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Water flow and temperature
as main factors that regulate
phytoplankton and cyanobacterial
blooms in a large subtropical river

El caudal y la temperatura del agua son los principales
factores que regulan el fitoplancton y las floraciones

de cianobacterias en un gran rio subtropical

O caudal e a temperatura da agua sdo os principais fatores que
regulam o fitoplancton e as floragoes de cianobactérias em um

ande rio subtropical
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ABSTRACT

Seasonal variations and interannual changes (2006-2019) of the phytoplankton
community, related to variations in water quality and river discharge, in the lower
part of the Uruguay River in South America are presented. In total, 422 microalgae
and cyanobacterial taxa were identified. Cryptophytes, cyanobacteria, and diatoms
were the predominant groups. Although nanoflagellates and cryptophytes were always
present in plankton, statistical differences were found in seasonal assemblages
of phytoplankton. According to the similarity analysis SIMPER, the typical
species for each season were identified: Aulacoseira spp. in winter, Dolichospermum
uruguayense, Durinskia baltica and Ankistrodesmus arcuatus in spring, Microcystis
aeruginosa, M. wesenbergii, Dolichospermum uruguayense and D. circinale in
summer and Ceratium cf. furcoides, A. arcuatus, Raphidiopsis and Jaaginema sp.
in autumn. Under lentic river conditions (<2000 m* s?) and above 22 °C, high
biomass was recorded due to the blooms of Microcystis and Dolichospermum. In
2010, M. panniformis reached 10.4 pg It microcystin-LR. Raphidiopsis mediterranea
and R. raciborskii began to be registered in spring (2009 and 2014 respectively)
reaching 1041 cell ml" in spring 2017. This paper shows that flow, transparency
and temperature are the main factors that regulate phytoplankton biomass and

cyanobacterial blooms in the Uruguay River. In the summer, when the Uruguay
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River is in low flow conditions, cyanobacteria remain in the river. When flow
increases, cyanobacteria are transported downstream and could reach the estuary
of the Rio de la Plata, impacting its beaches.

KEY WORDS: harmful algal blooms, large rivers, Rio de la Plata, diversity.

RESUMEN

Se presentan las variaciones estacionales y los cambios interanuales (2006-2019)
de la comunidad de fitoplancton, relacionados con las variaciones en la calidad
del agua y la descarga del rio, en la parte inferior del rio Uruguay, en Ameérica
del Sur. En total, se identificaron 422 taxones de microalgas y cianobacterias;
cryptomonas, cianobacterias y diatomeas fueron los grupos predominantes.
Aunque los nanoflagelados y las cryptomonas estuvieron siempre presentes en el
plancton, se encontraron diferencias estadisticas en los ensambles estacionales del
fitoplancton. Segiin el analisis de similitud SIMPER, fueron identificadas las especies
tipicas para cada estacion. Para el invierno, Aulacoseira spp.; para la primavera,
Dolichospermum uruguayense, Durinskia baltica y Ankistrodesmus arcuatus; para
el verano, Microcystis aeruginosa, M. wesenbergii, Dolichospermum uruguayense
y D. circinale; y para el otofio, Ceratium cf. furcoides, A. arcuatus, Raphidiopsis
y Jaaginema sp. En condiciones lénticas del rio (<2000 m® s) y por encima de
los 22 °C se registraron altas biomasas debido a las floraciones de Microcystis y
Dolichospermum. En 2010, M. panniformis alcanzo6 los 10.4 ng I'' de microcistina-
LR. Raphidiopsis mediterranea y R. raciborskii comenzaron a registrarse en la
primavera de 2009 y de 2014, respectivamente, alcanzando las 1041 cel ml"! en la
primavera de 2017. Los principales factores que regulan la biomasa del fitoplancton
son el caudal, la transparencia y la temperatura. En verano, cuando el rio Uruguay
se encuentra en bajas condiciones de caudal, las cianobacterias permanecen en el
rio. Si el caudal aumenta, son transportadas aguas abajo, pudiendo alcanzar el
estuario del Rio de la Plata, afectando sus playas.

PALABRAS CLAVE: floraciones de algas nocivas, grandes rios, Rio de la Plata,
diversidad.

RESUMO

S&o apresentadas as variagdes estacionais e as mudangas interanuais (2006-2019)
da comunidade de fitoplancton, relacionadas com as variagdes na qualidade
da adgua e a descarga do rio, na parte inferior do Rio Uruguay, na América do
Sul. No total, foram identificados 422 taxons de microalgas e cianobactérias.
Cryptomonas, cianobactérias e diatoméias foram os grupos predominantes.
Embora os nanoflagelados e crytomonas estiveram sempre presentes no plancton,
foram achadas diferengas estatisticas nas assembleias sazonais do fitoplancton.
Segundo a andlise de similitude SIMPER, as espécies tipicas para cada estacéio
do ano foram identificadas. Para o inverno, Aulacoseira spp.; para a primavera,
Dolichospermum uruguayense, Durinskia baltica e Ankistrodesmus arcuatus; para

o verdo, cianobactérias Microcystis aeruginosa, M. wesenbergii, Dolichospermum
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uruguayense e D. Circinale; e para o outono, Ceratium cf. furcoides, A. arcuatus,
Raphidiopsis sp. e Jaaginema sp. Nas condigoes lénticas do rio (<2000 m® s)
e por cima dos 22 °C, foram registradas altas biomassas devido as floragdes de
Microcystis e Dolichospermum. Em 2010, M. panniformis alcangou os 10,4 ng
I'' de microcistina-LR. Raphidiopsis mediterranea e R. raciborskii comegaram a,
ser registradas na primavera de 2009 e 2014, respectivamente, chegando as 1041
cel ml' na primavera de 2017. Os principais fatores que regulam a biomassa de
fitoplancton sdo o caudal, a transparéncia e a temperatura. No verdo, quando o
Rio Uruguai tem caudal baixo, as cianobactérias permanecem no rio. Se o caudal
do rio aumenta, as cianobactérias sdo transportadas dgua abaixo, podendo chegar
até o estuério do Rio da Prata, afetando as praias.

PALAVRAS CHAVE: floragdes de algas nocivas, grandes rios, Rio da Prata,
diversidade.

INTRODUCTION

In large rivers, significant autotrophic primary production of phytoplankton is
expected and is limited to middle river sections, or to lowland areas of higher-order
rivers order presuming favorable conditions for phytoplankton growth (Reynolds
and Descy, 1996). In subtropical rivers, the development of phytoplankton biomass
is strongly correlated with the concentration of nutrients, turbidity or light
availability (Basu and Pick, 1995; Dodds, 2006). According to Reynolds (2000),
hydrological factors such as discharge and dead zones (areas of high resilience) are
the most important factors in the development of the rivers’ phytoplankton. In the
subtropical region, seasonal changes in the phytoplankton community are related
to seasonal changes in temperature (Cloern, et al., 2014).

The Uruguay River is one of the largest rivers in South America (>1,800 km);
it belongs to the La Plata Basin, forming the triple border of Brazil, Argentina
and Uruguay. One of the main factors affecting the river’s water quality was the
construction of more than ten hydroelectric dams (i.e. It4, Machadinho, Itapiranga,
Roncador, Garabi, San Pedro, Salto Grande) to meet the growing energy demands
which accompanied the region’s economic growth, (National Water Agency, ANA,
2005). In Uruguay, the Salto Grande Dam, located 300 km upstream from the
mouth of the river, has an important regulatory effect over the discharges above
and within the Rio de la Plata estuary (EcoMetrix, 2006). Based on historical
values (1980-2015), the average annual discharge of the river is 5527 m® s, but in
2017, it reached 7598 m?® s (Salto Grande Mixed Technical Commission, [s.d.]).

Agriculture is an important activity in the Lower Uruguay River Basin with
a significant production of citrus fruit and other crops (O’Farrell and Izaguirre,
2014). The most important Uruguayan city in the area studied is Fray Bentos,
which is also an active port. This lower section of the Uruguay river gained
importance after the installation of a pulp mill in 2006, and the subsequent start
of its operations in November 2007 (Uruguayan Technological Laboratory, LATU,
2019). Periodical reports on navigation, cyanobacterial blooms and fisheries
surveys are published locally by the Salto Grande Mixed Technical Commission
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and the Uruguay River Administrative Commission (CARU, [s.d.]). In addition to
this, binational monitoring in the pulp mill’s area of influence has been carried out
since 2012 and along the binational Argentina-Uruguay section since 2018. CARU
surveys the state of the river through water, sediment and biota samples monitoring
on both sides of the river and in the center of the channel showing the acceptable
limits. Thirteen water quality parameters measured showed concentration values
above the limits established in CARU’s Standard for 179 variables. Parameters
that systematically exceed CARU Digest levels are Iron, Oils and Fats, and Total
Phenolic Substances (CARU, [s.d.]).

