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RESUMO

DOS SANTOS, N.G. Suscetibilidade do zooplancton ao uso do solo, as aplicacbes de
agrotoxicos e de vinhaca: andlise da diversidade funcional e taxondmica. 2024. Tese de
Doutorado, Programa de Pos-Graduacdo em Biodiversidade, Universidade Estadual Paulista,
Instituto de Biociéncias, Letras e Ciéncias Exatas, Sdo José do Rio Preto, Sdo Paulo, Brasil.

O uso e manejo do solo sdo um dos principais impactos as comunidades aquaticas e terrestres
na atualidade. Dentre os diferentes usos do solo, 0s usos para plantacdes e pastagens séo um
dos mais impactantes, uma vez que utilizam agroquimicos, como inseticidas, herbicidas e
fertilizantes, além da vinhaga, empregada como fertilizante natural nos cultivos de cana de
acucar no Brasil. Esses pesticidas e vinhaca podem ser carreados aos corpos aquaticos e
impactar as comunidades aquaticas e os parametros da dgua. Diante disso, o objetivo principal
dessa tese de doutorado foi avaliar a suscetibilidade do zooplancton ao uso do solo, as
aplicacbes de agrotéxicos e a vinhaca utilizando andlises da diversidade funcional e
taxonémica. Para atingir esse objetivo foram realizados estudos que resultaram na elaboracéo
de 4 artigos com 3 abordagens, sendo elas: uma revisdo de cienciometria, analise de dados
coletados em campo e dois experimentos de mesocosmos. O primeiro artigo teve como objetivo
apresentar um panorama global dos estudos sobre os efeitos do uso da terra sobre as
comunidades zooplanctbnicas de agua doce, por meio da ciénciometria e de uma sintese dos
principais conhecimentos produzidos em artigos publicados sobre o tema. Apos a selecao,
chegamos a um total de 80 artigos, revelando que este niUmero tem aumentado ao longo do
tempo, especialmente nos EUA, Polo6nia, Canada, China, Argentina e Brasil. O uso da terra para
plantacdes, pastagem e urbanizacdo tem demonstrado ter um impacto negativo nas
comunidades de zooplancton. A presenca de vegetacdo natural circundante em ambientes
aquaticos tem demonstrado contribuir para uma maior diversidade taxonémica e funcional do
zooplancton. O segundo artigo teve como objetivo avaliar o efeito dos pardmetros da agua de
oito reservatdrios inseridos em uma paisagem agropastoril sobre a estrutura funcional do
zooplancton. Os modelos mistos aditivos generalizados revelaram que o pH e o nitrogénio total
sdo variaveis chave para a estruturacdo funcional do zooplancton. No terceiro artigo foi
realizado um experimento com simulagdes realisticas de uso e manejo do solo com a construcdo
de mesocosmos. Este estudo teve como objetivo verificar os efeitos do uso e manejo do solo
em pastagem extensiva, pastagem intensiva e cana-de-acUcar sobre a estrutura taxonémica e
funcional do zooplancton e analisar quais parametros da agua estruturam o zooplancton sob a
influéncia de cada tipo de uso do solo. Nos usos do solo para pastagem intensiva e cana de
acucar houve uma reducédo da diversidade de Shannon e da riqueza funcional entre o inicio e 0
final do experimento. O pH foi o pardmetro mais importante na estruturacdo das comunidades
zooplanctoénicas, sendo a Unica variavel estruturante presente em todos os tratamentos. O quarto
artigo teve como objetivo avaliar os efeitos do fipronil, do 2,4-D e da vinhaca, isoladamente ou
em misturas, sobre a diversidade do zooplancton e identificar os pardmetros da agua que
estruturam a comunidade. Foi realizado um experimento em mesocosmos com seis tratamentos
e trés réplicas: controle (C), 2,4-D (D), fipronil (F), fipronil e 2,4-D (M), vinhaga (V) e todos
0s compostos (MV). Apds a aplicagdo dos compostos, a riqueza de espécies, a diversidade de
Shannon-Wiener, a riqueza e a dispersao funcional foram significativamente mais baixas nos
tratamentos F, M, MV e V do que nos tratamentos C e D durante o experimento. Os parametros
estruturais da agua foram diferentes para cada tratamento. No tratamento C, a temperatura e a
clorofila foram as variaveis estruturantes. No tratamento D, a turbidez e o pH foram as
principais variaveis. A clorofila a foi a principal variavel estruturante no tratamento F, enquanto
0 pH e a condutividade elétrica foram as varidveis estruturantes nos tratamentos MV e V,



