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AssTrACT. Shallow lakes are the most productive freshwater ecosystems in the Argentinian Pampa Region.
Only in Buenos Aires province, about 14000 shallow lakes larger than 10 ha exist, which provide important
ecosystem services. Since the middle XX century profound changes are occurring in the region as a consequence
of the anthropogenic activities, mainly associated to the expansion of agriculture, but also to livestock and
urbanization. Different studies strongly suggest that changes in land use, as well as increased eutrophication
of lakes, accelerated since 1990’s. In this article, we provide a general overview of the main features of the
Pampean shallow lakes and a review of published evidences based on paleolimnological and satellite images
studies that indicate changes in the state of the lakes related with eutrophication during the last two centuries.
On the other hand, we analyzed the historical changes that are occurring in these systems since the 1980’s until
the present by means of the principal variables associated with trophic status. This analysis, based on a data
set of 740 samples from 87 shallow lakes, showed that nutrients (TP and TN) and algal biomass (as chlorophyll
a) increased over the time, whereas transparency (Secchi depth) decreased; differences between XX and XXI
centuries were significant. We also evaluated the change in the cyanobacteria assemblages (abundance and
composition) between both centuries. We found that the biomass of this group increased in the XXI century
and the composition of the assemblages changed, which nowadays are frequently represented by potentially
toxic, bloom forming species. The shallow lakes of the region play an important role as sentinels of changes
and all pieces of evidence are showing the impact of the anthropogenic activities.

[Keywords: shallow lakes, eutrophication, anthropogenic impact, historical analyses, lakes as sentinels]

ResuMEN. La huella limnologica de las actividades antropogénicas contemporaneas en la Region Pampeana.
Las lagunas son los ecosistemas de agua dulce mas productivos de la Regién Pampeana argentina. Solo en la
provincia de Buenos Aires existen ~14000 lagunas >10 ha, que proveen servicios ecosistémicos importantes.
Desde mediados del siglo XX se producen cambios profundos en la regién como consecuencia de las actividades
antrdpicas, principalmente asociadas a la expansion de la agricultura, pero también a la ganaderia y a la
urbanizacién. Diferentes estudios evidencian que por estos cambios en el uso de la tierra, la eutroficacién en las
lagunas se acelerd desde los afios noventa. En este trabajo presentamos un panorama general de las principales
caracteristicas de las lagunas pampeanas, y una revision de las evidencias publicadas basadas en estudios
paleolimnoldgicos e imagenes satelitales que indican cambios en el estado de las lagunas relacionados con la
eutroficacion en los tiltimos dos siglos. También analizamos los cambios histéricos en estos sistemas a través de
las principales variables asociadas al estado tréfico desde los ochentas hasta hoy. Este andlisis, basado en una
serie de datos obtenidos de 740 observaciones en 87 lagunas, mostré que los nutrientes (PT y NT) y la biomasa
algal (como clorofila a) aumentaron en el tiempo, mientras que los valores de transparencia (profundidad del
Secchi) disminuyeron; las diferencias entre los siglos XX y XXI fueron significativas. Ademas, analizamos el
cambio en los ensambles de cianobacterias (abundancia y composicion) entre ambos siglos. Observamos que la
biomasa de este grupo aumento en el siglo XXI 'y la composicién de los ensambles cambid, los que actualmente
suelen estar representados en muchas lagunas por especies formadoras de floraciones toxicas. Las lagunas de
la region tienen un rol clave como centinelas de cambios, y todas las evidencias muestran el impacto de las
actividades antropogénicas.

[Palabras clave: lagunas, eutroficacion, impacto antropogénico, analisis histdrico, lagos como centinelas]
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INTRODUCTION

The Pampa Region, one of the largest
flatlands in the world, extends across the
center-east part of Argentina, the best part of
Uruguay and the southernmost Brazilian state,
Rio Grande do Sul. Its gentle slope is only
interrupted by two mountain ranges: Ventania
and Tandilia. Buenos Aires province, with an
area of 307000 km?, is located at the core of
the Pampa Plain. Its climate is temperate, with
warm-temperate summers and mild winters.
Precipitation ranges from 1000 mm/year in the
Northeast to 400 mm/year in the Southwest
(Viglizzo and Frank 2006; Volpedo and Cirelli
2013). The poorly developed drainage of the
area results in a large wetland, comprising
large numbers of shallow lakes (Iriondo 2004;
Volpedo and Cirelli 2013). A flat landscape,
combined with a humid climate, results
in the accumulation of surface water that
gives rise to a variety of water bodies (i.e.,
ponds, shallow lakes and marshes) (Geraldi
et al. 2011) of different geomorphological
origin. In recent times, human activities have
greatly modified the shallow Pampean lakes
by emplacing different hydraulic structures
(e.g., embankments, dams and floodgates)
or through the construction of channels in
an attempt to prevent or alleviate floods.
The latter have increased the connectivity
between lakes and facilitated the spread of
exotic species, such as the common carp
(Colautti 1997).

