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Abstract

The South American Coastal Shallow Subtropical Lakes (SA-CSSL) represent the largest
continuous coastal shallow-lake system of its kind globally — a 1,000 km belt of over 100
wind-exposed polymictic lakes and lagoons - mostly freshwater due to high precipitation,
groundwater inputs and large catchments — arrayed along southern Brazil into eastern
Uruguay. The SA-CSSL lakes formed during the Quaternary as barrier—lagoon systems -
lagoons impounded behind coastal sand barriers, a unique and peculiar feature in the
context of shallow lakes. Despite their regional and global relevance, subtropical shallow
lakes remain under-represented in limnology, making SA-CSSL a critical research target
that goes beyond temperate-dominated research. The region spans strong climatic and
anthropogenic gradients and is directly influenced by the El Nifio Southern Oscillation
(ENSQO), creating a natural laboratory for comparative and replicated studies on
ecosystem processes, biodiversity and resilience. Here, we synthesise the current
knowledge on the system’s origin, structure, functioning and pressures and formulate a
forward-looking plan for coordinated research and monitoring. Drawing on the strategic
outcome from a 2025 workshop in Brazil, we delineate four representative aquatic
subsystems with historical monitoring and active projects — the Tramandai River System,
Patos Lagoon System, Mangueira—Mirim System and Uruguayan Lagoon System — as
sentinels for integrated observation and research. Key anthropogenic and climatic
stressors comprehensively documented include eutrophication, urban and agricultural
runoff and emerging contaminants (e.g. pharmaceuticals, pesticides, microplastics),
alongside rapid landscape change and more frequently occurring extreme weather
events due to climate change. We further outline priority research topics that leverage the
system’s scale and gradients: (i) pollutant and “novel entity” surveillance combining
analytical chemistry with microbial and molecular biomarkers; (ii) biodiversity and
community-assembly studies across ecotones and salinity transitions; (iii) remote-
sensing—enabled lake modelling and early-warning indicators; (iv) designs for extreme
inflow events; and (v) transboundary governance cases. To align local action with global
needs, we align a monitoring framework with planetary boundaries, propose indicators
and highlight data-infrastructure needs. We position SA-CSSL as a globally unique large-
scale model for subtropical shallow lakes and a collaborative nexus for testing ecological
theory and managing freshwater under accelerating climate and societal change.

Keywords

coastal shallow lakes, subtropical freshwater, anthropogenic impact monitoring

Introduction

Spanning ca. 1,000 km of the south-eastern coastline of South America, the coastal lakes
belt of southern Brazil and eastern Uruguay forms one of the most extensive continuous
systems of its kind, here referred to as Southern American Coastal Shallow Subtropical
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Lakes (SA-CSSL). In the Brazilian zone alone, the coastal plain that encompasses the
SA-CSSL covers an area of approximately 37,000 km?, nearly 40% of which is occupied
by lakes and lagoons. With the Atlantic Ocean as an eastern boundary, it includes the
Patos-Mirim complex — recognised as the most extensive coastal lagoon system globally
— and a series of interconnected and isolated lakes that span five degrees of latitude
from 30°S to 35°S, placing the region just south of the Tropic of Capricorn and spanning
almost complete subtropical climate zone down to the temperate zone of the Southern
Hemisphere (Fig. 1, Oliveira etal. 2019).
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Figure 1.
Location of the SA-CSSL with use and land-cover classes and its change from 1985 to 2022.

The SA-CSSL represent a unique habitat with more than 100 lakes (Schafer et al. 2014)
of similar geological origin that were originally part of the Pampa grassland biome
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(Ellwanger etal. 2025). The SA-CSSL are almost entirely within the passive-margin
sedimentary Pelotas Basin, which extends from Santa Marta Cape (Santa Catarina State,
Brazil) to La Coronilla (Uruguay) (Barboza et al. 2021). They originated in the Quaternary
(Pleistocene and Holocene) after four major events of marine transgressions from ~ 400
ka to ~ 5 ka, which formed many barrier-lagoon systems (Garcia-Rodriguez et al. 2001,
Bracco et al. 2005, Inda et al. 2016, Barboza et al. 2021). Palaeolimnological records,
based on the Uruguayan lagoons Rocha and Negra, show that past climate oscillations,
including transitions between wet and dry phases, produced marked shifts in trophic
status, salinity and community structure over millennial scales (Garcia-Rodriguez et al.
2001, Bracco et al. 2005). Due to the strong action of winds, mainly along the northeast-
southwest axis, the lakes became elongated and exhibited strong segmentation,
resulting in variable degrees of age, connectivity, shapes and degrees of isolation from
the Atlantic Ocean (Lanzer 2005, Guimaraes et al. 2014, Barboza et al. 2021). These
lakes are polymictic, with wind as a major driver of continuous water column mixing year-
round. Notably, besides brackish lagoons in both Uruguay and Brazil, this region hosts
large freshwater bodies near the ocean - a rare occurrence on sedimentary coasts,
where brackish or saline lakes and lagoons are ubiquitous. This freshwater status is
sustained by high precipitation rates, stable freshwater aquifers beneath the coastal
barrier (Souza et al. 2021) and a massive input of freshwater from major drainage
catchments, such as the Guaiba system (Fernandes etal. 2001).

Anthropogenic influences are very strong in this region (Fig. 1, Bueno et al. 2021, Bueno
etal. 2025, Ellwanger et al. 2025) and clearly affect these coastal ecosystems, with lakes
spanning oligotrophic to hypereutrophic conditions due to substantial urban wastewater
and agricultural runoff. More recently, extreme climate events have also triggered abrupt
ecological changes in several lakes, with effects such as reduced water levels,
macrophyte proliferation and eutrophication episodes - particularly in systems with
restricted marine connectivity and/or high anthropogenic pressure (Inda et al. 2016).
These findings highlight the sensitivity of SA-CSSL to both natural climatic variability and
additive effects under ongoing climate change and human activity.

The global relevance of the SA-CSSL

Despite its geographic breadth, the SA-CSSL remain under-represented in global
limnological and ecosystem research. While scientific engagement in the region has
grown significantly in recent decades, this system remains poorly integrated into the
global understanding of subtropical freshwater ecosystems. Compared with temperate
and boreal regions, few places with shallow subtropical lakes have been studied at scale
— most notably Lake Taihu in China. Located near the East China Sea coast, Lake Taihu
is often used as a reference for understanding eutrophication, hydrodynamics and algal
blooms in shallow subtropical environments (Hu et al. 2015, Zhang et al. 2015, Zhang et
al. 2016). Other study sites include subtropical lakes in Florida (USA; e.g. Lake
Okeechobee and Lake George) and, more rarely, study sites in South Australia and
KwaZulu-Natal (South Africa) in the Southern Hemisphere (Whitfield et al. 2017, Dang et
al. 2023, Keneally et al. 2026). Despite being the only large-scale subtropical lake
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network in the world along a climatic and environmental gradient, the SA-CSSL are often
missing from cross-system analyses. The spatial and environmental gradients of over
100 lakes are ideal for studying broad-scale ecological patterns and offer a robust basis
for experimental design disentangling interactions between land use, hydrology,
biodiversity and climate variability.

According to global and regional climate models, all scenarios of human CO, emissions
— from the most optimistic to the most pessimistic — predicted a 15% increase in
precipitation in southern Brazil between 2011 and 2040, with similar trends expected for
the following decades (2041-2070 and 2071-2100) (Secretaria de Assuntos Estratégicos
da Presidéncia da Republica 2015). Moreover, since the SA-CSSL are directly impacted
by the El Nifio Southern Oscillation (ENSO), they can be used to understand and predict
its effects on freshwater ecosystems in the Southern Hemisphere (for more specific
information on local climate and effects, see Suppl. material 1). In recent years, episodic
flooding has become more frequent, with one of the most devastating flooding events in
Brazilian history taking place in May 2024, in Rio Grande do Sul State (Pillar and
Overbeck 2024, Agencia Nacional de Aguas e Saneamento Basico 2025). This flooding
affected 478 out of the State's 497 municipalities and impacted 2.4 million people. The
flooding began in the central region of the State, an area characterised by river valleys,
where some municipalities recorded over 200 mm of rainfall in just 24 hours and more
than 500 mm over a 10-day span (de Oliveira Andrades-Filho et al. 2025, Ellwanger et al.
2025, Simoes-Sousa et al. 2025, Clarke et al. 2026). The rivers in these areas drain into
the Guaiba Lake, which surrounds the State’s capital, Porto Alegre and registered a
dramatic rise in water levels to a historic level of 5.37 metres - well above the 3-metre
flood stage, causing widespread flooding. Since Guaiba Lake connects to the Patos
Lagoon, the inundation extended throughout the SA-CSSL region, with slow drainage
and floodwaters persisting for over a month. The ecological impacts of this historical
flooding on affected watersheds are yet to be explored and launch a timely opportunity to
evaluate the resilience and recovery of subtropical shallow lake ecosystems under
increasingly frequent extreme rainfall and flooding events.

Over the last decades, the scientific activity and interest in SA-CSSL has grown
considerably and current research highlights the involvement of scientists with
contemporary and pressing topics. To position SA-CSSL within an international research
context and to address these emerging topics, we held a workshop in Porto Alegre,
Brazil, in April 2025 with 20 participants to discuss research and opportunities related to
microbial ecology of these ecosystems. Participants of the workshop included nine
researchers, eight graduate students and three undergraduate students involved in SA-
CSSL studies from the partner universities of Brazil, Uruguay and Germany. Key goals
included synthesising current research, evaluating SA-CSSL’s past and future importance
globally and developing a conceptual framework for future studies and long-term
monitoring. The workshop focused on fundamental limnological and ecological
processes, while emphasising the key role of plankton and microbial communities. As a
first step, we compiled data from past monitoring activities and ecological assessments
and aligned them with ongoing research projects that address contemporary
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environmental and climate change challenges (Suppl. material 1- Supplementary Table
1). The resulting discussions emphasised the value of SA-CSSL, not only as a unique
regional system, but also as a globally significant model for understanding freshwater
responses to global change. This point is underscored by the striking under-
representation of subtropical lakes in global models. For example, in a study of 8,000
lakes used to infer CO2 emissions, over 98% were from non-tropical regions (Raymond
etal. 2013). Filling this gap with SA-CSSL data can reduce bias in global carbon budgets
and emission projections. Future research directions that link coastal lakes to major
global change domains were also discussed (Richardson et al. 2023). Finally, the
workshop was also designed to consolidate regional knowledge and helped propel
international scientific engagement by attracting researchers with diverse expertise and
experience - including those working primarily on temperate lake systems - into
collaborative efforts focused on subtropical coastal lakes.