respectivamente. Os resultados desta tese destacam os impactos deletérios do uso e manejo do
solo para pastagens e cana de acglcar e da aplicacdo de inseticida e vinhaca. Além disso,
dependendo do tipo de uso do solo ou da aplicacdo de pesticida e de vinhaga os parametros da
agua que estruturam o zooplancton seréo diferentes, destacando o pH e a condutividade elétrica
como os mais frequentes. As praticas agricolas, uso e manejo do solo e aplicagGes de pesticidas
ou vinhaca, reduzem a diversidade taxonémica e funcional do zooplancton contribuindo para a
perda de funcles ecossistémicas. Portanto, novas praticas sustentaveis de manejo e uso do solo
precisam ser adotadas para diminuir os efeitos negativos sobre as comunidades aquaticas e,
consequentemente, contribuir para a manutencao e conservacdo da biodiversidade aquética e
das funcBes ecossistémicas.

Palavras-chave: Impactos Ambientais. Paisagem. Inseticida. Herbicida. Cladocera. Copepoda.
Rotifera.



ABSTRACT

DOS SANTOS, N.G. Susceptibility of zooplankton to land use, pesticide and vinasse
applications: analysis of functional and taxonomic diversity. 2024. Doctoral thesis,
Postgraduate Program in Biodiversity, Universidade Estadual Paulista, Instituto de Biociéncias,
Letras e Ciéncias Exatas, Sdo José do Rio Preto, Sdo Paulo, Brazil.

Land use and management is one of the most important impacts on aquatic and terrestrial
communities today. Among the different land uses, sugarcane crpops and pastures are one of
the most impactful because they use agrochemicals such as insecticides, herbicides and
fertilizers, as well as vinasse, which is used as a natural fertilizer in sugarcane crops in Brazil.
These pesticides and vinasse can be carried into water bodies and affect aquatic communities
and water parameters. Against this background, the main objective of this thesis was to assess
the sensitivity of zooplankton to land use, pesticide applications and vinasse using functional
and taxonomic diversity analyses. To achieve this objective, studies were carried out that
resulted in the preparation of 4 articles with 3 approaches: a review of scientometrics, analysis
of data collected in the field and two mesocosm experiments. The aim of the first article was to
provide a global overview of studies on the effects of land use on freshwater zooplankton
communities, using scientometrics and a synthesis of the main findings in articles published on
the subject. After selection, we arrived at a total of 80 articles, showing that this number has
increased over time, especially in the USA, Poland, Canada, China, Argentina and Brazil. Land
use for cropland, pasture and urbanization have been shown to have a negative impact on
zooplankton communities. The presence of surrounding natural vegetation in aquatic
environments has been shown to contribute to greater taxonomic and functional diversity of
zooplankton. The second article aimed to evaluate the effect of water parameters of eight
reservoirs inserted in an agropastoral landscape on the functional structure of zooplankton. The
generalized additive mixed models revealed that pH and total nitrogen are key variables for the
functional structuring of zooplankton. In the third article, an experiment with realistic
simulations of land use and management was carried out using mesocosms. The aim of this
study was to verify the effects of land use and management in extensive pasture, intensive
pasture and sugarcane on the taxonomic and functional structure of zooplankton and to analyze
which water parameters structure zooplankton under the influence of each type of land use.
Intensive pasture and sugarcane land use showed a reduction in Shannon's diversity and
functional richness between the beginning and the end of the experiment. pH was the most
important parameter in structuring zooplankton communities, being the only structuring
variable present in all treatments. The fourth article aimed to evaluate the effects of fipronil,
2,4-D and vinasse, alone or in mixtures, on zooplankton diversity and to identify the water
parameters that structure the community. A mesocosm experiment was conducted with six
treatments and three replicates: control (C), 2,4-D (D), fipronil (F), fipronil and 2,4-D (M),
vinasse (V) and all compounds (MV). After application of the compounds, species richness,
Shannon-Wiener diversity, richness and functional dispersion were significantly lower in the
F, M, MV and V treatments than in the C and D treatments during the experiment. The structural
parameters of the water were different for each treatment. In treatment C, temperature and
chlorophyll were the structuring variables. In treatment D, turbidity and pH were the main
structuring variables. Chlorophyll a was the main structuring variable in treatment F, while pH
and electrical conductivity were the structuring variables in treatments MV and V, respectively.
The results of this work highlight the detrimental effects of land use and management for
pasture and sugarcane, as well as the application of insecticides and vinasse. In addition,
depending on the type of land use or application of pesticides and vinasse, the water parameters