Although several authors have conducted phytoplankton studies in the Uruguay
river basin (de Diaz, 1961; et al, 1986; O’Farrell, 1994; O’Farrell and Izaguirre, 1994;
Bonilla, 1997; Pérez, et al., 1999; Pérez, 2002), most of the existing studies on the
Uruguay River were focused on the Salto Grande dam (Quir6s and Luchini, 1982;
De Leon and Chalar, 2003; Chalar, 2006, 2009; O’Farrell, et al., 2012; Chalar, et
al., 2002, 2017;) since 1979, when the lake reservoir was formed. Little research has
been done on the topic of phytoplankton composition and ecology in its lower part.
O’Farrell and Izaguirre, (1994), showed a gradient along the Argentinean banks
and the Uruguay River’s tributaries during 1986-1987 where the potamoplankton
was dominated by nanoflagellates, cryptophytes and Aulacoseira genus. They found
that the seasonal succession of phytoplankton diversity was mainly regulated by
temperature, transparency and water discharge, with turbidity showing up as a
limiting factor for algae development during summer’s low water periods, but a
correspondence analysis was not performed. Many other reports focused on
cyanobacterial blooms. Ferrari and others (2011) reports two possible scenarios which
could account for the dynamics of cyanobacterial blooms in the Lower Uruguay River.
The first one is that in high flow conditions, the bloom is concentrated in the dam
and reaches the open waters of the Rio de la Plata estuary as a result of rainfall, or
because of the management of the Salto Grande dam. During the summer, when low
flow conditions (lentic conditions) are present, the bloom is concentrated locally by
a stable high water column. A marked gradient was observed in the meteorological,
physical, and chemical parameters of the plankton assemblages from Salto Grande to
Punta del Este, in a comprehensive monitoring during 2013-2014, along the Uruguay
River’s banks and the Rio de la Plata coastline (Kruk, et al., 2015). In the sampling
from both summers (2013 and 2014), a Microcystis bloom was registered in the
Salto Grande dam. An exceptional bloom observed in the summer of 2019 reached
Uruguay’s Atlantic ocean coast. This event occurred under extreme precipitation
conditions that induced high water flows, which transported cyanobacterial blooms
downstream (Kruk, et al., 2019). Recently, a synoptic study showed the relevance of
temperature and precipitation on the distribution of cyanobacteria, comparing lentic
and lotic freshwaters in the country (Haakonsson, et al., 2017). The study found
that the filamentous Dolichospermum was the most widely distributed and the most

frequent genus in the region surveyed.
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The aim of this study was to identify the main factors that produce seasonal
changes in the phytoplankton community of the lower Uruguay River, as well as
its relationship with water quality. This work is based on the data compiled over a
fourteen-year period (2006 to 2019). We reported on the composition, abundance,
carbon biomass of microalgae and cyanobacteria and water quality variables.

MATERIAL AND METHODS
Study area

Uruguay belongs to a subtropical climate zone (Kottek, et al., 2006) characterized by
hot and humid summers and generally mild winters with the following features: mild
moderate rain (1000-1600mm annual average between 1961-1991), humid subtropical
climate (Cfa type) (INUMET, [s.d.]) and annual average temperature of 17.5 °C with
temperatures above 22 °C in the warmest months. During the study period (2006-
2019) the average values of air temperature were 17.9 °C with precipitation values of
1207 mm, (data provided by UPM weather station).

The study area comprises three sites along the lower part of the Uruguay River:
an upstream site located in Nuevo Berlin (NB), a central site in Fray Bentos (FB) and
a downstream site at Las Caifias (LC). A long-term (2006-2019) seasonal sampling was
carried out at the three sites. In each site, three samples were taken covering littoral,
center and channel zones of the Uruguayan section of the river (Figure 1). The NB site
is located between natural channels and islands. The central site, FB, is located close
to the international bridge and the city of Fray Bentos, which is also an active port. In
the downstream site at LC, the river becomes wider, forming an extensive plain with

sandy beaches that attract a significant number of tourists during summertime.

B
| At [ZN =
&// 22
URUGUAY A
% NUEVO
BERLIN

UPM (Pulp mitl)
FRAY BENTOS

LAS CANAS

Rio Negro

23 122 [Te3] LAS CANAS

Figure 1. A) Study area of the Uruguay River and sampling sites from
upstream to downstream: Nuevo Berlin (NB), Fray Bentos (FB) and
Las Caiias (LC) (black-white circles). B) Sampling design.
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Samplings and analysis

Fourteen seasonal sampling surveys (summer: February, autumn: May, winter: August
and spring: November) on three sites with a transect with three points (littoral, center
and channel) were carried out during July 2006 to November 2019, with a total of
486 sampled points (Figure 1). Conductivity, temperature, oxygen and pH were
measured in situ with a YSI 6600 V2 sensor and the transparency was estimated
with a Secchi disc. Water samples were taken directly for nutrients and chlorophyll
analyses, using standard methods as described in detail by Ferrari and others (2011),
Tana and others (2013), Uruguayan Technological Laboratory, LATU (2016, 2017,
2018, 2019). Discharge at the Salto Grande dam displays considerable variability
related to regional and global processes, with high discharges during El Nino events
in phase with El Nifio Southern Oscillation (ENSO) due to heavy rainfall (Colombo,
et al., 2015). The opening and closing of the floodgates is the main influence on the
flow of the river, since in this lower section there is no significant contribution from
tributaries that could modify its flow rate. The daily average of the Salto Grande dam
discharge was obtained for the period of study from the river’s binational monitoring
entity (Salto Grande Mixed Technical Commission, [s.d.]). The total nitrogen and total
phosphorus were used tu calculate N:P atomic ratios. The monthly geometric mean
total phosphorus concentration following IET (PT) = 10%(6-((0,42 - 0,36*(In PT))/In
2)) — 20 was used to determine the Uruguay River’s trophic status (Lamparelli, 2004).
Subsurface phytoplankton samples were collected with bottles and fixed in situ with
Lugol’s solution for quantification, and net samples were collected and fixed with
formaldehyde (4%) for taxonomical studies (Sournia, 1978). When cyanobacterial
blooms occurred, cyanobacteria samples were gathered for microcystin-LR analysis
were taken using HPLC, according to the ISO 20179 (International Organization
for Standarization, 2005). During the sampling period, three extra samplings
were carried out in the summer of 2009 and the spring of 2010, as a result of a
cyanobacterial bloom warning in the area near the Fray Bentos site.

The sedimentation method based on Utermohl (1958), was used to identify
and quantify phytoplankton. Half or the entire chamber was screened under
low magnification (100 or 200x) for organisms >50 pm, while smaller organisms
were counted under 400x magnification according to cell density in each sample.
Phytoplankton organisms were identified at the lowest possible taxonomic level
and divided into groups or Classes. For cyanobacteria, the most recent taxonomical
classification presented by Koméarek and others (2014) was used. Determinations
were made following Komérek and Anagnostidis (2008a, 2008b) and Komarek
(2013). To identify some diatoms, the oxidation technique was followed (Battarbee,
1986). Counts included at least 100 cells of the most abundant species, in order to
achieve a confidence interval of 95% (Lund, et al., 1958). In the case of Microcystis
spp. blooms, the methodology followed Box (1981), counting the number of cells
per ml in a gridded Sedgewick-Rafter counting chamber. Biovolume was estimated
from mean cell dimensions and shape based on Hillebrand and others (1999). The
cell biovolume was transformed to biomass as cell carbon (pgC cel™), according to
Menden-Deuer and Lessard (2000). Biovolume was multiplied by the density (cell
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ml) to estimate phytoplankton carbon biomass (ngC ml!). Picoplankton cells (<2
nm) were not counted because this requires a special methodology.

Exploratory analyses were performed to identify major patterns and define
final tests. In order to evaluate spatial (site and zone) differences among
samplings, analyses of similarities ANOSIM were performed with phytoplankton
and environmental matrixes. The carbon biomass of the main phytoplankton
groups (Cyanobacteria, Chlorophyta, Bacillariophyta, Cryptophyta and “other”)
were logarithmically transformed and similarity matrices were constructed with
the Bray-Curtis index. ANOSIM results showed significant temporal differences
between sampling surveys regarding biomass matrix (RGlobal = 0.544), meanwhile
no significant spatial differences were found in either sites (RGlobal = 0.011,
p>0.001) or in zones, (RGlobal = 0.016, p>0.001). The same results were found
with environmental matrices, (RGlobal temporal = 0.876, p> 0.001) with no
differences either per sites (RGlobal sites = -0.016, p>0.001) or per zones (RGlobal
zones = 0.017, p=0.001). In addition, the analysis of variance ANOVA showed no
significant differences either between the three sites (NB, FB and LC) or between
zones (littoral, center and channel) for phytoplankton density F( o = 0.79, p =
0.52, biomass F(4‘ = 0.92, p = 0.45, richness F(4‘ = 0.16, p = 0.95 and Shannon
diversity index F< i amm — 121, p = 0.30. Those analyses enable the use of monthly
averages. For those analyses, environmental variables were used: (nitrates (NO3
mgl'), total nitrogen (TN mgl"'), nitrate (NO3 mgl'), total phosphorus (TP ngl!),
soluble reactive phosphorus (PO4 pgl?), chlorophyll a (Chl a pgl?), Secchi disk (SD
cm), conductivity (mS ¢cm'K), temperature (T °C), pH and discharge (Qm’s),
were normalized and Euclidean indexes were used for the similarity matrix. Flow
data of the sampling dates were used to perform the analysis.