SA-CSSL Subsystems

Based on geographic proximity to each other and/or watershed membership as well as
scientific attention, we have identified four representative subsystems within the SA-
CSSL that are both ecologically rich and sufficiently studied to support integrated
research and monitoring efforts. The four selected subsystems are: The Tramandai River
System (TRS), the Patos Lagoon System (PLS), the Mangueira-Mirim System (MMS) and
the Uruguayan Lagoon System (ULS). These four units reflect the biogeographic, climatic
and anthropogenic gradients present across the SA-CSSL and offer a structured way to
monitor environmental change across space and time. They extend from the
southernmost state of Brazil, Rio Grande do Sul, to north of Uruguay (Fig. 2).

The Tramandai River System (TRS) is located in the northern coast of Rio Grande do
Sul State, an ecotone between two main biomes in Brazil: the Atlantic Forest biome to the
north and the Pampas grasslands to the south. The TRS comprises around 40 lakes
within a single watershed (Tramandai River Watershed), with the majority presenting
some level of connectivity (Cruz Weiss et al. 2013). The TRS covers an area of about
2,700 km? and 115 km of coastline, supporting a population of over 265,143 inhabitants
— 90% of which are in urban areas (SEMA RS 2021a). This region exhibits the highest
demographic growth in the Rio Grande do Sul State (1.5-1.8% year™, nearly three times
higher than the State’s average) (Secretaria de Planejamento, Governanga e Gestao
2024). Of the 20 fastest-growing municipalities in Rio Grande do Sul, seven are located
within the TRS, with some showing population increases of around 25% between 2010
and 2017, accompanied by drastic land-use changes. Additionally, the 20 municipalities
on the northern coast of Rio Grande do Sul faced an 85% increase in their urban areas
between 2000 and 2010, implying that anthropogenic pressures have increased steadily
in the last decades. The lakes in the TRS face several major environmental threats,
including eutrophication from the disposal of untreated wastewater, sewage and
agricultural runoff; water withdrawal for irrigation; and the spread of invasive species
(Lanzer 2005, Castro and Mello 2013, Castro and Rocha 2016, Schafer et al. 2017).
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Beyond the lakes, this coastal plain encompasses a diverse range of landscape features,
including barriers, dunes and wetlands, making these areas attractive for tourist activities.
As a result, these aquatic ecosystems have been intensively used for tourism and
recreation (Lanzer et al. 2013, Schafer 2013). Such touristic activities have led to waste
accumulation, damage to local vegetation due to campsites, soil erosion caused by
vehicle traffic and disturbance of wildlife due to noise pollution. During the summer
season, the local population can increase up to 10-fold from incoming seasonal tourists,
prompting the construction of numerous condominium developments for vacation homes
(Matos and Gruber 2009). This seasonal influx significantly increases the demand for
freshwater, while simultaneously overwhelming municipal sewage treatment
infrastructure. For example, in Imbé Municipality, only 0.5% of domestic effluents are
currently collected and treated (Ministério do Desenvolvimento Regional - Brasil 2024),
underscoring the apparent mismatch between infrastructure capacity and peak
population pressures. Importantly, these lakes serve a dual and conflicting purpose: they
are both primary sources of urban drinking water for at least 17 municipalities and
recipients of untreated or partially treated sewage.

The Patos Lagoon System (PLS) is centred around the Patos Lagoon, which is the
world's largest choked lagoon. ltis approximately 5 m deep with 250 km length, a width of
40 km and approximately 10* km? area (Kjerfve 1986). Along with Lakes Mirim and
Mangueira, it is part of a 180.000 km? watershed in Rio Grande do Sul State
(Martinbiancho et al. 2018). The estuarine area is approximately 10% of the lagoon,
which connects to the Atlantic Ocean through a narrow channel (0.5-3 km wide, 20 km
long, 14 m deep), characterised by brackish water (Asmus 1998). The estuarine plume,
along with the La Plata River, is of significant relevance for the fertilisation of the
continental shelf, rendering the Rio Grande do Sul coast one of the most productive
fisheries in Brazil (Niencheski and Windom 1994, Ciotti et al. 1995, Nagy et al. 2002).
Freshwater discharge through the estuary averages around 4,000 m3™', with
considerably higher flows (up to 10,000 m3™') recorded during ENSO years (Seeliger
2001). The strong influence of ENSO on precipitation patterns has been shown to drive
prolonged salinisation/desalinisation, which promote dramatic changes in suspended
particulate matter (Tavora et al. 2020) and alternating freshwater and brackish/marine
communities of bacteria (They etal. 2015a), phytoplankton (Fujita and Odebrecht 2007)
and fish (Garcia-Rodriguez et al. 2001). The impacts of climate change and nutrient input
on cyanobacterial blooms (Souza et al. 2018), as well as ecosystem services, have been
under scrutiny in recent years (Asmus et al. 2019). The PLS ecological relevance is
underscored by the RAMSAR site Lagoa do Peixe National Park (Ramsar Sites
Information Service 1993). The brackish to saline Peixe Lagoon supports high
concentrations of invertebrates and stands as an important wintering and staging area for
migrant bird species (Instituto Socioambiental 2025). For this reason, since 1990, the
Park is also a Western Hemisphere Shorebird Reserve Network Site (Western
Hemisphere Shorebird Reserve Network (WHSRN) 2025). The PLS experiences
significant anthropogenic pressure, primarily from major urban centres such as Porto
Alegre, Pelotas and Rio Grande, which combined account for over two million
inhabitants. These cities contribute to the discharge of untreated or partially treated
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sewage into the lagoon (Martins et al. 2007). The surrounding landscape is
predominantly composed of agricultural fields, forming a mosaic with urban areas,
silviculture plantations and remnant patches of native vegetation (Silva and Tagliani 2012

).
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Figure 2.

Southern American coastal shallow subtropical lakes (SA-CSSL) system, with the four
subsystems in detail: | - Tramandai River System (TRS); Il - Mangueira-Mirim System (MMS);
Il - Patos Lagoon System (PLS); IV - Uruguayan Lagoon System (ULS).

The Mangueira-Mirim system (MMS) is located on the southern coast of Rio Grande do
Sul State within the Mirim-Sao Gongalo Basin and comprises the two largest subtropical
shallow lakes in Brazil, Mangueira and Mirim, which are part of the broader Taim
Hydrological System (THS). The MMS covers an area 28,499 km? (SEMA RS 2025) and
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has a population of 771,728 inhabitants — 685,473 in urban areas and 86,255 in rural
zones (SEMA RS 2021b). A central feature of THS is the Taim Wetland (32°32'3.48" S,
52°31'42.99" W and 32°50'10.41" S, 52°38'32.47" W), one of the few subtropical wetlands
in Brazil. For this reason, a federal environmental protection area (Ecological Station of
Taim) was established in 1978 (Villanueva et al. 2000) and stated as a RAMSAR site in
2017 (Ramsar Sites Information Service 2017). This system is of paramount ecological
importance for its high biodiversity, serving as feeding-ground and site for reproduction
and resting for many migratory birds and as habitat for a wide range of mammals,
reptiles, fish, macrophytes and invertebrates (Marques 2013). Lake Mangueira is located
on a narrow strip of land between the Atlantic Ocean and Lake Mirim. The lake is 90 km
long and 3—10 km wide, covering a surface area of approximately 820 km?2, with a mean
depth of 2.6 m and a maximum depth of 7 m. At both its northern and southern ends (Taim
Wetland in the north), the lake interfaces with wetland areas rich in organic matter,
primarily from macrophyte decomposition. The macrophytes are particularly present in
the southern portion (Rodrigues et al. 2015) and shoreline processes, shaped by strong
hydrodynamic forces, have created sandbars colonised by dense belts of these emergent
plants. The lake’s trophic status is generally oligotrophic, but episodic anthropogenic
nutrient input occurs due to intensive rice cultivation in the watershed, particularly during
spring and summer.

Lake Mirim is a large shallow subtropical lake located on the Brazil-Uruguay border,
regulated by transboundary water governance agreements. The lake has a surface area
of ca. 4,000 km2, is 190 km long along its main axis and averages 40 km wide. The
maximum depth is 10 m with a mean depth of 4.5 m. The Lake is connected to the larger
Patos Lagoon through a natural channel (Sdo Gongalo), which is approximately 76 km
long (Munar et al. 2019) and to Lake Mangueira via an artificial channel (Coradi et al.
2009, Oliveira et al. 2015). Both channels have water gates to control water flow,
especially for the Sdo Gongalo channel to prevent saline water intrusion from the Patos
Lagoon estuary. The Basin faces significant pressure from industry, livestock and
agriculture, with a large portion of the water being used for rice fields irrigation (Oliveira et
al. 2015). Untreated wastewater discharge further elevates phosphorus, increasing
eutrophication risks (Coradi et al. 2009). Given the environment and economic relevance
of Lake Mirim, a binational initiative for integrated water-resource management was
implemented in 2022 through an agreement signed by Brazil’s Ministry of Integration and
Regional Development, Uruguay’s Ministry of Environment and the Food and Agriculture
Organisation of the United Nations (FAO). Supported by US $4.7 million in funding from
the Global Environment Facility, the programme aims to strengthen institutions for
sustainable water use, ecosystem preservation and climate-change adaptation. With
nearly one million people directly dependent on the Lake’'s water and biodiversity,
coordinated Brazil-Uruguay action is pivotal for regional development, environmental
security and long-term socioeconomic stability in the MERCOSUL context (Ministério da
Integracao e do Desenvolvimento Regional 2024).

The Uruguayan Lagoon System (ULS) forms a chain of medium to large waterbodies
aligned in parallel to the Atlantic coast (Garcia-Rodriguez et al. 2004). This is the
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southernmost system of the SA-CSSL and is part of the Atlantic Coastal Basin, which
covers an area of 9,266 km? and includes several key lagoons such as Negra, Castillos,
Rocha, Garzén, Escondida, José Ignacio, Blanca, Diario and Sauce. Except for Negra
Lagoon, the ULS is characterised by an intermittent connection to the Atlantic Ocean,
mediated by a sand barrier which periodically separates them from the ocean (Conde et
al. 2000, Garcia-Rodriguez et al. 2001, Bracco et al. 2005, Conde et al. 2019). This
contrasts with the coastal plain of Rio Grande do Sul State, where most of the lakes are
separated from the Atlantic Ocean by a continuous coastal barrier. In the ULS, the
connection to the ocean is often artificially forced by local municipalities to reduce
flooding in mostly unplanned urbanisation (Rodriguez-Gallego et al. 2010, Conde and
Chreties 2014, Carreira et al. 2025). Smaller shallow lakes, such as Escondida and
Blanca, are permanently isolated from the ocean (Kruk et al. 2009) by mobile dune
systems, currently fixed by exotic vegetation and highly urbanised. In other cases, such
as Diario and Sauce, infrastructure construction (e.g. dams) prevents bidirectional
interaction with La Plata River (Inda et al. 2016, Gonzalez-Madina et al. 2022).

