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Quantifying biotic feedbacks in response to environmental signals is fundamental to assess ecosystem
perturbation. We analyzed the joint effects of eutrophication, derived from sewage pollution, and climate
at the base of the pelagic food web in the Bahia Blanca Estuary (SW Atlantic Ocean). A two-year survey of
environmental conditions and microplankton communities was conducted in two sites affected by con-
trasting anthropogenic eutrophication conditions. Under severe eutrophication, we found higher
phytoplankton abundance consistently dominated by smaller sized, non siliceous species, while micro-
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Estuaries zooplankton abundance remained lower and nutrient stoichiometry showed conspicuous deviations
Nutrient stoichiometry . . e
Climate from the Redfield ratio. Phytoplankton growth in such conditions appeared controlled by phosphorous.

In turn, microplankton biomass and phytoplankton size ratio (<20 um:>20 pm) displayed a saturation
relationship with nutrients in the highly eutrophic area, although mean phytoplankton growth was simi-
lar in both eutrophic systems. The strength of links within the estuarine network, quantified through path
analysis, showed enhanced relationships under larger anthropogenic eutrophication, which fostered the
climate influence on microplankton communities. Our results show conspicuous effects of severe sewage
pollution on the ecological stoichiometry, i.e., N and P excess with respect to Si, altering nutrient ratios for
microplankton communities. This warns on wide consequences on food web dynamics and ultimately in
ecosystem assets of coastal pelagic environments.

Path analysis

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction 2009). Long term environmental surveys that integrate the entire

trophic network are therefore essential to supply reliable data to

Estuaries are exposed to multiscale biotic and abiotic factors
heavily affected by anthropogenic forces. Among human induced
environmental changes, coastal eutrophication constitutes a major
challenge to these ecosystems due to the consequences on biomass
and structure at the base of food webs. In addition, eutrophication
is likely to increase in the near future along with enhanced anthro-
pogenic activities in coastal areas (Rabalais, 2004). The cumulative
effect of climate change (i.e. ocean warming and acidification, sea
level rise) and the occurrence of sudden climate events (i.e.
extreme rainfall, drought, flooding) therefore warn on the potential
vulnerability of estuarine systems (Paerl et al., 2006; Rabalais et al.,
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quantitatively assess, and eventually forecast, the impact of
anthropogenic and climate disturbances in estuaries.

Nutrient loading in coastal habitats promotes an increase in the
magnitude and frequency of phytoplankton blooms (Cloern, 2001).
Irregular nutrient pulses result in the occurrence of discrete
productivity events, which may be accompanied by a trophic
mismatch (Strom, 2002). An increase in phytoplankton biomass
due to nutrient loading is associated with changes in the elemental
stoichiometry of cells. Depending on the environmental ratio of
nutrients, the C:nutrients ratio of phytoplankton community may
shift affecting food quality for primary consumers (Sterner and
Elser, 2002; Elser et al., 2010). Eventually these changes propagate
throughout the entire food web, as the grazing potential of
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consumers determines the magnitude of phytoplankton biomass
accumulation and the energy transfer in the pelagic environment.

The Bahia Blanca Estuary is a highly productive and eutrophic
ecosystem in the southern Atlantic Ocean, heavily impacted by
anthropogenic activities (Marcovecchio et al., 2008). Industrial
and domestic waste is being dumped in the inner estuary, while
human activities are rapidly growing in the area. Consequently,
coastal eutrophication in the inner estuary appears responsible of
a considerable reduction on zooplankton abundance and diversity
(Barria de Cao et al., 2003; Biancalana et al., 2012; Dutto et al.,
2012). Eutrophication effects on zooplankton may further magnify
the climate influence, which affects both the physical environment
of plankton, as well as the physiological rates of these organisms.
Indeed, changes in phenology and structure of phytoplankton
and zooplankton, i.e. timing of seasonal peak, species composition
and cell sizes, have been ascribed to regional climate modifications
(Hoffmeyer, 2004; Guinder et al., 2010, 2013).

Joint effects of multiscale environmental signals shape the
structural and functional outcome of populations, and have the
potential to move the entire ecosystem towards alternative stable
states (Scheffer and Carpenter, 2003). In particular, plankton is
sensitive to a wide range of biophysical variables, and can quickly
transfer environmental signals into the pelagic food web (Prairie
et al., 2012). Their effect however may be either buffered, through
compensatory dynamics (Gonzalez and Loreau, 2009), or amplified
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via trophic tunneling (Taylor et al., 2002). Hence, to resolve how
eutrophication gradients modify the pelagic configuration at the
base of the food web requires the quantification of interlinks and
biotic feedbacks in the estuarine network. We here investigate
the microplankton dynamics under varying anthropogenic pres-
sures in the Bahia Blanca Estuary, and test the hypothesis that
heavy eutrophication magnify climate effects on microplankton
communities, further modifying the network links at the base of
pelagic food webs.