Only in Buenos Aires province, there are
roughly 14000 large (>10 ha) and 146000
small (0.05-10 ha) shallow lakes (Geraldi et al.
2011), in addition to about 200000 microbasins
(0.01-0.05 ha) (Dangavs 2005). The patterns
of abundance and size of Pampean shallow
lakes vary spatially depending on local
geomorphology, drainage density, soil type,
mean annual precipitation and the inter-annual
variability in precipitation. For example, in the
southern part of the Pampean Region, lakes
occurring in the continental plain tend to have
circular contours and small surface area (~50
ha). These lakes are also more abundant than
those occurring on the coastal plain, where
they tend to have larger areas (~100 ha) and
elongated shapes. Individual lakes display
considerable inter-annual differences in lake
area between wet and dry periods (Bohn et al.
2011). Greater abundance of lakes and large
total lake area are observed during or after
rainy years, while the opposite occurs after
dry years.

Shallow lakes are the most important
freshwater ecosystems in the Pampa Region.
They constitute a very productive wetland
system, which provides relevant ecosystem
services such as commercial and sport
fishing, recreation, water provision, climate
regulation, among others (Grosman 2008).
Shallow lakes are also key ecosystems from
the point of view of biodiversity. There is
evidence that these aquatic systems are being
deeply affected by the human activities that
take place in the region (i.e., agriculture,
livestock, urbanization, canalizations), which
have most likely promoted ecosystemic
regime shifts, from clear with submerged
vegetation to turbid with high phytoplankton
biomass, in many lakes (Quirds et al. 2006;
Kosten et al. 2012). Different studies show
increasing occurrence of harmful algal blooms,
particularly cyanobacteria, which frequently
extend until autumn, in many shallow lakes
of the region (Izaguirre et al. 2015; O’Farrell
et al. 2021).

An associated impact of agriculture on
Pampean freshwater systems is the presence of
agrochemicals. In a regional study conducted
in 52 Pampean shallow lakes, residues of
herbicides (i.e., glyphosate and its main
degradation product AMPA) were detected in
more than 40% of the samples collected (Castro
Berman et al. 2018). In lotic systems, pollution
by agrochemicals was suggested as a probable
cause of acidification by Hegoburu (2021),
who studied the dynamics of the phosphorus
in Pampean streams.

In this paper we present an overview of
the main features of the shallow lakes from
the Argentinian Pampa Region, focusing
particularly on the changes that are occurring
in these ecosystems as a consequence of
anthropogenic activities. We provide a
review of the available information based on
paleolimnological and satellite image studies
that indicate changes in the steady state of
the shallow lakes related with eutrophication
in the last two centuries. On the other hand,
we analyzed the historical changes in the
shallow lakes by means of the main variables
associated with trophic status: nutrients (N
and P), transparency (Secchi depth) and
phytoplankton biomass (chlorophyll a) from
middle 1980’s to the present. This analysis
was based on a data set of 740 observations
obtained from 87 shallow lakes (including
data reported by other authors and by our
own). We also analyzed the changes in the
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structure of the phytoplankton assemblages
(particularly Cyanobacteria) between the XX
and XXI centuries, evaluating changes in their
biomass, dominant species and tendency to
the development of blooms.

ReEGIME sHIFTS IN PAMPEAN
SHALLOW LAKES

One of the main paradigms for shallow lakes
initially postulated that these ecosystems may
alternate between two possible stable states,
a clear-vegetated state with dominance of
submerged macrophytes and a turbid state
characterized by high phytoplankton biomass
and the (almost) absence of submerged
vegetation (Scheffer et al. 1993; Scheffer 2009).
The mechanism involved in the transition from
the clear state to the turbid one is assumed
to be driven mostly by the concentration of
nutrients; at low levels, the clear-water regime
would be the only possible stable state; at the
opposite, hypertrophic situation, just the
turbid regime would be possible, while at
intermediate range of nutrients the system
could potentially alternate between the two
states. Nevertheless, other factors such as
climate, lake size and depth, and changes
in water level were also associated to shifts
in lake regime (e.g., Scheffer and Carpenter
2003; Scheffer and Van Nes 2007; O’Farrell et
al. 2011; Izaguirre et al. 2018).

Shallow lakes in the Pampa Region display
the two main regimes above described (Quiros
et al. 2002; Allende et al. 2009; 1zaguirre et al.
2012). In addition, an inorganic turbid state
has also been reported in the Pampa Region.
This state is found in a few lakes in which
turbidity is mainly due to large concentrations
of inorganic suspended material (i.e., clay).
In such lakes, primary production is severely
limited by low light availability caused
by absorption and scattering by inorganic
particles (Pérez et al. 2013). Table 1 shows
examples of two shallow lakes of the region
that have contrasting regimes (clear with
submerged vegetation and turbid with high
phytoplankton biomass), as indicated by
Sanchez et al. (2013).