The ULS is embedded in diverse watershed contexts, from relatively pristine areas
dominated by native grasslands to basins undergoing rapid land-use change due to
agriculture, afforestation and urban expansion. The intensification of rice cultivation and
the proliferation of forestry plantations results in nutrient export and sediment loads
(Rodriguez-Gallego etal. 2017) and altered hydrodynamics and salinity regimes (
Mazzeo et al. 2003, Garcia-Rodriguez et al. 2004, Inda et al. 2016). The ULS has great
social and economic importance, supporting essential ecosystem services that are
intensely used by the population, such as drinking water supply (Crisci et al. 2017), the
most important continental artisanal fisheries on the coast and growing ecotourism (
Rodriguez-Gallego et al. 2017). A significant portion of these lagoons is legally protected
under Uruguay’s National System of Protected Areas (SNAP) and through international
conservation instruments. The Bafiados del Este y Franja Costera and the Rocha Lagoon
are two Ramsar sites that include a mosaic of lagoons, wetlands (e.g. wetland of Arroyo
Maldonado), dune fields and floodplains and is one of the largest protected wetland
complexes in South America (Ramsar Sites Information Services 2001, Ramsar Sites
Information Service 2015).

State of the Art

Over the last decade, the SA-CSSL have increasingly attracted the attention of
government agencies, civil society organisations and local universities. Government
institutions are involved in environmental monitoring, law enforcement, water resource
management and environmental licensing, particularly in ecologically sensitive areas
such as wetlands. Civil society organisations have played an important role in advocating
for conservation policies and in pressuring governmental agencies against
developments that may compromise the multiple uses of these waterbodies, especially
water supply, recreation and fisheries. Local universities have been conducting key
studies over the past decades, which covers a wide range of disciplines, such as
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limnology, ecology, environmental monitoring, geomorphology and hydrology (Fragoso
et al. 2008, Alonso et al. 2009, They et al. 2010, Crossetti et al. 2014, Finkler Ferreira et
al. 2018, Rocha 2020, Lemos et al. 2022). These studies targeted different biological
compartments, such as seston, plankton, nekton, benthos, macrophytes and genetic
markers, as well as physical-chemical processes and compounds. The body of research
demonstrates that the SA-CSSL region already holds a robust and interdisciplinary
scientific foundation, largely built through efforts by Brazilian and Uruguayan universities.
Slowly but surely, SA-CSSL is also gaining international attention. To showcase the most
recent activities within SA-CSSL, a representative list of current and ongoing studies in
the region has been compiled (see Suppl. material 1 on key studies). This highlights SA-
CSSL as a promising research arena and re-affirms the continued engagement of
national and regional academic institutions, as well as international collaborators. Two of
the most important topics are addressing anthropogenic impacts and deterministic
structuring of plankton communities by abiotic and biotic factors. Further details on these
topics are provided in the following sections.

Exemplary studies on anthropogenic impacts

The emergence of novel entities and pollutants in the SA-CSSL has, for some time,
caught the attention of researchers. For example, microplastics in the waters of the TRS
showed concentrations of 225-240 units 100 m™ in two of the larger lakes, indicating
medium pollution levels of Polyethylene Terephthalate (PET), Polyvinyl Chloride (PVC),
Polypropylene (PP) and Polyethylene (PE) (Corréa et al. 2021). The plastisphere itself
hosts variable microbial communities where taxa of potential public health concern were
detected in high abundance during summer (Menegotto-Silva 2025). Moreover,
chemicals, such as heavy metals (Rocha 2020), pesticides and pharmaceuticals (Pagani
et al. 2022) are currently under investigation for developing a catalogue of different
pollutants relevant for the spread and emergence of antimicrobial resistance and
pathogens (Leite et al. 2019, Quintana 2024). Such studies were recently extended to
bacterioplankton, where the coastal lagoons have emerged as key sites for identifying
bacterial markers that can serve as indicators of emerging contaminants. High-
throughput sequencing and basin-scale chemical profiling in Rocha and Castillos
lagoons revealed that bacterial assemblages are partially structured by gradients of
emergent contaminants, including pharmaceuticals, pesticides and endocrine disruptors
(Griffero et al. 2019, Griffero et al. 2024). Distinct microbial signatures consistently
differentiated contamination levels across seasons and included known degraders of
xenobiotics, as well as groups of pathogens and opportunistic pathogens (Griffero et al.
2024). These findings highlight the potential of bacterioplankton communities as
sentinels of both diffuse and point-source pollution and as integrators of multiple
stressors for bioindicator frameworks.

Exemplary studies on biodiversity and the structuring of communities

Across the SA-CSSL gradient, recent work spans fish ecology, microbial dynamics and
system-scale monitoring. In parallel, lake-model development and assessments of
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anthropogenic impacts have advanced (Silva and Tagliani 2012, Lanzer et al. 2013,
Schafer 2013, Castro and Rocha 2016, Schéafer et al. 2017, Leite et al. 2019, Oliveira et
al. 2019, Rocha 2020, Corréa et al. 2021, Caballero et al. 2022, Quintana 2024,
Menegotto-Silva 2025, Contreras Rojas et al. 2025). This also includes contemporary
analysis of eDNA, for example, for fungal diversity, trace the dispersal of microorganisms
from the terrestrial catchment and as a biomarker for high amounts of sewage-related
eutrophication (Pagani et al. 2022, Pagani et al. 2023). Many analyses of microbial
biogeography of bacterioplankton were conducted, with emphasis on spatial patterns of
distribution of taxa and relative roles of local and environmental factors on beta diversity (
They et al. 2010, Lima et al. 2016, They and Marques 2019, Lima et al. 2020, Ribeiro et
al. 2024). The structuring role of macrophytes on microbial communities was also
investigated. Areas densely colonised by these plants induce bacterial biomass, density,
growth, respiration rates and diversity through competition for inorganic nutrients and
release of allelochemicals (They etal. 2010, They etal. 2013a, They etal. 2013b, They et
al. 2015b, They and Marques 2019). Moreover, many lakes are now covered by
monitoring and modelling efforts using remote sensing-spectral indices (Munar et al.
2018, Cabezudo et al. 2025) applied to phytoplankton blooms and water skin
temperature (Munar et al. 2019, Tavares et al. 2019, Tavares et al. 2024).

Perspectives and Recommendations

Building on the existing knowledge and considering the unique environmental and
societal contexts of the SA-CSSL region, we propose a set of priority research directions
arising from our first workshop discussions. This workshop was held in Porto Alegre (Rio
Grande do Sul, Brazil) from 31 March to 4 April 2025. It was hosted by the Institute of
Hydraulic Research at the Federal University of Rio Grande do Sul (UFRGS) and the
School of Health and Life Sciences at the Pontifical Catholic University of Rio Grande do
Sul (PUCRS). An invitation to participate in the workshop was sent to research groups
involved with the SA-CSSL. Students and researchers could register free of charge by
completing an online form, with places allocated on a first-come, first-served basis.
Participants included professors, researchers and students from the partner universities
of Brazil, Uruguay and Germany. Accommodation and travel costs for participants from
outside Porto Alegre were covered by a Global Incentive Fund from the Technical
University of Munich. The activities involved lectures from participant researchers and
students and discussions aimed to outline the next steps of the SA-CSSL collaborative
projects, joint articles to be published and main recommendations for SA-CSSL studies.
The programme also included an additional day visit to the Center for Coastal,
Limnological and Marine Studies (CECLIMAR) in Imbé, Rio Grande do Sul, held on 8
April 2025. This visit aimed to promote interaction between international participants and
local students, as well as to provide an opportunity to visit some of the shallow coastal
lakes. The recommendations and research lines presented below were collaboratively
established during the manuscript preparation process and all authors contributed ideas
through a shared online document.
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These recommendations reflect both the scientific potential of the system and its
relevance for addressing broader global challenges, such as climate change, biodiversity
loss, water quality deterioration and land-use transformations.

Key Features of SA-CSSL and proposed research lines:

Extensive coastal belt: over 100 shallow coastal lakes, with a high number and
diversity of lakes (isolated vs. interconnected, small vs. large, freshwater vs.
intermittently brackish). This provides strong environmental gradients that enable
comparative, gradient and event-based studies of community assembly,
ecosystem functioning and resilience;

Wind-dominated hydrodynamics: wind plays a central role in generating
permanently mixed lakes that provide rare conditions for year-round analysis free
from the influence of stratification dynamics for research on nutrient resuspension
and ecosystem functioning, ideal for studying dispersal patterns and drift of
natural communities and health concerning entities, such as pathogenic bacteria
and antibiotic resistance genes. Moreover, due to this usually weak thermal
gradient, these lakes respond quickly to changes in atmospheric conditions that
may be driven by climate variability;

Transitional zones: interface of marine, freshwater and terrestrial ecosystems
enables studies of ecotones, salinity gradients and cross-ecosystem species
dispersal. The proximity of such a large freshwater system with a similar origin to
the ocean is a rare global setup. This brings the opportunity to study, for example,
adaptation, biome specialisation, invasive species boundaries and other
transitional features;

Anthropogenic pressure: landscapes range from residual patches of pristine
reserves to heavily impacted urban and agricultural zones, enabling gradient
studies on how land-use, eutrophication, resilience and mitigation strategies
influence ecological patterns and critical environmental processes. Several
decades of limnological, ecological and geomorphological research and existing
infrastructure for ongoing and future monitoring programmes establish the
baseline for the study of future impacts, granted by well-established local
expertise;

Climate-change studies: The SA-CSSL system is ideal to study and develop
models for the effects of rising temperatures and shifting ENSO on eutrophication
and algal blooms, as well as the impact of climate change on the structure and
functioning using a short-latitude range approach. For instance, connectivity
amongst lakes and between land and lakes increases after more frequent flood
events, providing an ideal condition for studies of before-and-after control impact
(BACI) with time replication. This is the case of the Patos Lagoon system, which
receives runoff from some of the largest watersheds in southern Brazil - a major
outlet for extreme precipitation events, that are becoming more frequent and
intense due to climate change. These systems can serve as natural laboratories
to investigate the cascading effects of extreme freshwater inflows and the fate of
terrestrial runoff under extreme weather or to investigate the effect on invasive
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species (e.g. the spread of invasive fish species, such as African tilapia (Tavares
etal. 2024));

. Environmental and public health monitoring: the high pollution levels observed in
many of the SA-CSSL sets an opportunity to identify microbial and molecular
biomarkers of environmental and public health relevance (e.g. antimicrobial
resistance genes, human pathogens, pollutants). These systems can serve as
critical models for understanding how aquatic ecosystems respond to challenges
posed by urbanisation, insufficient sanitation and climate-driven runoff events.
While such conditions may differ from those typically found in the Global North,
they provide complementary insights into pollution-related risks that are
increasingly relevant worldwide and can be integrated into a Planetary Health
framework;

. Fill the gaps: most limnological knowledge is based on temperate lakes from the
Northern Hemisphere. These systems offer a contrasting context that can help test
or challenge assumptions (e.g. on community diversity and assembly,
biogeochemical cycling) and will fill the global knowledge gaps that will allow a
broader generalisation of results;

. Transnational conservation and regulation framework: SA-CSSL shares lakes and
watersheds (e.g. Lake Mirim) across national borders offer case studies in
transboundary governance, conflict and cooperation.

