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reservoir (Argentina): impact of environmental factors
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aInstituto Nacional del Agua – Centro de la Regi�on Semi�arida (INA-CIRSA), C�ordoba, Argentina;
bCentro de Investigaciones en Ciencias de la Tierra – Consejo Nacional de Investigaciones Cient�ıficas
y T�ecnicas (CONICET), C�ordoba, Argentina; cFacultad de Ciencias Exactas, F�ısicas y Naturales
(UNC-FCEFyN), Universidad Nacional de C�ordoba, C�ordoba, Argentina

ABSTRACT
The aim of this study was to evaluate the co-occurrence of some
frequent fecal indicator bacteria and cyanobacteria species at San
Roque reservoir (SRr), highlighting the relationship between their
variability and environmental factors. This study was carried out at
SRr (31�220 S, 64�270 O) located west of the city of Cordoba,
Argentina. Physico-chemical measurements and sampling for micro-
biological and nutrient determinations were done at three recre-
ational sites, during seasons of major touristic activity (spring-
summer), with the aim of identifying temporal patterns of micro-
organism variability. In addition, we carried out laboratory experi-
ments with local isolated bacteria (Escherichia coli and Enterococcus
spp.) and axenic Microcystis aeruginosa cultures to assess an associ-
ation among these microorganisms and evaluate whether it was
positive or negative. Our results showed an inverse relationship
between cyanobacteria and thermotolerant coliform bacteria (TtC)
at SRr, which was only observed when high cyanobacteria concen-
tration occurred (�3.4� 104 to 1.2� 106 cell.mL�1). Experimental
results also showed this type of relationship: E. coli and
Enterococcus spp. decreased their growth in the presence of M. aer-
uginosa. In addition, it was observed that the variability of main
phytoplanktonic species and TtC at SRr was mainly explained by
temporal patterns, that is, the seasonal changes and the hydro-
logical year. In summary, our data indicated that cyanobacteria
high abundance during bloom periods could be an inhibiting factor
for bacteria growth at SRr. Moreover, we demonstrated that
nutrients such us P and N are not the main factors determining the
variability of studied microorganisms in this eutrophic reservoir, but
other factors, such as climatic conditions (temperature and precipi-
tations), have a major influence. This study would provide a more
comprehensive view on the dynamics of microorganism popula-
tions with sanitary relevance in eutrophic reservoirs.
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Introduction

The eutrophication of freshwater systems is a current problem commonly related to
anthropogenic nutrient overloading (Smith and Schindler 2009; Lewis et al. 2011; Moss
et al. 2011). Consequent with this process, increases in both the frequency and duration
of cyanobacteria blooms at reservoirs and lakes have been worldwide reported (Ozawa
et al. 2005; Bonilla et al. 2012; Cai and Kong 2013; Michalak et al. 2013; Paerl and Otten
2013; Ballot et al. 2014; De Souza Beghelli et al. 2016; Rodr�ıguez and Ruiz 2016).
However, several authors suggest that global warming may also promote bloom events in
freshwater systems (Paerl and Huisman 2008; O’Neil et al. 2012; Steffen et al. 2014;
Anneville et al. 2015). The identification of the environmental conditions that boost the
growth of cyanobacteria species is essential to predict and manage the consequences of
these harmful blooms. The problems caused by some cyanobacteria species are often asso-
ciated not only with the toxins that they produce as secondary metabolites and the lipo-
polysaccharide (LPS) structures of their cells (Chorus and Bartram 1999; Falconer and
Humpage 2005), but also with indirect effects, such us organic loading and oxygen
decrease in sediments, mass mortality of fish, among others (Ibelings and Havens 2008).