There is a documented evidence on regime
shifts for a few Pampean shallow lakes
(Cano et al. 2008; Casco et al. 2009; O’Farrell
et al. 2011; Sanchez et al. 2015). A sharp
decrease in water level was associated with
the change from a clear vegetated state to a
turbid condition with higher phytoplankton
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Table 1. Examples of two Pampean shallow lakes located
in the Buenos Aires province, which present contrasting
states (clear vegetated and phytoplankton turbid). Some
of their main limnological features are shown. Field data
were obtained and provided by Dr. M. Laura Sanchez.
More information is detailed in Sanchez et al. (2013).

Tabla 1. Ejemplos de dos lagunas pampeanas de
la provincia de Buenos Aires, presentando estados
contrastantes (clara vegetada y fitoplancton-turbia).
Se muestran algunas de sus principales caracteristicas
limnolégicas. Los datos de campo fueron obtenidos y
provistos por la Dra. M. Laura Sanchez. En el trabajo de
Sanchez et al. (2013) se detalla més informacién.

Kakel El Burro
Huincul (turbid high
(clear phytoplankton
vegetated) biomass)
Kd,,, (m™") 3.3 9.6
Euphotic depth (cm) 139.5 48
Turbidity (NTU) 1.45 66.9
TP (ug/L) 20 202
DIN (pug/L) 18.6 30
SRP (ug/L) 6.2 40
Chl a (ng/L) (3.3-1.9) (188-93)

biomass in lake El Triunfo from 2005 to 2013
(Sanchez et al. 2015). Interestingly, this lake
shifted back to a clear vegetated state when
the hydrometric level was reestablished. In
Laguna Grande (the largest lake within the
Otamendi Natural Reserve; today, a national
park), water level changes have also been
linked to changes in lake regime, characterized
by sequential periods of floating macrophytes
dominance, high phytoplankton biomass and
submerged vegetation (O’Farrell et al. 2011;
Izaguirre et al. 2019). Nevertheless, beyond the
changes associated with variations in water
level, in the Pampa Region there has been a
clear decreasing tendency in the number of
clear vegetated shallow lakes over the time,
aspect that is addressed further down in this
article.

SHALLOW LAKES AS SENTINELS

Lakes are increasingly regarded as sentinels
of global climate change due to their
responsivenesstoenvironmental modifications
and their capacity to integrate the variability
of the associated watershed (Adrian et
al. 2009). They are also very responsive
to land-use changes in their watersheds.
Lakes, ponds, rivers and streams are being
degraded globally through anthropogenic
eutrophication as growing human populations
increase demands for food, energy and fiber
that intensify agriculture and increase sewage
and industrial wastewater effluents (Tilman et
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al. 2001). The global correlation of agricultural
fertilizer use and the global distribution of lakes
and reservoirs suggest that anthropogenic
eutrophication may already dominate some
regions and will have major future influences
in others (Pacheco et al. 2013).

In industrialized countries of the Northern
Hemisphere, eutrophication started to be
recognized from the beginning of the 20™
century, at first mostly related to point-
source pollution from industrial and domestic
discharges, which led to public actions
demanding the improvement of wastewater
treatment between the 1970’s and 1990’s.
Later, a new wave of eutrophication has been
spreading, affecting many lakes, reservoirs,
rivers and coastal areas around the world
due to changes in the land use. Thus, since the
turn of the century, public actions have also
focused on non-point pollution, mainly from
agriculture (Le Moal et al. 2019). Over the last
two centuries profound changes occurred in
the landscape of the Argentine Pampa Region,
involving the reduction of natural grasslands,
which were substituted by cultivated
grasslands and croplands (Castro Berman
et al. 2018). More recent changes in land use
within the region become evident by looking
at the trend in the cultivated land area (mainly
soy), which increased dramatically during the
last half of the last century (Supplementary
Material 1).

The historical changes observed in the
shallow lakes are most likely associated
with the aforementioned anthropogenic
landscape modifications. As mentioned
before, eutrophication of the shallow lakes
from the Pampa Region accelerated from the
1990’s onwards, most likely as a consequence
of the change in the land use (Quirds et al.
2006), provoking the shift in the regime of
many lakes from clear vegetated to turbid
with high phytoplankton biomass. A study
based on satellite image of many Pampean
shallow lakes evidenced that about 68% of
the water bodies analyzed were clear in 1987
and turbid in 2005, and it was hypothesized
that the change in land use would be the main
associated cause to the shift in their regime
(Kosten et al. 2012).