The landscape of the SA-CSSL is undergoing rapid transformation (Fig. 1), driven by
diverse and often competing demands, including agriculture, fishing, aquaculture,
infrastructure expansion, water resource management, drinking water supply and
wastewater discharge. These pressures reflect the complex socio-environmental
challenges at the heart of global change and planetary health, where human activities
increasingly reshape ecosystems with direct implications for biodiversity, water quality
and public well-being. Consequently, a future monitoring programme of the SA-CSSL will
also be instrumental in its capability to provide information to science and the public,
internationally and regionally. We decided to exemplify future monitoring parameters by
using the planetary boundary system as it offers a structured and policy-relevant way to
organise key environmental pressures affecting SA-CSSL (Richardson et al. 2023).
Freshwater systems are amongst the most affected ecosystems when exceeding each
category of planetary boundaries. Therefore, we discussed the required indicators for
monitoring the planetary boundaries using the SA-CSSL as a global model site. We
compiled a table (Table 1) that summarises the indicators we can use to measure the
boundaries and identify the type of research that is still needed to establish and develop
sustainable monitoring for future monitoring programmes. Next to scientific methods and
standardisation needs, we identified that, if we would like to address and involve
stakeholders along the SA-CSSL gradient for accompanying the dynamic changes and
for conservation efforts, we will need to establish a sustainable communication platform,
for example, based on a GIS system that can intersect multiple datasets and illustrate
these for stakeholders (Uchaikina et al. 2025). Additionally, there is a great potential to
involve local inhabitants in environmental monitoring through citizen science, as applied
succesfully in other lakes to monitor cyanobacterial harmful algal blooms (Matthews et al.
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2021) and lake transparency across wide geographical ranges

Project.

Table 1.

Future Monitoring of global change factors.

Global change
factor

Changes in
ENSO

CO, emissions

Novel Entities

Biosphere
Integrity

Land System
Change

Freshwater
Change

Biogeochemical
Flows

Atmospheric
Aerosol Loading

Conclusions

Expected changes

Shifting precipitation patterns,
frequency of heavy storm
events

SA-CSSL as coastal carbon
sink system

Emerging contaminants
(pesticides, pharmaceuticals,
heavy metals, microplastics)

Invasive species (Ceratium,
piranhas, tilapias),
antimicrobial resistance

Wetland degradation,
increased urban and
agricultural pollution

Saltwater intrusion,
freshwater quality loss

Eutrophication, algal blooms,
cyanotoxins

Wind-driven aerosol loading of
lakes

Indicators

Catchment hydrological
models

Sedimentation, production and
respiration measurements

Chemical indicators (for
classes of chemicals),
microbiological indicators for
monitoring effects

Turnover of microbial
communities, eDNA
monitoring, antibiotic
resistance genes

Remote sensing, water
chemistry, urban markers

Water chemistry, microbial
markers, algal pigments, algal
bloom detection by remote
sensing

Water chemistry, microbial
markers, lake metabolism

eDNA analysis, particle
analysis

as in the Secchi Dip-In

Research needs

Resistance and resilience of
SA-CSSL ecosystems

Role of SA-CSSL as carbon
sink/source

Thresholds for minimal
selective concentrations;
multifactorial effects

Endemicity of SA-CSSL
microbes, degree of
functional redundancy and
vulnerability

Catchment models and
source tracking

Water usage and reuse
capacity; management by
restoration and
biomanipulation

Stability of trophic networks
in SA-CSSL

Rate of deposition,
monitoring of catchment
processes

In summary, the SA-CSSL comprises several comparable model lake systems along a
latitudinal gradient on the South American subtropical coast. The systems are directly
subjected to the effects of climate change caused by the predicted higher variability of
ENSO (Cai et al. 2021). Moreover, the SA-CSSL is a highly dynamic region with different
anthropogenic changes that enable investigation of global change effects other than
warming, i.e. change in land-use, increase in novel entities, eutrophication, loss of
biodiversity and change in water resources. Considering the geography, SA-CSSL is a
highly interesting site for research on investigating multiple factors linked to ecology and
anthropogenic activities on aquatic ecosystems, which are representative of a subtropical
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ecosystem in the Southern Hemisphere and may serve as a future sentinel system for a
changing world.

Acknowledgements

We acknowledge the Technical University of Munich (TUM) Global Incentive Fund for
supporting the International Workshop that enabled the collaboration underlying this
perspective paper. We thank the Instituto de Pesquisas Hidraulicas (IPH) / Universidade
Federal do Rio Grande do Sul (UFRGS), the Pontificia Universidade Catdélica do Rio
Grande do Sul (PUCRS) and the Instituto Nacional de Ciéncia e Tecnologia em Solugdes
baseadas na Natureza (INCT-SbN) and Fabielle Martins for providing the venue for the
international workshop and organisational support. We also thank the Centro de Estudos
Costeiros, Limnolégicos e Marinhos (CECLIMAR, UFRGS) for the access to their
facilities, enabling on-site presentations and laboratory visits.

Grant title

TUM Global Incentive Fund. CW and AU were funded by DFG WU 890/2-1.

This study was also subsidised by the following:

David da Motta Marques - a research fellow from CNPq (308329/2022-8 - PQ-1C );
Renata Medina-Silva - a research fellow from CNPq (309387/2022-1 - PQ-2);

Microbial biogeography in the rosary of lakes of the northern coast of Rio Grande do Sul
using metabarcoding. Funded by: FAPERGS (Research Foundation of the State of Rio
Grande do Sul), Brazil (EDITAL FAPERGS 14/2022 - AUXILIO RECEM-DOUTOR ou
RECEM-CONTRATADO — ARD/ARC, process number 73036.751.21765.07032023);

Cyanobacterial communities in coastal lagoons of Rio Grande do Sul with distinct trophic
states. Funded by FAPERGS (EDITAL FAPERGS 07/2021 - process number:
21/2551-0001973-5). Microbial communities and genes as indicators of environmental
impact in coastal lagoons of Rio Grande do Sul. Funded by FAPERGS (EDITAL
FAPERGS 07/2022 — process number 23/2551-0001917-5);

Comparative survey of microbial communities in coastal lagoons of Rio Grande do Sul on
a spatiotemporal scale, under the context of the climate crisis. Funded by FAPERGS
(EDITAL FAPERGS 06/2024 — process 24/2551-0002349-6).

Author contributions

**Christian Wurzbacher, Ng Haig They and Renata Medina-Silva share the last
authorship**



Coastal subtropical Southern American shallow lakes as unique ecosystems ... 17

Conceptualisation: MK, CW, NHT, RMS, DMM

Funding acquisition: CW, DMM, RMS, NHT

Writing - original draft: MK, CW, NHT, RMS, MMC, ROS, LGR, CA

Data curation: MK, NHT, RMS

Writing - review and editing: all co-authors

Conflicts of interest

The authors have declared that no competing interests exist.

References

Agencia Nacional de Aguas e Saneamento Basico (Ed.) (2025) As Enchentes no Rio
Grande do Sul - Ligdes, Desafios e Caminhos para um futuro resiliente. ANA. URL:
https://biblioteca.ana.gov.br/sophia_web/Acervo/Detalhe/107692?returnUrl=/sophia_web/
Home/Index&Qguid=1745452800751

Alonso C, Zeder M, Piccini C, Conde D, Pernthaler J (2009) Ecophysiological differences
of betaproteobacterial populations in two hydrochemically distinct compartments of a
subtropical lagoon. Environmental Microbiology 11 (4): 867-876. https://doi.org/10.1111/}.
1462-2920.2008.01807.x

Asmus ML (1998) A planicie costeira e a Lagoa dos Patos Os ecossistemas costeiro e
marinho do extremo sul do Brasil. Rio Grande, RS, p 9 (The coastal plain and the Patos
Lagoon. In: Seeliger U, Odebrecht C, Castello JP (Eds) The marine and coastal
ecosystems of southern Brazil. Ecoscientia

Asmus ML, Nicolodi J, Anello LS, Gianuca K (2019) The risk to lose ecosystem services
due to climate change: A South American case. Ecological Engineering 130: 233-241.
https://doi.org/10.1016/j.ecoleng.2017.12.030

Barboza EG, Dillenburg SR, Rosa MLCDC, Caron F,LRP, Watanabe DSZ, Tomazelli LJ
(2021) Sistemas deposicionais e evolugéo geoldgica da planicie costeira entre La
Coronilla e Cabo de Santa Marta (Bacia de Pelotas): uma revisdo. In: Compasso Lugar-
Cultura (Ed.) Contribui¢bes a Geologia do Rio Grande do Sul e de Santa Catarina. Porto
Alegre.

