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Abstract: Eutrophication control techniques primarily target the reduction of cyanobacterial
biomass. However, it is crucial to consider the effects of these techniques on non-target planktonic
organisms, as their dynamics and community structure are still not well understood. Aim: The
objective of this study was to perform a systematic review of the literature to observe the effects
of chemical and physical eutrophication control techniques on planktonic organisms in eutrophic
environments. It also aimed to evaluate bibliometric production and determine knowledge gaps.
Methods: The review was carried out based on the PRISMA methodology. The articles were searched
in the databases of Scopus and Web of Science. The articles were screened so that only those within
our objective remained. The systematic review was carried out with a final sample of 136 articles.
Results: The most frequently mentioned techniques were “Floc & Sink”, “Floc & Lock”, and algaecide
application, (chemicals methods); aeration, dredging, and ultrasound (physical methods). There was
an increase in the number of publications from 1974 until July 2020, especially on cyanobacteria.
The identified gaps were studies on the zooplankton population and plankton community
succession, and long-term experiments. All the chemical techniques remove cyanobacteria biomass
or biovolume. Aeration, dredging, and ultrasound, which had conflicting results without conclusive
findings. The few studies about the plankton community show positive effects on phytoplankton
diversity after the “Floc & Sink” technique and an increase in richness after “Floc & Lock” and
aeration. All the techniques negatively affect zooplankton, reducing biomass, survival, or abundance.
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Conclusions: There are many studies on the effect of eutrophication control techniques on
cyanobacteria, and they provide good removal of their biomass. However, there is a large gap
regarding other phytoplankton taxonomic groups and zooplankton, making it difficult to draw
definitive conclusions about the overall impacts of these techniques.

Keywords: biomass; cyanobacteria; phytoplankton; zooplankton.

Resumo: As técnicas de controle da eutrofizagdo visam principalmente a redugdo da biomassa de
cianobactérias, no entanto, entender os efeitos dessas técnicas em organismos planctdnicos nio-alvo
¢ crucial, pois sua dinidmica e estrutura de comunidade apds a aplicagio das técnicas ainda nio sao
bem compreendidas. Objetivo: Este estudo teve como objetivo realizar uma revisao sistemdtica
da literatura para observar os efeitos das técnicas quimicas e fisicas de controle da eutrofizagio
em organismos planctdnicos em ambientes eutréficos. Também teve como objetivo avaliar a
produgio bibliométrica e determinar lacunas de conhecimento. Métodos: A revisio foi realizada
baseada na metodologia PRISMA, e para a busca dos artigos foi usada as bases de dados Scopus
e Web of Science. Os artigos encontrados foram traidos para que permanecessem apenas aqueles
dentro do nosso objetivo. A andlise cienciométrica foi realizada com uma amostra final de 136
artigos. Resultados: As técnicas que continham o maior niimero de estudos foram “Floc & Sink’,
“Floc & Lock” e aplicagio de algicidas (métodos quimicos); aeragio, dragagem e ultrassom (métodos
fisicos). Houve um aumento no nimero de publicacdes de 1974 até julho de 2020, especialmente
sobre cianobactérias. As lacunas encontradas foram estudos sobre a populagio de zooplancton e
sucessao da comunidade planctonica, e experimentos de longo prazo. Todas as técnicas quimicas
conseguem remover biomassa ou biovolume de cianobactérias. Ao contrdrio da aeragio, dragagem e
ultrassom, que tiveram resultados conflitantes sem descobertas conclusivas. Os poucos estudos sobre
comunidade mostram efeitos positivos na diversidade do fitoplancton apéds a técnica “Floc & Sink”
e um aumento na riqueza apés “Floc ¢ Lock” e aeracdo. Todas as técnicas afetaram negativamente
o zooplancton, reduzindo biomassa, sobrevivéncia ou abundincia. Conclusées: Existem muitos
estudos sobre o efeito das técnicas em cianobactérias, e elas fornecem boa remocio dessa biomassa.
No entanto, hd uma grande lacuna em outros grupos taxondmicos de fitoplancton e zooplancton,
por isso ¢ dificil tirar conclusées definitivas sobre os impactos gerais dessas técnicas.

Palavras-chave: biomassa; cianobactérias; ficoplancton; zooplancton.
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1. Introduction

The first step in controlling cyanobacterial
blooms in eutrophic aquatic ecosystems is to
halt the input of nutrients from external point
sources (Lurling et al., 2016a) such as domestic
sewage, as well as from diffuse sources, such as
agriculture and livestock (Le Moal et al., 2019).
However, with this measure alone, the recovery of
some lakes would take decades due to the internal
loading process (Cooke et al., 2005). In addition
to reducing the external nutrient input, additional
mitigation actions within the lake are necessary to
effectively control eutrophication (Hilt et al., 2006;
Liirling et al., 2016a).

There are several physical, chemical, and
biological techniques available to control
eutrophication. These methods aim to rapidly reduce
cyanobacterial blooms, leading to improvements
in water quality and ensuring access to water
for drinking, irrigation, industry, and recreation
(Jancula & Marsilek, 2011). These can be either
palliative measures that address the consequences of
eutrophication, or focused on controlling its source
and underlying causes (Liirling & Mucci, 2020).