Paleolimnological studies conducted on
Pampean lakes also provide evidence on
eutrophication increases due to human
activities. In particular, Plastani et al. (2019)
analyzed the main forcing factors behind
hydrological shifts during the past ca. 200

years in the lake La Barrancosa, located in
the southern humid Pampa, between the low
mountain systems of Tandilia and Ventania.
Changes in sedimentological, geochemical
and biological variables indicated that
eutrophication accelerated since 1990,
probably as a consequence of the increase
in sown area around the lake, the massive
application of fertilizer and the adoption of
pesticide-intensive transgenic soybeans.

In a study of lake Blanca Chica, the responses
of multiple proxies corresponding to different
trophic levels were assessed over the last
250 years (Gonzalez Sagrario et al. 2020),
and the nature of changes (linear vs. non-
linear dynamics) was evaluated. The results
revealed two transitions: ca. 1860-1900 and
1915-1990. During the second transition,
nutrient levels increased, cyanobacteria and
diatoms (typical of turbid waters) dominated
the primary producer assemblage and rotifer
species richness and fish scales increased. All
these indicators showed multimodality, non-
linear dynamics and an increase in standard
deviation prior to the regime shift, which is
consistent with a critical transition in response
to eutrophication and was coincident with a
post-1920 change in land use.

The paleoenvironmental history was also
reconstructed in the shallow lake Cabeza
de Buey, located at the central Pampa plain.
Four periods were identified during the last
600 years of the lake evolution, which were
based on changes in macrophytes and algal
communities (Sanchez Vuichard et al. 2021).
The study showed that the last hundred
years of the lake history were characterized
by increased eutrophication associated with
the increase in agriculture, cattle breeding
and urban settlement. Moreover, towards the
beginning of the XXI century, the lake turned
to an even more eutrophic state, evidenced by
the abundance increase in the phytoplankton
community.

A HISTORICAL ANALYSIS OF
CHANGES AND TRENDS OBSERVED IN
PAMPEAN LAKES IN THE XX AND XXI
CENTURIES

Indicators of eutrophication are generally
classified into indicators of pressure, chemical
status and impact. Pressure indicators involve
nutrient emissions and nutrient loads; status
indicators are related to the concentrations
of P and N in the water bodies, whereas
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impact indicators use biological responses
of living communities (Ibisch et al. 2017). In
this section we focus on status indicators of
trophism (nutrient concentrations) and impact
indicators (phytoplankton abundance and
biomass). We analyzed historical information
obtained from a large number of shallow lakes
over the last four decades, spanning the period
of most drastic change in land use, which took
place in the 1990’s.

The current analysis is based on data of
shallow Pampean lakes obtained by us and
by other limnologists, which covers the period
from the beginning of the 1980"s until 2021. The
data setincludes information from 740 samples
collected from 87 shallow lakes scattered over
the Buenos Aires Province (34°29" - 38°57" S;
56°58’- 63°06" W), which were sampled one
or more times (Figure 1). In almost all cases
(except when very few data were available),
we selected only data corresponding to the
spring and summer seasons. The information
was gathered from published papers (Quiros
etal. 1988; Boltovskoy et al. 1990; Izaguirre and
Vinocur 1994; Conzonno 1996; Miretzky et al.
2002; Torremorell et al. 2007, 2009; Weigand
and Escalante 2008; Allende et al. 2009; Benitez
and Claps 2009; Mac Donagh et al. 2009; Cano
et al. 2012; Izaguirre et al. 2012; Sanchez 2012;

Ecologia Austral 32:650-662

Ardohain et al. 2014; Fermani et al. 2015;
Gabellone et al. 2017; Castro Berman et al.
2018), unpublished data gently provided by
colleagues and our own unpublished data. The
full data table with the corresponding sources
is presented in Supplementary Material 2.

We analyzed the long-term changes in
the concentration of total phosphorus (TP),
total nitrogen (TN), chlorophyll a (Chla)
and in the Secchi depth. Differences in the
median of these variables between the XX
and XXI centuries were analyzed by the non-
parametric test Wilcoxon. It is important to
point out that the number of data available for
the XX century is lower than that of the XXI
century, since many more limnological studies
are currently being conducted in the lakes of
the region. Changes in the variables analyzed
are illustrated in Figure 2 a-d.

The analysis showed that nutrient
concentrations increased significantly in the
XXI century. TP increased from a mean value
of 0.273 mg/L (median 0.22 mg/L) in the XX
century to a mean of 0.612 mg/L (median
0.53 mg/L) in the XXI century. Mean TN
concentration doubled its value, increasing
from 2.418 mg/L (median 2.53 mg/L) in the XX
century to 4.833 mg/L (median 4.395 mg/L) in
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Figure 1. Map showing the geographic position of the shallow lakes (in red circles) included in the historical

analysis.