Bracco R, Inda H, Del Puerto L, Castifieira CC, Sprechmann P, Garcia-Rodriguez F
(2005) Relationships between Holocene sea-level variations, trophic development, and
climatic change in Negra Lagoon, Southern Uruguay. Journal of Paleolimnology 34 (2):
237-257. https://doi.org/10.1007/s10933-005-1904-7

Bueno C, Alves FL, Pinheiro LM, Perez L, Agostini VO, Fernandes EH, Mdller OO,
Weschenfelder J, Pinho GL, Wallner-Kersanach M, Moura RR, Duran JM, Etchevers |,
Costa LD, Werlang CC, Bortolin E, Machado E, Figueira RC, Ferreira PA, Andrade C,
Fornaro L, Garcia-Rodriguez F (2021) The effect of agricultural intensification and water-
locking on the world's largest coastal lagoonal system. Science of The Total Environment
801 https://doi.org/10.1016/j.scitotenv.2021.149664



https://biblioteca.ana.gov.br/sophia_web/Acervo/Detalhe/107692?returnUrl=/sophia_web/Home/Index&guid=1745452800751
https://biblioteca.ana.gov.br/sophia_web/Acervo/Detalhe/107692?returnUrl=/sophia_web/Home/Index&guid=1745452800751
https://doi.org/10.1111/j.1462-2920.2008.01807.x
https://doi.org/10.1111/j.1462-2920.2008.01807.x
https://doi.org/10.1016/j.ecoleng.2017.12.030
https://doi.org/10.1007/s10933-005-1904-7
https://doi.org/10.1016/j.scitotenv.2021.149664

18

Kluge M et al

Bueno C, Sanders CJ, Favaro DI, Guerrero S, Niencheski FH, Andrade C, Burnett W,
Santos IR (2025) Accumulation patterns of rare earths and other elements in coastal lake
sediments under different land uses. Journal of South American Earth Sciences 161
https://doi.org/10.1016/j.jsames.2025.105576

Caballero CB, Guedes HA, Fraga RS, Mendes KG, Fonseca EH (2022) Predictive model
for monitoring water turbidity in a subtropical lagoon using Sentinel-2A/B MSI| images.
Revista Brasileira de Recursos Hidricos 28 https://doi.org/
10.1590/2318-0331.282320220097

Cabezudo MM, Tavares MH, They NH, da Motta Marques D (2025) Assessment of
spectral indices and water color combinations for detecting algal blooms in coastal
subtropical shallow lakes. Remote Sensing Applications: Society and Environment 39
https://doi.org/10.1016/j.rsase.2025.101678

Cai W, Santoso A, Collins M, Dewitte B, Karamperidou C, Kug J-, Lengaigne M,
McPhaden MJ, Stuecker MF, Taschetto AS, Timmermann A, Wu L, Yeh S-, Wang G, Ng
B, JiaF, YangY, Ying J, Zheng X-, Bayr T, Brown JR, Capotondi A, Cobb KM, Gan B,
Geng T, Ham Y-, Jin F-, Jo H-, Li X, Lin X, McGregor S, Park J-, Stein K, Yang K, Zhang
L, Zhong W (2021) Changing El Nifio-Southern Oscillation in a warming climate. Nature
Reviews Earth & Environment 2 (9): 628-644. https://doi.org/10.1038/s43017-021-00199-z
Carreira LG, Weschenfelder J, Inda H, Barboza-Pinzon EG, Puerto L, Burone L, Bicego
MC, Martins CC, Garcia-Rodriguez F (2025) Geomorphological evolution of a lagoon-
barrier system during the Late Quaternary on the eastern coast of Uruguay: A regional
comparison with southern Brazil. Journal of South American Earth Sciences 163 https:/
doi.org/10.1016/j.jsames.2025.105604

Castro D, Mello RSP (2013) Atlas Ambiental da Bacia Hidrografica do Rio Tramandai.
Porto Alegre, RS: ANAMA. hitps://www.anama.org.br/pesquisas/Livros/
Atlas_Tramandai_2013_web 2014.pdf

Castro D, Rocha CM (2016) Qualidade das Aguas da Bacia Hidrografica do Rio
Tramandai. Porto Alegre, RS: ANAMA / Projeto Taramandahy. https://www.anama.org.br/
pesquisas/Livros/Livro_Qualidade-das-Aguas-Rio-Tramandai.pdf

Ciotti AM, Odebrecht C, Fillmann G, Mdller OO (1995) Freshwater outflow and
subtropical convergence influence on phytoplankton biomass on the southern Brazilian
continental shelf. Continental Shelf Research 15 (14): 1737-1756. https://doi.org/
10.1016/0278-4343(94)00091-Z

Clarke B, Barnes C, Rodrigues R, Zachariah M, Alves LM, Haarsma R, Pinto |, Yang W,
Vahlberg M, Vecchi G, Izquierdo K, Kimutai J, Philip S, Kew S, Biehl J, Mugge M, Otto
FL (2026) Climate change and EI Nifio behind extreme precipitation leading to major
floods in southern Brazil in 2024. npj Natural Hazards 3 (1). https://doi.org/10.1038/
$44304-025-00162-8

Conde D, Aubriot L, Sommaruga R (2000) Changes in UV penetration associated with
marine intrusions and freshwater discharge in a shallow coastal lagoon of the Southern
Atlantic Ocean. Marine Ecology Progress Series 207: 19-31. https://doi.org/10.3354/
meps207019

Conde D, Chreties C (2014) Propuesta de protocolo a la CAE (Comision Asesora
Especifica) del Paisaje Protegido Laguna de Rocha. In: Universidad de la Republica de
Uruguay (Ed.) Protocolo de apertura artificial de la barra de la Laguna de Rocha. https://
doi.org/10.13140/RG.2.2.35675.77600



https://doi.org/10.1016/j.jsames.2025.105576
https://doi.org/10.1590/2318-0331.282320220097
https://doi.org/10.1590/2318-0331.282320220097
https://doi.org/10.1016/j.rsase.2025.101678
https://doi.org/10.1038/s43017-021-00199-z
https://doi.org/10.1016/j.jsames.2025.105604
https://doi.org/10.1016/j.jsames.2025.105604
https://www.anama.org.br/pesquisas/Livros/Atlas_Tramandai_2013_web_2014.pdf
https://www.anama.org.br/pesquisas/Livros/Atlas_Tramandai_2013_web_2014.pdf
https://www.anama.org.br/pesquisas/Livros/Livro_Qualidade-das-Aguas-Rio-Tramandai.pdf
https://www.anama.org.br/pesquisas/Livros/Livro_Qualidade-das-Aguas-Rio-Tramandai.pdf
https://doi.org/10.1016/0278-4343(94)00091-Z
https://doi.org/10.1016/0278-4343(94)00091-Z
https://doi.org/10.1038/s44304-025-00162-8
https://doi.org/10.1038/s44304-025-00162-8
https://doi.org/10.3354/meps207019
https://doi.org/10.3354/meps207019
https://doi.org/10.13140/RG.2.2.35675.77600
https://doi.org/10.13140/RG.2.2.35675.77600

Coastal subtropical Southern American shallow lakes as unique ecosystems ... 19

Conde D, Solari S, Alava D, Rodriguez-Gallego L, Verrastro N, Chreties C, Lagos X,
Pifieiro G, Teixeira L, Seijo L, Vitancurt J, Caymaris H, Panario D (2019) Ecological and
social basis for the development of a sand barrier breaching model in Laguna de Rocha,
Uruguay. Estuarine, Coastal and Shelf Science 219: 300-316. https://doi.org/10.1016/
j.ecss.2019.02.003

Contreras Rojas PA, Lobo FdL, Moses W, Collares GL, de Carvalho LS (2025) Dynamics
of Water Quality in the Mirim—Patos—Mangueira Coastal Lagoon System with Sentinel-3
OLCI Data. Geomatics 5 (3). https://doi.org/10.3390/geomatics 5030036

Coradi PC, Ramirez OP, Fia R, Matos AT (2009) Qualidade da agua superficial da bacia
hidrografica da Lagoa Mirim. Revista de Ciéncias Ambientais 3 (1): 53-64.

Corréa LS, Silva TF, Horner AC, Oliveira PL, Souza JM (2021) Microplasticos nas aguas
do estuario Tramandai-Armazém, Litoral Norte do Rio Grande do Sul, Brasil, e relagédo
com a qualidade da 4gua. Revista de Gestdo de Agua da América Latina 18: 10. https:/
doi.org/10.21168/rega.v18e10

Crisci C, Terra R, Pacheco JP, Ghattas B, Bidegain M, Goyenola G, Lagomarsino JJ,
Méndez G, Mazzeo N (2017) Multi-model approach to predict phytoplankton biomass and
composition dynamics in a eutrophic shallow lake governed by extreme meteorological
events. Ecological Modelling 360: 80-93. https://doi.org/10.1016/j.ecolmodel.2017.06.017
Crossetti LO, Schneck F, Freitas-Teixeira LM, Motta-Marques Dd (2014) The influence of
environmental variables on spatial and temporal phytoplankton dissimilarity in a large
shallow subtropical lake (Lake Mangueira, southern Brazil). Acta Limnologica
Brasiliensia 26 (2): 111-118. https://doi.org/10.1590/s2179-975x2014000200002

Cruz Weiss CV, Hasenack H, Becker FG, Lima LT, Terceiro AM (2013) Ferramentas de
geoprocessamento aplicadas na andlise temporal das conectividades entre lagoas do
litoral norte do Rio Grande do Sul, Brasil. Anais XVI — SBSR5523-5529.

Dang TD, Arias ME, Tarabih O, Phlips EJ, Ergas SJ, Rains MC, Zhang Q (2023)
Modeling temporal and spatial variations of biogeochemical processes in a large
subtropical lake: Assessing alternative solutions to algal blooms in Lake Okeechobee,
Florida. Journal of Hydrology: Regional Studies 47 https://doi.org/10.1016/j.ejrh.
2023.101441

de Oliveira Andrades-Filho C, Mexias LFS, Quevedo RP, Herrmann PB, de Oliveira GG,
Cremon EH, da Cargnin BR, Reis MdS, Novakoski KR, dos Santos DC, Sluter CR,
lescheck AL, Guasselli LA, Junior MR, Gruber NLS, Philipp RP, Michelin CRL, Viero AP,
Gonzatti C, Rosa MLCdC, Barboza-Pinzon E, Schumacher RG, Cardenas SMM, Soares
VM, Nufez WP, Mendonga RR, Righi da Silva MO, da Silva MC, Bressani LA, Peres
LDdS, Mevel LB, Dorneles JI, Cacciatore JA, Jacques FdM, Duarte LdC, Diniz FdC,
Petry L, Schwarzer G, Carneiro M, Giaccom B (2025) The biggest landslide event in
Brazil: preliminary analysis of the Rio Grande do Sul mega disaster in May 2024.
Landslides 22 (11): 3615-3624. https://doi.org/10.1007/s10346-025-02587-8

Ellwanger JH, Ziliotto M, Kulmann-Leal B, Chies JA (2025) Environmental Challenges in
Southern Brazil: Impacts of Pollution and Extreme Weather Events on Biodiversity and
Human Health. International Journal of Environmental Research and Public Health 22 (2).
https://doi.org/10.3390/ijerph22020305

Fernandes EH, Dyer KR, Niencheski LF (2001) Calibration and validation of the
TELEMAC-2D model to the Patos Lagoon (Brazil. Journal of Coastal Research470-488.
Finkler Ferreira T, Crossetti L, Motta Marques DL, Cardoso L, Fragoso CR, van Nes E
(2018) The structuring role of submerged macrophytes in a large subtropical shallow



https://doi.org/10.1016/j.ecss.2019.02.003
https://doi.org/10.1016/j.ecss.2019.02.003
https://doi.org/10.3390/geomatics5030036
https://doi.org/10.21168/rega.v18e10
https://doi.org/10.21168/rega.v18e10
https://doi.org/10.1016/j.ecolmodel.2017.06.017
https://doi.org/10.1590/s2179-975x2014000200002
https://doi.org/10.1016/j.ejrh.2023.101441
https://doi.org/10.1016/j.ejrh.2023.101441
https://doi.org/10.1007/s10346-025-02587-8
https://doi.org/10.3390/ijerph22020305

20

Kluge M et al

lake: Clear effects on water chemistry and phytoplankton structure community along a
vegetated-pelagic gradient. Limnologica 69: 142-154. https://doi.org/10.1016/j.limno.
2017.12.003

Fragoso C, Marques DLM, Collischonn W, Tucci CM, van Nes E (2008) Modelling spatial
heterogeneity of phytoplankton in Lake Mangueira, a large shallow subtropical lake in
South Brazil. Ecological Modelling 219: 125-137. https://doi.org/10.1016/j.ecolmodel.
2008.08.004

Fujita CC, Odebrecht C (2007) Short term variability of chlorophyll a and phytoplankton
composition in a shallow area of the Patos Lagoon estuary (Southern Brazil). Atlantica
(Rio Grande) 29 (2): 93-106.