Moreover, reservoirs often receive sewage discharges from direct and diffuse sources
that cause pollution with bacteria (e.g. thermotolerant coliform bacteria; Wade et al. 2006;
Staley et al. 2012; Soller et al. 2014 ). Recently, several authors demonstrated the long-
term survival and potential reproduction of some fecal indicator bacteria (e.g. Escherichia
coli) in tropical, subtropical and temperate environments (Craig et al. 2004: Ishii and
Sadowsky 2008). Warm water temperatures and high concentrations of nutrients could be
promoting factors of E. coli survival and growth outside the host (Byappanahalli et al.
2006; Whitman et al. 2006). The occurrence of both cyanobacteria and bacteria species
certainly affect recreational and domestic use of reservoir water and can also impact nega-
tively on diverse conditions of the system, for example, oxygen and light, nutrient cycling
and food chain composition (Muylaert et al. 2002; Karjalainen et al. 2007; Wilhelm et al.
2011). Moreover, the co-occurrence of both could be synergistic, such as positive effects
on bacteria because of organic substances present in cyanobacteria biofilm (Berg et al.
2009). This fact could benefit opportunistic bacteria such as Legionella pneumophila and
Vibrio cholera (Tison et al. 1980; Eiler et al. 2007). Hence, health risk of cyanobacteria
blooms could be enhanced by favoring the potential growth of bacteria, especially at reser-
voirs with recreational and drinking water use purposes.

However, compounds present in some cyanobacteria species (e.g. Microcystis aerugi-
nosa) have been reported as affecting the survival and growth of some bacteria species:
Aeromonas hydrophila, Bacillus subtillus, Bacillus cereus (Østensvik et al. 1998; Skulberg
2000), Pseudomonas aeruginosa, Escherichia coli and other coliforms (Bomo et al. 2011).

San Roque has been one of the most studied reservoirs in Argentina due to its touristic
importance and because it is the main source of drinking water for Cordoba city (it sup-
plies 70% of water for 1.5 million inhabitants). San Roque reservoir (SRr) presents an
advanced eutrophic state (eutrophic to hypereutrophic) with records of recurrent cyano-
bacteria blooms (mainly M. aeruginosa and Dolichospermum spp.) (Rodr�ıguez and Ruiz
2016). The presence of different microcystin congeners as well as anatoxins has been
reported in many studies (Am�e et al. 2003; Ruibal Conti et al. 2005; Ruiz et al. 2013).
Furthermore, a high concentration of fecal indicator bacteria has been reported over the
years (Rossen et al. 2008).

Despite the sanitary importance of cyanobacteria and bacteria, few studies address the
co-occurrence of these microorganisms in natural waters using experimental approaches
to test the associations observed in the field. Thus, our study proposed to evaluate the
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relationship between local bacteria able to be cultured and cyanobacteria species in a
eutrophic reservoir, using different approaches: field sampling during natural blooms in
freshwater and batch experiments on M. aeruginosa and local fecal indicator bacteria spe-
cies isolated from local reservoirs. However, the impact of numerous environmental fac-
tors on these microorganisms in natural environments makes it difficult to separate the
influence among microorganisms from that of the environment. For this reason, and with
the aim of identifying main environmental forces driving the cyanobacteria and bacteria
variability, we assessed both patterns of variability and correlation between their abun-
dance and some environmental factors during cyanobacteria bloom.

This study would provide a more comprehensive view on the dynamics of microorganism
populations with sanitary relevance in eutrophic reservoirs: the main environmental forces
that drive their variability and the influence they would produce among one another.

Materials and methods

Study site and monitoring design

The research described here was carried out at San Roque reservoir (31� 220 S, 64� 270 W;
SRr), located west of Cordoba city (Argentine), in the Punilla Valley, at 608m above sea
level (m.a.s.), with a drainage area of 1750 km2. Its surface area is 15.01 km2 and its mean
depth is 13.4m, resulting in a volume of c.a. 201 hm3. The major tributaries are the
Cosqu�ın and San Antonio rivers. There are also two minor tributaries: Las Mojarras and
Los Chorrillos streams. The Suqu�ıa river is the outlet (Figure 1).

For this study, three monitoring sites were selected near the coast (c.a. 1–5m from shore-
line); in all cases, these sites were frequently visited and used for some recreational purposes
(e.g. swimming, fishing). The sampling sites were (S1) Instituto, (S2) Los Mimbres and (S3)
El Gitano (Figure 1). Water samples from these sites were collected monthly during the aus-
tral spring and summer periods (September to March), from 2009 to 2013, with some excep-
tions due to bad weather conditions. Samples for physico-chemical and phytoplankton

Figure 1. Location of San Roque reservoir in Cordoba-Argentina (South America). Sampling sites are indicated as S1,
S2 and S3, which correspond to recreational sites (see text). San Roque basin: Cosqu�ın River; San Antonio River; Las
Mojarras stream; Los Chorrillos stream.
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determinations were taken at a depth of 0.30–0.50 m in 1L acid-washed (HCl 1N) plastic
bottles, whereas sterile containers were used for bacteria. All samples were conserved in
darkness at 4 �C and transported to the laboratory within 3–5h.

