest level of eutrophication and or-
ganic pollution and, as such, dissolved oxygen level
would be a limiting variable. We therefore believe that the
condition of significantly low-dissolved oxygen at that
site probably had negatively affected the abundance of
phytoplankton consumers and, in that way, facilitated the
development of high densities of phytoplankton.

The average phytoplankton biomass over the entire in-
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ical variables. Diat, diatoms; Eugl, euglenophytes; Chlo, chloro-
phytes; Cyan, cyanobacteria; Roti, rotifers; AICi, aloricate
ciliates; Cope, copepods; Clad, cladocerans; Tint, tintinnids;
Nema, nematodes. Abbreviations for the physicochemical vari-
ables are indicated in Fig. 5.
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tertidal coast was about 3.5x10° pg C mL!, but the highest
biomass of the phytoplankton was ca. twofold higher at
the most polluted area of the estuary. Nonetheless, our es-
timations are lower than those reported for the freshwater
tidal zone (56x10° pg C mL™") as well as the mixohaline
zone (231x10% pg C mL™") of the Rio de la Plata estuary
(Goémez et al., 2004). The nanophytoplankton biomass,
mostly comprised of small diatoms and cyanobacteria,
represented a large proportion (84%) of the total phyto-
plankton biomass. A similar proportion had also been re-
ported for other regions of the Rio de la Plata estuary
(Goémez et al., 2004) and other communities of estuarine
phytoplankton (Detmer and Bathmann, 1997; Tarran et
al., 2001). The biomass of picophytoplankton and
nanophytoplankton (mainly consisting of chlorophytes
chlorococcales, cyanobacteria, and small diatoms, respec-
tively) was positively associated with the most polluted
area characterized by high concentrations of P-PO, and
N-NH," and the greatest bacterial density and biomass. In
agreement with Jacquet ef al. (1998), we adopt the idea
that phosphorus availability regulates the biomass and
density of the smaller-sized plankton groups such as the
bacteria, the pico-, and nanophytoplankton.

The highest microphytoplankton biomass, mainly
composed of large diatoms, was positively correlated with
study sites located within the outer part of the study area
with higher levels of conductivity and turbidity. This dis-
tribution pattern was also observed by Carreto et al.
(2003) and Calliari ef al. (2005, 2009) in the outer zone
of the Rio de la Plata estuary, where lower levels of nu-
trients were recorded along with the highest turbidity and
conductivity levels. Large cells that have a high growth-
to-size relationship are generally disfavored by stratifica-
tion because they need turbulence to keep them suspended
in the euphotic zone (Capriulo ef al., 2002). The high bio-
mass of microphytoplankton observed in areas with lower
concentrations of nutrients and high turbidity may be at-
tributable to a higher response to the fluctuating light in
turbulent zones than smaller cells are capable of (Kierboe,
1993). In the outer area of the Rio de la Plata, the high
speed of the tidal current and wind cause turbulence in-
ducing a resuspension of sediments and creating a zone
of maximum turbidity and salinity along with a stratifica-
tion influencing flocculation and the sedimentation speed
of particulate matter (Simionato et al., 2011). We thus be-
lieve that the prevalence of large cells of diatoms observed
in the outer sites would have contributed to an increase in
the total phytoplankton biomass despite the low phyto-
plankton density registered in that area.

We observed that the biomass of large-sized diatoms,
mainly constituted by the genera Skeletonema, Actinocy-
clus, Cyclotella, and Aulacoseira, represented some 81%
of total phytoplankton biomass, and the biomass of this
group was also greater at the coastal sites close to the

mouth of the Rio de la Plata estuary. This diatom assem-
blage had also been recorded along the fluvial-mixohaline
axis of the same study system (Gomez and Bauer, 1998;
Gomez et al., 2004) and in the outer area of other estuaries
worldwide (Mallin and Paerl, 1994; Muylaert and Sabbe,
1999; Domingues et al., 2005; Guinder et al., 2010). The
success of these genera in competition with other taxa
might be related to those diatoms’ adaptive response to
stressful environments. Indeed, diatoms have a higher ef-
ficiency in capturing the light within turbid habitats, a
higher tolerance to a wide range of salinity levels, and a
chain structure that favors resuspension through a turbu-
lent mixing of the water column, thus delaying sedimen-
tation to the estuary bottom (Kierboe, 1993).

The Chlorophyta was the second most prevalent group
contributing to the total biomass of the phytoplankton and
were registered in a single peak at Site 3, the most eu-
trophic and polluted study site. We found that Dic-
tyosphaerium was the more frequent genus within this
taxonomic group. Consistent with our finding, this same
genus had furthermore been reported to be one of the most
frequent genera present in the inner section of the coastal
fringe of the Rio de la Plata estuary (Goémez and Bauer,
1998). We believe that the prevalence of this group, and
that representation occurring in a highly environmentally
disturbed area, could be related to that genus’ high growth
rate, nutrient uptake, and tolerance to low salinities (Paerl
etal.,2003).