2. Materials and methods
2.1. Study area

The Bahia Blanca Estuary (38°45'-39°40'S, 61°45'-62°30'W) is
located in the south western Atlantic Ocean coast, Argentina
(Fig. 1). This area shows a temperate climate, marked seasonality
and relatively low annual rainfall (ca. 613 mm) that mainly occurs
during spring and autumn (Montecinos et al., 2000). The estuary
shows inverted salinity gradient as it experience low influence
from continental drainage (annual mean 2.7 m®s~!), high evap-
oration rate and restricted water circulation in the inner reach
(Perillo et al., 2001). Salinity in the inner and middle estuary range
between 17.9 and 41.3, and appear driven by the variability of

138° 50°

1

62°20°

61°10°

Fig. 1. Sampling area showing the location of the highly impacted site “Canal Vieja” (CV) and the control site “Bahia del Medio” (BM).
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rainfall, wind and temperature (Freije et al., 2008). The estuary
shows a mesotidal regime (mean tidal amplitude 3.5 m) and the
water column is highly turbid and non-stratified (Perillo et al.,
2001). The estuarine system harbor large tidal flats and salt
marshes bordered by shallow channels. High loads of organic mat-
ter and nutrients are provided by land and in situ biological pro-
ductivity (Freije et al., 2008).

The sampling stations are located in the inner reach of the estu-
ary (Fig. 1). We used two sites of contrasting conditions in regards
to their exposure to anthropogenic stressors (i.e. sewage inputs): a
control site, Bahia del Medio (BM), harbored from direct human
stress, and a second site, Canal Vieja (CV), directly affected by sew-
age pollution. The former is located in a narrow, tidal channel non-
exposed to human activities (Baldini et al., 1999; Hoffmeyer and
Barria de Cao, 2007). The high tidal amplitude along with the mor-
phological features of the channel (mean depth and width of 4.5
and 70 m respectively) promotes the occurrence of high concentra-
tions of suspended matter in the water column (Borel and Gémez,
2006). In contrast, CV, is located adjacent to the Bahia Blanca city
(300,000 inhab.) sewage outfall. This effluent represents the
23.3% of total freshwater input to the estuary and significantly con-
tributes with nutrients and organic matter loads (Lara et al., 1985;
Barria de Cao et al., 2003; Biancalana et al., 2012; Dutto et al,,
2012). The channel receiving this effluent is 300-m wide and has
a mean depth of 6.5 m.

2.2. Data collection and samples processing

Precipitation data (i.e. monthly rainfall level) were obtained
from a station adjacent to the estuary in the Bahia Blanca City,
and provided by the Center for Renewable Natural Resources of
the Semiarid Zone, CERZOS-CONICET. Field sampling was carried
out onboard of a motor boat in daytime during fourteen surveys,
from July 2008 to November 2010. In situ temperature, pH, dis-
solved oxygen and salinity were measured by means of a
multiparametric probe Horiba U-10. Samples for chemical and
microplanktonic analyses were taken from the surface layer during
the middle ebb tide. Water samples (500 ml) were filtered through
0.7 um GFJF filters for the estimation of chlorophyll a. Size frac-
tionated chlorophyll a (<135 and <20 um) was determined by a
spectrophotometer as described in Lorenzen and Jeffrey (1980).
These measures were used to assess the ratio phytoplankton bio-
mass (ug C1~1) - chlorophyll a from each size fraction (C:Chla).
To avoid large grazers and given that most of the phytoplankton
in the inner estuary is below the 100 um size fraction (e.g.
Guinder et al., 2010), we used a smaller than usual pore size
(135 pum) for size fractionation. A number of 2-4 replicates of sea-
weater samples were analyzed to estimate the concentration of
dissolved nitrate, nitrite, ammonium, phosphate, and silicate using
a Technicon AA-II Autoanalyzer expanded to five channels, as
described in APHA-AWWA-WEF (1998).

To quantify nanoflagellates, phytoplankton and microzooplank-
ton, a variable volume (10-50 ml, depending on sediment and
plankton concentration) of preserved seawater sample (Lugol’s
iodine) was settled in Utermohl chambers during 24 h. The entire
chamber was analyzed under a Wild M20 inverted microscope
(Hasle, 1978). Identification of micro-sized plankton was to the
lowest possible taxon. For this porpoise, samples were collected
using a Nansen 30 pum net and preserved with formaldehyde (final
concentration 0.4%). Afterwards, plankton was analyzed using a
Zeiss Standard R microscope and a Nikon Eclipse microscope, with
magnification of 1000x and phase contrast. Nano-sized organisms
were counted using the same methodology applied to quantified
micro-sized phytoplankton, i.e., settled in Utermo6hl chambers
and analyzed under inverted microscope. This technique however,
does not allow the correct identification of species and therefore,

the discrimination amongst autotrophs and heterotrophs was not
feasible. Regarding this methodological constrain, we include all
nano-sized flagellates into one category (nanoflagellates).
Phytoplankton and microzooplankton cell volumes were calcu-
lated assigning simple geometric shapes to species (Hillebrand
et al., 1999), and converted into carbon content (ng C1-!) accord-
ing to Menden-Deuer and Lessard (2000).