Physical techniques, also known as engineering
measures (Estrada et al., 2011), encompass various
methods such as aeration (surface aeration,
metalimnion or hypolimnion oxygenation/aeration),
increased water flow, ultrasound, mechanical algae
removal, containment barriers, and sediment
dredging (Jagtman et al., 1992; Chen et al., 2009;
Visser et al., 2016; Norris & Laws, 2017). Chemical
control techniques involve the addition of chemical
compounds or manipulation of biogeochemical
cycles, primarily targeting phosphorus. These
techniques include geo-engineering approaches
(“Floc & Sink”, “Floc & Lock”), algaecide
application, and the use of magnetic particles.
Biological techniques, particularly biomanipulation
through fish, have been the subject of significant
studies globally (Jeppesen et al., 2012). The
removal of planktivorous and benthivorous fish
or the introduction of piscivorous fish can trigger
cascading effects, which enhance zooplankton
grazing and, consequently, exert top-down
control on phytoplankton. Additionally, reducing
benthivorous populations decreases sediment
resuspension, thereby contributing to water quality
maintenance (Van de Bund & Van Donk, 2002;
Sendergaard et al., 2007).

These mitigation techniques primarily target the
reduction of cyanobacterial biomass (Liirling et al.,
2016a). However, it is important to consider
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the potential impact on other planktonic groups
(Bishop & Richardson, 2018; Sinha et al., 2018).
In their study, Lucena-Silva et al. (2019) showed that
chlorophytes were also affected by the “Floc & Sink”
mitigation technique. Alvarez-Manzaneda et al.
(2019) demonstrated that phosphorus adsorbents
used in geoengineering techniques can physically
immobilize and accumulate on Daphnia. Thus,
understanding the effects of these techniques on
non-target planktonic organisms is crucial, as their
dynamics and community structure are still not
well understood.

The goal of this study was to perform a systematic
review of the literature (1974 - 2020) to investigate
how global scientific production has advanced in
understanding the effects of eutrophication control
techniques, both chemical and physical, on all
planktonic organisms both target and non-target.
Our study also aimed to find the main perspectives

and identify knowledge gaps in this field.
2. Methods

2.1. Data sources and search criteria

A survey of scientific articles was conducted using
the Scopus and Web of Science databases on July
6, 2020, considering the period between 1974 and
2020. The articles were initially selected based on the
following keywords: “restoration” OR “mitigation”
OR “control”, “eutrophication”, “plankton” OR
“phytoplankton” OR “cyanobacteria” OR “algac”
OR “zooplankton”, NOT “biomanipulation” OR
“bioremediation”, NOT “estuary”. In this study,
biomanipulation studies will not be considered.
We found 2542 articles after removing duplicated
articles in both databases.

We used the Preferred Reporting Items for
Systematic Reviews and Meta Analyses (PRISMA)
methodology. To be included in our study, the
article needed to incorporate: a) at least one
parameter (e.g. biomass, abundance, diversity)
related to plankton and/or b) study at least one
species or planktonic group. Also, the articles were
excluded based on the following criteria: a) studies
conducted in non-lentic freshwater environments,
and b) non-experimental studies, such as modeling.
These inclusion and exclusion criteria were
evaluated by reading the title and abstract and then
reading the full article (Figure 1). Following the
application of these criteria, a total of 136 articles
were selected for the study (Table 5, available
in https://doi.org/10.48331/SCIELODATA.
D99HXD).



Monicelli, E et al.

Keywords criteria

Web of Science
2107 articles

Exclusion of duplicates
2542 articles

Scopus
2592 articles

[ 2157 excluded
articles

2140 excluded
articles

Title and abstract assesment
402 articles

Full text assesment 266 excluded
136 articles (final sample) articles

il

Plankton focus; cultivated or
naturally; taxonomic group;
species; biomass; biovolume;
abundance; survival; population
growth; richness; diversity.

Keywords; year; journal;
climatic region; country;
scale; duration;
techniques.

Figure 1. Schematic methodology PRISMA for research
selection and screening of articles.

2.2. Data extraction

Bibliometric and plankton data were extracted
from the final sample of 136 articles. We organized
the results according to two approaches: Bibliometric
analysis and Plankton analysis, as described below:

I. Bibliometric analysis: keywords, year and
journal of publication, climatic region, country,
experimental design and duration of the study,
and techniques type. Considering that each study
provided multiple results for most of the extracted
variables, we analyzed only keywords, year, and
journal of publication per total number of articles
(n = 136). The other variables were analyzed by
the number of results, as some articles use more
than one technique, study different organisms,
scales and duration. This changes the total n. The
classification of the articles according to climatic
region and country was done based on the origin of
the study subjects rather than where the experiments
took place (n=164). The experimental designs
(n=164) were classified as microcosm (conducted
in laboratory bottles up to 5L); mesocosm (carried
out in containers larger than 5L and smaller than
the whole lake, either in the laboratory or within the
lake); whole lake (when the technique was applied
in full scale). The duration (n=164) of the study was
classified as short (<3 days), medium (>3 days and
<1 year), or long (>1 year).

The techniques analyzed (n=145) in the study
were divided into three categories: physical,
chemical, and combination (involving the use of
multiple techniques regardless of the approach).
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The specific techniques were classified (n=145), and
for the analysis of plankton data, the focus was
placed on the six most frequently studied techniques.
They are: “Floc & Sink”, algaecide, “Floc & Lock”,
aeration, dreading, and ultrasound.

II. Plankton analyses: The articles were
categorized based on whether they focused on
phytoplankton, zooplankton, or both (n=136).
Additionally, the classification of the plankton was
further specified as either cultivated in a laboratory
setting or naturally occurring (n=136). When
available, taxonomic group (n=349) and species
(phytoplankton: n=198; zooplankton: n=36)
information were recorded. The analyzed plankton
parameters related to the effects of the techniques
included: biomass (n=194), biovolume (n=88),
abundance (n=196), survival (n=34), population
growth rate (n=61), richness (n=28), and diversity
(n=29). The terminology used by the authors for
each parameter was adopted, and no differentiation
was made between the employed methodologies.