Field samples

Measurement and determination of physicochemical parameters

Water temperature, pH, conductivity and dissolved oxygen were measured with a
Multiparametric probe (WTW, model Multi 350i, Germany) at a depth of 0.30–0.50 m, while
transparency was estimated with a Secchi disk (Chapman 1992). Accumulated monthly precipi-
tation (hereinafter ‘precipitation’) was calculated from daily records at San Antonio River basin.
Data were obtained using pluviometers located at 11 stations within the basin. The mean areal
precipitation was calculated daily by means of the Thiessen polygon method (Fiedler 2003).

Determination of most of the nutrients was done at the laboratory following the Standard
Analytical Methods (APHA 2005): total phosphorus (TP) and soluble reactive phosphorus
(SRP; SM 4500-P E); nitrites (N-NO2

-; SM 4500-NO2
- B); and nitrates (N-NO3

-; SM 4110 B).
On the other hand, ammonium (N-NH4

þ) determination was done by means of the indo-
phenol blue method (Holmes et al. 1999). Dissolved inorganic nitrogen (DIN) was estimated
as the sum of the three N-fractions. Samples (300–500mL) for SRP, N-NO2

-, N-NO3
- and N-

NH4
þ determination were previously filtrated by a Millipore cellulose acetate membrane filter

(pore size 0.45mm) and analyzed within 24h; TP samples were kept frozen until analysis.

Determination of biological variables

Total chlorophyll and chlorophyll-a (chl a) were determined following the procedures of
APHA (2005) - SM-10200H- with modifications. Samples (500–1000mL) were filtered
through a Pall A/E filter type (pore size 1 mm) and extracted in acetone (90%).
Measurements at 664 (chl a) were done using a Shimadzu spectrophotometer (model UV-
1700, Japan). Acidification with 0.1mL of HCl 0.1N was done after chl a measurement
for pheophyitin a determination at 665 nm. Samples for phytoplankton identification and
quantification were fixed in Lugol�s solution (0.3% final concentration, v:v) and allowed to
settle for 72 h using a 1 L graduated cylinder (LeGresley and McDermott 2010). After set-
tling, the supernatant was carefully removed until approximately 5% of the total volume
was left. The remaining volume was appropriately mixed, dispensed into a
Fuchs–Rosenthal chamber (Marienfeld, Germany) and observed with a compound micro-
scope (Zeiss model D-7082, Germany). Taxonomic identification was made using
Lopretto and Tell (1995) and Kom�arek (1999) and cells were counted following the
method proposed by APHA (2005) - SM-10200 C F. Bacterial determinations were carried
out by the multiple-tube fermentation technique (SM-9221 E) and E. coli quantification
was done by fluorescence detection under UV radiation (336 nm; SM-9221 F). Data were
reported in terms of the Most Probable Number (MPN) per 100mL of organisms present.

Bacteria isolation and identification

Samples collected at local reservoirs for bacteriological isolation and identification were
incubated immediately after collection in sodium Lauryl Sulfate culture medium at 37 �C
during 48 h for Total Coliform bacteria (TC; SM 9221 B; APHA, 2005). For
Thermotolerant Coliform bacteria (TtC) and E. coli, samples were transferred in 4-
Methylumbelliferyl-beta-D-glucuronide (EC-MUG) at 44.5 �C during 24 h (SM 9221 E
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and SM 9221 F, respectively; APHA, 2005). Enterococcus isolation was made incubating
bacteria during 24–48 h at 37 �C in Azide Dextrose broth and positive samples were
placed in Bile Esculin Azide agar; dark colonies were incubated for 48 h at 44.5 �C in
Brain-Heart infusion broth with NaCl (6.5%) and a Gram coloring was made for confirm-
ation (SM-9230 B; APHA, 2005).