The rates of phytoplankton growth (x) and mortality (m) due to
microzooplankton grazing was calculated based on the dilution
method as described by Landry and Hassett (1982). Five replicates
of seawater dilution treatments (0%, 25%, 50% and 75%) were incu-
bated in situ during 24 h without nutrient addition. Changes of
phytoplankton abundance during the incubation were estimated
by chlorophyll a measurements.

2.3. Data analysis

The pelagic environment in estuarine systems is affected by
precipitation events, which promote disturbance effects in the
water column (e.g. changes in the nutrient cycle and in the water
column structure). To detect significant changes in water condi-
tions, we assessed the environmental variability associated to pre-
cipitations. The rationale to do so is based on the disturbance effect
precipitation events may favor. To detect significant changes in
precipitation level during the sampling period (2008-2010) we
used the generalized Mahalanobis distance (D?). This is a dimen-
sionless statistic that allows identifying anomalous events in time
series (Ibanez, 1981). The general pattern of nutrients was
obtained by principal components analysis (PCA) of the standard-
ized (zero mean, unit standard deviation) nutrients matrix. The
nutrient matrix included nitrite, nitrate, phosphate and silicate.
All these variables appear closely coupled with the annual pattern
of rainfall (Spetter et al., 2015; this study). In contrast, the ammo-
nium concentration follows the pattern of sewage flow, as deduced
by the high correlation with lithogenic compounds (Lara et al.,
1985), and we therefore discarded ammonium from this analysis.
The pattern was represented by the first two components which
accounted for most of the variability; PC1 (64% and 85% of
extracted variance in CV and BM, respectively) and PC2 (29% and
10% of extracted variance in CV and BM, respectively). The first
PC was used as a proxy of the trophic state of the system. The rela-
tive concentration of nutrients was calculated in order to compare
the nutrient ratio in both sites with the Redfield ratio of nutrients
(Redfield et al., 1963). The concentration of dissolved inorganic
nitrogen (DIN) was calculated as the sum of nitrite, nitrate and
ammonium.

Differences of biotic and abiotic variables between sites were
calculated by the non-parametric Mann-Whitney U-test. This test
was also used to compare the concentration of inorganic nutrients
during the period after heavy rainfall (March-May 2010) and the
mean value for the whole period (July 2008-November 2010).
Differences in the structure, i.e. taxonomic composition of
phytoplankton and microzooplankton, between sites were
assessed by non-metric Multi-Dimensional Scaling (MDS). The
technique was based on triangular matrix using the Bray Curtis
similarity index (Clarke and Warwick, 1994). Significant differ-
ences in the plankton structure between sites were calculated by
a one-way analysis of similarities (ANOSIM) at a significance level
of p<0.05 and R statistic >0.5. Similarity percentages analysis
(SIMPER) was used to assess the contribution of each species to
the similarity within groups and dissimilarity between groups
(Clarke and Gorley, 2006). These analyses were performed with
PRIMER 6.

The influence of environmental variables and nutrients content
on plankton variability was assessed by means of regression analy-
sis. First, the general trend of plankton biomass was depicted by
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principal components analysis on the standardized data matrix
including nanophytoplankton (cell size <20 pum), micro-
phytoplankton (cell size >20 um) and microzooplankton biomass
(ng C171). Also, the relative abundance of the size fractions of
phytoplankton was estimated as the ratio nano:micro-phytoplank-
ton (hereafter phytoplankton size-fraction ratio). The phytoplank-
ton size fraction ratio and the general trend of plankton biomass
were then confronted to environmental variables and nutrient
concentration.

To gain further understanding of the Bahia Blanca estuarine sys-
tem we used path analysis to investigate the strength of links in
the estuarine network. The a priori structure of the path model is
based on the hypothesis that climate and nutrient loading jointly
drive the physical microplankton environment, thereby shaping
the structure and functioning of these communities; the strength
of links however might vary in concomitance with the exposure
to eutrophication magnitude. For each location (i.e. eutrophication
condition) specific effects of hydrography and nutrient loading and
their co-variations on microplankton biomass were assessed using
variance partitioning and explored through path analysis (Peres-
Neto et al., 2006). The strength of the links and the quantification
of the overall model were determined by simple and partial
multivariate regression and Monte Carlo permutation tests (1000
replicates), while the Bayesian Information Criterion (BIC) and
Chi-square values were used to assess the robustness of models
(Alsterberg et al., 2013). Path coefficients indicate the strength of
the relation between causal and response variables. Path analysis
was performed using the R library sem.