2.3. Data analyses

We used a linear regression model to analyze the
temporal trend of scientific articles on the subject.
The response variable was the number of published
articles, and the explanatory variable was the years
(1974 to 2020). We checked the homoscedasticity
and normality assumptions of the data before doing
the linear regression model. The significance level
considered was 0.5%. The linear regression model
was performed using RStudio 2023.4.3.0.

For the keywords analysis, the software VOSviewer
(version 1.6.15) was utilized to form clusters. The
analysis included authors’ keywords that appeared
at least 5 times in the selected articles. The words in
singular and plural forms were considered the same
(e.g., “cyanobacteria bloom” and “cyanobacteria
blooms” “lakes” and “lake”). Additionally, terms
with similar meanings were treated as equals, and
the terms were consolidated to a single word (e.g.,
“lake restoration” was transformed into “restoration”).

The other variables (journal of publication,
climatic region, country, experimental design and
duration of the study, and techniques analyzed) were
described and analyzed through graphs. All graphs,
except for the keyword analysis, were created with
the help of the ggplor2 package.

To analyze the parameters related to the effects of the
techniques on the plankton, we have grouped the results
into three categories: increase, decrease, or no effect on
the parameters (biomass, biovolume, density, survival,
population growth rate, richness, and diversity).
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We calculated the percentage of each of these categories
in relation to the total results. Based on this percentage,
the prevailing result, which is the majority, was utilized.

3. Results
3.1. Bibliometric data

The number of scientific articles increased over
the years (r* = 0.54, P < 0.001) (Figure 2). Most
studies have been carried out in the temperate
region (64.24%) when compared to tropical
region (35.76%). The articles are distributed
across 24 different countries (Table 2, available
in https://doi.org/10.48331/SCIELODATA.
D99HXD). Most of the articles had their study
site in China (25), followed by the United States
of America (17), the Netherlands (11), and
Brazil (9). The three journals with the highest
number of scientific articles were Water Research
(14), followed by Environmental Pollution (7),
and Hydrobiologia (7) (available in hetps://doi.
org/10.48331/SCIELODATA.D99HXD).

The keyword cluster analysis showed four
different clusters (Figure 3). The three main clusters
words, “cyanobacteria”, “eutrophication”, and
“restoration” are related to each other. Cluster I
consist of 12 keywords, with “cyanobacteria” being
the most cited word (46 times), and it is linked to
other keywords such as “Microcystis”. Cluster 11
comprises 9 keywords, with “eutrophication” being
the main word (cited 71 times), which is correlated
with “phytoplankton” and “zooplankton”
community structure (diversity and biomass), and
controlled studies. Cluster I1I includes 6 keywords,
with “restoration” being cited 53 times, and it is
related to “phosphorus” and chemical techniques,
mainly geoengineering products. Cluster IV consists
of 5 keywords, with “Microcystis aeruginosa” being
used 28 times and linked to “microcystin” and
“hydrogen peroxide.”

The majority of the studies was carried out at
microcosm scale (55.1% of the results), followed by
whole lake experiments (28.7% of the results), and
mesocosms (16.2% of the results) (Figure 4). The
chemical techniques (algaecide application, “Floc &
Sink”, “Floc & Lock”) and the use of ultrasound are
predominant in the short and medium-term studies,
while aeration and dredging in the long-term. Most
of the techniques analyzed were medium-term
(Figure 5), lasting between 4 days to 1 year (51.5%),
followed by short-term studies (26.5%), and
long-term studies (22.0%). The “Floc & Lock” was
more evenly distributed across the study duration
when compared to the other techniques
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Y =-480 + 0.24x, R? = 0.54, P < 0.001

2

MNumber of articles

1980 1990 2000 2010 2020
Years

Figure 2. Temporal trend of published scientific articles
from 1974 to 2020. Data for 2020 stops on the 6 of July,
when the survey was carried out. Y = number of articles,
X = years, P = statistical significance, R? = measures how
well the regression line fits the data.
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Figure 3. Keywords cluster analysis of the 136 selected
scientific articles. The size of the circles represents the
number of articles that used the respective keyword,
while the width of the lines indicates the strength of the
connection between the words.
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Figure 4. Distribution of the numbers of results of the
scientific articles by technique, according to experimental
design. AE=artificial aeration; AG=Algaecide;
DD=Dredging; FL= “Floc & Lock”; FS= “Floc & Sink’;
US= Ultrasound.
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A total of twenty-two different techniques were
utilized in the studies, categorized as isolated and
combined (Figure 6). The majority of the experiments
employed a single technique (Figure 6a), with 62.7%
classified as chemical techniques and 28.4% as
physical techniques. The six principal techniques were
“Floc & Sink” (35), algaecide application (33), and
“Floc & Lock” (22) (chemical techniques), followed
by aeration (11), dredging (8), and ultrasound (7)
(physical techniques). Aeration is a broad term
encompassing artificial mixing, metalimnion or
hypolimnion aeration, and sediment aeration.
Combined techniques accounted for 8.9% of the
total (Figure 6b), and in terms of their nature, they
included physical+physical, chemical+chemical,
and physical+chemical combinations. The most
frequent combination recorded was “Floc & Lock”
plus dredging.