Confirmation of E. coli and Enterococcus was made by DNA extraction, 16S rRNA ampli-
fication by PCR and DNA sequencing. First, samples were refreshed by spreading them in a
new nutritive media. This procedure was done twice with the objective of obtaining isolated
and healthy colonies. DNA was extracted using the boiling method (Bansal et al. 1996) and
amplified using Taq (thermostable DNA polymerase), (Chien et al. 1976). A region of the
16S rRNA gene was amplified by PCR using bacterial-specific primers CC (F)
CCAGATCCTACGGGAGGCAGC and CD (R) CTTGTGCGGGCCCCCGTCAATTC
(Universal Primers), (N€ubel et al. 1997). Once the DNA was amplified, electrophoresis in
polyacrylamide agarose gel (PAAG) was used to separate and identify specific bacterial DNA
fragments. Before sequencing, PCR product was cleaned up (MinElute PCR purification kit)
and a new PCR postclean-up was run. Samples were kept at 4 �C, purified with an ethanol/
EDTA/sodium acetate solution and placed in the ABI 3130xl DNA sequencer. The sequence
obtained was checked with BLAST program (McGinnis and Madden 2004).

Experimental procedures

Isolated E. coli and Enterococcus were stored with Luria Bertani broth and glycerol (20%) at
�20 �C and activated during 24 h at 35 �C in Soy Triptein broth before batch experiments.
During experiments, three control treatments were established: (1) E. coli (2) Enterococcus
spp. (3) E. coli þ Enterococcus spp. and three cyanobacteria interaction treatments: (1) E.
coli þ M. aeruginosa (E.coli þ Mic) (2) Enterococcus spp. þ M. aeruginosa (Ent þ Mic); (3)
E. coli þ Enterococcus spp. þ M. aeruginosa (E.coli þ Ent þ Mic). Each treatment was per-
formed in triplicate and dispensed in Erlenmeyers of 250mL with 120mL of O2 medium
(Bomo et al. 2011). Cyanobacteria interaction treatments were inoculated with 3� 104

cell.mL�1 of a pure axenic culture of nontoxic Microcystis aeruginosa strain (PCC7806). The
experimental conditions were established and maintained at 25 �C and 60mmol E. m2.s�1

with a photoperiod of 12:12 h. The experiments lasted 14days and were conducted twice.
Sampling was made at day 1, day 3, day 6, day 8 and day 15. Aliquots of 400 mL of

sample were taken from each Erlenmeyer, plated on Eosin Methylene Blue and Bile
Esculin agar for E. coli and Enterococcus spp., respectively. When necessary, 10-, 100- or
1000-fold dilutions of samples in sterile medium were made. Bacteria were incubated at
37 �C and the number of CFUs were manually counted after 24 h. M. aeruginosa counting
was made from 2mL aliquots conserved in formalin (0.01% final concentration, v:v) and
maintained in darkness at 4 �C. Aliquots in triplicate were gently homogenized, settled
into a Fuchs–Rosenthal chamber (Marienfeld, Germany) and observed with a compound
microscope (Zeiss model D-7082, Germany).

Statistical analysis

The association between cyanobacteria and TtC was determined by an exponential fit and
Spearman correlation analyses, also used to study the relationship between microorgan-
ism’s growth and environmental variables. One-way repeated measures ANOVA test was
applied to determine differences in CFU.ml1 among cyanobacteria interaction treatments
during experimental period, using a 95% confidence limit.
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A multivariate technique (principal component analysis, PCA) was used for ordination
on phytoplankton composition and TtC bacteria during spring-summer periods
of 2009–2013.

In all cases, InfoStat/P software (Di Rienzo et al. 2012) was employed. The normality
and homoscedasticity of data were checked using the Shapiro–Wilk test and plotting the
residuals, respectively. Data were transformed when necessary and were not considered if
statistical assumptions were not achieved.