3. Results
3.1. Environmental conditions at the sampling sites
Temporal variability of environmental conditions, phytoplank-

ton growth rate and plankton biomass are shown in Table 1.
Temperature, pH and turbidity were similar in both sites, however,

Table 1

salinity values and the concentration of dissolved oxygen, pig-
ments, nutrients and particulate organic carbon were significantly
different between sites (Mann-Whitney U-test, p < 0.05). During
the period investigated, a heavy rain period was detected from
November 2009 to March 2010 (Fig. 2a). The accumulated precip-
itation during spring 2009 was 133.6 mm, while in summer 2010,
was 205.2 mm. The highest monthly value was reached in
February 2010 (90.4 mm). The concentration of dissolved nutrients
showed remarkably high concentrations from February to May
2010, following the occurrence of positive precipitation anomalies
noticed from November 2009 to March 2010 (Fig. 2b). The concen-
tration of all nutrients after the rainfall pulse (except for ammo-
nium), was significantly higher compared with the mean value of
the whole period (Mann-Whitney U Test, BM: nitrite: U=9.5,
p=0.026; nitrate: U=4.5, p=0.011; phosphate: U=7.5,
p=0.019; silicate: U=8.5, p=0.022; CV: ammonium: U=9.0,
p=0.029, nitrite: U=8.0, p=0.022; nitrate: U=1.0, p=0.006;
phosphate: U=19.0, p=0.113; silicate: U=2.0, p=0.007).
Ammonium concentration showed no clear response after the
heavy rainfall event. In BM, the concentration of phosphate and
silicate was mainly above the Redfield ratio when compared with
DIN. In turn, in CV the concentration of both nutrients was fre-
quently below the Redfield ratio (Fig. 3).

3.2. Plankton community

Chlorophyll a and phaeopigments concentration was signifi-
cantly higher in BM (Mann-Whitney U-test, p<0.05).
Phytoplankton was characterized by small sized diatoms and cell
abundance was significantly higher in CV (Mann-Whitney U-test,
p < 0.05). This difference was mainly due to the higher concentra-
tion of nanophytoplankton (<20 pm) in CV (mean = 391.35 x 103
cell”!) in comparison with the concentration in BM
(mean = 255.66 x 103 cell 1!, Mann-Whitney U-test, p < 0.05).
The concentration of microphytoplankton (>20 pwm) was similar
in both sites. Nanophytoplankton was the dominant size fraction

Values of temperature (T, °C), salinity (Sal), dissolved oxygen (DO, mg 1=!), turbidity (Turb, NTU), nutrients (uM), chlorophyll a (chl a, pg 1), phytoplankton growth rate (¢, d~)
and microphytoplankton (MP), nanophytoplankton (NP) and microzooplankton (MZ) biomass (u g C1-') during the sampling dates in both sites.

Site  Date T Sal DO Turb Amonio Nitrite  Nitrate Phosphate Silicate Chla u MP NP MZ

BM  July-08 9.00 3830 6.77 41.00 2.03 0.28 0.16 1.31 52.37 390 197 3.13 0.61 22.15
December-08 2335 3880 7.19 43.50 8.55 0.05 0.93 1.73 70.34 10.75 048 4489 10.32 29.02
February-09 23.61 40.00 5.82 87.80 17.21 0.40 147 1.88 62.48 8.67 122 4591 26.53 32.63
July-09 6.85 39.00 733 124.00 24.57 0.07 0.15 1.16 33.25 849 000 70.59 4.48 6.85
August-09 11.91 39.00 5.89 46.95 35.90 0.04 0.31 1.20 40.81 3.02 002 5579 7.25  100.82
October-09 1594 30.00 6.53 94.50 1.90 0.06 0.01 0.97 51.19 14.61 0.51 8.26 2.32 7.75
November-09 1586 36.60 6.53 63.50 1.83 0.11 0.01 1.31 55.01 7.11 028 3449 5.49 10.05
March-10 1586 36.60 6.53 63.50 34.21 2.62 533 2.78 102.23 8.13 1.55  29.95 3.95 10.76
March-10 18.63 34.00 536 131.75 6.14 2.79 8.86 3.12 67.27 3.57 161 14.29 4.94 20.64
May-10 12.10 4000 541 117.50 5.92 1.66 14.76 3.77 126.11 558 120 1591 5.09 18.43
July-10 6.51 3730 729  202.00 3.48 0.27 1.86 2.07 53.85 8.03 019 1067 0.55 12.60
August-10 693 3760 871 211.00 6.95 0.14 0.01 1.46 39.84 528 050 48.09 11.72 4.10
October-10 16.05 3850 6.02  160.00 2.01 0.87 3.40 2.62 62.16 8.64 - 26.55 7.21 28.98
November-10  17.12  36.85 6.11 208.50 7.00 1.92 4.73 2.40 57.57 226 030 1346 5.04 14.02