3.2. Plankton data

Regarding the plankton data, 69.8% (n=94)
of the results obtained from the scientific articles
focused solely on studying phytoplankton, while
24.3% (n=33) examined both phytoplankton
and zooplankton. Only 6.6% (n=9) of the results
specifically focused on zooplankton. It is possible
that this difference between phytoplankton and
zooplankton is a consequence of the terms chosen
for the bibliometric search, which included the
cyanobacteria group, but no zooplankton groups.

The analysis of phytoplankton data revealed
the predominant taxonomic groups composition
(Figure 7a). Cyanobacteria accounted for 43.4% of
the results (105), followed by Chlorophyceae at21.7%
(51 results), Bacillariophyceae at 17.9% (42 results),
Cryptophyceae at 7.6% (18 results), Chrysophyceae
at 5.1% (12 results), and Euglenophyceae at 4.3%
(10 results). The most frequently recorded genus
was Microcystis, which appeared in 59 results
(28.2%). The dominant species within the genus was
Microcystis aeruginosa (Kiizing) Kiitzing, followed by
Planktothrix spp. and Aphanizomenon spp. (available
in hetps://doi.org/10.48331/SCIELODATA.
D99HXD).

The zooplankton data indicated a predominance
of results related to Cladocera’s group (49.2%),
followed by Rotifer (23.0%) and Copepod (27.8%)
(Figure 7b). Regarding the most studied genera,
Daphnia presented the highest number of results
(16 times), especially the species Daphnia magna
Straus, 1820, followed by Brachionus spp., and
Bosmina spp. (available in https://doi.org/10.48331/
SCIELODATA.D99HXD).
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Figure 5. Distribution of the numbers of results of the
scientific articles by technique, according to duration
of the experiment. Short term = up to 3 days; Medium
term = between 3 days to 123 days; Long term = between
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AG=Algaecide; DD=Dredging; FL= “Floc & Lock”;
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Figure 6. Distribution of the number of results per
technique isolated (a) and combined (b). AE=artificial
aeration; AG=Algaecide; CB = contention barrier;
DD=Dredging; ED = electric discharge; FL= “Floc
& Lock”; FS= “Floc & Sink”; LS=Light shading;
MR = mechanic removal; NC = nutrient control;
UR = ultraviolet radiation; US= Ultrasound, WF = water
flow.

The most common metrics to measure the effect of
techniques were biomass and abundance. The “Floc &
Sink” technique decreased phytoplankeon biomass or
biovolume, abundance, population growth, number
of cells, efficiency of photosystem II, and survival
(based on one result). Nevertheless, the technique
led to an increase in phytoplankton diversity.
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a)
Phytoplankton
B Bacillariophyceae
Chlorophyceae
Cryptophyceae
Crysophyceae
[ Cyanobacteria
B Euglenophyceae
b)
Zooplankton

Cladocera
Copepoda
I Rotifera

Figure 7. Phytoplankton (a) and zooplankton (b) results
grouped by the main taxonomic groups.

Similarly, the algaecide application exhibited a
similar pattern to “Floc & Sink”, except for survival,
for which there was no available data, and richness,
for which no significant effect was observed (based
on one result). The “Floc & Lock” technique
resulted in a decrease in phytoplankton biomass,
abundance, survival, and population growth, while it
increased biovolume and richness (Figure 8; Table 1,
available in https://doi.org/10.48331/SCIELODATA.
D99HXD).

The aeration technique decreased phytoplankton
population growth and number of cells, while
increasing abundance, richness, and diversity (based
on one result). However, aeration did not have
any effect on the biovolume of phytoplankton.
The ultrasound technique resulted in a decrease in
biomass, abundance (based on one result), population
growth, number of cells, and photosystem II
(the two latter are based in one result). Dredging
had an impact on the biomass and abundance of
phytoplankton, with a recorded decline in these
variables (available in https://doi.org/10.48331/
SCIELODATA.D99HXD).

The main techniques employed in studies
focused on zooplankton were similar to those for
phytoplankton: Algaecide application, “Floc & Sink”,
“Floc & Lock”, Dredging, Aeration, and Ultrasound.
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The “Floc & Sink” technique decreased zooplankton
biomass, survival, and population growth, while
increasing abundance and diversity. Similarly,
the algaecide application technique led to a
decrease in zooplankton abundance, survival,
and biomass (based on one result), but increased
population growth (based on one result). The
“Floc & Lock” technique resulted in a decrease
in abundance, survival, and population growth
of zooplankton. This technique had no effect
on biomass (based on one result), richness, and
diversity of the zooplankton community. Aeration
decreased zooplankton abundance and had no
effect on the richness of this community. Dredging
decreased zooplankton biomass and had no effect
on abundance. Each of the other techniques had
only one article focused on zooplankton (Figure 9).

4. Discussion
4.1. Bibliometric data

We observed an increasing trend in publications
about the effects of eutrophication control
techniques (chemical, physical, and combined)
on plankton over the years (1974 - 2020), which
can be explained by the need for effective control
measures. This trend can also be associate with the
increasing number of limnology and lake ecology
publications (Fontaneto et al., 2021). The increase
in freshwater eutrophication and cyanobacterial
blooms worldwide since the 1970s (Cooke et al.,
2005; Huisman et al., 2018) has created a higher

demand for the implementation of eutrophication
control techniques. However, it is important to
note that the focus of the scientific articles analyzed
in this study was primarily on eutrophication
control techniques which target the removal of
phytoplankton biomass (main parameter studied).
Limited information was available regarding the
effects of these techniques on other aspects of the
plankton community structure, such as richness,
diversity, abundance, and survival. This reinforces
the importance of studying community structure.
Additionally, gaps were identified regarding
taxonomic groups of phytoplankton other than
cyanobacteria, as well as in the investigation of
effects on zooplankton.