that structure the zooplankton will be different, with pH and electrical conductivity being the
most common. Agricultural practices, land use and management, and pesticide or vinasse
applications reduce the taxonomic and functional diversity of zooplankton, contributing to the
loss of ecosystem functions. Therefore, new sustainable land use and management practices
need to be adopted to reduce the negative impacts on aquatic communities and thus contribute
to the maintenance and conservation of aquatic biodiversity and ecosystem functions.

Keywords: Environmental Impact. Landscape. Insecticide. Herbicide. Cladocera. Copepoda.
Rotifera.
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1 STRUCTURE OF THE THESIS

This thesis is organized into a general introduction, which contains the main information
about the studies of land use, pesticides and vinasse on ecological communities in Brazil. That
led to the thesis development, followed by 5 chapters, a general conclusion and the next steps.
The first 4 chapters are divided into 1 published article (chapter 2) and 3 manuscripts (chapters
1, 3 and 4). The first one has already been submitted. Chapters 3 and 4 are manuscripts written
in a scientific journal format that are intended to be published. The fifth chapter describes the
main scientific activities carried out during the PhD formation. The last section is a general
conclusion of the thesis and the next step for the future.

The first chapter is a scientometric review that aims to provide an overview of studies
on the effects of land use on the freshwater zooplankton community, considering geographical,
temporal and ecological aspects.

The second chapter is a published article (Dos Santos et al., 2023). This paper evaluated
what were the main water parameters in the structure of the diversity and functional
composition of zooplankton. This study was carried out in 8 reservoirs inserted in agropastoral
landscape in Brazil. The pH and total nitrogen were the structuring variables in these
environments.

The third chapter shows the implementation of an experiment that represents, under
realistic conditions, the main land uses in Brazil: extensive pasture, intensive pasture and
sugarcane crops. These land uses are one of the main economic activities in Brazil and have
caused serious damage to Brazilian biodiversity. The effects of these land uses on the diversity
and composition of zooplankton, both functionally and taxonomically, were analyzed. Also, the
main water variables that structure the zooplankton in these land use types were identified.

The fourth chapter describes the isolated and mixed effects of insecticide, herbicide and
vinasse on the functional and taxonomic diversity of zooplankton using a mesocosm
experiment. The insecticide and vinasse isolated and mixed treatments caused a reduction in
functional and taxonomic richness, Shannon diversity and functional dispersion. We also
identified the main structuring water variables for each type of pesticide and vinasse.

The fifth chapter describes the main academic activities carried out during the doctorate,
including scientific dissemination and teaching, co-supervision, participation in and

organization of scientific events, publications and awards.
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Finally, in the general conclusion and next steps, the conclusion of the doctoral thesis

and new studies that should be carried out are presented.