Results

Variability and interaction between microorganisms

Field data

Microorganism variability during the study period at SRr is shown in Figure 2. Based on pat-
terns of variability in cyanobacteria abundance, pronounced differences between September
2009–March 2011 and September 2011-March 2013 were identified (Figure 2); so these peri-
ods were considered independently (hereafter T1-T2 and T3-T4, respectively). The first period
(T1-T2) was characterized by c.a. 95% higher cyanobacteria abundance in comparison to the
second one (T3-T4; Figure 2(A)). Most of cyanobacteria was represented by M. aeruginosa
and Dolichospermum spp. (c.a. 50-100% of total cyanobacteria population; Figure 2(B–C)).
On the other hand, TtC bacteria did not show significant differences between T1-T2 and T3-
T4, but a TtC decrease occurred during summer 2012 (Figure 2(D)).

To study the relation between cyanobacteria and TtC, an exponential function was
adjusted for each set of data at SRr. A negative function was obtained along the abun-
dance range at T1-T2 (Figure 3(A); r2¼ 0.50), whereas this relationship was not observed
at T3-T4 (Figure 3(B)). Thus, the inverse relationship between cyanobacteria and TtC was
only observed when high cyanobacteria concentration occurred (�3.4� 104 to 1.2� 106

cell.mL�1). Spearman coefficients also showed a significant negative correlation between
TtC and cyanobacteria species only during T1-T2, being E. coli significantly negative cor-
related with M. aeruginosa and Dolichospermum spp. (Table 1).

Experimental data

Experimental results also showed this type of response: E. coli and Enterococcus spp.
decreased their growth in the presence of M. aeruginosa (Figure 4(A–B)). On the other
hand, both bacteria species showed an exponential growth (from day 1 to day 3), and
then a stationary phase (from day 3 to 15 for E. coli and from day 3 to 8 for Enterococcus
spp.) in the same culture conditions but in the absence of M. aeruginosa (Figure 4(A–B).
Our results indicate optimal experimental conditions and a significant negative effect of
M. aeruginosa on the growth of the studied bacteria (F¼ 2225; p� 0.001). In particular,
when fecal indicator bacteria were inoculated in combination with M. aeruginosa, E. coli
and Enterococcus spp. showed a decrease to non-detectable values during the experimental
period. Specifically, E. coli showed a decrease in CFU.ml1 from day 3, presenting in the
E.coliþMic treatment and in the E.coliþ EntþMic treatment values 65% and 80% lower
than day 1, respectively (Figure 4(A)). On the other hand, in the presence of M. aerugi-
nosa, Enterococcus spp. did not present a decrease in CFU.ml1 values from day 1 to day 3
and the population remained in stationary phase until day 3. In both cyanobacteria inter-
action treatments, Ent þ Mic and EntþE.coliþMic, an exponential decrease occurred
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Figure 2. Mean values of cyanobacteria (A), Microcystis aeruginosa, (B) Dolichospermum spp. (C) and thermotolerant
coliform bacteria (D) abundance from 2009 to 2013 at San Roque reservoir (SRr). The vertical lines on top of symbols
are the standard deviation.
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after day 3, since no viable cells were observed (Figure 4(B)). M. aeruginosa growth was
exponential during the whole experiment period (Figure 4(C)).

Interactions between microorganisms and environmental variables

Main environmental and biological variability patterns

Figure 5 shows PCA data: the main patterns driving biological variability were seasonal
changes and hydrological year. The first axis explained the third part of the total variance

Figure 3. Relationship between cyanobacteria and thermotolerant coliform bacteria abundance adjusted by an expo-
nential function during the austral spring-summer periods (September to March) from 2009 to 2011 (T1-T2; A) and
from 2011 to 2013 (T3-T4; B) at SRr.

280 S. R. HALAC ET AL.



(31.7%), and might be associated with the seasonal variation. Most of the spring samples
(S: September; O: October; N: November) were aggregated on the right side of the first
component. On the other hand, the major proportion of summer samples was on the left-
hand side (D: December; J: January; F: February; M: March; Figure 5). The second axis
accounted for 21.3% of total variance, and might indicate differences in hydrological years
(i.e. spring 2009 and 2010 were segregated from spring 2011 and 2012, with some

Table 1. Spearman correlation coefficients (r) and their level of significance (p) among most frequent cyanobacteria
species and thermotolerant coliform bacteria and Escherichia coli at San Roque reservoir (SRr) during the austral
spring-summer periods (September to March), from 2009 to 2011 (T1-T2) and from 2011 to 2013 (T3-T4).