(&Y July-08 1240 3420 7.50  109.00 64.98 0.18 047 5.50 52.61 3.70 236  30.81 2.31 4.63
December-08 2090 39.00 5.36 79.00 22.61 3.20 8.91 2.71 88.98 747 029 17.11 39.47 15.34
February-09 2425 3950 8.05 36.50 35.13 2.49 6.05 1.97 59.79 620 0.00 1852 4215 26.22
July-09 747 3940 635 63.00 68.80 0.24 2.03 2.67 34.53 1346 0.00 87.53 5.60 4.50
August-09 1394 3850 5.69 38.13 151.50 0.25 1.01 4.29 50.98 6.05 000 27.53 3.40 14.49
October-09 1636 3140 7.19 8420 136.64 0.44 1.86 7.30 7247 7.74  0.75 9.70 8.26 7.02
November-09 1583 3440 8.70 64.30  137.40 0.24 1.26 2.33 65.85 594 060 14.45 9.33 21.70
March-10 19.72 3460 469 16825 171.93 3.33 9.01 18.33 145.09 450 1.75 40.14 1091 11.64
March-10 19.72 3460 469 168.25 132.46 4.51 12.90 8.11 122.01 490 021 12.67 8.57 34.57
May-10 13.62 2197 517 52.25 12039 2.10 12.18 4.35 131.85 209 212 1518 3.91 6.00
July-10 8.84 36,10 647 167.50 1291 0.63 4.04 2.80 63.50 6.68 036 2211 3.94 11.59
August-10 8.84 36.10 647 16750 116.23 0.35 0.38 41.48 68.48 444 181 24.63 417 5.00
October-10 1658 37.05 445 69.05 171.75 1.12 5.02 27.31 127.03 1.70 138 3.86 3.29 13.42
November-10  17.77 3620 559  198.50 17.08 2.00 3.87 2.43 52.71 - 070 2935 4.43 25.42
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Fig. 2. Rainfall regime and nutrient concentration during the sampling period. (A) Mean monthly precipitation level (dashed line) in the Bahia Blanca Estuary and the
generalized Mahalanobis distance (D?, solid line) indicating significant anomalies in the time series. (B) Trophic index in the sampling sites during the period investigated. The
scores of every nutrient in PC1 and the variance extracted by each PC are shown in the table. Note the conspicuous increase in throphic index immediately after the
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Fig. 3. Si:P vs. Si:N diagram showing the logarithmic ratio of nutrients in both sites:
BM (white dots) and CV (black dots). Dashed lines correspond to the ideal ratio of
nutrients according to Redfield et al. (1963). Lower than Redfield values correspond
to Si deficiency with respect to N and P. In addition, the ideal N:P ratio is also
represented with a solid line; values at the right side of the line indicate N and Si
limitation, while values at the left side of the line indicate P and Si limitation.

in both sites (Mann-Whitney U-test, p < 0.05) and represented 72%
and 82% of total phytoplankton abundance in BM and CV, respec-
tively. Species richness was significantly higher in BM (t=2.64,
df =26, p=0.014), and the C:Chla ratio was significantly higher in
CV (t=2.18, df = 26, p = 0.04). Microzooplankton was represented
by tintinnids, naked ciliates, heterotrophic dinoflagellates, rotifers
and metazoans larvae. Total ciliates (tintinnids and naked ciliates)
were the most abundant over the period investigated, and
accounted for more than 80% of total abundance.
Microzooplankton abundance was significantly higher in BM
(mean = 6956 cell 1"!) than in CV (mean=4817 celll"!, Mann-
Whitney U-test, p < 0.05). Also, the relationship between mean
microzooplankton abundance and biomass during the whole

period, was significantly higher in CV (Mann-Whitney U-test,
p<0.05).

The phytoplankton composition appeared significantly different
between sites (ANOSIM test, global R = 0.15, p < 0.001, Fig. 3). The
computed dissimilarity percentage between sites was 75.9%, and
the main species contributing to the dissimilarity between groups
were Thalassiosira minima, nanoflagellates >5 pm and nanoflagel-
lates <5 pm. In BM, phytoplankton was characterized by the dia-
toms Thalassiosira minima and Paralia sulcata, while in CV, the
dominant groups were nanoflagellates >5 pm and nanoflagellates
<5 um (SIMPER test). Likewise, the microzooplankton composition
was significantly different between sites (ANOSIM test, global
R=0.127, p <0,001). Dissimilarity percentage between sites was
69.5%, while the main species contributing to the dissimilarity
were Tintinnidium balechi, Tintinnopsis parva and Lohmanniella ovi-
formis. The dominant species in BM was T. balechi, while in CV, T.
balechi and L. oviformis were the most abundant (SIMPER test).
The MDS analysis showed the segregation of sampling sites in both
phytoplankton and microzooplankton samples (Fig. 4a and b).