To evaluate the role of each species and its contribution to the season, the
coefficients of similarity between samples and the average similarity / dissimilarity
between all the pairs of samples in each group was calculated, applying the
similarity percentages breakdown (SIMPER) using the PRIMER routine (Clarke
and Warwick, 2001). This analysis identifies the species that are mostly responsible
for the observed patterns. Species that contributed the most to the similarity
within a season were considered typifying. The species that contributed the
most to the dissimilarity within a group, were considered discriminates between
groups (Clarke, 1993, Clarke and Gorley, 2006). For the SIMPER analysis, the
biomass matrix was used. The small Cryptophytes heterotrophic organisms were
not considered for this analysis. A one way ANOSIM was performed to analyze
differences between seasons.

For the environmental matrix, Spearman’s correlation coefficient was used.
Bubble biplots were used to highlight the relationship between flow and temperature
in phytoplankton biomass. For XY graph, Crytophytes were not considered. To
determine the set of environmental variables which contribute to explain the
variability of phytoplankton biomass, we performed a Canonical Correspondence
Analysis (CCA) using the unimodal method. This analysis is valid to apply for
any size of the environmental gradient (Legendre and Legendre, 2012). A biomass

matrix for species with >25% in the total Logl0 (x +1) sample was used. The
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environmental matrix was normalized and the significance of the contributions
from environmental variables with the ordination of species was tested through
Monte Carlo permutations test (p <0.05). The significance of canonical correlation
coefficients of each environmental variable for axes 1 and 2 was evaluated by means
of an approximation of t-Student statistic (Ter Braak, 1986). A Multivariate
Stadistical Package (MVSP software) was used.

RESULTS

Environmental variables

Surface water temperature varied seasonally between 11.5 °C in winter and 28.8
°C in summer. Conductivity showed low variation (32-279 pS cm™) throughout the
period. pH did not show a wide range of variation (6.1-9.5); the Secchi disc values
ranged between 0.20 and 1.60 m and the turbidity reached 78 NTU (Table 1).

Table 1. Seasonal average and maximum-minimum during 2006-2019. Average

and standard deviation of nutrients and in situ parameters for each

season. nd: Not determined.

; Ll MRt ool el TRy e sy ety il [t
Nitrogen  Phosphorus /i Phosphorus 1 OBV 5 XY Dise oc) e flow
(mg 1) (ng 1) g (ng 1) ng (cm) L (m?®s-1)
g}if}fﬁ“ 0.9 61.4 0.5 42,0 5.3 196 609 264 67.9 T4 75 | 4525
stdev 0.2 45.1 0.2 30.9 18.9 74192 11 117 04 07 2893
IO 73.3 0.6 34.0 14 25.4 612 184 69.2 72 85 11698
wverage
stdev 0.7 421 0.3 23.1 14 131 326 15 175 04 14 14073
VR g 89.2 0.8 2.8 0.6 27.0 457 145 644 73 95 | 7296
wverage
stdev 0.2 95.5 0.3 19.1 0.8 110 134 15 134 04 09 4461
SPRING 11 83.9 0.7 23.6 1.6 299 483 233 732 72 79 11365
\verage
stdev 0.3 123.8 0.2 185 2.8 116 121 28 489 07 16 8325
R 1.1 77.2 0.6 30.8 2.2 254 | 53.8 20.6 68.7 73 84 844
——
minimum 0.1 nd nd nd nd 9.0 20.0 11.6 324 6.1 2.3 522
medmum! 6.8 1340.0 1.7 163.0  185.0  78.0 160.0  28.8 279.0 9.5 13.0 56070

Nutrient fluctuation at the three sites was similar, with an increase in total nitrogen
at NB (in winter), while soluble phosphorus showed three peaks in autumn 2007, 2011
(near 100 pg I"). Fluctuations of total phosphorus remained within historical ranges,
with the exception of two peaks, one in August 2011 at the three sites, with the highest
concentration at FB reaching values of 887 pg I, and in November 2019 with 1340 pg
I at FB (Table 1). The general trophic state of the Uruguay River was mesotrophic
(52-59), presenting some eutrophic (60-63) sampling in Aug-11, Feb-17, May-19, Nov-
19 due to peak of total phosphorus (Figure 2).
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Figure 2. Monthly Redfield ratio N:P (solid line) and monthly trophic status
index IET (dotted line) during 2006-2019. Bold solid lines show the
limit of 59 for IET. Above, eutrophic state is indicated. Orange squares:
annual average and orange line: tendency line.

The atomic Redfield ratio showed no nitrogen limitation condition for phytoplankton
growth. Most of the time, the ratio was values above 20, but in Nov-06, Aug-11, Feb-17
and Nov-19, this ratio was below 16 at times when PT concentration was above 100 pg
I* (Figure 2).

Phytoplankton diversity biomass and chlorophyll a

During the study period, from July 2006 to November 2019, 422 taxa of algae and
cyanobacteria were recorded at three selected sites (Annex 1). The phytoplankton
groups were: Cyanobacteria, Bacillariophyta, Chlorophyta s.l., Zygnemaphyta,
Cryptophyta, Chrysophyta, Dinophyta, Euglenophyta, Raphidophyta, Xanthophyta,
and undetermined flagellates. For the purpose of graphics, an additional group
called “Others” composed of Chrysophyta, Dinophyta, Euglenophyta, Raphidophyta,
Xanthophyta and undetermined flagellates were grouped together.

The diatoms presented the highest number of taxa (158), followed by the
Chlorophyta s.l. with 95 taxa, including 55 green coccal algae, 56 Euglenoids (Annex 1).
Cyanobacteria were represented by 49 taxa. From a total of 158 diatoms recorded, 134
taxa belonged to pennates and 24 taxa to centric diatoms. During high flow periods,
most of the diatom taxa were tychoplankton. Dinoflagellates were represented with 18
taxa and Cryptophyta and Crysophyta with 9 taxa each. Raphidophyta was represented
with the species Gonyostomum semen (Annex 1).

The lowest number of taxa per sample (4) were found in winter 2008 (NB), winter
2009 (LC), spring 2008 (FB and LC) and in autumn 2010 (NB and LC). The highest
taxa number per sample (69) was found in summer 2016 and 2013: 52 taxa both NB,
followed by 43 taxa in LC and 42 in FB. The genera Nitzschia and Trachelomonas
showed the highest number of species (21 and 17). The diatom Hydrosera whampoensis
and the cyanobacteria Jaaginema sp. and Microcrocis sp. were recorded for the first
time in Uruguay. The most frequent species, found in more than 30% of the samples
were: Plagioselmis lacustris (92,6%), Cryptomonas cf. marssonii (86,6%), Aulacoseira
granulata (71,6%), Ankistrodesmus arcuatus (57,8%), Aulacoseira granulata var.

angustissima (54,56%), Plagioselmis nannoplanctica (53,5%), Aulacoseira cf. muzzanensis
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(45%), Cryptomonas cf. ovata, Cryptomonas cf. reflexa (40%), Trachelomonas rugulosa
and the centric sp. 1 (30%) that constitute the potamoplankton.

Figure 3 shows phytoplankton carbon biomass variations of the main four groups
in each sampling site during the study period. The cryptophytes, cyanobacteria and
diatoms were the most representative groups and to a lesser extent, the chlrophytes.
The maximum total biomass was 1270 ngC ml' in NB (Nov-10). Dolichospermum
uruguayense was the most abundant cyanobacteria with 6903 cell ml?* in low flow
conditions (1275 m® s*) and high temperature (24.4 °C). In the same sampling survey
in FB and LC, this species, D. uruguayense, was recorded with values of 1414 and
1597 cell ml?, respectively. In the sampling of spring 2010, high values of the three
parameters were recorded in FB (8073 cell ml!, 126.8 ngC ml?, 9.2 n gl') and in
LC (5734 cell ml', 132 ngC ml', 7.0 pg I'), although the most abundant species
was the cyanobacteria Pseudanabaena mucicola. Another high peak of phytoplankton
abundance occurred in summer 2008 in NB (9497 cell ml?, 347 ngC ml*, 6.8 p gl')
when the flow was 2861 m® s and the temperature reached the highest value (28 °C).
In this opportunity, the dominant Cyanobacteria was Microcystis aeruginosa with
6705 cell ml! (Figure 3).

Only three phytoplankton biomass peaks of other groups occurred, almost 130 ngC
ml? (Aug-08 and 09, Feb-13 in NB) with 99% of Crytophyta and 126 ngC ml* (Feb-15,
NB) of Chlorophyta (Eudorina elegans). In the summer of 2017 and 2019, the biomass
of “other groups” increased through the presence of the dinoflagellates and euglenoids
species. Big size species, like Ceratium and Trachelomonas, contributed to the total
biomass (Figure 3).

Extra monitoring samples in the summer due to a cyanobacterial bloom were
taken at the Fray Bentos site. In 2006, the highest microcystin-LLR was recorded with
2010 pg I' in a M. aeruginosa bloom. In 2009, the values were 6.2x10° cell ml.
M. aeruginosa represented 90% of the total abundance followed by D. uruguayense,
M. wesenbergii and D. circinale. The other case was in spring 2010, when a high
concentration of microcystin-LR was recorded at the FB site with 10.4 pg 1'%, In this
bloom, M. panniformis reached 1.66x10°¢ cell ml'' and D. uruguayense was observed
with values of 2x10° cell mlI™* at the NB site. Recently, in 2012 in FB Remeros marina,
M. aeruginosa reched 8.5x10° cell ml™.