Figura 1. Mapa que muestra la posicion geografica de las lagunas (en circulos rojos) incluidas en el analisis

historico.
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Figure 2. a-d) Historical changes in TP, TN, Secchi depth and chlorophyll a in Pampean shallow lakes from 1985 to 2021.
Data set includes 87 shallow lakes. Blue and red circles represent XX and XXI centuries, respectively. Lines in blue and
red are the median for the XX and XXI centuries, respectively, compared using the non-parametric Wilcoxon test.

Figura 2. a-d) Cambios histéricos en el PT, el NT, la profundidad del Secchi y la clorofila a en lagunas pampeanas
desde 1985 hasta 2021. El set de datos incluye 87 lagunas. Los circulos azules y rojos representan los siglos XX y XXI,
respectivamente. Las lineas azules y rojas son las medianas para los siglos XX y XXI, respectivamente, comparados

usando la prueba no paramétrica de Wilcoxon.

the XXI century. For both nutrients, differences
between centuries were statistically significant
(P<0.0001).

The increase in nutrients was coincident
with the increase in phytoplankton biomass
as estimated by Chla. Mean value in the XX
century was 74.3 ng/L (median 46.7 pg/L)
and increased to an average value of 133.7
ug/L (median 86 ng/L) in the XXI century,
being differences statistically significant
(P=0.0093).

Due to the phytoplankton biomass increase,
many shallow lakes shifted from a clear state
to a turbid one, thus values of Secchi depth
markedly decreased. Our data set showed that
mean Secchi depth was 67 cm (median 41 cm)
in the XX century, decreasing to a mean of 25
cm (median 17 cm) in the XXI century, and
differences were also statistically significant
(P<0.0001).

On the other hand, we also performed a
temporal analysis including a subset of 30
shallow lakes that were sampled in both
centuries, and we found clear increasing
trends in TP (R?=0.22) and TN (R*=0.16),
as well as a decreasing tendency in Secchi
depth (R*=0.16) over the time (Supplementary
Material 3). For this subset of shallow lakes,
sampled in both centuries more than 50%
shifted their regimes from clear vegetated to
phytoplankton turbid.

REGIME sHIFT IN LAKE EL BURRrO. A
CASE STUDY

Lake El Burro (35.69° S - 57.95° W), which
belongs to the river Salado chained lake-
system, was sampled periodically by us
from 1984 to 2021 within the framework of
different research projects and also as part of
the field work performed by the Limnology
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course students at the University of Buenos
Aires. A remarkable shift in the state of the
lake becomes apparent in this time series,
showing a strong decrease (R*=0.905) in water
transparency, measured as Secchi depth, over
time (Figure 3). In 1984 the depth of Secchi disc
disappearance (SD) was about 200 cm. Since
then, SD decreased steadily until the year 2000,
reaching a value of ~20 cm (range: 0.17-0.35
cm), which has remained relatively unchanged
thereinafter. In the former years, and until
about 1992, when SD dropped below 120 cm,
the lake remained almost entirely colonized by
submerged macrophytes. During the 1990’s,
water transparency decreased sharply as
phytoplankton abundance increased.

Phytoplankton abundance was in general
lower than 2000 ind./mL in the 1980’s,
increasing up to 85000 ind./mL in 2005. Indeed,
during the two first decades of the XXI century,
algae counts remained remarkably high,
ranging from 10760 to 92950 ind./mL. The
huge difference in phytoplankton abundance
between the two centuries is illustrated in
Figure 3. Moreover, data obtained from the
literature indicate that Chla was 0.5 pg/L in
1985 (Conzonno 1996) and increased from
40 to 167 pg/L during the present century
(Allende et al. 2009; Sanchez 2012; Balifia
unpublished data). Concomitantly with the
phytoplankton increase, a sharp decline in
the submerged macrophytes occurred in the
lake.

Comparing data of nutrients (TP and TN)
reported by different authors, an increase
in the XXI century is also evident. In 1985,
Conzonno (1996) measured concentrations
of 0.031 mg/L and 0.73 mg/L for TP and TN,
respectively. In 2005, data obtained by Allende
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et al. (2009) were considerably higher (0.202
and 1.179 mg/L for TP and TN, respectively);
between 2009 and 2015, even much higher
values were reported (Fermani et al. 2015;
Castro Berman et al. 2018), with maximum
concentrations reaching 0.513 mg/L and 6.16
mg/L for TP and TN, respectively.