3.3. Relationship between plankton and the environmental conditions

The response of plankton to environmental conditions was dif-
ferent between sites. The general trend of plankton biomass was
estimated as the first PC of three plankton categories (including
nanophytoplankton, microphytoplankton and microzooplankton),
and extracted 55.9% and 52.6% of total variability of data in BM
and CV, respectively. In BM there was no clear relationship
between plankton biomass, as indexed by PC1, and the concentra-
tion of inorganic nutrients (general trend of nitrate, nitrite, phos-
phate and silicate) (Fig. 5a). In contrast, in CV the relationship
between plankton biomass and the trophic index was quadratic
(R?>=0.58, df=10, p-value of quadratic model = 0.013, p-value of
increase of in R?=0.003; Fig. 5b). The size-fraction ratio of
phytoplankton showed different responses to nutrients concentra-
tion in the sampling sites. In BM, an increase in the concentration
of all nutrients (except for ammonium) leaded to a linear increase
in the ratio (R? = 0.65, df = 12, p = 0.000; Fig. 5¢). In contrast, in CV
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Curtis similarity index. Stress values of the analysis are shown in the right upper corner of each panel.
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the increase of nutrient concentration beyond a threshold value
leaded to a decrease in the phytoplankton size-fraction ratio
(R?=0.62, df=12, p-value of quadratic model = 0.005, p-value of
increase of in R? = 0.024; Fig. 5d).

The highest phytoplankton growth rate in CV was concomitant
with high values of phosphorous, silicate and ammonium and low
values of salinity and microzooplankton biomass, while in BM, the
highest values were observed in concurrence with high values of
nitrate, nitrite, phosphorous and silicate (Table 1). Although the
phytoplankton growth rate was similar in both sites, it showed dif-
ferent relationship with nutrients. In BM, a linear relationship was
noticed between the phytoplankton growth rate and the first
principal component of nutrient concentration, which summarized
the main variance of all nutrients included in the analysis
(Fig. 6a and b). In turn, in CV the phytoplankton growth rate was
linearly correlated with the second principal component which
explained mainly the variance of phosphate (Fig. 6¢ and d). The
rate of microzooplankton grazing did not differ significantly
between sites. The averaged proportion of primary production con-
sumed by microzooplankton (m/p) was 87.6% in BM and 72.3% in
CV. The contribution of each nutrient to the formation of PC1
and PC2 are given in Table 2. The relationship between
phytoplankton growth rate and temperature is shown in Fig. 7.
We noticed that most values were below the maximal growth rate
according to Eppley (1972) and Bissinger et al. (2008), however in
CV, at times, the rate surpassed the predicted maximal growth rate.

Multivariate drivers of microplankton were depicted by the path
analysis (Fig. 8a and b). In BM, path analysis showed that microzoo-
plankton is modulated by the combination of temperature, salinity
and dissolved oxygen, and showed trophic interaction with micro-
phytoplankton. The variability of microphytoplankton appeared
linked with phosphate concentration and the ecological interac-
tions with both microzooplankton and nanophytoplankton. In turn,
the nanophytoplankton variability was linked with the variability
of temperature and phosphate. In clear contrast, the configuration
of the highly eutrophic site, CV, showed enhanced effects of dis-
solved oxygen and temperature on microplankton communities.
The most conspicuous change was noticed in the temperature effect
on the three groups, nanophytoplankton, microphytoplankton and
microzooplankton. Under this eutrophic conditions, it was notice-
able the enhanced influence of silicates on microphytoplankton,
while nanophytoplankton was further affected by nitrates +
nitrites, dissolved oxygen and microzooplankton.

4. Discussion
4.1. Sewage-driven changes in plankton community
In the Bahia Blanca Estuary, nutrient loading from sewage efflu-

ents supported a higher number of phytoplankton cells, and
resulted in profound changes in plankton composition favoring
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Table 2
Contribution of dissolved inorganic nutrients (PCA scores) to the formation of PC1 and
PC2 in BM and CV.

BM cv
PC1 PC2 PC1 PC2
Nitrite 0.83 0.45 0.88 0.19
Nitrate 0.92 -0.08 0.93 0.18
Phosphate 0.94 0.02 0.05 -0.95
Silicate 0.86 -0.38 0.84 -0.34
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Fig. 7. Phytoplankton growth rate () as a function of seawater temperature in both
sampling sites BM (white dots) and CV (black dots) and the predicted response of
the phytoplankton growth rate to temperature for phototrophic organisms by
Eppley, 1972 (solid line) and Bissinger et al., 2008 (dashed line). Note that in CV, the
phytoplankton growing rate can potentially surpass the predicted maximum u
(Umax)- This points that at times, the joint effect of higher resource availability and
smaller phytoplankton body size in CV can distort the predicted response of growth
rate to temperature.