Other potentially toxic species began to be registered in 2009: Raphidiopsis
mediterranea and R. raciborskii in spring of 2014, reaching 1041 cell ml"! in spring
2017. Cuspidothriz sp., Microcrocis sp. and Aphanizomenon gracile appeared in
the summer 2015.
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Figure 3. Monthly average carbon biomass (ngC ml"), for each group:
Cyanobacteria (CYANO), Chlorophyta (CHLORO), Bacillariophyta
(DIATO), Cryptophyta (CRYPTO) and OTHERS for each sampling
between July 2006 and November 2019 on sites: Nuevo Berlin (NB),
Fray Bentos (FB) and Las Canas (LC).

Spearman’s correlation coefficient showed high correlation between abundance and
carbon biomass (r = 0.52) while relatively low with secchi disc (cc = 0.25), temperature
(cc = 0.26) and flow (-0.16). Bubble biplots are used to highlight the relationship
between flow and temperature in phytoplankton biomass. The diagram shows that the
highest biomass was recorded at the highest temperatures and with flow rates of less
than 2000 m?® s (Figure 4).
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Figure 4. Increasing bubble diagram showing total biomass (ng C ml') with
regards to flow (m® s') and temperature (°C) during July 2006 -
November 2019.

Tables 2 and 3 show the SIMPER analysis carried out with carbon biomass val-

ues. A. granulata was present in all seasons throughout the sampling period. The
typifying species for each season were: Aulacoseira spp. in winter, Dolichospermum,
uruguayense, Durinskia baltica and Ankistrodesmus arcuatus for spring, the cyano-
bacteria Microcystis aeruginosa, M. wesenbergi and Dolichospermum uruguayense
and D.circinale in summer, and Ceratium cf. furcoides, A.arcuatus, Raphidiopsis and
Jaginema sp. in autumn. (Table 2). The discriminant species for winter-spring were
Dolichospermum uruguayense and Ceratium cf. furcoides, for summer-winter, M.
aeruginosa and Ceratium cf. furcoides and for summer-autumn, D. uruguayense and
C. furcoides (Table 3). There were significant differences between seasons (ANOSIM,
Global R: 0.085; p = 0.001) (Table 4).
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Table 2. Summary of SIMPER results. Species contributions in each season.
Average similarity (Av. Sim.) of typifying species in each season, their
contribution (%) to the within-group similarity, and cumulative total (%)

of contributions.

Av.Sim. Contribution% Cumulative tota

Aulacoseira granulata 7.0 53.0 53.0
A. _qranulatq var. angus- 20 15.2 68.2
tissima
Aulacoseira cf. muzzanensis 0.7 5.3 73.5
Ceratium furcoides 0.5 4.0 7.5
Ankistrodesmus arcuatus 0.4 3.0 80.5
Trachelomonas rugulosa 0.4 2.8 83.3

Species SPRING Cumulative total%

Average similarity: 15.19

Aulacoseira granulata 7.8 51.3 51.3

A. granulata var. angustissima 1.5 9.8 61.1
Dolichospermum uruguayense 1.3 8.5 69.7
Durinskia baltica 1.1 7.0 76.7
Ankistrodesmus arcuatus 0.6 3.8 80.4
Aulacoseira italica 0.5 3.6 84.0
Aulacoseira muzzanensis 0.4 2.9 86.9

Species SUMMER Av.Sim Cumulative total%

Average similarity: 20.45

Aulacoseira granulata 7.3 35.8 35.8
Aulacoz&;ﬁ;::;{zgjgm var. 59 25.4 61.1
Microcystis aeruginosa 1.1 5.2 66.4
Dolichospermum uruguayense 0.8 4.1 70.5
Microcystis wesenbergii 0.8 4.0 74.5
Dolichospermum circinale 0.8 4.0 78.4

Species AUTUMN

/.Si > i ion% > ative total%
Average similarity: 10.17 Ay Contribution% Cumulative total%

Aulacoseira granulata 4.5 43.8 43.8
Ceratium cf. furcoides 1.3 12.3 56.1
Aulacoz{z‘:;ﬂzg;lgtu var. 11 111 67.2
Ankistrodesmus arcuatus 0.7 6.6 73.7
Aulacoseira cf. muzzanensis 0.5 4.8 78.5
Trachelomonas rugulosa 0.4 3.7 82.2
Raphidiopsis sp. 0.4 3.5 85.8
Jaaginema sp. 0.3 3.1 88.8
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Table 3. Average Dissimilarity percentages (Av. Diss) and species contributions (%)
in each season. Discriminant species by group determined by SIMPER
analysis with biomass matrix.

Groups WINTER & SPRING Contributions%

Average dissimilarity = 87.53

Aulacoseira granulata 10.1 11.6

A. granulata var. angustissima 52 17.5
Dolichospermum uruguayense 4.5 22.6
Ceratium cf. furcoides 3.8 27.0
Peridinium sp. 1 3.7 31.2

Groups WINTER & SUMMER S Contributions%

Average dissimilarity = 87.05

Aulacoseira granulata 7.7 8.9
A. granulata var. angustissima 6.9 16.9
Microcystis aeruginosa 3.5 20.9
Ceratium cf. furcoides 3.2 24.5
Dolichospermum uruguayense 3.0 28.0

Groups SPRING & SUMMER

Average dissimilarity = 85.16

Aulacoseira granulata 7.1 8.3

A. granulata var. angustissima 6.0 15.3
Dolichospermum uruguayense 5.0 21.2
Microcystis aeruginosa 3.3 25.0
Durinskia baltica 3.1 28.6

Groups WINTER & AUTUMN

Average dissimilarity = 89.43

Aulacoseira granulata 12.0 13.4

A. granulata var. angustissima 6.7 20.9
Ceratium cf. furcoides 6.2 27.8
Jaaginema sp. 2.8 30.9
Aulacoseira cf. muzzanensis 2.8 34.0
Trachelomonas rugulosa 24 36.7

Groups SPRING & AUTUMN Contributions%

Average dissimilarity = 89.73

Aulacoseira granulata 11.5 12.8

A. granulata var. angustissima 5.0 18.4
Dolichospermum uruguayense 5.0 24.0
Ceratium cf. furcoides 4.8 29.3
Durinskia baltica 4.3 34.2

Groups SUMMER & AUTUMN Av. Diss Contributions%

Average dissimilarity = 88.67

Aulacoseira granulata 8.9 10.1

A. granulata var. angustissima 7.7 18.8
Microcystis aeruginosa 4.2 23.5
Ceratium cf. furcoides 3.7 27.6
Dolichospermum circinale 3.5 31.5
Dolichospermum uruguayense 3.3 35.2
Microcystis wesenbergii 2.9 384
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Table 4. Analysis of Similarity (ANOSIM) results of biomass matrix for each season.
R statistic (Global R) and significance level of sample statistic: p< 0.001

Seasons
Winter — Spring 0.100 0.001
Winter - Summer 0.129 0.001
Winter — Autumn 0.034 0.001
Spring - Summer 0.099 0.001
Spring - Autumn 0.077 0.001
Summer - Autumn 0.151 0.001

Correlation between environmental variables and carbon biomass

Transparency, flow and temperature were the most important variables explaining
phytoplankton structure. According to the CCA analysis, 57.7% of the total variance
was explained in the first two axes. The variables that contributed to the first axis
were flow (cc = 0.71), Secchi disc depth (SD cc = -0.64) and temperature (cc = -0.63)
(Figure 5 y Annex 2).

There was a positive correlation between the euglenoids Lepocinclis caudata,
Trachelomonas planctonica, the diatoms Ulnaria ulna, the dinoflagellate Ceratium
furcoides and the cyanobacteria Jaaginema and Raphidiopsis mediterranea with
flow and total phosphorus and nitrogen, while cyanobacteria (Dolichospermum cf.
planctonicum, D. uruguayense and Microcystis spp.) correlated with temperature, pH,
Chl a and transparency (SD) (Figure 5).
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Agra Aulacoseira granulata Maer Microcystis aeruginosa
Agang Aulacoseira granulata var. angustissima Mnov Microcystis novacekii
Aita Aulacoseira cf. italica Mtor Mallomonas cf. tonsurata
Amp Amphora sp. Muwes Microcystis wesenbergii
Cfur Ceratium cf. furcoides Peri1 Peridinium sp. 1
Chir Ceratium hirundinella Per3 Peridinium sp. 3
Crho Ceratium cf. thomvoides Pmor Pandorina morum
Dbal Durinskia baltica Pwill Peridinium cf. willei
Dcir Dolichospermum circinale Raci Raphidiopsis raciborskii
Doli Dolichospermum uruguayense Raphi Raphidiopsis mediterranea
Dpla Dolichospermum planctonicum Sflu Strombomonas cf. fluviatilis
Eele Eudorina elegans Sova Strombomonas cf. ovalis
Egau Euglena cf. gaumei Tmus Terpsinoe musica
Gsem Gonyostomum semen Tpla Trachelomonas planctonica
Jaa Jaaginema sp. Ulna Ulnaria ulna
Lcau Lepocinclis caudata Vol Volvocal sp. 2
Lpla Lepocinclis cf. playfairiana Vspe Volvoz cf. spermatosphaera

Figure 5. Biplot diagram Canonical Correspondence Analysis for species with
biomass over 25%. Cond: conductivity, T: temperature, pH, TN:
total nitrogen, TP: total phosphorus, SD: Secchi disc, Chl a: chloro-
phyll a, ODO: oxygen and flow. Code of species are presented.