M. aeruginosa (cell.L-1)
Dolichospermum spp.

(cell.L-1)

T1-T2 T3-T4 T1-T2 T3-T4
Thermotolerant coliform bacteria (MPN.(100ml-1)) r

p �
20.22
0.051

�0.04
0.915

20.80
0.010

�0.31
0.379

Escherichia coli (MPN.(100ml-1)) r
p �

20.14
0.055

�0.54
0.087

20.49
0.019

�0.23
0.522

Bold values are significant.

Figure 4. Colony forming units (CFU) of Escherichia coli (A) and Enterococcus spp. (B) and cell abundance of
Microcystis aeruginosa (C) during the experimental periods.
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exceptions; Figure 5). Cyanobacteria variation was partially explained by these two com-
ponents: the first (seasonality) accounted for 18% and was negatively associated with this
group (higher abundance in summer; Figure 5) while the second (hydrological year)
accounted for 62% with a negative loading (associated with September - December 2009
and 2010; Figure 5).

The main measured factors associated with seasonal variability were surface water tem-
perature and precipitation. Surface temperature variability is shown in Figure 6: during
summer, water column stratification was more marked and deeper at T1-T2 in compari-
son with T3-T4. On the other hand, although precipitation did not show significant differ-
ences in hydrological years (c.a. 620 to 690mm), the monthly distribution of rain was
quite different, especially in 2011-12, when summer months were significantly more rainy
than during other hydrological years, with strong rainfall events (Figure 7).

Figure 5. Biplot of principal component analysis of the main phytoplankton taxonomic groups and thermotolerant
coliform bacteria abundance from 2009 to 2013 at SRr. The sample scores are plotted to show the temporal distribu-
tion: S (September), O (October), N (November), D (December), J (January), F (February), M (March); 09 (2009), 10
(2010), 11 (2011), 12 (2012), 13 (2013) and the spatial distribution: S1, S2 and S3 (see text). Circles indicate the two
groups of data separated by the first component, and rectangles indicate those data groups separated by the
second component.

Figure 6. Contour plot of temperature in the San Roque reservoir during September 2009–March 2013. Bar on the
right shows temperature values.
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Regarding nutrients, the subsurface concentration range for SRP, TP and DIN in
spring and summer were 15-90, 60-320 and 146-1100 mg.L�1, respectively during the study
period (Table 2).

Microorganism correlations with environmental factors

Temperature and precipitation were significantly correlated with cyanobacteria abundance,
especially with the most frequent species in SRr, M. aeruginosa and Dolichospermum spp.
During T1-T2, cyanobacteria were positive correlated with temperature while during T3-
T4, the variability of the group was inverse to precipitation (Table 3). Concerning
nutrients, SRP was significantly correlated with cyanobacteria, which decreased while
cyanobacteria increased; this negative correlation was evident in M. aeruginosa (Table 3).
Although Dolichospermum spp. was not significantly correlated with SRP, it showed a sig-
nificant inverse variation with TP (total phosphorus; Table 3). In addition, DIN was nega-
tively correlated with cyanobacteria and, particularly, with Dolichospermum spp. (Table 2).

Regarding bacteria, TtC and E. coli showed a positive correlation with precipitation
and TP. Although TtC decreased at summer 2012, TtC and E. coli were positively associ-
ated with precipitation during T3-T4 (Table 3).

Figure 7. Accumulated monthly precipitation at San Antonio River basin during the hydrological years of 2009-10,
2010-11, 2011-12 and 2012-13. Values were estimated from measurements of 11 pluviometer stations along the basin
and calculated by Thiessen polygon method.

Table 2. Subsurface maximum and minimum concentration values for soluble reactive phosphorus (SRP), total phos-
phorus (TP) and dissolved inorganic nitrogen (DIN) at San Roque reservoir (SRr), in the months of
September–November and December–March during 2010–2013 period.