The keywords analysis shows a strong relationship
between eutrophication and cyanobacteria, as well
as restoration measures. Cyanobacteria blooms are
recognized as a major consequence of eutrophication,
primarily caused by the accumulation of phosphorus,
which otherwise would be the limiting nutrient in
this process (Le Moal et al., 2019). The keywords
associated with “restoration” primarily focused
on cutrophication control, with an emphasis on
geo-engineering, a chemical technique aimed
at manipulating the biogeochemical cycle of
phosphorus (Liirling et al., 2016a). Products such
as Phoslock™ (lanthanum-modified bentonite clay)
and chitosan (organic coagulant), which were widely
mentioned in the results, are commonly used for
this purpose in various locations around the world.
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Among the cyanobacteria, Microcystis is a
cosmopolitan genus and one of the most common
ubiquitously found in blooms. It is also known to
be a potential producer of cyanotoxins, namely
microcystin (Huisman et al., 2018). Microcystis
aeruginosa (Kiitzing) was the most frequently
recorded in the studies. Filamentous cyanobacteria
genus can co-occur with the Microcystis in most
blooms, some of the most commonplace are
Dolichospermun, Aphanizomenon and Raphidiopsis
(Burkholder, 2009; Soares et al., 2013; Shan et al.,
2019), which explains Microcystis aeruginosa were
the most studied species and was one of the main
keywords found.

Only about 30% of the articles included in our
analysis reported results regarding the zooplankton,
and there were only nine articles specifically focused
on this group. This indicates a need for more studies
examining the effects of the techniques on zooplankton.
The majority of the already limited studies available
focused on cladocerans, highlighting the necessity
for studies on other important zooplankton groups
such as rotifers and copepods. These groups are
widely found in aquatic ecosystems, especially in
eutrophic environments. The most commonly studied
cladocerans are Daphnia spp., Daphnia magna in
particular. This species is considered a model organism
and is extensively used in ecology, evolution, and
ecotoxicology studies (Meester et al., 2023). Also,
Daphnia species, including D. magna, are among the
most common cladoceran zooplankton worldwide,
and can be easily cultured in laboratory settings
(Nunez & Hurtado, 2005; Meester et al., 2023),
thereby facilitating their handling in microscale
experiments.

The majority of the studiesfocused on microscale
experiments (maximum of 5L) conducted in
laboratory settings. This can be attributed to the fact
that testing techniques often begin with controlled
laboratory experiments to assess their effectiveness
and safety before moving on to larger-scale and
more complex experiments (Liirling et al., 2016a).
Conducting laboratory experiments can save time
and money, as unsatisfactory results can be identified
early on without proceeding to larger-scale testing.
In addition, our results indicate that experiments
conducted in mesocosms were the least common.
This highlights the need for incorporating this stage
in the testing of techniques. Mesocosms are a valuable
tool for conducting ix situ experiments in lakes and
reservoirs. They provide a greater level of realism
compared to microcosms, while also offering easier
replication compared to whole-lake experiments.
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Medium and short-term experiments are more
technically viable compared to long-term and
usually produce quicker results (Liirling et al.,
20164, b). This may explain why most of the studies
reported acute responses to the applied techniques
(Galvez-Cloutier et al., 2012; Grover et al., 2013;
Silva et al., 2016; Bishop & Richardson, 2018;
Thoo etal., 2020). Some techniques have an effect
on phytoplankton biomass within a few days or even
hours. Commonly long-term experiments were used
associated with mesocosms or even manipulation
of entire lakes. However, to fully understand the
effects of these techniques on the structure and
composition of the phytoplankton community,
it is crucial to conduct studies with longer time.
Long-term studies provide valuable insights into
the durability of the efficacy and sustainability of
the techniques (Ruggiu et al., 2002; Suetal., 2016).

4.2. “Floc & Sink”

The “Floc & Sink” technique aims to remove
algal biomass by promoting its sedimentation to the
bottom (Noyma et al., 2017). The effectiveness of
this technique may vary depending on factors such
as the emplyoed products and doses (coagulant and
ballast), and the dominant species and its density
(Miranda et al., 2017; Noyma et al., 2017). Some
phytoplankton species have natural mechanisms
to regulate their position in the water column,
including adaptive strategies for buoyancy, like
large mucilaginous sheaths, composed mainly
of polysaccharides (Padisdk et al., 2003), or gas
vacuoles (aerotopes) (Burkholder, 2009), which
can inhibit aggregation and sedimentation with
clay (Lucena-Silva et al., 2022).