The river flow fluctuated from 2006 to 2019 a minimum of 522 m3.s' (February
2008) to a maximum of 56070 m®.s?! (May 2017) showing several peaks. When
flow rate decreased, transparency increased, favoring the development of
phytoplankton, increasing the biomass during the summer period (Figure 6).
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Figure 6. Monthly flow average for the three zones and the three sites (m?*s™)
(grey area), phytoplankton biomass groups (ngC ml?) (bars) and
temperature (solid black line), from 2006 to 2019. CYANO:
cyanobacteria (green bar), CHLORO: Chlorophyta (dark green bar)
DIATO: Bacillariophyta (red bar) CRYPTO: Crytophyta (black bar)
and OTHERS: Chrysophyta, Dinophyta, Euglenophyta,
Raphidophyta, Xanthophyta: Blue bar)

DISCUSSION

After fourteen years of monitoring in the lower Uruguay River, phytoplankton
biomass showed a seasonal pattern in which the flow, transparency and temperature
were the structuring factors of the phytoplankton community. Potamoplankton is
subjected to unidirectional transport, and it is affected by the physical, hydrological
and geographical characteristics of the watershed. In the lower Uruguay River,
like in any other lotic ecosystem (Giblin, et al., 2010, Zalocar De Domitrovic,
et al., 2007, Sabater, et al., 2008), turbulence, associated with flow, has a direct
effect on transparency, attenuating the penetration of light. In general, when flow
increases, not only do turbulence and suspended solids increase due to erosion,
but so do phosphorus and nitrogen levels. In high discharge conditions, the basin
bottom is stirred, and resuspended sediments decrease transparency and increase
the light extinction coefficient, resulting in decreasing values of phytoplankton
biomass (Kirk, 1994). Parana River, a similar regional river, showed the same
behavior with regards to biogeochemichal processes and phytoplankton ecology
(Bonetto, et al., 1983, O’Farrell, et al., 1996, Zalocar de Domitrovic, et al., 2007,
Colombo, et al., 2015, De Cabo, et al., 2003). High densities of phytoplankton at
the lower Parana River during low flow were also recorded, similar to our results
for the Uruguay River and to Ferrari and others (2011), O’Farrell and Izaguirre
(2014) and Haakonsson and others (2017), have shown that water temperature
and rainfall regime may play a key role in the proliferation of cyanobacteria,
with precipitation providing indirect meteorological data of the river’s hydrological
condition.

Temperature defines the typical seasonal patterns of rivers in the region
(O’Farrell and Izaguirre, 2014); Zalocar de Domitrovic, et al., 2007, Soares, et al.,

2007). Seasonal changes in phytoplankton community are related to seasonal
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changes in temperature, as it happens in other regions (Salmaso, N. and Braioni,
2008, Desortova, B. and Puncochar, 2011). This pattern of seasonal phytoplankton
development is generally observed in temperate European rivers, such as in the
middle stretch of the Elbe River in Germany, as well as in several rivers in England
(Desortova, B. and Punc¢ochar, 2011).

This is the first study that shows this seasonality with different phytoplankton
community assemblages. Wehr and Descy (1998) believed that the most successful
algal groups in large rivers were Bacillariophyta and Chlorophyta. Prevalence of
diatoms and coccal green algae in phytoplankton composition is common for the
large temperate rivers in Europe (Desortové, B. and Punochar, 2011, Sabater et
al., 2009, Reynolds and Descy 1996). Dokulil (2014) states that the phytoplankton
species composition has always been dominated by diatoms, particularly centric
taxa in the Danube River and others, like the Loire River (Descy, et al., 2012) and
the lower Ebro River (Pérez, et al., 2009). Montesanto and others (2000), recorded
a total of 122 phytoplankton taxa in the lower branches of the Aliakmon river
(Greece), where the diatoms were one of the two more important groups. Garnier
and others (1995) also reported similar patterns in the River Seine that contained
a mixed group comprised of approximately 200 taxa, of which 90 were diatoms and
60 were Chlorophyceae, similar to findings for regional studies in the Paraguay-
Parana Rivers (Zalocar De Domitrovic, 2005), Negro River (Pérez, 2002), and
Salado River (O’Farrell, 1993). However, in the Uruguay River, cryptophytes,
cyanobacteria and diatoms were the most representative groups, followed by
chlorophytes, dinoflagellates and euglenoids. Descy and others (2012) have proved
that the presence of a few dominant species accompanied by a large number
of sporadic species is the main feature of phytoplankton community structures
in large river ecosystems, and similar results have also been reported in many
European rivers. The different phytoplankton studies conducted in the Uruguay
River have coincided in showing a relatively high species richness (around 200-400
taxa). The phytoplankton community composition and species richness (422 taxa)
turned out to be lower than in previous studies in this region of the river, such as
during 1986-1987, when 730 taxa were observed (O’Farrell, 1994). This could be
due to the fact that most sampling points were on tributaries, not on the Uruguay
River itself. The species richness was similar to other regulated rivers in the region,
such as the Negro River, with 218 taxa (Pérez, 2002), the Salado River with 291
taxa (O’Farrell, 1993), the Parana River (Garcia de Emiliani, 1990) and to other
tributaries of the Parana River (Garcia de Emiliani and de Manavella, 1981).
Nanoflagellates, Cryptomonas spp. and Aulacoseira spp. were the most frequent
genus throughout the whole period, since they are organisms well adapted to
systems with high suspended material content. This was also described by O’Farrell
and Izaguirre, (2014), for the potamoplankton of the Uruguay River. Cryptomonas
are capable of moving through the water column and respond well to conditions
of high nutrient content. They can also convert to mixotrophic nutrition during
light-limiting conditions. These organisms are very palatable for zooplankton, and
their high density makes the system very rich for the next trophic level (Klaveness,
1988).
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Total phosphorus concentration in Uruguay’s aquatic systems has been shown
to be the most critical variable for water quality. The Uruguay River is not a
limited nutrient system— it has appeared as mesotrophic with some peaks in total
phosphorus, above the current limit set at 25 pg/l, leaning towards eutrophic.
Consequently, nutrients would not be a limiting factor for phytoplankton
development. According to previous studies upstream, in the Salto Grande
reservoir, the main access route of nutrients into the system is also the flow of the
Uruguay River (Ber6n, 1990; Conde, et al., 1996; Chalar, et al., 2017; EcoMetrix,
2006). The lower stretches of the river are a natural receptor for nutrient discharge.

This study showed the presence of 49 Cyanobacteria taxa. Different species of the
genera Dolichospermum and Microcystis were dominant among the bloom-forming
species, in agreement with what was reported at the Argentinean banks (O’Farrell,
et al., 2014). A new species of Dolichospermum was also described: Dolichospermum
uruguayense, referring to the Uruguay River (Kozlikova-Zapomeélovéa, et al., 2016).
Cyanobacterial blooms commonly occur during summer in the lower Uruguay
River and they have been reported since 1974 (Quir6s and Luchini, 1982; Di Persia,
et al., 1986; Beron, 1990; Conde, et al., 1996; Chalar, et al., 2017). M. aeruginosa
had already been reported in this study area, reaching high concentrations from
September 2006 to November 2008 (O’Farrell and Izaguirre, 2014) and its toxin,
microcystin, was detected in the Uruguay River on several occasions (Vidal y
Britos, 2012; UNESCO, 2009; Bonilla, et al., 2015; Kruk, et al., 2015). Those
blooms, together with the Rio Negro dam blooms, could be an important source
of the Rio de la Plata estuary cyanobacterial blooms, affecting the balneability
of the coastal zone and its beaches (Sienra and Ferrari, 2006; Kruk, et al., 2019).
This work showed a small upward tendency in the IET index over fourteen years.
This implies a tendency towards increasing eutrophication and, consequently, more
cyanobacterial blooms could be expected in the River. This work also shows that
flow and temperature are the main factors that regulate cyanobacterial blooms
in the Uruguay River: under low flow conditions, the cyanobacteria remain in
the Uruguay River, whereas when flow increases during the summer months,
they reach the Rio de la Plata estuary, impacting its beaches. According to
Haakonsson and others (2017), Raphidiopsis and other Nostocales are spreading
out their distribution as competitive genera among bloom-forming cyanobacteria
in freshwater ecosystems. In a future scenario, complicated by global warming,
with predicted increases in temperature and rainfall, this saxitoxin-producing

species could have a much higher biomass.
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ANNEXES

Annex 1. Species composition showing the current name and occurrence
frequency of phytoplankton for each season during 2006-2019. Numbers

reflect the frequency of occurrence in each season through the years.