The Cyanophyta are generally known to thrive in en-
vironments rich in nutrients and of low salinities (Paerl ez
al., 2003; Sidik et al., 2008). Nevertheless, the biomass
estimated in this study represented only 1.7% of the total
phytoplankton value. We observed that the most frequent
genera within this group were Oscillatoria and Merismo-
pedia. According to our estimation, these genera, as well
as some potentially toxic individual species like Micro-
cystis aeruginosa and Planktothrix agardhii, have been
previously recorded in the Rio de la Plata (Gémez and
Bauer, 1998; Goémez et al., 2004) and in other estuaries
(Muylaert and Sabbe, 1999; Domingues et al., 2005). Like
the Chlorophytes, the cyanobacteria tolerate low salinity
levels and high nutrient uptake, conditions that allow them
to inhabit polluted environments. Thus, we believe that
these biologic features would explain why the biomass
was higher in polluted and environmentally eutrophic
sites characterized by less turbulent waters than in the
outer area. Although the biomass of cyanobacteria was
low in the phytoplankton, the concentration of cyanotox-
ins produced by M. aeruginosa and P. agardhii could sig-
nificantly increase with algal blooms once long residence
times are establish in late spring and summer (Andrinolo
et al.,2007). Moreover, the mere presence of these poten-
tially toxic species is indicative of poor water quality.

The composition, biomass, and size structure of zoo-
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plankton are strongly influenced by eutrophication (Pinto-
Coelho et al., 2005). In this study, the biomass of micro-
zooplankton represented about 45% of the total biomass
of zooplankton. The microzooplankton in the Rio de la
Plata is mainly modulated by food resources; which items,
in turn, are subjected to environmental conditions in each
area of the estuary (Kogan, 2005). We found that the high-
est biomass was associated to the most polluted area in
the intertidal coast of the estuary (6.9x10° pg C mL!) and
coincided with high bacterial and picophytoplankton bio-
masses. Nevertheless, the biomass estimated in this study
was five-times lower than that reported by Kogan (2005)
for the fluvial-mixohaline axis (37.8x10° pg C mL ™). We
believe that the condition of significantly low-dissolved
oxygen registered at highly eutrophic and polluted study
sites might have negatively affected the abundance of mi-
crozooplankton so as to yield a lower biomass than that
reported by Kogan (2005).

Organisms belonging to microzooplankton like ciliates
and rotifers are capable of feeding on picophytoplankton-
sized particles (Froneman, 2001). These phytoplanktonic
groups along with detritus constitute the main rotifer food
resource (Arndt, 1991). The redundancy analysis showed
that the biomass of rotifers was related to the highly eu-
trophic and polluted sites and to high biomasses of chloro-
phytes and euglenophytes. This result is in agreement with
the distribution pattern observed by Kogan (2005) for the
fluvial-mixohaline axis in the Rio de la Plata estuary. We
also recorded microzooplanktonic species, such as
Codonella cratera, Vorticella spp., and Keratella tropica,
in sites where the nutrient concentrations and phytoplank-
ton biomasses were high. In addition, aloricate ciliates are
also capable of consuming smaller phytoplankton, includ-
ing cyanobacteria, picoplanktonic chlorophytes, and bac-
teria (Callieri et al., 2002). We likewise observed that the
biomass of the aloricate ciliates was associated with higher
biomasses of cyanobacteria and chlorophytes and in close
relationship with study sites having higher concentrations
of N-NO, and N-NO;. Furthermore, tintinnids have also
been reported to have a higher density and biomass at sites
with lower salinity and higher nutrient concentrations
(Pierce and Turner, 1994; Kogan, 2005). We accordingly
observed the highest biomass of tintinnids at sites with
higher concentrations of nutrients.

The mesozooplankton biomass represented 55% of the
total zooplankton value and was mainly constituted by
planktonic copepods that were associated with sites lo-
cated at innermost part of the estuary, though we did find
a peak of biomass at Site 10. In general, planktonic cope-
pods prefer to feed on cells larger than 10 um (Bautista
and Harris, 1992). For instance, diatoms such as Thalas-
siosira spp., Cyclotella meneghiniana, and Skeletonema
costatum are the most frequently selected food source for
copepods and other zooplankton groups (Mallin and

Paerl, 1994). We found that central diatoms dominated at
sites located in the middle and outer area of the intertidal
coast of the estuary. This trophic interaction might explain
why we observed a peak of copepods’ biomass at Site 10.
According to this observation, we would have expected a
significant association between copepods and diatoms,
but the redundancy analysis showed no significant corre-
lation between them. For instance, the diatom biomass
was the lowest at the innermost part of the estuary, where
we found the copepod biomass to be two-times higher in
that area than in the outer region.

CONCLUSIONS

This work constitutes the first ecological study analyzing
the spatial distribution of density and biomass of the plank-
ton community along the freshwater intertidal coast of the
Rio de la Plata estuary. The evidence presented in this study
would indicate that the eutrophication and organic pollution
resulting from anthropic inputs increases the density and
biomass of planktonic organisms such as the bacteria, the
small-sized phytoplankton, and the microzooplankton
species. Thus, the differences found in the taxonomic com-
position and size structure of the planktonic-community as-
semblage between the most polluted and less polluted sites
highlights the significant impact of human activities in mod-
ifying the functioning of this coastal ecosystem.

Nevertheless, in order to understand completely the
causality of the spatial variation documented in the present
study, experimental manipulations, both in situ and in vitro,
of the multitude of conditions and influences that could
conceivably affect the size fraction and major taxonomic
groups of intertidal plankton would be needed. We con-
sider, however, that our findings provide new information
on the utility of plankton as an indicator of water quality in
estuaries and would constitute an excellent baseline for fur-
ther ecological and water-quality research.
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