Therefore, the effectiveness of the “Floc & Sink”
technique can be compromised due to the functional
attributes, organisms with sedimentation resistance
mechanism, as those with a mucilage sheath and
aerotopes (such as Microcystis, Dolichospermun
and Raphidiopsis) make sedimentation difficult
(Miranda et al., 2017; Lucena-Silva et al., 2022;
Monicelli et al., 2024). Thus, a higher dose of
coagulant and ballast may be needed to sink these
cyanobacteria. The density of the bloom also plays
a role in the effectiveness of technique and in the
determinations of the product dose. Higher bloom
densities require larger amounts of coagulant and
ballast for effective flocculation and sedimentation
of cyanobacteria (Aratdjo et al., 2018). Large flocs
formed from the application of the coagulant can
accumulate on the surface if the ballast dose is
insufficient (Noyma et al., 2017).
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The few papers about the effect on the
phytoplankton community showed an increased
diversity after the “Floc & Sink” application.
Despite the initial loss of certain groups and species,
over time, the technique promotes the growth of
others in the environment (Pan et al., 2011). The
articles justify this increase in diversity with the
decrease in nutrients (Dai et al., 2013). The study
by Pan et al. (2011), suggests that the increase in
diversity is due to the fact that the material used
in the technique is a local soil, and particles from
local soil can naturally enter the lake through
runofl, therefore, as it is a natural material, it would
not have affected organisms as much as modified
materials. However, the number of articles is small
(N = 3), and there is a need for further studies on
the phytoplankton community.

Regarding the zooplankton, the “Floc & Sink”
technique can decrease the biomass, population
growth, and survival. The ballasts used in this
technique can physically immobilize these organisms
by adhering to their carapaces, making it difficult for
them to move and altering their behavior (Alvarez-
Manzaneda & Vicente, 2017). Moreover, the ballasts
can accumulate in Daphnia, as they may ingest these
suspended particles (Arco et al., 2018; Alvarez-
Manzaneda et al., 2019), resulting in reduced
growth, smaller size at maturity, and decreased
reproduction. Consequently, population growth
rates are also reduced (Liirling & Tolman, 2010).

Daphnia magna is a generalist feeder, therefore,
it is possible for Daphnia to ingest small-sized
particles of adsorbents (Alvarez-Manzaneda et al.,
2019). Other cladocerans may also be affected. The
Ceriodaphnia was more sensitive to suspended clay
particles than Daphnia, leading to stronger negative
effects (Kirk & Gilbert, 2016). However, in realistic
exposure scenarios, the accumulation of ballasts in
daphnids is not expected due to the faster uptake
and depuration of Phoslock” in these organisms
(Alvarez-Manzaneda et al., 2019). There is a lack
of studies on the effects of this technique (“Floc &
Sink”) on rotifers and copepods. Some papers show
an improvement in the zooplankton (e.g. increase
of diversity, biomass and survival). Pan et al. (2011)
found an increase in zooplankton biodiversity
after the “Floc & Sink” application, because the
technique returned the lake to the clear water state
with the presence of macrophytes.

4.3. “Floc & Lock”

The “Floc & Lock” technique involves the
formation of a sediment capping layer using an
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adsorbent material, which effectively prevents the
release of phosphorus from the sediment back into
the water column (Van Oosterhout & Liirling,
2011; Waajen et al., 2016). The results found in
our study of the “Floc & Lock” technique can
vary depending on the specific product used
and on the duration of the study. Short-term
studies have shown that this technique not only
impacts cyanobacteria, but also has an impact on
other phytoplankton groups, such as green algae
(Chlorophyceae) and diatoms (Van Oosterhout &
Liirling, 20135 Su et al., 2016). However, in some
long-term studies we can observe the increase of the
richness or diversity, of phytoplankton communities,
along with an increase in biomass specifically of
Chlorophyceae, Euglenophyceae, and Cryptophyceae
(Langetal., 2016; Suetal., 2016). These shifts in the
community composition suggest a change in nutrient
limitation, likely due to the reduction in phosphorus
concentration in the water column (Lang et al.,
2016). Further studies investigating the effects on
the phytoplankton community are necessary to gain
a better understanding of these processes following
the application of the floc and lock technique.

Regarding the zooplankton, some studies
reported that the “Floc & Lock” application can
cause negative effects (Silva et al., 2016; Frau et al.,
2019). In some cases, the cladoceran population
disappeared for up to three months following
the application of “Floc & Lock”, however, in
other cases, acute toxicity tests indicated no
significant mortality (Van Oosterhout & Liirling,
2011; Yamada-Ferraz et al., 2015). An increase in
Daphnia survival was observed because the flocs
reduce Daphnia’s contact with contaminants,
and decrease the phosphorus concentration
(Galvez-Cloutier et al., 2012).

The materials used in the “Floc & Lock”
technique form a layer at the bottom of the lake,
above the sediment, which can bury the eggs and
act as a physical barrier for copepods, preventing
their return (Spencer et al., 1983). Furthermore, the
application of this technique can alter the relative
abundance of cladocerans to copepods, even without
affecting the total biomass of zooplankton. However,
copepods tend to exhibit more movement to escape
clay flakes, and their ability to reproduce is stronger
compared to cladocerans (Tang et al., 2018).

The negative effects on zooplankton observed
in both the “Floc & Sink” and “Floc & Lock”
techniques can be attributed to direct and/or0
indirect processes. Direct effects can occur through
co-precipitation of organisms with the applied
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material and the algae, resulting in animals being
trapped in the flocs and precipitated to the sediment
(Schumaker etal., 1993; Leoni et al., 2007). Another
direct effect is due to the temporary increase in
turbidity in the water column (Van Oosterhout &
Liirling, 2013). The elevated turbidity resulting from
suspended clays particles during the initial days can
have a toxic effect, negatively affecting the feeding
rate of zooplankton and causing significant feeding
inhibition (Kirk, 1991; Van Oosterhout and Liirling,
2013; Yamada-Ferraz et al., 2015; Arco et al.,
2018). This effect is particularly pronounced
in filtering organisms such as the cladocerans,
compromising their ability to acquire food and
leading to theingestion of inedible materials that
are adsorbed onto their prey (Campos et al., 2013;
Silva et al., 2016).