WINTER SPRING SUMMER AUTUMN

CYANOBACTERIA

Anabaena sp. 4 2 2 1
Anathece minutissima Komérek et al. 2011 0 0 1 0
Aphanizomenon gracile Lemm 1 0 0 0
Aphanizomenon sp. 0 1 4 0
Aphanotece sp. 0 1 0 0
Coelosphaerium cf. dubium Grun. in Rabenh. 0 0 0 1
Cuspidothriz sp. 4 4 4 1
Dolichospermum civ‘cina{e (R_abenh. ex Bornet et Flahault) 9 12 44 10

‘Wacklin et al.
Dolichospermum crassum (Lemm.) Wacklin et al. 0 5 5 3
Dolichospermum planctonicum (Brunnthaler) Wacklin et al. 1 0 4 2
Dolichospermum spiroides (Kleb.) Wacklin et al. 0 1 0 0
Dolichospermum uruguayense Kozlikova-Zapomélova et al. 1 35 34 3
Dolichospermum viguieri (Denis & Frémy) Wacklin et al. 7 7 15 1
Geitlerinema sp. 0 2 1 0
Geitlerinema splendidum (Grev. ex Gomont) Anagn. 0 0 3 0
Jaaginema sp. 23 10 18 25
Johanseninema constrictum (Szafer) Hasler et al. 0 0 0 1
Komwophoron crassum (Vozzen) Anagn. & Kom. 0 2 1 5
Komuvophoron sp. 2 0 3 6
Leptolyngbya sp. 0 0 3 0
Limnothriz sp. 1 0 0 4
Lyngbya sp. 2 2 0 0
Merismopedia glauca (Ehr.) Kiitz. 0 1 4 2
Merismopedia sp. 0 0 1 3
Merismopedia tenuissima Lemm. 0 1 1 0
Microcrocis sp. 0 0 1 0
Microcystis aeruginosa (Kiitz.) Kiitz. 4 10 41 15
Microcystis flos-aquae (Wittr.) Kirchn. 0 0 2 0
Microcystis novacekii (Kom.) Comp. 0 2 7 0
Microcystis panniformis Kom. et al. 0 0 1 0
Microcystis sp. 0 6 9 3
Microcystis wesenbergii (Kom.) Kom. 0 0 39 1
Oscillatoria cf. ornata Kiitz. ex Gom. 0 1 0 0
Phormidium sp. 3 0 7 2
Planktolyngbya cf. holsatica (Lemm.) Anagn. & Kom. 0 0 0 1
Planktolyngbya limnetica (Lemm.) Komark. & Cronberg 1 0 4 1
Planktothriz isothriz (Skuja) Kom. & Komark. 1 0 3 3
Planktothriz sp. 0 3 4 0
Planktothriz sp. 2 0 1 0 0
Pseudanabaena catenata Lauter. 12 1 10 8
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Pseudanabaena moniliformis Kom. & Kling 0 1 0 0
Pseudanabaena mucicola (Naum. & Hub.-Pest.) Schwabe 2 8 19 4
Pseudanabaena sp. B 6 12 2
Raphidiopsis raciborskii (Wolos.) Aguil. et al. 0 1 9 2
Raphidiopsis curvata Fritsch & Rich 2 1 5 0
Raphidiopsis mediterranea Skuja 1937 10 21 26 29
Snowella lacustris (Chod.) Kom. & Hind. 0 0 1 0
Undetermined cyanobacteria 7 1 0 2
Undetermined oscillatoriales 13 7 6 2
Actinastrum gracillimum G.M. Smith 0 0 0 1
Actinastrum hantzschii Lagerh. 9 11 41 8
Ankistrodesmus arcuatus Kors. 67 79 74 61
Ankistrodesmus fusiformis Corda 0 1 0 0
Binuclearia lauterbornii (Schm.) Pros.-Lav. 4 1 5 1
Chlamydomonas cf. duplex Skuja 1 1 7 0
Chlamydomonas sp. 1 5 5 8 7
Chlorella sp. 7 3 0 1
Chlorella vulgaris Biej. 2 2 13 7
Undetermined unicellular chlorococcales 1 1 2 0
Undetermined chlorophytes 2 2 0 0
Closteriopsis longissima (Lemm.) Lemm. 9 1 5 12
Coelastrum microporum N&g. 0 30 11 2
Coelastrum pseudomicroporum Kors. 1 0 2 0
Coelastrum sp. 3 1 4 0
Coenochloris fottii (Hindak) Tsarenko 1 0 9 0
Comasiella arcuata var. plutyqism (G.M.Smith) E.Heg. & 0 0 0 1

M.Wolf

Crucigenia tetrapedia (Kirchn.) Kunt. 2 2 2 0
Crucigeniella apiculata (Lemm.) Kom. 0 0 5 0
Crucigeniella sp. 1 0 2 0
Desmod arthrodesmiformis (Schr.) An et al. 3 1 6 0
Desmodesmus bicaudatus (Dedus.) Tsarenko 0 0 3 0
Desmodesmus cf. abundans (Kirchn.) Hegew. 0 0 1 0
Desmodesmus cf. maximus (West & West) Heg. 0 1 0 0
Desmodesmus communis (Hegew.) Hegew. 10 15 41 9
Desmodesmus denticulatus (Lagerh.) Hegew. 0 0 3] 1
Desmodesmus intermedius (Chod.) Hegew. 1 1 1 0
Desmodesmus opoliensis (Richt.) An et al. 0 2 3 0
Desmodesmus protuberans (Frit. & Rich) Hegew. 0 3 1 0
Desmodesmus serratus (Corda) An et al. 0 0 0 2
Desmodesmaus sp. 0 1 0 38
Dictyosphaerium ehrenbergi Négeli 0 0 3 0
Dictyosphaerium sp. 0 0 4 4
Eudorina cf. cylindrica Thomason 0 0 0 3
Eudorina elegans Ehr. 5 5 21 S
FEudorina sp. 0 3 8 1
Genicularia sp. 2 0 0 0
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Golenkinia sp. 0 0 0 1
Gonium pectorale Miiller 0 0 2 0
Hariotina reticulata Dang. 0 0 0 4
Hindakia tetrachotoma (Printz) Bock et al. 1 0 17 0
Kirchneriella lunaris (Kichn.) Schmidle 0 1 1 0
Messastrum gracile (Rein.) Gar. 3 7 4 0
Micractinium bornhemiense (Conr.) Korshikov 0 0 3 0
Micractinium pusillum Fres. 1 1 8 1
Monactinus simplex (Meyen) Corda 2 1 12 7
Monoraphidium cf. flezuosum Kom. 1 9 3 7
Monoraphidium cf. irregulare G.M. Smith 6 21 22 4
Monoraphidium cf. tortile (West & West) Komark. 0 0 1 1
Monoraphidium contortum (Thur.) Komark. 16 5 20 2
Monoraphidium griffithii (Berkeley) Komark. 23 23 14 16
Monoraphidium komarkovae Nyg. 13 4 12 0
Monoraphidium minutum (Nég.) Komark. 3 3 1 0
Qocystis elliptica West, 0 1 0 0
Qocystis parva West & West 0 0 5 1
Qocystis sp. 0 0 2 0
Pandorina morum (Miiller) Bory 12 11 40 8
Pandorina morum var. major 0 0 1 0
Paradozia multiseta Svirenko 0 0 4 0
Pediastrum duplex Meyen 1 1 11 0
Pseudoschroederia antillarum (Kom.) Hegew. & Schnepf 2 2 9 0
Pyramimonas sp. 0 2 1 0
Raphidocelis danubiana (Hind.) Marv. et al 0 0 0 1
Scenedesmus ecornis (Ehr.) Chod. 2 B3] 12 0
Scenedesmus obtusus (Chodat) Meyen 0 0 1 0
Scenedesmus sp. 0 6 3 )
Schroederia setigera (Schroeder) Lemm. 1 1 8 0
Selenastrum bibraianum Reinsch. 0 0 3 0
Spermatozopsis cf. exsultans Korsh. 12 8 17 1
Sphaerocystis schroeteri Chod. 1 9 12 4
Stauridium tetras (Ehrenb.) Corda 0 2 2 0
Tetradesmus incrassatulus (Bohlin) Wyn. 2 0 5 0
Tetradesmus lagerheimii Wyn. & Guiry 4 6 7 3
Tetradesmus obliquus (Tur.) Wyn. 2 0 0 0
Tetraedron minutum (Braun) Hans. 1 1 8 3
Tetrachlorella alternans (Smith) Korsh. 1 0 2 0
Tetraselmis cordiformis (Carter) Stein 19 15 44 22
Tetrastrum sp. 5) 0 3 2
Ulothrichal undetermined 0 0 0 2
Ulothriz sp. 2 0 0 1
Volvocal sp. 1 1 7 7 6
Volvocal sp. 2 3 1 6 4
Volvox aureus Ehr. 0 0 0 1
Volvoz cf. spermatosphaera Powers 0 0 4 5)
Volvox sp. 0 0 0 0
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Willea apiculata (Lemm.) John et al. 0 0 0 0
Willea crucifera (Wolle) John et al. 1 0 3 0
Chlorococcal sp.1 2 0 0 0
Chlorococcal sp.2 4 4 1 0
Chlorococcal sp.3 8 2 1 1
Undetermined Chlorococcal 2 4 0 1
Undetermined colonia 10p 1 0 4 0
Undetermined colonia 3p 1 6 8 0
Undetermined colonia 5p 0 1 5 0
Undetermined Chlorophyceae 0 1 0 2