September - March 2010–2013

SR reservoir

Minimum Maximum

SRP (mg.L-1) Sept–Nov 18 ± 2.5 36 ± 4.3
Dec–Mar 28 ± 3.8 67 ± 23

TP (mg.L-1) Sept–Nov 79 ± 21 160 ± 22
Dec–Mar 139 ± 33 277 ± 43

DIN (mg.L-1) Sept–Nov 335 ± 68 927 ± 243
Dec - Mar 146 ± 0.0 204 ± 39
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Discussion

Our research focused on the association between cyanobacteria and fecal indicator bacteria
during high and low cyanobacteria abundance periods (T1-T2 and T3-T4, respectively), and
their relationship with hydrological and physico-chemical factors in a eutrophic reservoir. A
more detailed study on the microorganism association was carried out through batch experi-
ments with local isolated bacteria and axenic cyanobacteria strains.

Cyanobacteria blooms as negative factors for fecal indicator bacteria survival

One of the most remarkable outcomes of our work is the negative association between
cyanobacteria and TtC bacteria during bloom periods (�3.4� 104 to 1.2� 106 cell.mL�1)
and the negative responses of E. coli and Enterococcus spp. under an M. aeruginosa simu-
lated bloom (�4� 104 to 3� 106 cell.mL�1). According to our results, several authors
reported potential negative effects of cyanobacteria on bacteria. Bomo et al. (2011)
observed growth inhibition of Aeromonas hydrophila in the presence of M. aeruginosa,
whereas Østensvik et al. (1998) reported negative effects of M. aeruginosa extracts on A.
hydrophila, Bacillus subtilis and B. cereus. Østensvik et al. (1998) reported a linear rela-
tionship between the bacteria growth inhibition and the cyanobacteria extract concentra-
tion. They also found that this inverse relationship was explained by the effect of
secondary antibacterial metabolites, which are effective against Gram-positive and/or
Gram-negative bacteria, but they are not related to cyanotoxins. Although these experi-
mental results confirm the negative association between M. aeruginosa and bacteria spe-
cies, there are no field reports about this negative correlation. Instead, M. aeruginosa
blooms could be a refuge for some bacteria as Aeromonas spp. and species of the
Sphingomonades group, some of which are degraders of complex organic compounds pre-
sent in the biofilms (Berg et al. 2009; Dziallas and Grossart 2011). Although our field
results focus on a reduced group of bacteria, they indicate that during bloom periods,that
is, at high abundance ranges, more frequent cyanobacteria species at SRr could be an
inhibiting factor for TtC survival, including E. coli (Figure 3; Table 1). In addition, experi-
ment results reveal the significant negative effect of M. aeruginosa upon the local isolated
E. coli and Enterococcus spp. Although both species of bacteria are negatively affected by
the presence of M. aeruginosa, E. coli would be more sensitive than Enterococcus spp.
(Figure 4). These findings reveal the importance of the interaction between microorgan-
isms ameliorating or aggravating sanitary conditions of eutrophic reservoirs.

Seasonal and hydrological variation as main forces driving cyanobacteria blooms

In spite of the potential effects among microorganisms, we are aware that environmental
factors are the main forces driving the cyanobacteria blooms and TtC presence in reser-
voirs. Our study determined that seasonal alternation and interannual difference in the
hydrological regime were the most important environmental factors influencing the tem-
poral variation of cyanobacteria abundance in SRr (Figure 5). Stable conditions of the
water column have demonstrated to promote cyanobacteria blooms, being this stability
mainly related to temperature and wind speed (Paerl and Otten 2013). Our data clearly
showed that cyanobacteria species were favored by high surface temperatures (Table 3).
This is mainly related to the possibility of cyanobacteria to acclimate to hot conditions
showing maximum growth rates at relatively high temperatures, often higher than 25 �C
(van der Westhuizen and Eloff 1985; Davis et al. 2009). Moreover, warming of surface
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waters promotes the vertical stratification, which favors cyanobacteria growth (Wagner
and Adrian 2009; Huber et al. 2012; Harke et al. 2016). This condition was observed at
SRr during summer season, especially at T1-T2 (Figure 6).