2 GENERAL INTRODUCTION
2.1 Impact of land use on communities

Throughout human history, anthropogenic actions have caused several changes to native
biomes, one of the most important being the reduction and/or fragmentation of natural
landscapes, which has resulted in the loss of biodiversity worldwide (NEWBOLD et al., 2015,
2016A; MORRISON; BROSI; DIRZO; 2020). These changes are driven by high population
growth, which has led to increased demand for food and housing (ROSA, 2020; WILLIAMS;
BATES; NEWBOLD, 2020; SCHNEIDER; ZABEL; MAUSER, 2022). The impacts of the
Anthropocene have resulted in the conversion of natural landscapes to agricultural and
urbanized landscapes (TILMAN et al., 2011; TSCHARNTKE et al., 2012; LIU et al., 2022;
SCHNEIDER; ZABEL; MAUSER, 2022). These changes are altering the abiotic and biotic
characteristics of all ecosystems around the world, resulting in the loss of taxonomic and
functional diversity of diverse biological communities (LIU et al, 2022, PAQUETTE et al.,
2022). Currently, the expansion of land use and management for agricultural activities and
urbanization over natural areas is increasing every year, especially in Brazil (OGURA et al.,
2022a; LUCAS; CALDARELLI; VENTURA, 2023), which as a developing country is

experiencing economic growth and has agribusiness as one of its main economic activities.

There are myriad abiotic changes and impacts resulting from land use change and
management. The increase in deforestation associated with land use change has led to an
increase in greenhouse gas emissions, which has contributed to increased global warming
(ROLANDO et al., 2017; EL-MAGD et al., 2024). In addition, changes in land use have
increased the amount of organic matter and sediment in lakes and streams over the years,
resulting in the siltation of these environments (WILD; GUCKER; BRAUNS, 2019; CHEN et
al., 2023; WU et al., 2023; BIBENTYO et al., 2024). Furthermore, loss of riparian vegetation
increases nutrient inputs and temperature of aquatic environments, leading to altered trophic
interactions of aquatic communities (MOLINA-NAVARRO et al.,, 2018; REIS; BUNN;
ALBRECHT; 2022). On the other hand, increases in nutrients and dissolved organic matter
may benefit some species of phytoplankton and macrophytes, whose abundance increases as

they assimilate the nutrients introduced into the aquatic environment (ZHANG et al., 2022a).
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Understanding the effects of abiotic changes caused by land use is essential for the conservation
of biodiversity. By identifying the conditions under which abiotic variables lead to greater
biodiversity in terms of species taxonomy and function, it is possible to design environmental

conservation laws and projects.

Several studies have assessed the impacts of land use on terrestrial communities, such
as the impacts on terrestrial vertebrate diversity, which contributes to the loss of ~15% of
terrestrial vertebrate species and ~14% of their native habitat, potentially resulting in the global
extinction of 556 to 818 vertebrate species (CHAUDHARY'; MOOERS, 2018, SEMENCHUK
et al., 2022). With increased habitat loss due to changes in land use, it is estimated that
approximately 1,700 species of birds, amphibians and mammals will be extinct by 2070
(POWERS, JETZ, 2019). In addition, the conversion of land from natural vegetation to
agricultural and/or urban areas promotes the migration of vertebrate species to new habitats,
leading to an intensification of competitive interactions with endemic species (BAJARU et al.,
2020; MAYANI-PARAS et al., 2021; POLAINA etal., 2021; STRONA; BRADSHAW, 2022).
Another factor that impacts terrestrial communities is the intensification of land use, which
influences the fluctuation of terrestrial animal populations, with deforestation being one of the
main factors responsible for reducing bat population stability and pastureland for bird
population (BLUTHGEN et al., 2016). Moreover, herbivory rates of terrestrial invertebrates
decrease with increasing intensity of land use near forest areas and in pasture areas (NEFF et
al., 2023). Changes in land use, such as the conversion of areas from pasture to croplands, have
been associated with changes in the composition and structure of small mammal communities
(TORRE et al., 2015; GRAHAM et al., 2019). Thus, changes in land use, whether through
conversion of land, intensification of use, or loss of habitat, have resulted in the loss of terrestrial
biodiversity worldwide (NEWBOLD et al.,, 2015, 2016B; OUTHWAITE; MCCANN;
NEWBOLD, 2022).