small-sized organisms. We observed that the C:Chla ratio of
nanophytoplankton was significantly higher in the sewage-af-
fected area. The environmental conditions found, e.g., extreme
ammonium concentration, may lead to the inhibition of the
photosynthetic system of phytoplankton (Azov and Goldman,
1982). In fact, empirical evidence shows that ammonium concen-
tration exceeding 100 pM, triggers a rapid reduction of chlorophyll
a content of phytoplankton (Abeliovich and Azov, 1976). Also, field
and laboratory work showed that increasing ammonium concen-
tration lead to a reduction on chlorophyll a, abundance and diver-
sity of estuarine phytoplankton (Livingston et al., 2002). The
authors recommend that ammonium concentration should not
exceed 110 pM, in order to retrieve pre-eutrophication conditions.
During our study we found high ammonium concentration that
reached 170 puM, which along with high pH variability in CV may
yield a higher C:Chla ratio and lower species richness. In addition,
the phytoplankton concentration was significantly higher in the
highly eutrophic area, providing a greater concentration of poten-
tial prey, however the abundance of microzooplankton was signifi-
cantly lower; such pattern is in agreement with previous
observations in the area (Barria de Cao et al., 2003). Similar effects
have been shown on mesozooplankton, which exhibited alter-
ations in species composition and abundance in response to sew-
age effects (Biancalana et al, 2012; Dutto et al, 2012). We
hypothesize that the high concentration of ammonium may
explain the low microzooplankton abundance in this site, given
the known toxic effect on ciliates (Xu et al., 2004; Klimek et al.,
2012). The lower consumer density and similar grazing pressure
with respect to the control site, along with the occurrence of
exceptionally high phytoplankton growth rate draws attention to
uncoupling producer - consumer interactions promoted by
anthropogenic pollution.

During the survey, oxygen concentration in the surface layer of
the highly eutrophic site was significantly lower, and sporadically
evidenced hypoxic conditions. Heavy eutrophication is acknowl-
edged to trigger hypoxia conditions in bottom waters (Diaz and
Rosenberg, 2008), which warns on the likely threatening status
of benthic communities in CV. Coastal hypoxia due to eutroph-
ication might be exacerbated by reduced oxygen solubility due to
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ocean warming (Shaffer et al., 2009), further reducing the habitat
range of benthic and pelagic species.

4.2. Nutrient stoichiometry and phytoplankton metabolism

Eutrophication of coastal areas stimulates phytoplankton
growth and may disrupt the balance between plankton production
and metabolism (Cloern, 2001). Given that the metabolic rate is
constrained by environmental stoichiometry of nutrients (Brown
et al., 2004), the pool of the limiting nutrient dictates the rate at
which inorganic nutrients are transformed into phytoplankton bio-
mass. Although the nutrient pool in the highly eutrophic site, CV,
was consistently higher than in BM, element stoichiometry
showed substantial deviations from the Redfield ratio (Redfield
et al., 1963). This is consistent with previous findings showing that

human activities on coastal areas have intensified the supply rate
of nitrogen and phosphorous in many estuaries worldwide
(Fohrer and Chicharo, 2012). According to our results, phosphorous
appears as a primary trigger for phytoplankton growth in both
areas, although in the highly eutrophic site, the role of silicate
appears also relevant. The altered nutrient stoichiometry in this
area, i.e. excess nitrogen and phosphorous with respect to silica,
shifted the community from the typical dominance of diatoms
(Guinder et al., 2010) towards the dominance of unidentified nano-
flagellates. Further agents can magnify the input of phosphorous
from wastewater, as the lack of vegetation in the urbanized shores
(Reddy et al., 1999) and the increase of precipitation level
(Sanchez-Carrillo et al., 2009). Changes on nutrient supply ratios
and the subsequence habitat deterioration have motivated the
implementation of restoration policies in a number of estuaries
(Borja et al., 2010). However, the effectiveness of habitat recover-
ing depends on the proper transfer of ecological knowledge to pol-
icy managers (Palmer, 2009). In this line, our study provides
supporting information for the application of management policies
that might reduce habitat lost in the future. The microplankton
dynamics in the study area is exposed to the occurrence of phos-
phorous pulses; the effect of which might favor exceptionally high
growth rates and stimulate the development of opportunistic
blooming species (e.g. nanoflagellates and mixotrophic-generalist
ciliates such as Lohmaniella oviformis). As shown by our results,
nutrient pulses are shaped by rainfall regime and sewage effluents,
and their synergies are critical to fully understand, and eventually
predict, plankton productivity in the estuary.

Body size is acknowledged to constrain metabolic rate, and
according to the metabolic theory of ecology (Brown et al., 2004),
smaller organisms tend to show higher maximum growth rates
than larger organisms. In CV, the phytoplankton growth rate can
potentially surpass the predicted response of the growth rate to
temperature for phototrophic organisms (Eppley, 1972). The pre-
dictive equation depicted by Eppley was recently revised by
Bissinger et al. (2008). The authors applied quantile regression
using an exhaustive data set and came into a more precise predic-
tive equation, which defines higher pma.x values than the ones
described by Eppley. Yet, the phytoplankton growth rate we
observed in the highly eutrophic site, surpass the predictive curve
stated by Bissinger et al. (2008). This suggests that at times, the
joint effect of higher eutrophication level and smaller phytoplank-
ton body size can distort the predicted response of growth rate to
temperature. While nutrient loading can shift the size scaling of
metabolic rate of autotrophic plankton (Irwin et al., 2006), the
specific physiological response to changes in resource supply and
the consequent outcome on population abundance remain a major
endeavor in aquatic ecology (Cermefio et al., 2008). It is worth not-
ing however, that the phytoplankton growth rate in Eppley (1972)
and Bissinger et al. (2008) was based on abundance, while the rates
obtained in this study were based on chlorophyll a. Although this
may question the validity of the comparison, chlorophyll a has
been identified as a reliable proxy for autotrophic plankton density
in the Bahia Blanca Estuary (Popovich and Marcovecchio, 2008),
and thus one could assume that the outgoing results from both
estimations will be roughly the same (Landry and Hassett, 1982).