ZYGNEMAPHYCEAE

Closterium aciculare West 8 1 2 1
Closterium acutum Bréb. 21 45 50 18
Closterium ceratium Perty 0 1 0 2
Closterium cf. calosporum Witt 0 1 3 0
Closterium cf. cornu Ehr. ex Ralfs 0 2 1 1
Closterium cf. kuetzingii Bréb. 0 0 0 1
Closterium cf. moniliferum Ehr. ex Ralfs 1 1 2 1
Closterium gracile Bréb. ex Ralfs 0 5 0 0
Closterium sp. 1 2 3 1 0

Closterium sp. 2 2 0 2 0

Closterium sp. 3 3 0 4 0

Closterium sp. 4 0 0 2 0

Closterium sp. 5 0 3 0 3
Cosmarium sp. 0 1 0 1

Cosmarium granatum Bréb. ex Ralfs 0 0 0 0
Cosmarium punctulatum Bréb. 0 0 0 0
Mougeotia sp. 1 0 0 0
Sphaerozosma aubertianum f. archeri (Gutw.) Petl. 0 0 0 2
Staurastrum cf. anatinum Cooke & Wills 1 0 0 0
Staurastrum leptocladum Nordstedt 1 1 0 0
Staurastrum mutabile Turner 0 0 1 0
Staurastrum sp. 1 0 0 3 1

BACILLARIOPHYCEAE

Achnanthes cf. inflatagrandis Metzeltin et al. 1 2 1 0
Achnanthes sp. 6 0 1 2

Achnanthidium minutissimum (Kiitz.) Czarn. 6 2 6 0
Actinocyclus normanii (Greg.) Hust. 4 1 0 0
Actinocyclus normanii f. subsalsus (Juhlin-Dannfelt) Hustedt 3 0 0 0
Amphipleura pellucida (Kiitz.) Kiitz. 2 3 2 4
Amphora cf. copulata (Kiitz.) Sch.& Arch. 3 0 0 1
Amphora sp. 12 6 3 7

Amphora sp. 2 0 2 0 5

Asterionella formosa Hassall 1 0 0 0
Aulacoseira ambigua (Grun.) Sim. 3 9 6 4
Aulacoseira ambigua f. spiralis (Skuja) Ludwig 13 18 39 7
Aulacoseira cf. distans (Ehr.) Sim. 5 2 37 2
Aulacoseira cf. italica (Ehr.) Sim. 11 26 8 1
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Aulacoseira cf. muzzanensis (Meis.) Kram. 57 53 62 47
Aulacoseira granulata (Ehr.) Sim. 84 92 103 69
Aulacoseira granulata var. angustissima (Mull.) Sim. 61 64 90 50
Aulacoseira herzogii (Lemm.) Sim. 3 11 20 1
Aulacoseira islandica 0 0 6 5
Biremis bicontracta (Qstrup) Cantonati & Lange-Bertalot 1 0 0 0
Centric sp. 1 60 47 45 18
Centric sp. 2 8 12 28 1
Centric sp. 3 12 0 15 1
Centric sp. 4 1 0 2 0
Centronella reicheltii Voigt 2 0 0 1
Cocconeis placentula Ehr. 7 B 5 2
Cocconeis sp. 1 0 0 0
Craticula sp. 0 3 1 2
Cyclotella meneghiniana Kiitz. 8 8 1 11
Cyclotella sp. 1 1 6 0
Cymbella cf. charrua Metz. et al. 0 1 0 0
Cymbella cf. cistula (Ehr.) Kirch. 2 0 1 0
Cymbella cf. cymbelloides (Grun.) Gus. 0 0 0 1
Cymbella cf. dorsenotata Ostrup 0 0 0 1
Cymbella sp. 1 4 8 & 8
Cymbella sp. 2 0 0 0 0
Denticula kuetzingii Grun. 2 0 0 4
Diatoma sp. 0 1 0 0
Diatoma vulgare Bory 0 0 0 1
Diploneis sp. 0 0 1 0
Encyonema cf. minutum (Hilse) Mann 0 2 0 0
Encyonema jemtlandicum Krammer 7 3 3 3
Encyonema sp. 1 1 5 2 0
Encyonema vulgare Krammer 0 0 0 1
Encyonopsis microcephala (Grun.) Krammer 2 0 0 0
Entomoneis sp. 0 2 0 0
Epithemia sp. 1 0 1 1
Eunotia bilunaris (Ehr.) Scha. 1 4 0 2
Eunotia cf. naegelii Migula 0 1 0 1
Eunotia sp. 7 4 4 3
Fragilaria cf. capucina Desm. 4 0 0 0
Fragilaria crotonensis Kitton 0 4 3 0
Fragilaria goulardii (Bréb. ex Grun.) Lange-Bertalot 5 0 9 1
Fragilaria sp. 5 3 1 0
Fragilaria sp. 2 2 2 7 0
Fragilaria sp. 3 2 0 0 0
Frustulia sp. 1 2 0 0
Geissleria sp. 5 4 2 3
Gomphonema capitatum Ehr. 1 0 0 2
Gomph cf. acuminatum Ehr. 1 2 2 1
Gomphonema cf. affine Kiitz. 0 0 0 1
Gomphonema cf. anglicum Ehr. 1 0 0 0
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Gomphonema cf. brasiliense Grun. 0 2 0 0
Gomphonema cf. salae Lange-Bertalot & Reich. 0 4 0 0
Gomphonema cf. turris Ehr. 2 1 0 1
Gomphonema parvulum (Kiitz.) Kiitz. 1 2 2 4
Gomphonema respectabile Metz. et al. 1 2 0 0
Gomphonema,/ Gomphoneis sp. 1 14 6 2 2
Gomphonema sp. 2 2 0 1 0
Gomphonema sp. 3 0 1 0 0
Gomphonema sp. 4 1 0 0 1
Gomphonema sp. 5 0 1 0 0
Gyrosigma acuminatum (Kiit.) Rabenhorst 0 1 1 0
Gyrosigma cf. kuetzingii (Grunow) Cleve 5 5 1 2
Gyrosigma cf. obtusatum (Sulliv. & Worm.) Boyer 0 0 0 0
Gyrosigma sp. 1 9 6 8 2
Halamphora montana (Krass.) Lev. 2 6 0 4
Hantzschia abundans Lange-Bertalot 0 0 0 1
Hantzschia amphiozys (Ehr.) Grun. 0 4 0 6
Hantzschia sp. 1 1 1 1
Hydrosera whampoensis (Schw.) Deby 1 3 0 0
Iconella guatimalensis (Ehr.) Ruck & Nakov 9 2 10 3
Lemnicola exigua (Grun.) Kulik. et al. 0 0 1 1
Melosira varians Agardh 27 15 13 5
Navicula capitatoradiata Germain ex Gasse 2 1 1 2
Navicula cf. gregaria Donkin 6 2 0 5

Navicula cf. neomundana (Lange-Bertalot & Rumrich) Lan-

ge-Bertalot et al. 1 v © il
Navicula kuseliana Lange-Bertalot & Rumrich 24 16 25 4
Navicula sp. 1 11 6 5 7
Navicula sp. 2 14 4 4 2
Navicula sp. 3 14 4 1 14
Navicula sp. 4 3 1 1 0
Navicula sp. 5 0 1 6 0
Navicula sp. 6 0 1 1 0
Navicula sp. 7 0 2 0 0

Nitzschia acicularis (Kiitz.) Smith 12 3 12 2 17
Nitzschia amphibia Grun. 5 0 1 1
Nitzschia cf. filiformis (Smith) Van Heurck & B3] 8 1
Nitzschia cf. incurva var. lorenziana Ross 2 1 1 0
Nitzschia cf. scapelliformis Grun. 0 1 0 0
Nitzschia cf. sigma (Kiitz.) Smith 2 1 0 0
Nitzschia cf. sigmoidea (Nitz.) Smith 3 1 1 0
Nitzschia frustulum (Kiitz.) Grun. 0 0 0 5
Nitzschia fruticosa Hustedt 0 7 11 0
Nitzschia linearis Smith 1 2 4 1
Nitzschia palea (Kiitz.) Smith 25 13 28 18
Nitzschia reversa Smith 0 0 3 0
Nitzschia sp. 1 3 20 12 11
Nitzschia sp. 2 2 3 0 1
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Nitzschia sp. 3 1 0 0 0

Nitzschia sp. 4 5 2 7 0

Nitzschia sp. 5 0 1 0 0

Pinnularia acrosphaeria Smith 1 0 0 0
Pinnularia cf. minoricapitata Kram. 0 1 0 2
Pinnularia cf. similis Hust. 1 0 0 0
Pinnularia dubitabilis Hust. 1 0 0 0
Pinnularia fistuciformis Metz. et al. 0 0 0 1
Pinnularia microstauron (Ehr.) Cleve 2 2 0 2
Pinnularia sp. 1 5 0 5 5
Pinnularia sp. 2 6 2 0 0
Pinnularia sp. 3 0 2 0 0
Pinnularia sp. 4 0 1 0 0
Pinnularia sp. 5 1 0 0 0