In addition to impacts on terrestrial communities, some studies have shown the effects
of land use on aquatic communities, particularly fish and macroinvertebrate communities (ITO
et al., 2020; CABRERA et al., 2023). Land use intensification affects trophic interactions and
the functioning of aquatic ecosystems, reducing the number of interactions between species but
increasing the efficiency of energy transfer (COLLYER et al., 2023). In addition, deforestation
causes limnological changes, such as increases in temperature and nutrients, and consequently
alters trophic interactions between species and within fish guilds (REIS; BUNN; ALBRECHT,
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2022). Other studies have shown that land use conversion from pasture to sugarcane has caused
a decrease in the functional diversity of fish and macroinvertebrates (ZENI; HOEINGHAUS;
CASATTI, 2017; LIU et al., 2022). Thus, land use has led to a loss of aquatic biodiversity and
a homogenization of aquatic ecosystems, especially on fish and macroinvertebrate
communities. Studies on the effects of land use on zooplankton are still scarce (BALSEIRO et
al., 2023; CASTILHO-NOLL et al., 2023) and it is necessary to find a global overview to
identify the state of the art of these studies. It is expected that the majority of these studies will
be conducted in developed countries with high publication rates and that promote
environmental stewardship. Therefore, the study of the effects of land use on other aquatic
communities is essential to understand these effects on the different biological communities

that exist and, consequently, to propose public policies to mitigate these effects.

Historically, there has been an increase in land use for agricultural areas to grow
different crops such as soy, rice, oranges, and sugarcane, which are essential raw materials for
different products used for human food. In addition, the use of pastureland is one of the most
important forms of land use worldwide, as raising livestock provides meat for the population
(WRIGHT et al., 2015, LAL et al. 2021). The use of land for planting and pasture alters the
characteristics of the soil and the communities associated with it (DAMIAN et al., 2021; 2023),
as well as affecting nearby water bodies, since crops use different chemicals to maximize
production, which are transported to aquatic environments (FREITAS et al., 2023; CORAPI et
al., 2023; CABRERA et al., 2023). Thus, cropland and pasture are among the main forms of
land use that cause various impacts on terrestrial and aquatic communities, leading to changes
in species composition and extinction and loss of biodiversity (PEARSON et al., 2018;
BRAUER; BEHEREGARAY, 2020).

Brazil suffers from intense deforestation and uncontrolled land use, with intensive
agricultural practices being one of the main activities that directly and indirectly affect the
biodiversity of aquatic and terrestrial environments (TILMAN, 1999; NORTON; REID;
YOUNG, 2013; DUDLEY; ALEXANDER, 2017; TURCOTTE, et al., 2017). In Brazil,
soybeans, corn and sugarcane predominate, the latter being one of the most important crops in
the country for ethanol production (MARTINELLI et al., 2010). The increased stimulus for the
production of this fuel has led to a demand for the use of arable land, as well as the conversion
of pastureland into sugarcane crops (BORDONAL et al., 2018). According to recent studies,