Implications of changes in nutrients balance are critical for food
web functioning as they may shift the temperature dependence of
metabolic rate. Indeed, recent studies pointed out that nutrients
supply, but not temperature, is the main factor controlling
phytoplankton growth rate in marine environments (Marafion
et al, 2012, 2014). In agreement with this, our results showed that
although nutrients concentration in CV was high, phytoplankton
growth was constrained by the concentration of phosphorous
and silicate, while temperature appeared to have no effect on the
metabolic rate. The structuring role of nutrients supply would be
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further intensified by low grazing pressure (Irwin et al., 2006).
Although microzooplankton grazing rate was similar in both sites,
the proportion of primary production consumed by microzoo-
plankton (m/p) and the concentration of micro-sized grazers was
lower in CV. The modification of the predicted response of
phytoplankton growth to temperature under disturbed nutrient
stoichiometry and low grazing pressure highlights the need to
include input variables and scaling coefficients for realistically
model the response of plankton metabolism to temperature in
highly eutrophic environments.

In estuaries and other coastal areas, heavy rainfall and fresh-
water flowing events create pulses of dissolved nutrients in the
water column, boosting primary and secondary productivity
(Kimmerer, 2002; Hoover et al., 2006). Resource pulses challenge
local adaptation of species and have the potential to permeate
the entire community by affecting bottom up regulation and
propagating the effect throughout the food web (Holt, 2008).
Although the Bahia Blanca Estuary is a highly eutrophic system,
nutrient pulses coupled to extreme precipitation events magnify
bottom-up controls on phytoplankton. For instance, in the BM site,
even the highest nutrient concentration registered after the heavy
rainfall season in spring 2009-summer 2010, resulted in a propor-
tional positive response of plankton biomass. Conversely, in the
highly eutrophic site, CV, the response of plankton to growing
eutrophication evidenced that beyond certain threshold value
(nitrite: 3 pM, nitrate: 9 uM, phosphate: 18 uM, and silicate:
140 uM), nutrient concentration seems to impair plankton devel-
opment. Moreover, the size fraction ratio of phytoplankton showed
a similar response, suggesting that excessive nutrients load, i.e.
sewage pollution, inhibits its growth, although smaller autotrophic
cells might benefit from nutrient enrichment. The functional
responses of plankton observed in both scenarios points that in
the highly eutrophic area, plankton communities are close to carry-
ing capacity and thus has lower reactivity potential to face
environmental perturbations.

4.3. Ecological implications of sewage pollution

As shown by the path analysis, microplankton displayed a close
coupling with climate and anthropogenic influence in the highly
eutrophic area. In addition to the direct influence of climate on
microzooplankton, the path model in CV showed that
nanophytoplankton mediate the influence of climate on micro-
herbivores. In the same way, phytoplankton biomass was directly
and indirectly (via microherbivores) affected by climate. This con-
trast with the pattern identified in BM where phosphate was the
main factor controlling phytoplankton biomass, while climate
appears as the main factor controlling microzooplankton. Only
the micro-sized fraction of phytoplankton was directly associated
with ammonium and indirectly associated with climate via micro-
herbivores. These results point that the entire microplankton com-
munity is tightly regulated by climate conditions, via temperature,
and by anthropogenic stress, portrayed by nutrients concentration.
The close coupling between plankton dynamics and environmental
drivers in the sewage-affected area within the Bahia Blanca Estuary
warns the potential to enhanced instability of pelagic communities
in response to the increased uncertainty under future scenarios of
climate changes.

5. Concluding remarks

Our results provide quantitative evidence on structural and
functional responses of microplankton communities to per-
turbations of nutrient balance. That is, plankton structure was
modified by the partial replacement of diatoms by small-sized,

non siliceous algae, while mixotrophic protists took advantage
over the typical estuarine microzooplankton assemblages.
Functional responses to severe eutrophication were evidenced by
changes in the temperature dependence of the metabolic rate
and lower reactivity potential to rainfall-driven nutrient pulses
and stronger climate regulation. The wide ecological implications
of coastal eutrophication along with long-term regional climate
change (Guinder et al., 2010) may trigger non-linear feedbacks
on higher trophic levels, and ultimately hamper the imple-
mentation of prediction and management tools.
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