Placoneis cf. elegans Metz. et al. 0 1 0 0
Placoneis cf. gracilis Metz. et al. 1 1 2 0
Placoneis clementis (Grunow) E.J.Cox 5 5 6 4
Placoneis serena (Freng.) Metz. 5 0 2 4
Placoneis sp. 4 0 1 2
Planotidium sp. 1 0 0 0

Pleurosira laevis (Ehr.) Comp. 0 1 1 0
Pseudostaurosira parasitica (Smith) Morales 1 0 0 0
Rhoicosphenia abbreviata (Agardh) Lange-Bertalot 0 1 0 0
Sellaphora parapupula Lange-Bertalot 1 2 0 0
Sellaphora sp. 6 0 2 1
Skeletonema potamos (Weber) Hasle 26 20 27 12
Staurosira/ Staurosirella sp. 0 0 1 0
Surirella angusta Kiitz. 0 1 0 1
Surirella apiculata Smith 2 3 7 0
Surirella guatimalensis 1 0 4 0
Surirella librile (Ehrenberg) Ehrenberg 1 0 0 0
Surirella ovalis Bréb. 0 0 0 0
Surirella sp. 1 0 0 0 0

Surirella splendida (Ehr.) Kiitz. 2 1 2 1
Tabularia sp. 4 1 1 4

Terpsinoe musica Ehr. 1 1 1 0
Thalassiosira sp. 14 0 5 4
Tryblionella cf. hungarica (Grun.) Freng. 0 0 1 0
Tryblionella levidensis Smith 0 0 1 1
Ulnaria acus (Kiitz.) Aboal 23 8 3 3
Ulnaria ulna (Nitzsch.) Comp. 25 18 8 15
Pennada sp. 1 9 12 6 2

Pennada sp. 2 2 10 20 1

Pennada sp. 3 2 3 2 1

Pennada sp.4 27 26 16 9

Pennada sp. 5 0 1 1 0

Pennada sp. 6 0 0 0 0

Pennada sp. 7 0 0 3 0
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Pennada sp. 8

1

0

3

0

CRYPTOPHYCEAE

Chroomonas cf. nordstedtii Hansgirg 0 1 0 6

Chroomonas sp. 5 15 16 1

Cryptomonas cf. marssonii Skuja 109 106 111 95
Cryptomonas cf. ovata Ehr. 62 56 56 26
Cryptomonas cf. pyrenoidifera Geitler 5 0 0 0
Cryptomonas cf. reflexa Skuja 52 58 51 27
Cryptomonas curvata Ehr. 11 23 9 13
Plagioselmis cf. lacustris (Pasch. & Rutt.) Javorn. 126 105 110 109
Plagioselmis nannoplanctica (Skuja) Novarino et al. 83 52 68 57

Dinobryon divergens Imhof 1 0 2 0
Goniochloris cf. fallax 0 2 4 0
Kephyrion sp. 2 5 2 3
Mallomonas cf. caudata Iwanoff 0 2 0 0
Mallomonas cf. tonsurata Teiling 5 4 11 3
Mallomonas sp. 1 1 2 0 0
Mallomonas sp. 2 0 1 0 0
Stylococcus sp. 0 0 6 0

Synura cf. uwvella Ehr. i3 2 1 0

DINOPHYCEAE

Ceratium cf. furcoides (Levander) Langhans 20 17 22 19

Ceratium cf. thomvoides Hickel 2 9 1 0

Ceratium hirundinella (Miiller) Dujardin 3 4 1 0

Undetermined athecate dinoflagellate 3 1 7 2

Thecate dinoflagellate 15p B 4 4 3

Durinskia dybowskii (Wolos.) Carty (=Durinskia baltica 3 16 17 9
(K.M.Levander) Carty & Cox)

Fusiperidinium cf. wisconsinense (Eddy) McCarthy et. al 0 3 2 0

Gonyaulaz cf. apiculata 0 0 1 0

Gymnodinium sp. 0 4 1 2

Peridinium cf. willei Huitfeldt-Kaas 0 1 13 11

Peridinium sp. 1 9 38 27 14

Peridinium sp. 2 3 1 12 4

Peridinium sp. 3 1 4 5 30

Peridiniales sp. 4 0 0 3] 1

Peridiniales sp. 5 2 3 4 0

Peridiniales sp. 6 1 1 2 1

Gymnodiniales 0 6 1 2

Jyst of dinoflagellate 0 0 14 1

EUGLENOPHYCEAE

Euglena cf. gaumei Allorge & Lefévre 17 17 36 14
Euglena cf. sanguinea Ehr. 4 9 11 1
Euglena ehrenbergii Klebs 0 1 2 1

Euglena sp. 1 0 6 6 )
FEuglena sp. 2 4 6 6 1
FEuglena sp. 3 0 0 1 0
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Undetermined euglenoids 5 0 0 0
Lepocinclis acus (Miiller) Marin & Melk. 4 8 10 6
Lepocinclis caudata (da Cunha) Pascher 6 5 3 1
Lepocinclis cf. fusiformis (Carter) Lemm. 0 0 2 0

Lepocinclis cf. playfairiana (Def.) Def. 1 2 0 1
Lepocinclis cf. salina Fritsch. 0 0 1 0
Lepocinclis ovum (Ehr.) Lemm. 1 2 9 3
Lepocinclis oxyuris (Schm.) Marin & Melk. 3 1 11 0
Lepocinclis sp.1 L=22 a=10 0 2 0 0
Lepocinclis sp.2 L=22,5 a=15 0 2 0 0
Phacus acuminatus var. acuticauda (Roll) Huber-Pest. 0 0 0 1
Phacus cf. orbicularis Hibner 0 0 1 0
Phacus longicauda (Ehr.) Duj. 0 2 1 1
Phacus onyz Poch. 0 3 2 0
Phacus cf. suecicus 0 0 1 0
Phacus tortus 0 0 1 0
Phacus sp. 1 5 2 7 1
Strombomonas cf. fluviatilis (Lemm.) Defl. 3 3 15 3
Strombomonas cf. longicauda (Swir.) Defl. 0 0 1 0
Strombomonas cf. ovalis (Playf.) Defl. 1 1 7 1
Strombomonas cf. treubii (Wolosz.) Defl. 0 0 ) 0
Strombomonas cf. urceolata (Stokes) Defl. 0 0 1 0
Strombomonas cf. verrucosa (Daday) Defl. 0 0 3 0
Strombomonas deflandrei (Roll) Defl. 0 0 0 0
Strombomonas girardiana (Playf.) Defl. 4 4 12 0
Strombomonas scabra (Playf.) Tell & Conforti 19 20 33 9
Strombomonas triquetra (Playf.) Defl. 0 1 1 0
Strombomonas cf. gibberosa 3 0 1 0
Strombomonas sp. 0 0 1 0
Trachelomonas armata (Ehr.) Stein 0 2 1 0 21
Trachelomonas bacillifera Playfair 1 2 2 1
Trachelomonas cf. hispida (Perty) Stein. 2 6 7 0
Trachelomonas cf. oblonga Lemm. 12 14 24 7
Trachelomonas cf. raciborskii Wolosz. 3 3 2 0
Trachelomonas cf. superba Svir. 2 0 1 0
Trachelomonas cf. tuberculata Midd. 0 0 1 0
Trachelomonas cf. verrucosa Stokes 8 10 14 2
Trachelomonas hispida var. punctata Lemm. 1 0 0 1
Trachelomonas lacustris Drez. 0 1 0 1
Trachelomonas planctonica Swirenko 21 20 23 6
Trachelomonas rugulosa f. paralella Tell & Domit. 2 1 0 0
Trachelomonas rugulosa Stein 42 30 39 34
Trachelomonas sculpta Balech 4 11 10 5
Trachelomonas similis var. spinosa Hub.-Pestalozzi 0 0 0 0
Trachelomonas sp. 1 1 6 1 B
Trachelomonas sp. 2 0 2 3 0
Trachelomonas sp. 3 2 1 1 0
Trachelomonas sp. 4 0 5 1 1
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Trachelomonas volvocina (Ehr.) Ehr. 10 12 21 13
Trachelomonas volvocinopsis Swirenko 16 10 15 1
Tetraédriella regularis (Kiitz.) Fott 1 0 0 0
Goniochloris cf. fallaz Fott 0 0 0 0
Ophiocytium capitatum Wolle 0 1 0 0
Gonyostomum semen (Ehr.) Dies. 4 9 8 0
Undetermined flagellates 3 3 6 1
Undetermined organisms 5 0 2 0

Annex 2. Canonical correspondence analysis (CCA), principal axes and abiotic
variables contribution made to the main species biomass matrix

Eigenvalues Axis 1 Axis 2
Eigenvalues 0.32 0.11
Percentage 3.37 1.13
Cumulative. Percentage 3.37 4.50
Cumulative constraint 43.17 57.70
Species-environmental correlations 0.78 0.55
>tween env. variabl S Envi. Axi Envi. Axis 2
Total Nitrogen 0.33 0.19
Chlorophyll a -0.31 0.19
Temperature -0.63 0.51
Conductivity -0.13 -0.14
pH -0.61 0.21
Oxygen 0.30 0.15
Flow 0.71 0.55
Transparency (Secchi disc depth) -0.64 -0.17
Total Phosphorus 0.28 -0.16
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