this measure prevents the deforestation of native areas of the Brazilian biome and,
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consequently, allows the maximization of the ecosystem services provided by these areas
(ALKIMIM; SPAROVEK; CLARKE, 2015; OLIVEIRA et al., 2019). However, the effects of
pasture conversion to sugarcane on aquatic communities are still unknown. It is known that
sugarcane crops intensively use fertilizers, vinasse, and pesticides such as insecticides and
herbicides, which contaminate aquatic environments (KHATRI; TYAGI, 2015; SCHIESARI,
L.; CORREA, 2016) and directly affect aquatic communities. In addition, extensive pastures
have been converted to intensive pastures to maximize livestock production and avoid
deforestation of native areas (MACDONALD et al., 2017; OLIVEIRA et al., 2019). This has
involved the application of fertilizers to the soil and/or the use of highly productive grasses as
a food source for animals (DE OLIVEIRA SILVA et al., 2017; MACDONALD et al., 2017).
The runoff of fertilizers and vinasse to aquatic environments in intensive pasture and sugarcane,
increases the concentration of nutrients and consequently the phytoplankton community can
have a greater abundance (ZHANG et al., 2024; DORY et al., 2024). On the other hand, the
intensification of the pasture areas will not be sufficient to avoid the pressure on the natural
areas (KREIDENWEIS et al., 2018). However, the effects of these different types of pastures
on communities, especially aquatic communities, are still unknown. It is expected that in
pasture and sugarcane environments, total nitrogen and total phosphorus (nutrients) will be the

structuring variables because of fertilizer and vinasse application.

One of the most important existing aquatic communities that has been little studied is
the zooplankton. Zooplankton organisms have a short life cycle and therefore respond rapidly
to various environmental changes (MIN et al., 2021; MUNOZ-COLMENARES; SORIA;
VICENTE, 2021; RAJEWICZ et al., 2023). The zooplankton community plays a fundamental
role in the functioning of the aquatic system, since it is responsible for the transfer of energy
between the producing organisms and the other consuming trophic levels, acting as an essential
link in trophic interactions (WETZEL, 2001). In addition, these organisms are highly sensitive
to environmental changes, such as climate and landscape changes (DAS CANDEIAS et al.,
2022; BOMFIM et al., 2023). Their importance can also be seen in the role of some species in
controlling the phytoplankton community through herbivory, mediating the possible risks of
eutrophication (AMORIM et al., 2019; BUTTS; MOODY; WILKINSON, 2022; TERESHINA
etal., 2023), as well as in the consumption of organic matter through nutrient cycling in aquatic
ecosystems (HE; WANG, 2020; JOHNSTON et al., 2022). However, most studies on
zooplankton relate to the effects of predators and macrophytes, and how communities are
affected by environmental changes caused by eutrophication and salinization (DOS SANTOS



23

et al., 2020; IGLESIAS, 2020; CASTILHO-NOLL et al., 2023). Thus, the effects of land use
on the zooplankton community are still poorly understood (BALSEIRO et al., 2023;
CASTILHO-NOLL et al., 2023).

Studies on the effects of land use on zooplankton have yielded inconsistent results.
Some have reported that the zooplankton community is not affected by changes in land use, but
by water parameters such as pH, dissolved oxygen, temperature and nutrients (ALLEN et al.,
1999; MSITELI-SHUMBA,; KATIVU; HULOT, 2017; LOEWEN et al., 2019). Some studies
have shown that in preserved environments, temperature and chlorophyll are structuring
variables of the zooplankton community (LI et al., 2019; GOMES et al., 2020). In addition,
other studies have shown that the presence of predators and macrophytes are factors that
structure the zooplankton community more than land use (GELINAS; PINEL-ALLOUL, 2008;
BATTES et al., 2019). On the other hand, other studies have shown that community structure
is explained by the land use in which the aquatic environments are inserted (HOFFMANN;
DODSON, 2005; DODSON et al., 2007; DRINAN et al., 2013; BEAVER et al., 2014).
However, these studies do not specify the different land uses and how each type affects the
community. Few studies differentiate between different types of land use, such as types of
pastures, cropland, and urbanization, and compare the impact of different types of land use on
zooplankton communities (RUMES; EGGERMONT; VERSCHUREN, 2011; GILBERT et al.,
2017; Li; Li, 2023; FLORES-MENDEZ et al., 2024). The zooplankton community in aquatic
environments where the environment is managed has lower taxonomic and functional diversity
than communities in environments where the environment is preserved (PAQUETTE et al.,
2022; WANG et al., 2023). On the other hand, the zooplankton community in lakes with an
agricultural environment has a higher biomass and density than communities with a preserved
environment (ZHANG et al., 2022b). Few studies have identified which water parameters
structure the zooplankton community under the influence of different land uses. It is expected
that chlorophyll a will be a structuring variable of the zooplankton community in preserved
environments or without the application of pesticides, since chlorophyll a is a parameter to infer
the quantity of phytoplankton, which is the food resource of zooplankton. Therefore, studying
the effects of land use and management and identifying the structuring variables is essential to
improve the understanding of these effects and, consequently, to develop more sustainable
policies and actions to maintain and conserve the limnological features that provide better water