The changes in the lake and its surroundings
can also be evidenced with a quite simple
analysis of the satellite images. Particularly,
the change in the land use in the surrounding
area of lake El Burro from XX to XXI centuries
becomes apparent by comparing 1986 and
2021 summer satellite images, which were
downloaded from the US Geological Service
Site in level 2 (with atmospheric correction)
(Figure 4). The 1986 image shows a greater
vegetation cover compared to the 2021
image, probably also including some natural
grasslands. The 2021 image shows a higher
proportion of cultivated land and bare soil
areas. The difference in the band reflectance
corresponding to the lake is also evident,
increasing the reflectance of band 2 (green) in
2021 (Figure 4).

CYANOBACTERIAL HARMFUL ALGAL
BLOOMS

A first record of cyanobacterial blooms in
Pampean shallow lakes is known for the
mid XX century. This report corresponds
to Laguna San Miguel del Monte in 1949,
when summer phytoplankton was initially
dominated by Microcystis aeruginosa and
then replaced by Dolichospermum circinalis,
D. inaequalis, D. sphaerica and D. spiroides
(Guarrera 1962). Interestingly, though
Microcystis aeruginosa was the first species

Figure 3. Variation in Secchi depth from
XXI 1984 to 2021 in El Burro shallow lake
(adjustment: Gaussian Kernel smoother).
The bar graph shows the change in
phytoplankton abundance between the XX
and XXI centuries.

Figura 3. Variacién en la profundidad del
Secchi desde 1984 hasta 2021 en la laguna
El Burro (ajuste: método suavizante Kernel
Gaussiano). El grafico de barras muestra el
cambio en la abundancia de fitoplancton

2020 entre los siglos XX y XXI.
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Figure 4. Satellite images of the shallow lake El Burro. A)
Image Landsat 5TM- Natural Colour. Date: 13 January
1986. B) Image Landsat 8 OLI- Natural Colour. Date: 13
January 2021. Path-Row: 224-085. The upper figure shows
the surface reflectance of the bands for each year. Images
were downloaded from the United States Geological
Service Site in level 2, with atmospheric correction
(earthexplorer.usgs.gov).

Figura 4. Imagenes satelitales de la laguna El Burro. A)
Imagen Landsat 5TM- Color Natural. Fecha: 13 de enero
de 1986. B) Imagen Landsat 8 OLI- Color Natural. Fecha:
13 de enero de 2021. Path-Row: 224-085. La figura superior
muestra la reflectancia en superficie de las bandas para
cada afio. Las imagenes fueron descargadas de la pagina
del Servicio Geoldgico de los Estados Unidos en nivel 2,
con correccién atmosférica.

reported to form a bloom (named at that
time as an “aquatic fluorescence”), this
species is neither the most frequent nor the
most abundant in Pampean shallow lakes
(O’Farrell et al. 2019). This species is reported
in worldwide blooms because its ability to
regulate flotation provides a high ecological
fitness in stratified water columns. In contrast,
the dispersive strategy assigned to straight
filaments provides high ecological fitness in
the mixed and turbid layers characteristic of
shallow polymictic Pampean lakes, thanks

to the antenna morphology which enhances
light uptake.

A detailed analysis of the information
included in papers and thesis published up
to day and in databases of ongoing studies
revealed that there is a clear difference in
the cyanobacterial assemblages of clear
and turbid shallow lakes, as defined in the
previous sections. Moreover, those lakes
shifting to an alternative regime, either from
clear to turbid or even in a state transition,
evidenced a species replacement that involves
both strong cyanobacterial abundance and
biomass enhancements. In the period before
the implementation of modern agricultural
techniques (XX century), seven out of twelve
lakes for which detailed standardized
phytoplankton information exists (Adela,
Chis Chis, La Tablilla, Las Barrancas, Kakel
Huincul, El Triunfo and Colis) were in a clear
state and their cyanobacterial assemblages
were constituted by numerous small-sized
cells chroococcalean species, most of which
belong to the genera Aphanocapsa, Chroococcus,
Merismopedia and Eucapsis (Supplementary
Material 4), and whose populations did
not exceed some hundred colonies/mL.
According to this survey, nearly all shallow
lakes characterized by a turbid regime were
at that time dominated by nostocalean
species usually exceeding 1000 filaments/
mL, value that surely corresponded to more
than 20000 cells/mL (WHO Guide level 1
for recreation and Alert level 1 drinking
water). The species representative of this
period belong to the genera Anabaenopsis,
Aphanizomenon, Raphidiopsis, Sphaerospermopsis
and Dolichospermum (Supplementary Material
4). Only five lakes were assigned to a turbid
regime, namely Lobos, San Miguel del Monte,
Chascomus, Todos los Santos and La Salada.
Izaguirre and Vinocur (1994) mentioned
that these turbid lakes were periodically
cleared mechanically of macrophytes and
their watersheds were associated either to
relatively small cities, with limited or deficient
effluent treatments, or to camping and fishing
resorts. On the other hand, lake La Salada is
actually a widening of the Salado river; thus,
its turbidity and phytoplankton flora were
highly influenced by the river.