The indirect effects on zooplankton occur due to
the impact of these techniques on phytoplankton.
There is a decrease in food availability caused by the
sedimentation of algae (Spencer et al., 1983; Holz
& Hoagland, 1996; Van Oosterhout & Liirling,
2011; Yamada-Ferraz et al., 2015; Silva et al., 2016;
Tangetal., 2018). In addition, these techniques alter
the phytoplankton community, thereby changing
the quality of food resources, which can either limit
zooplankton growth (Spencer et al., 1983) or have
positive effects by making better food available.

Moreover, some effects on zooplankton are
temporary, and the organisms tends to recover
quickly (Spencer et al., 1983; Ni et al., 2010; Van
Oosterhout & Liirling, 2011; Yamada-Ferraz et al.,
2015; Waajen et al., 2016). The negative impacts
may be counterbalanced by significant reductions
in cyanobacteria and subsequent improvements in
the ecosystem (Van Oosterhout & Liirling, 2013).
Additionally, lake restorations are typically carried
out in unbalanced aquatic ecosystems, and the
expected effects are short-term, are not expected
long-term effects (Liirling & Tolman, 2010; Alvarez-
Manzaneda et al., 2019).

4.4. Algaecides

The direct application of algaecides to remove
cyanobacteria has been employed for a long time
(Jancula & Marsdlek, 2011), and its effectiveness to
remove cyanobacteria biomass and biovolume has
been proven (Bauzd et al., 2014; Shen et al., 2019).
The most commonly used algaecides are copper
sulfate and hydrogen peroxide (H,0,). Copper
caused a negative impact on phytoplankton diversity
and composition, particularly affecting diatoms and
Chrysophyceans. In contrast, green algae species
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have shown higher tolerance to it (Le Jeune et al.,
2006). Among phytoplankton taxonomic groups,
cyanobacteria, especially nitrogen-fixing species, are
the most sensitive to copper (Van Hullebusch et al.,
2002; Le Jeune et al., 2006). The observed toxicity
of copper sulfate has prompted the exploration of
hydrogen peroxide as an alternative (Drdbkovd et al.,
2007; Matthijs et al., 2012).

Cyanobacteria were more sensitive to H,O,
compared to eukaryotic phytoplankton. A possible
explanation can be that cyanobacteria produce an
insufficient amount of enzymes able to eliminate
reactive oxygen species, such as H O, (Sinha et al.,
2018). The use of H,O, can lead to changes in the
composition of the phytoplankton community by
selectively killing cyanobacteria and promoting
the growth of eukaryotic phytoplankton, thereby
reducing competition (Weenink et al., 2015).
Furthermore, the use of hydrogen peroxide and
copper sulfate can damage the membrane integtrity of
the cyanobacteria, resulting in a release of intracellular
toxins and of the dissolved phosphorus (Jancula &
Marsélek, 2011; Barrington etal., 2013; Merel etal.,
2013; Bauzd et al., 2014; Coloma et al., 2017).

The application of algaecides has been shown
to have negative effects on zooplankton, leading
to decreased survival, biomass, and abundance
(Murray-Gulde et al., 2002; Bishop et al., 2018).
Copper sulfate is considered, also for zooplankton,
the most toxic among the copper-based algaecides
(Clossom & Paul, 2010). Studies have shown
that zooplankton can be affected by both high
(Matthijs etal., 2012; Sinhaetal., 2018; Thoo et al.,
2020) and low (Reichwaldt et al., 2012; Thoo et al.,
2020) concentrations of hydrogen peroxide (H,O,).

Toxic effects observed in non-target organisms
due to algaecide applications are generally a result
of the initial exposure rather than cumulative
exposure (Murray-Gulde et al., 2002), for example,
the added H,0, degrades within a few days
(Sinha et al., 2018). The reduction in zooplankton
might have also been a consequence of a reduction
of eukaryotic phytoplankton, which serves as their
food (Sinha et al., 2018). However, as already
discussed, these products can promote the release of
cyanotoxins, prosing a health hazard for zooplankton
(Liirling & van Oosterhout, 2013, 2014).

4.5. Aeration

Several forms of aeration were employed,
including artificial mixing, metalimnetic and
hypolimnetic aeration/oxygenation, and sediment
aeration (Cowell et al., 1987; Visser et al., 2016).
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Oxygen is used to control eutrophication because
an anoxic environment can trigger P release
from the sediment, thus, maintaining dissolved
oxygen availability reduces internal P cycling and
mitigates eutrophication (Rathore et al., 2010).
These techniques have two different effects on
phytoplankton. Firstly, they reduce the positive
buoyancy of cyanobacteria, what prevents them
from remaining at the surface. It allows other algae
to receive more light and nutrients, promoting
their growth. Secondly, it transports cyanobacteria
downwards to the bottom of the water column,
where light levels are lower, thus slowing down their
growth rate (Visser et al., 2016).

The effect of aeration on zooplankton is
controversial, as each paper has found different
results. However, it is important to note that
each article refers to a different type of aeration.
Cowell et al. (1987) showed that artificial mixing
had effects on the zooplankton community, the
abundance of crustacean zooplankton, copepods,
and cladocerans declined significantly (91-92%).
The authors cite some reasons for this effect:
increased fish predation, changes and reductions
in the sizes of phytoplankton, and the release of
toxic substances from the sediment. In contrast,
the abundance of Rotifers increased, which
could be attributed to reduced competition for
algal food with crustaceans during the first year.
The zooplankton was unaffected during eleven
years after hypolimnetic aeration (Horne &
Beutel, 2019). On the other hand, metalimnion
aeration has been shown to bring about changes
in the structure of the zooplankton community,
with the returns of Daphnia sp. dominance
(Kortmann et al., 1994). This change in community
can be attributed to the increased transparency of
the lake (Kortmann et al., 1994).