Garcia-Rodriguez F, Del Puerto L, Casti C, Inda H, Bracco R, Sprechmann P, Scharf BW
(2001) Preliminary paleolimnological study of Rocha Lagoon. SE Uruguay. Limnologica
31 (3): 207-214. https://doi.org/10.1016/S0075

Garcia-Rodriguez F, Sprechmann P, Metzeltin D, Scafati L, Melendi DL, Volkheimer W,
Mazzeo N, Hiller A, Timpling W, Scasso F (2004) Holocene trophic state changes in
relation to sea level variation in Lake Blanca. SE Uruguay. Journal of Paleolimnology 31:
99-115. https://doi.org/10.1023/B:JOPL.0000013281.31891.8e

Gonzalez-Madina L, Levrini P, Tezanos Pinto P, Burwood M, Crisci C, Cardozo A,
Lagomarsino JJ, Pacheco JP, Fosalba C, Méndez G, Garrido L, Mazzeo N (2022) Blooms
of toxic Raphidiopsis raciborskii in Laguna del Sauce (Uruguay): environmental drivers
and impacts. Hydrobiologia 849: 4041-4058. https://doi.org/10.1007/s10750-021-04783-8
Griffero L, Alcantara-Duran J, Alonso C, Rodriguez-Gallego L, Moreno-Gonzalez D,
Garcia-Reyes JF, Molina-Diaz A, Pérez-Parada A (2019) Basin-scale monitoring and risk
assessment of emerging contaminants in South American Atlantic coastal lagoons.
Science of The Total Environment 697 https://doi.org/10.1016/j.scitotenv.2019.134058
Griffero L, Pereira-Flores E, Lescano C, Rodriguez-Gallego L, Pérez-Parada A, Alonso C
(2024) Microbial communities indicate fine differences in pollution levels by emerging
contaminants. Ecological Indicators 169 https://doi.org/10.1016/j.ecolind.2024.112875
Guimaraes TF, Hartz SM, Becker FG (2014) Lake connectivity and fish species richness
in southern Brazilian coastal lakes. Hydrobiologia 740: 207-217. https://doi.org/10.1007/
s10750-014-1954-x

Hu Z, Xiao Q, Yang J, Xiao W, Wang W, Liu S, Lee X (2015) Temporal dynamics and
drivers of ecosystem metabolism in a large subtropical shallow lake (Lake Taihu.
International Journal of Environmental Research and Public Health 12 (4): 3691-3706.
https://doi.org/10.3390/ijerph120403691

Inda H, Garcia-Rodriguez F, Puerto L, Stutz S, Lopes Figueira RC, Lima Ferreira PA,
Mazzeo N (2016) Discriminating between natural and human-induced shifts in a shallow
coastal lagoon: A multidisciplinary approach. Anthropocene 16: 1-15. https://doi.org/
10.1016/j.ancene.2016.09.003

Instituto Socioambiental (2025) Parque Nacional da Lagoa do Peixe. https://
uc.socioambiental.org/arp/1106

Keneally C, Gaget V, Chilton D, Dornan T, Hensel J, Keneally A, Kidd S, Brookes J
(2026) Extreme Salinity Change Governs Microbial Community Assembly and
Interactions. Environmental Microbiology Reports 18 (1). https://doi.org/
10.1111/1758-2229.70301

Kjerfve B (1986) Estuarine Variability. In: Academic Press (Ed.) Comparative
oceanography of coastal lagoons.



https://doi.org/10.1016/j.limno.2017.12.003
https://doi.org/10.1016/j.limno.2017.12.003
https://doi.org/10.1016/j.ecolmodel.2008.08.004
https://doi.org/10.1016/j.ecolmodel.2008.08.004
https://doi.org/10.1016/S0075
https://doi.org/10.1023/B:JOPL.0000013281.31891.8e
https://doi.org/10.1007/s10750-021-04783-8
https://doi.org/10.1016/j.scitotenv.2019.134058
https://doi.org/10.1016/j.ecolind.2024.112875
https://doi.org/10.1007/s10750-014-1954-x
https://doi.org/10.1007/s10750-014-1954-x
https://doi.org/10.3390/ijerph120403691
https://doi.org/10.1016/j.ancene.2016.09.003
https://doi.org/10.1016/j.ancene.2016.09.003
https://uc.socioambiental.org/arp/1106
https://uc.socioambiental.org/arp/1106
https://doi.org/10.1111/1758-2229.70301
https://doi.org/10.1111/1758-2229.70301

Coastal subtropical Southern American shallow lakes as unique ecosystems ... 21

Kruk C, Rodriguez-Gallego L, Meerhoff M, Quintans F, Lacerot G, Mazzeo N, Scasso F,
Paggi JC, Peeters ET, Marten S (2009) Determinants of biodiversity in subtropical
shallow lakes (Atlantic coast, Uruguay. Freshwater Biology 54 (12): 2628-2641. https://
doi.org/10.1111/].1365-2427.2009.02274.x

Lanzer R (2005) Lagoas costeiras: patriménio ambiental do Rio Grande do Sul. Cadernos
do LEPAARQ (UFPEL)

Lanzer RM, Ramos BVC, Marchett CA (2013) Impactos ambientais do turismo em lagoas
costeiras do Rio Grande do Sul. Caderno Virtual de Turismo 13 (1). URL: https://
www.ivt.coppe.ufrj.br/caderno/article/view/747

Leite B, Barbosa H, Osério PM, Niencheski LF, Abreu PC (2019) Antibiotic resistance in
surface waters from a coastal lagoon of Southern Brazil under the impact of
anthropogenic activities. Revista Ambiente & Agua 14 (5). https://doi.org/10.4136/ambi-
aqua.2379

Lemos V, Lanari M, Copertino M, Secchi E, de Abreu PV, Muelbert J, Garcia A, Dumont F,
Muxagata E, Vieira J, Colling A, Odebrecht C (2022) Patos Lagoon estuary and adjacent
marine coastal biodiversity long-term data. Earth System Science Data 14 (3):
1015-1041. https://doi.org/10.5194/essd-14-1015-2022

Lima MS, da Motta Marques D, They NH, McMahon K, Rodrigues LR, Cardoso LdS,
Crossetti LO (2016) Contrasting factors drive within-lake bacterial community
composition and functional traits in a large shallow subtropical lake. Hydrobiologia 778
(1): 105-120. https://doi.org/10.1007/s10750-015-2610-9

Lima MS, Schneck F, Haig They N, Oliveira Crossetti L, Bohnenberger JE, McMahon K,
da Motta Marques D (2020) Turnover is replaced by nestedness with increasing
geographical distance in bacterial communities of coastal shallow lakes. Marine and
Freshwater Research 71 (9): 1086-1098. https://doi.org/10.1071/mf19110

Marques DM (2013) PELD - CNPq : dez anos do Programa de Pesquisas Ecoldgicas de
Longa Duragéo do Brasil : achados, ligdes e perspectivas. Cap. 9, p. 200-224 - O sistema
hidrolégico do Taim. https:/lume.ufrgs.br/bitstream/handle/10183/104902/000932842.pdf?
sequence=1

Martinbiancho GK, Medeiros MS, Fleischmann AS, Dornelles F, Fan FM, Paiva RC,
Collischonn W (2018) Aplicagao preliminar do modelo hidrolégico MGB-IPH para andlise
do evento extremo de cheia em 1941 no estado do Rio Grande do Sul. In: ABRHidro (Ed.)
Anais do 1° Encontro Nacional de Desastres. Porto Alegre.

Martins CD, Fillmann G, Montone RC (2007) Natural and anthropogenic sterols inputs in
surface sediments of Patos Lagoon, Brazil. Journal of the Brazilian Chemical Society 18
(1): 106-115. https://doi.org/10.1590/S0103-50532007000100012

Matos EA, Gruber NL (2009) Os Efeitos da Atividade Turistica no Litoral Norte do Rio
Grande do Sul. Para Onde!? 3 (2). https://doi.org/10.22456/1982-0003.22102

Matthews DA, Matt M, Mueller N, June S (2021) Citizen science advances the
understanding of cyanoHABs in New York State Lakes. Lakeline 41 (2): 34-38.