Since the XXI century, when agriculture
intensification took place, a larger and
consistent data base allowed a more
comprehensive characterization of the
planktonic cyanobacteria of Pampean shallow
lakes. As previously stated, nearly 90% of the
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shallow lakes are presently in a turbid state
and present cyanobacterial assemblages are
mostly dominated or co-dominated by one
or two of the following filamentous species:
Raphidiopsis mediterranea, R. contorta, R.
raciborskii, Sphaerospermopsis aphanizomenoides,
Planktothrix agardhii, Cuspidothrix issastchenkoi
and several species of Anabaenopsis (Figure
5, Supplementary Material 4). Nodularia
spumigena deserves aspecial mentionasitforms
blooms exclusively in saline lakes (Chasicé or
El Paraiso), or in less salty lakes (Carpincho,
Gomez, Mar Chiquita de Junin) during
drought periods, when conductivity often
exceeds the levels of more typical conditions
(Figure 5, Supplementary Material 4). Filament
densities of each one of these species achieve
numbers two orders of magnitude higher than
those recorded during the previous century,
and thus, cell densities presently exceed
largely WHO Guide level 2 for recreation
and Alert level 2 drinking water (105 cells/
mL). The highest density of R. mediterranea
registered by us corresponds to Salada de
Monasterio, where this species exceeded 10°
cells/mL for several consecutive months, from
spring to autumn, and was accompanied by
Planktothrix agardhii (maximum 2.4x10° cells/
mL), Cuspidothrix issastchenkoi, Anabaenopsis
cunningtoni and A. circularis, each one with
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ca. 10* cells/mL (Cocciolo et al. 2021). Though
the mentioned filamentous species contribute
to the bulk of cyanobacterial biomass in
Pampean lakes, there are several small cell
Oscillatoriales and Chroococcales species that
add significantly to plankton abundance. The
most abundant are Planktolyngbya contorta, P.
limnetica, Aphanocapsa delicatissima, A. elachista,
A. incerta, Coelosphaerium minutissimum,
Merismopedia tenuissima, M. minima and
Cyanodyction sp. (Figure 5, Supplementary
Material 4). The few lakes that during the
XXI century were assigned to a clear state
(Colis, Los Toldos, Samboy) showed poorly
developed populations of small cell colonial
or filamentous species such as A. delicatissima,
A. elachista, Chroococcus minor, Merismopedia
spp., P. limnetica and P. contorta (Figure 5,
Supplementary Material 4). These same
species were more abundant in those lakes
in transition from clear to turbid (e.g., Kakel
Huincul and Monte). Contrary to the findings
of the XX century, many of the turbid lakes
affected by cyanobacterial blooms are not
impacted by urban effluents, macrophyte
drawal or fisheries, but they are immersed
in agricultural landscapes. Castro Berman
et al. (2018) classified many of the Pampean
lakes included in this analysis and reported
that most of them have a high percentage of

XX CENTURY
Rare bloom occurrence
Low cyanobacterial biomass
Few lakes impaired

Frequent bloom occurrence
High cyanobacterial biomass

XXI CENTURY

Many lakes impaired

» >< WHO Guide level 1 recreation
»>< WHO Alert level 1 drinking water

Figure 5. Characterization of cyanobacterial assemblages in clear and turbid Pampean lakes.

- Planktothrix agardhii*
- Raphidiopsis mediterranea*®, R. contorta*, R. raciborskii*
- Sphaerospermopsis aphanizonemoides*

- Cuspidothrix issastchenkoi*

- Anabaenopsis arnoldii*, A. circularis*, A. cunningtoni*, A.
elenkinii*, E. nadsonii*
- Nodularia spumigena™

- Planktolyngbya spp.**
- Aphanocapsa spp. **
- Coelosphaerium spp. **
-Merismopedia spp. **

Cyanodyction sp. **

» >>>WHO Guide level 2 recreation
»>>> Alert level 2 drinking water

Notes: *Species contributing with low biomass. **Species contributing with high biomass.

Figura 5. Caracterizacion de los ensambles de cianobacterias en lagunas pampeanas claras y turbias.

Notas: *Especies que contribuyen con baja biomasa. **Especies que contribuyen con alta biomasa.
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their surrounding area occupied by croplands
or pastures (e.g., El Burro, Norte de Lincoln,
Cuero de Zorro and La Brava), whereas a
low percentage are associated to urban or
residential areas (e.g., Carpincho, Los Padres,
Chascomus).