4.6. Dredging

Sediment dredging involves excavating and
removing sediment from the lake bottom (Pereira &
Mulligan, 2023), and has been shown to result in
a decrease in phosphorus concentrations (Ruley &
Rusch, 2002). Consequently, it causes a decrease
of the phytoplankton biomass or biovolume of the
cyanobacteria (Van Duin et al., 1998; Phillips et al.,
2005; Ayala et al., 2007; Liirling & Faassen, 2012;
Jing et al., 2019). On the other hand, studies have
also revealed that this technique may promote the
growth of other phytoplankton groups, such as the
green algae (Van Duin et al., 1998; Phillips et al.,
2005; Ayala et al., 2007).
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However, it is possible for the lake to remain
eutrophic, with cyanobacteria still present,
potentially due to the presence of phosphorus-
rich materials that may have been left in the lake
after dredging (Ayala et al., 2007; Liirling &
Faassen, 2012) The positive effects in the lakes are
generally short-lived (Akinnawo, 2023). In such
cases, the efficiency of the dredging technique
may be compromised because of the sediment
resuspension, and can cause secondary pollution
due to the leaching of metals/contaminants from
the sediment into the water column (Akinnawo,
2023). Jing et al. (2019) proved that after the
dredging application, the low N/P ratios cause
growth of nitrogen-fixing cyanobacteria, such as
Aphanizomenon and Raphidiopsis. This could occur
because the suspended sediments released nutrients
during the dredging process (Morgan et al., 2012).

The sediment dredging negatively affects the
zooplankton (Phillips etal., 2005; Jing et al., 2019).
Cladocerans appear to be particularly affected,
with decreased biomass (Phillips et al., 2005),
biovolume (Ayala et al., 2007) and abundance
(Lirling et al., 2017). The decrease in biomass
happened because of a reduction in organism
numbers, rather than changes in the proportions
of total zooplankton biomass (Phillips et al., 2005).
These effects on zooplankton can be explained by
food scarcity (Liirling et al., 2017), and due to
the initial increase of the turbidity caused by the
disturbance in the sediment, which affects the
zooplankton.

4.7. Ultrasound

The ultrasound technique operates by concentrating
the energy of sound waves, inducing a process
called acoustic cavitation. The ultrasound causes the
rupture of gas vesicles, inhibition of photosynthesis,
and destruction of cell membranes, affecting algal
biomass (Jong Lee et al., 2000; Holm et al., 2008;
Rajasekhar et al., 2012a). The reduction in algae
is influenced by the frequency and intensity of
the ultrasound. However, the idea that higher
frequency increases removal has been disproven
(Rajasekhar et al., 2012b). Numerous studies
have shown the ultrasound to be ineffective
(Kardinaal et al., 2008; Purcell et al., 2013;
Lirling & Tolman, 2014a, b) or to have minimal
effect on M. aeruginosa (Zhang et al., 20006). The
ultrasound treatment causes marginal damage to
cyanobacterial cells, resulting in a slight increase
in dissolved microcistins and a slight reduction in
PSIT activity (Liirling et al., 2014).
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Ultrasound is more effective against filamentous
species. Due to their morphology, they have a larger
surface area, making it more likely for the algae to
come into contact with the bubbles generated by the
technique (Purcell et al., 2013). However, it should
be noted that there can be regeneration of gaseous
vacuoles and subsequent regrowth of cyanobacteria
in a short period of time (Jong Lee et al., 2000;
Hao et al., 2004). Overall, the results obtained
do not provide strong evidence that cyanobacteria
can be effectively controlled using ultrasound
techniques.

Two articles (Liirling & Tolman, 2014a, b)
investigated the impact of ultrasound on the
survival of zooplankton, and both articles yielded
these results: the ultrasound technique caused
the death of Daphnia magna within 15 minutes.
Both higher and lower frequencies were found
to be acutely lethal under the tested conditions
(Lurling & Tolman, 2014a, 2014b). These
studies do not recommend the use of ultrasound
as a green and environmentally friendly solution
(Lurling & Tolman, 2014a, b).

5. Conclusions

There has been an increase in publications over
time about the effect of lake restoration techniques
on plankton, especially on cyanobacteria. The
gaps found were in studies on the zooplankton
population, where most of the focus centered
on Daphnia magna. It is crucial to expand our
understanding of these effects on other species and
taxonomic groups. Other gaps are the effects on
plankton community succession, and long-term
experiments.

Chemical techniques (“Floc & Sink”, “Floc &
Lock” and algaecides) have removed cyanobacterial
biomass or biovolume. On the other hand, aeration,
dredging, and ultrasound have produced conflicting
and inconclusive results. The few studies about
plankton community show positive effects on the
phytoplankton diversity after the “Floc & Sink”
technique and an increase on the richness after “Floc
& Lock” and aeration.

Opverall, all the techniques have shown negative
effects on zooplankton, including decreased
biomass, reduced survival, and decreased abundance,
however these effects waswere temporary. Only the
“Floc and Sink” technique has demonstrated a
positive effect by increasing zooplankton diversity.
Despite that, due to the limited number of studies
on zooplankton, it remains challenging to draw
definitive conclusions.
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