Mazzeo N, Rodriguez-Gallego L, Kruk C (2003) Effects of Egeria densa Planch. beds on
a shallow lake without piscivorous fish. Hydrobiologia 506: 591-602. https://doi.org/
10.1023/B:HYDR.0000008571.40893.77

Menegotto-Silva C (2025) Avaliag&o de biofilmes formados em microplasticos por
microrganismos de lagoas costeiras subtropicais. In: Pontificia Universidade Catdlica do
Rio Grande do Sul (Ed.) Masters's degree dissertation. Porto Alegre.



https://doi.org/10.1111/j.1365-2427.2009.02274.x
https://doi.org/10.1111/j.1365-2427.2009.02274.x
https://www.ivt.coppe.ufrj.br/caderno/article/view/747
https://www.ivt.coppe.ufrj.br/caderno/article/view/747
https://doi.org/10.4136/ambi-agua.2379
https://doi.org/10.4136/ambi-agua.2379
https://doi.org/10.5194/essd-14-1015-2022
https://doi.org/10.1007/s10750-015-2610-9
https://doi.org/10.1071/mf19110
https://lume.ufrgs.br/bitstream/handle/10183/104902/000932842.pdf?sequence=1
https://lume.ufrgs.br/bitstream/handle/10183/104902/000932842.pdf?sequence=1
https://doi.org/10.1590/S0103-50532007000100012
https://doi.org/10.22456/1982-0003.22102
https://doi.org/10.1023/B:HYDR.0000008571.40893.77
https://doi.org/10.1023/B:HYDR.0000008571.40893.77

22

Kluge M et al

Ministério da Integragéao e do Desenvolvimento Regional (2024) Acordo entre Brasil e
Uruguai incentiva gestao integrada de recursos hidricos. https://www.gov.br/mdr/pt-br/
noticias/acordo-entre-brasil-e-uruguai-incentiva-gestao-integrada-de-recursos-hidricos
Ministério do Desenvolvimento Regional - Brasil (2024) Sistema Nacional de
Informagdes sobre Saneamento (SNIS). https://www.qgov.br/cidades/pt-br/acesso-a-
informacao/acoes-e-programas/saneamento/snis

Munar AM, Cavalcanti JR, Bravo JM, Motta-Marques D, Fragoso Jr. CR (2018) Can
chlorophyll-a in meso-oligotrophic shallow waters be estimated using statistical
approaches and empirical models from MODIS imagery? Brazilian Journal of Water
Resources 1: 1-15. https://doi.org/10.1590/2318-0331.011818001

Munar AM, Cavalcanti JR, Bravo JM, Motta-Marques D, Fragoso CR (2019) Assessing
the large-scale variation of heat budget in poorly gauged watershed-shallow lake system
using a novel integrated modeling approach. Journal of Hydrology 575: 244-256. https://
doi.org/10.1016/j.jhydrol.2019.05.011

Nagy G, Gémez-Erache M, Lépez C, Perdomo A (2002) Distribution patterns of nutrients
and symptoms of eutrophication in the Rio de la Plata River Estuary System.
Hydrobiologia 475: 125-139. https://doi.org/10.1023/A:102030090

Niencheski LF, Windom HL (1994) Nutrient flux and budget in Patos Lagoon estuary. The
Science of Total Environment 149: 53-60. https://doi.org/10.1016/0048-9697(94)90060-9
Oliveira H, Fernandes E, Mdller Jr. O, Garcia-Rodriguez F (2019) Relationships between
wind effect, hydrodynamics and water level in the world’s largest coastal lagoonal
system. Water 11 (11): 2209. https://doi.org/10.3390/w11112209

Oliveira HA, Fernandes EH, Mdller Junior OO, Collares GL (2015) Processos
hidrolégicos e hidrodindmicos da Lagoa Mirim. Revista Brasileira de Recursos Hidricos
20 (1): 34-45.

Pagani DM, Heidrich D, Tormente F, Milani G, Jank L, They NH, Valente P, Scroferneker
ML (2022) High MICs for antifungal agents in yeasts from an anthropized lagoon in South
America. Microbiological Research 262 https://doi.org/10.1016/j.micres.2022.127083
Pagani DM, Ventura SP, Vu D, Mendes-Pereira T, Ribeiro Tomé LM, Carvalho DS, Costa-
Rezende DH, Kato RB, Garcia GJ, Geml J, Vincent R, They NH, Brenig B, Azevedo V,
Scroferneker ML, Valente P, Gées-Neto A (2023) Unveiling fungal community structure
along different levels of anthropic disturbance in a South American subtropical lagoon.
Journal of Fungi 9 (9): 890. https://doi.org/10.3390/jof9090890

Pillar V, Overbeck G (2024) Learning from a climate disaster: The catastrophic floods in
southern Brazil. Science 385 (6713). https://doi.org/10.1126/science.adr8356

Quintana IA (2024) Isolamento e caracterizacdo de bactérias resistentes a antibiéticos de
lagoas costeiras do Rio Grande do Sul. In: Pontificia Universidade Catélica do Rio
Grande do Sul (Ed.) Master's degree dissertation. Porto Alegre.

Ramsar Sites Information Service (1993) Parque Nacional da Lagoa do Peixe (RIS 603)
. https://rsis.ramsar.org/ris/603

Ramsar Sites Information Service (2015) Laguna de Rocha. https://rsis.ramsar.org/ris/
2236

Ramsar Sites Information Service (2017) Estag&do Ecolégica do Taim — RIS 2298. https://
rsis.ramsar.org/ris/2298

Ramsar Sites Information Services (2001) Bafiados del Este y Franja Costera. https://
rsis.ramsar.org/es/ris/290



https://www.gov.br/mdr/pt-br/noticias/acordo-entre-brasil-e-uruguai-incentiva-gestao-integrada-de-recursos-hidricos
https://www.gov.br/mdr/pt-br/noticias/acordo-entre-brasil-e-uruguai-incentiva-gestao-integrada-de-recursos-hidricos
https://www.gov.br/cidades/pt-br/acesso-a-informacao/acoes-e-programas/saneamento/snis
https://www.gov.br/cidades/pt-br/acesso-a-informacao/acoes-e-programas/saneamento/snis
https://doi.org/10.1590/2318-0331.011818001
https://doi.org/10.1016/j.jhydrol.2019.05.011
https://doi.org/10.1016/j.jhydrol.2019.05.011
https://doi.org/10.1023/A:102030090
https://doi.org/10.1016/0048-9697(94)90060-9
https://doi.org/10.3390/w11112209
https://doi.org/10.1016/j.micres.2022.127083
https://doi.org/10.3390/jof9090890
https://doi.org/10.1126/science.adr8356
https://rsis.ramsar.org/ris/603
https://rsis.ramsar.org/ris/2236
https://rsis.ramsar.org/ris/2236
https://rsis.ramsar.org/ris/2298
https://rsis.ramsar.org/ris/2298
https://rsis.ramsar.org/es/ris/290
https://rsis.ramsar.org/es/ris/290

Coastal subtropical Southern American shallow lakes as unique ecosystems ... 23

Raymond PA, Hartmann J, Lauerwald R, Sobek S, McDonald C, Hoover M, Butman D,
Striegl R, Mayorga E, Humborg C, Kortelainen P, Dirr H, Meybeck M, Ciais P, Guth P
(2013) Global carbon dioxide emissions from inland waters. Nature 503 (7476): 355-359.
https://doi.org/10.1038/nature 12760

Ribeiro K, They N, Lima M, Mann M, Frazzon A, Frazzon J, Duarte L, Crossetti L (2024)
Species sorting as the major driver of turnover for both planktonic and periphytic bacteria
and the subgroup cyanobacteria in a subtropical lake system. Aquatic Microbial Ecology
90: 61-77. https://doi.org/10.3354/ame02008

Richardson K, Steffen W, Lucht W, Bendtsen J, Cornell SE, Donges JF, Drike M, Fetzer
I, Bala G, Bloh W, Feulner G, Fiedler S, Gerten D, Gleeson T, Hofmann M, Huiskamp W,
Kummu M, Mohan C, Nogués-Bravo D, Petri S, Porkka M, Rahmstorf S, Schaphoff S,
Thonicke K, Tobian A, Virkki V, Wang-Erlandsson L, Weber L, Rockstrom J (2023) Earth
beyond six of nine planetary boundaries. Science Advances 9 (37). https://doi.org/
10.1126/sciadv.adh2458

Rocha CM (2020) Avaliagao de metais pesados em sedimento lagunar na bacia
hidrografica do Rio Tramandai: relatério de dados brutos - periodo 2011-2012. In:
Universidade Federal do Rio Grande do Sul - Campus Litoral (Ed.) Relatérios Técnicos e
de Pesquisa.

Rodrigues LH, Marques DdM, Fontoura NF (2015) Fish community in a large coastal
subtropical lake: how an environmental gradient may affect the structure of trophic guilds.
Limnetica 34 (2): 495-506. https://doi.org/10.23818/limn.34.37

Rodriguez-Gallego L, Meerhoff E, Clemente JM, Conde D (2010) Can ephemeral
proliferations of submerged macrophytes influence zoobenthos and water quality in
coastal lagoons? Hydrobiologia 646: 253-269. https://doi.org/10.1007/s10750-010-0185-z
Rodriguez-Gallego L, Achkar M, Defeo O, Vidal L, Meerhoff E, Conde D (2017) Effects of
land use changes on eutrophication indicators in five coastal lagoons of the Southwestern
Atlantic Ocean. Estuarine, Coastal and Shelf Science 188: 116-126. https://doi.org/
10.1016/j.ecss.2017.02.010

Schéfer A (2013) Atlas Socioambiental dos Municipios de Cideira, Balneario Pinhal e
Palmares do Sul — Projeto Lagoas Costeiras Il. Caxias do Sul, RS: EDUCS. https://
ucs.br/educs/livro/atlas-socioambiental-dos-municipios-de-cideira-balneario-pinhal-e-
palmares-do-sul-projeto-lagoas-costeiras-ii/

Schafer A, Scur L, Lanzer R (2017) Atlas Socioambiental do Municipio de Osoério. Caxias
do Sul, RS: EDUCS. https://ucs.br/educs/livro/atlas-socioambiental-do-municipio-de-
osorio/

Schafer AE, Marchett CA, Schuh SM, Ahlert S, Lanzer RM (2014) Morphological
characterization of eighteen lakes of the north and middle coast of Rio Grande do Sul,
Brazil. Acta Limnologica Brasiliensia 26: 199-214. https://doi.org/10.1590/
S2179-975X2014000300003

Secretaria de Assuntos Estratégicos da Presidéncia da Republica (2015) BRASIL 2040:
cenarios e alternativas de adaptagdo a mudanga do clima — Resumo Executivo. Brasilia:
SAE-PR. https://www.agroicone.com.br/$res/arquivos/pdf/160727143013 BRASIL-2040-
Resumo-Executivo.pdf

Secretaria de Planejamento, Governanga e Gestao (2024) Atlas Socioeconémico do Rio
Grande do Sul (8% ed.). Porto Alegre, RS: SPGG. ISBN 978-65-01-24580-5. https://
atlassocioeconomico.rs.gov.br



https://doi.org/10.1038/nature12760
https://doi.org/10.3354/ame02008
https://doi.org/10.1126/sciadv.adh2458
https://doi.org/10.1126/sciadv.adh2458
https://doi.org/10.23818/limn.34.37
https://doi.org/10.1007/s10750-010-0185-z
https://doi.org/10.1016/j.ecss.2017.02.010
https://doi.org/10.1016/j.ecss.2017.02.010
https://ucs.br/educs/livro/atlas-socioambiental-dos-municipios-de-cideira-balneario-pinhal-e-palmares-do-sul-projeto-lagoas-costeiras-ii/
https://ucs.br/educs/livro/atlas-socioambiental-dos-municipios-de-cideira-balneario-pinhal-e-palmares-do-sul-projeto-lagoas-costeiras-ii/
https://ucs.br/educs/livro/atlas-socioambiental-dos-municipios-de-cideira-balneario-pinhal-e-palmares-do-sul-projeto-lagoas-costeiras-ii/
https://ucs.br/educs/livro/atlas-socioambiental-do-municipio-de-osorio/
https://ucs.br/educs/livro/atlas-socioambiental-do-municipio-de-osorio/
https://doi.org/10.1590/S2179-975X2014000300003
https://doi.org/10.1590/S2179-975X2014000300003
https://www.agroicone.com.br/%24res/arquivos/pdf/160727143013_BRASIL-2040-Resumo-Executivo.pdf
https://www.agroicone.com.br/%24res/arquivos/pdf/160727143013_BRASIL-2040-Resumo-Executivo.pdf
https://atlassocioeconomico.rs.gov.br
https://atlassocioeconomico.rs.gov.br