Concerning hydrological effects, several authors have reported a negative association
between precipitation and cyanobacteria populations (Reichwaldt and Ghadouani 2012;
Lehman et al. 2017). According to this, our results showed a negative correlation between
precipitation and cyanobacteria abundance (especially Dolichospermum spp.) at T3-T4.
Cyanobacteria abundance at T3-T4 was an order of magnitude lower than that during T1-
T2. This fact could be probably related to different hydrological regimes during the
studied period: T3-T4 (particularly during 2011-12) displayed a dryer spring and a more
rainy summer in comparison to T1-T2 (Figure 7). Similarly, O’Farrell et al. (2012) found
that hydrological conditions were the main factor determining the M. aeruginosa and
Dolichospermum spp. abundance in a eutrophic reservoir. Higher precipitation levels
would not only change the stable conditions of the water column but also increase the
water exchange rate in summer. The cyanobacteria group dominates at low dilution con-
ditions, which generally occurs in lakes and reservoirs with low renewal rates
(0.06–0.15 day�1), (Romo et al. 2013; Sugimoto et al. 2016); this is often caused by rain
deficit (Lehman et al. 2017). During the T1-T2 period at SRr, small rainfall events in sum-
mer probably favored cyanobacteria species growth. Thus, the low precipitation events
would have a low effect on the dilution and water column stratification and would allow
the rapid use of the entered nutrients, which, in combination with an increasing tempera-
ture and long water residence time (Figure 6), would favor cyanobacteria dominance. On
the other hand, during T3-T4, heavy rainfall events during summer 2012 would prevent
the development of cyanobacteria blooms by flushing and de-stratification (Figure 7),
which had a long-term negative effect on cyanobacteria blooms (Reichwaldt and
Ghadouani 2012) and would explain the lower cyanobacteria abundance during T3-T4.
Instead, TtC did not show so pronounced differences in abundance during hydrological
years (Figure 2(D)) and were positively associated with precipitation at T3-T4 (Table 3).
Thus, the main TtC sources at SRr would be point discharges from tributaries (or urban
drainage discharges) and soil washing by rain (i.e. diffuse discharges). Although TtC and
E. coli, were not directly associated with precipitation during T1-T2 period, they were sig-
nificantly associated with TP (Table 3). In this sense, TtC is associated with point and dif-
fuse discharges increased by precipitation, and high organic nutrient concentration would
be a key factor for the survival of TtC in natural waters (Craig et al. 2004).

As mentioned above, seasonal and rainfall conditions were remarkable forces driving
microorganism abundance in SRr. Hydrological patterns control water discharge, which
in turn affects the nutrient delivery and cycling. In systems where both N and P are not
limiting on average during the entire growing season (i.e. �10mg SRP. L�1 and �100mg
DIN. L�1), factors other than nutrient limitation (e.g. light, vertical mixing, residence
time) become more important in the control of cyanobacteria blooms (Xie et al. 2003;
Paerl 2008). Dissolved nutrients (SRP and DIN) did not show to be limiting during sum-
mer and spring seasons at SRr (Table 2), so their association with the temporal variation
of cyanobacteria probably revealed only the uptake effect. Hence, both SRP and DIN were
negatively correlated with M. aeruginosa and Dolichospermum spp. (Table 1). According
to our results, other authors reported low SRP concentrations during M. aeruginosa and
Dolichospermum spp. blooms, probably due to their rapid phosphate uptake and their
capacity to store P when available in high concentrations (Paerl 2008; O’Farrell et al.
2012). Hence, the cyanobacteria responses observed in our study revealed P and N uptake
and did not show bottom-up regulation from nutrients, mainly due to a full supply of
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nutrients during the studied period (Table 2). Instead, Xu et al. (2010) found that during
summer bloom periods in a eutrophic lake, P is sufficient, while N could be a primary
limiting nutrient.

Conclusions

In summary, our data demonstrated that in eutrophic reservoirs, cyanobacteria blooms
could be a negative factor for survival of some fecal bacteria species. However, environ-
mental factors involved in the control and triggering of bloom development as well as
conditions for survival of bacteria are most important and quite variable depending on
the reservoir features. In our study, the main factors determining the temporal variability
of sanitary relevant microorganisms in spring-summer time were not mainly driven by
nutrients, but other regional factors such as hydrological and temperature conditions,
which also had a great influence.

Thus, studies related to short-time changes in climatic patterns as well as local physical
dynamics would be fundamental for revealing the potential effects on microorganism
communities affecting human health. Water recreational areas deserve special attention,
mainly at eutrophic water systems, where nutrients are not a limiting condition and other
physical and hydrological factors play a major role.
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