The poor ecological status of Pampean
shallow lakes is evidenced by the intense
cyanobacteria harmful blooms impairing
many of these nutrient enriched, turbid
and polymictic water bodies (O’Farrell et
al. 2021). A 3-year study of ten lakes located
across a climatic gradient was aimed at
exploring which factors drive the dynamics of
cyanobacterial assemblages leading to bloom
prevalence in many of these Pampean water
bodies. This study concluded that the effect
of seasonal annual temperature variation on
cyanobacteria was subordinated to the light
environment of the water column —which
was, on turn, highly affected by water level
conditions— and to nutrient concentrations. In
this sense, Raphidiopsis and Sphaerospermopsis
blooms were restricted to periods of decreasing
turbidity and shallow depths in coincidence
with TN pulses, while pico-sized cell colonies
of Aphanocapsa, Aphanothece, Cyanodictyon and
Merismopedia did well evenunder deeper depth
and higher turbidity levels, evidencing their
good performance in more turbid and deeper
water columns due to a more efficient light
utilization and nutrient uptake. The known
preference of P. agardhii and Anabaenopsis
for high P lakes was also observed in these
Pampean water bodies. Assemblages were
composed by more than 35 filamentous and
colonial species, where nostocaleans and
chroococcaleans abundances mirrored one
another along temporal patterns.

Recently, and in coincidence with above
mentioned studies, Castro Berman et al. (2022)
assessed the environmental implications and
the ecological consequences of agricultural
land use and glyphosate contamination on
spring phytoplankton from 52 shallow lakes
in the Pampa Region and concluded that nano-
and micro-cyanobacteria relative abundance
increased with the trophic status of the lakes
and declined with increasing transparency.
In hypereutrophic lakes located in highly
productive agricultural basins, which were
associated to land use that heavily rely on
glyphosate use (i.e., summer and double
crops) and also to alower agriculture pressure
(i.e., pastures, other crops and urban develop-
ment), the relative abundance of cyanobacteria
was particularly high.

Finally, it is of paramount importance to
mention the toxic nature of bloom forming
cyanobacteria, as most species involved in
the massive growth events in Pampean shal-
low lakes may produce either microcystin,
saxitoxin or anatoxin. Anyhow, there are
few cyanotoxin reports, all corresponding
to microcystins: Laguna de los Padres (Amé
et al. 2010), Salada de Monasterio (Cocciolo
et al. 2021), Carpincho, Gémez, Chascomts,
El Triunfo (O’Farrell et al. 2018). Aguilera et
al. (2017) reviewed cyanotoxin occurrence in
Argentina and, in face of the few toxin data,
concluded that the limited literature on toxin
concentration could be attributed to the fact
that most studies are focused on phytoplank-
ton dynamics because the costs of testing
methods entailed in cyanotoxin analytical
standards, equipment and trained personnel
are very high. Harm to livestock, fish and bird
mortality has been associated with cyanobac-
terial blooms but have not been evaluated for
toxins (Odriozola et al. 1984; Grosman and
Sanzano 2002).

CONCLUSIONS

In this paper we summarized the available
evidence either on the status indicators and
impacts of the anthropogenic activities on
the shallow Argentinian Pampean lakes.
Paleolimnological and satellite-based studies,
as well as our analysis of historical data from
lakes within the Pampa Region show increased
eutrophication towards the second half of the
last century, which is coincident in time with a
marked change in land use, which accelerated
since 1990’s.

The historical analysis based on a large
data set assembled from different sources
(published data and unpublished data either
shared by colleagues or collected by us)
showed significant differences in the median
values of nutrients (TP and TN), transparency
and phytoplankton biomass (as Chla) between
XX and XXI centuries. Nutrients and Chla
increased and transparency decreased over
the time. In one particular shallow lake that
has been sampled since 1980’s until present, a
marked decreasing tendency in Secchi depth
was observed, with a concurrent increase in
phytoplankton abundance, which led to the
loss of submerged macrophytes.

Several shallow lakes that were in a clear
vegetated state in the XX century are nowadays
turbid with high algal biomass. Moreover,
an examination of phytoplankton structure
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also shows important changes between
both centuries. Regarding the cyanobacterial
assemblage, during the XX century, most lakes
presented lower biomass and the group was
mainly represented by small colonial and thin
filamentous species, while the occurrence of
algal blooms was much less frequent. In the
XXI century, higher cyanobacteria biomass is
being reported in many lakes, with persistence
until autumn, and frequently represented by
bloom forming filamentous of potentially toxic
strains of cyanobacteria. Thus, many lakes are
nowadays impaired.

Shallow lakes are excellent sentinels of the
changes that are taking place in the region.
The conservation of these ecosystems in a
good condition is crucial, not only because
of their biodiversity, but also because of the
multiple ecosystem services that they provide.
The deterioration of the shallow lakes also
promotes the proliferation of cyanobacterial

Ecologia Austral 32:650-662

blooms, which implies a real danger for the
aquatic biota, livestock and human beings.
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