24

Kluge M et al

Seeliger U (2001) The Patos Lagoon Estuary, Brazil. In: Seeliger U, Kjerfve B (Eds)
Coastal Marine Ecosystems of Latin America. Ecological Studies. 144. Springer https://
doi.org/10.1007/978-3-662-04482-7 13

SEMA RS (2021a) LO10 — Bacia Hidrografica do Rio Tramandai. https:/
www.sema.rs.gov.br/1010-bh-tramandai

SEMARS (2021b) Calculo da populagao das bacias hidrograficas no Estado do Rio
Grande do Sul —2021. Nota Técnica DIPLA 2022-001. Secretaria do Meio Ambiente e
Infraestrutura, Governo do Estado do Rio Grande do Sul. https://sema.rs.gov.br/upload/
arquivos/202201/14105114-nt-dipla-2022-001-populacoes-bacias-2021.pdf

SEMA RS (2025) L040 — Bacia Hidrografica da Lagoa Mirim e do Canal S&o Gongalo.
https://sema.rs.gov.br/[040-bh-mirim

Silva TS, Tagliani PR (2012) Environmental planning in the medium littoral of the Rio
Grande do Sul coastal plain - southern Brazil: Elements for coastal management. Ocean
& Coastal Management 59: 20-30. https://doi.org/10.1016/j.ocecoaman.2011.12.015
Simoes-Sousa |, Camargo CL, Tavora J, Piffer-Braga A, Farrar JT, Pavelsky T (2025)
The May 2024 Flood Disaster in Southern Brazil: Causes, Impacts, and SWOT-Based
Volume Estimation. Geophysical Research Letters 52 (4). https://doi.org/
10.1029/202491112442

Souza GK, Ahn CM, Niencheski LF, Andrade CF (2021) Effects of coastal lagoon water
level on groundwater fluxes of nutrients to the coastal zone of southern Brazil. Journal of
Marine Systems 213 https://doi.org/10.1016/j.jmarsys.2020.103459

Souza MS, Muelbert JH, Costa LD, Klering EV, Yunes JS (2018) Environmental
variability and cyanobacterial blooms in a subtropical coastal lagoon: searching for a sign
of climate change effects. Frontiers in Microbiology 9: 1727. https://doi.org/10.3389/fmicb.
2018.01727

Tavares MH, Cunha A, Motta-Marques D, Ruhoff A, Cavalcanti J, Fragoso CR, Martin-
Bravo J, Munar AM, Fan FM, Rodrigues L (2019) Comparison of methods to estimate
lake-surface water temperature using Landsat 7 ETM+ and MODIS imagery: Case study
of a large shallow subtropical lake in southern Brazil. Water 11 (2): 168. https://doi.org/
10.3390/w11010168

Tavares MH, Cardoso MA, Motta-Marques D, Bonnet M-, Fragoso CR (2024) High spring
warming rates in an extensive subtropical shallow lakes system detected using MODIS
imagery. ACS ES&T Water 4: 1518-1530. https://doi.org/10.1021/acsestwater.3c00622
Téavora J, Fernandes EH, Bitencourt LP, Suarez Orozco PM (2020) El-Nifio Southern
Oscillation (ENSO) effects on the variability of Patos Lagoon suspended particulate
matter. Regional Studies in Marine Science 40: 101495. https://doi.org/10.1016/j.rsma.
2020.101

They NH, Motta Marques D, Jeppesen E, Sgndergaard M (2010) Bacterioplankton in the
littoral and pelagic zones of subtropical lakes. Hydrobiologia 646 (1): 311-326. https://
doi.org/10.1007/s10750-010-0177-z

They NH, Motta Marques D, Souza RS (2013a) Lower respiration in the littoral zone of a
subtropical shallow lake. Frontiers in Microbiology 3: 434. https://doi.org/10.3389/fmicb.
2012.00434

They NH, Marques DM, Souza RS, Ribeiro Rodrigues L (2013b) Short-term
photochemical and biological unreactivity of macrophyte-derived dissolved organic
matter in a subtropical shallow lake. Journal of Ecosystems 2013 (1): 316709. https://
doi.org/10.1155/2013/316709



https://doi.org/10.1007/978-3-662-04482-7_13
https://doi.org/10.1007/978-3-662-04482-7_13
https://www.sema.rs.gov.br/l010-bh-tramandai
https://www.sema.rs.gov.br/l010-bh-tramandai
https://sema.rs.gov.br/upload/arquivos/202201/14105114-nt-dipla-2022-001-populacoes-bacias-2021.pdf
https://sema.rs.gov.br/upload/arquivos/202201/14105114-nt-dipla-2022-001-populacoes-bacias-2021.pdf
https://sema.rs.gov.br/l040-bh-mirim
https://doi.org/10.1016/j.ocecoaman.2011.12.015
https://doi.org/10.1029/2024gl112442
https://doi.org/10.1029/2024gl112442
https://doi.org/10.1016/j.jmarsys.2020.103459
https://doi.org/10.3389/fmicb.2018.01727
https://doi.org/10.3389/fmicb.2018.01727
https://doi.org/10.3390/w11010168
https://doi.org/10.3390/w11010168
https://doi.org/10.1021/acsestwater.3c00622
https://doi.org/10.1016/j.rsma.2020.101
https://doi.org/10.1016/j.rsma.2020.101
https://doi.org/10.1007/s10750-010-0177-z
https://doi.org/10.1007/s10750-010-0177-z
https://doi.org/10.3389/fmicb.2012.00434
https://doi.org/10.3389/fmicb.2012.00434
https://doi.org/10.1155/2013/316709
https://doi.org/10.1155/2013/316709

Coastal subtropical Southern American shallow lakes as unique ecosystems ... 25

. They NH, Ferreira LM, Marins LF, Abreu PC (2015a) Bacterial community composition
and physiological shifts associated with the El Nifio Southern Oscillation (ENSO) in the
Patos Lagoon estuary. Microbial Ecology 69 (3): 525-534. https://doi.org/10.1007/
s00248-014-0511-5

. They NH, Ferreira T, Marques DM, Rodrigues LR, Silveira SB, Arriada AA, Fragoso
Junior CR (2015b) Allelopathic effects of macrophytes in subtropical shallow lakes. In:
Nova Science Publishers (Ed.) New Developments in Allelopathy Research. https://
doi.org/10.13140/RG.2.1.1523.7609

. They NH, Marques DD (2019) The structuring role of macrophytes on plankton community
composition and bacterial metabolism in a large subtropical shallow lake. Acta
Limnologica Brasiliensia 31: 19. https://doi.org/10.1590/S2179-975X2019e19

. Uchaikina A, Kau A-, Graf A, Walzik C, Mitranescu A, Falk L, Khan MS, Stange C, Ho J,
RoRmann K, Michels |, Obermaier N, Saravia CJ, Rost S, Portain T, Demeter J, Becker
C, Fiichsle M, Kaymaz-Ried F, Klaus A, Ziegler T, Springer K, Hohl M, Plaumann P-,
Bschorer A, Huber S, Dudler P, Tiehm A, Drewes JE, Wurzbacher C (2025) From
wastewater to GIS-based reporting: The ANNA-WES data model for reliable biomarker
tracking in wastewater and environmental surveillance. ACS ES&T Water 5 (7): 3853.
https://doi.org/10.1021/acsestwater.5c00199

. Villanueva AO, Marques DdM, Tucci CE (2000) The Taim wetland conflict: a compromise
between environment conservation and irrigation. Water International 25 (4): 610-616.
https://doi.org/10.1080/02508060008686876

. Western Hemisphere Shorebird Reserve Network (WHSRN) (2025) Lagoa do Peixe.
https://whsrn.org/whsrn_sites/lagoa-do-peixe/

. Whitfield A, Weerts S, Weyl OF (2017) A review of the influence of biogeography, riverine
linkages, and marine connectivity on fish assemblages in evolving lagoons and lakes of
coastal southern Africa. Ecology and Evolution 7 (18): 7382-7398. https://doi.org/10.1002/
ece3.3266

. Zhang Y, Shi K, Zhou Y, Liu X, Qin B, Gao G (2015) Temporal dynamics and drivers of
ecosystem metabolism in a large subtropical shallow lake (Lake Taihu. International
Journal of Environmental Research and Public Health 12 (4): 3691-3710. https://doi.org/
10.3390/ijerph120403691

. Zhang Y, Yao X, Qin B (2016) A critical review of the development, current hotspots, and
future directions of Lake Taihu research from the bibliometrics perspective.
Environmental Science and Pollution Research 23: 12811-12821. https://doi.org/10.1007/
$11356-016-6856-1

Supplementary material

Suppl. material 1: Supplementary Information

Authors: Kiluge et al.
Data type: Text
Download file (43.57 kb)


https://doi.org/10.1007/s00248-014-0511-5
https://doi.org/10.1007/s00248-014-0511-5
https://doi.org/10.13140/RG.2.1.1523.7609
https://doi.org/10.13140/RG.2.1.1523.7609
https://doi.org/10.1590/S2179-975X2019e19
https://doi.org/10.1021/acsestwater.5c00199
https://doi.org/10.1080/02508060008686876
https://whsrn.org/whsrn_sites/lagoa-do-peixe/
https://doi.org/10.1002/ece3.3266
https://doi.org/10.1002/ece3.3266
https://doi.org/10.3390/ijerph120403691
https://doi.org/10.3390/ijerph120403691
https://doi.org/10.1007/s11356-016-6856-1
https://doi.org/10.1007/s11356-016-6856-1
https://doi.org/10.3897/oneeco.11.e186107.suppl1
https://doi.org/10.3897/oneeco.11.e186107.suppl1
https://doi.org/10.3897/oneeco.11.e186107.suppl1
https://arpha.pensoft.net/getfile.php?filename=oo_1679885.docx

	Abstract
	Keywords
	Introduction
	The global relevance of the SA-CSSL

	SA-CSSL Subsystems
	State of the Art
	Exemplary studies on anthropogenic impacts
	Exemplary studies on biodiversity and the structuring of communities

	Perspectives and Recommendations
	Conclusions
	Acknowledgements
	Grant title
	Author contributions
	Conflicts of interest
	References
	Supplementary material