quality and greater aquatic biodiversity.
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Among the ecological metrics for community structure studies, the concept and classical
measure of taxonomic diversity, represented by the number of species and their relative
contributions, have proven ineffective in representing the structure and functioning of
communities (CIANCIARUSO; SILVA; BATALHA, 2009). Recently, the functional diversity
approach has been considered as a new ecological metric for these studies, but it is still little
explored for the zooplankton community (BARNETT; FINALY; BEISNER, 2007; VOGT;
PERES-NETO; BEISNER, 2013; BOMFIM et al., 2023). This ecological approach is more
efficient in detecting community responses to environmental changes than classical diversity
measures, as it results from the study of specific functional traits of each species, reflecting the
functioning of the ecosystem as a whole (TILMAN et al., 1997, MOUILLOT et al., 2013).
Thus, combining both metrics is a way to understand how communities respond to changes in
ecosystems and to identify which metrics are most effective in predicting specific

environmental impacts.

Understanding the effects of land use and management practices, such as sugarcane
cropland and pastures, on aquatic communities is essential to identify their impacts and,
consequently, to provide food for thought in developing more sustainable and productive forms
of land use and management. More sustainable and productive agricultural practices reduce
impacts on terrestrial and aquatic communities and consequently contribute to increased food
security. Thus, this work contributes directly and indirectly to Goals 2 (hunger and sustainable
agriculture) and 13 (action on global climate change) of the 17 Sustainable Development Goals
(SDGs) of the United Nations (UN), as set out in the UN Agenda 2023 for Sustainable
Development (ONU, 2015). In addition, Goals 14 (Life Below Water) and 15 (Life on Land)
are also covered (ONU, 2015), as this dissertation examines the main impacts of land use on
aquatic communities and how water characteristics can influence these communities. Fresh
water is an essential source of life for terrestrial organisms, and its use is becoming increasingly

inaccessible and expensive under deteriorating conditions.

2.2 Impact of pesticides and vinasse on communities

In order to prevent pests and correct soil characteristics, and thus maximize agricultural
yields, various types of agricultural inputs such as insecticides, herbicides and fertilizers are
used on croplands (PELINSON et al. 2023, SCHULZ et al. 2024). Especially in Brazil, vinasse,
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a liquid residue from ethanol production, is also used as a natural fertilizer
(CHRISTOFOLETTI et al. 2013, DA SILVA et al., 2013). There are numerous brands and
active ingredients of agricultural inputs that have different physical and chemical properties,
and therefore different levels of toxicity and impact (DA SILVA PINTO et al., 2021a; COTTA
et al.,, 2023). In addition to impacting terrestrial communities, these compounds can be
transported to aquatic environments and cause various effects on aquatic communities, such as
behavioral and physiological changes at the population level or a reduction in diversity and
richness at the community level (DA SILVA PINTO et al., 2021b, SILVA et al., 2021).
Understanding the effects caused by these agricultural inputs is essential for the conservation
of aquatic biodiversity and the promotion of new bio-organic products for use in soil

management and use.

Brazil is one of the main countries in the world in terms of pesticide consumption, as its
economy is based on agricultural activities. In addition, in recent years, especially in the period
2016 to 2022, Brazil had a government with anti-environmental policies that allowed the
regulation of more than 400 agrochemicals, some of which are banned in several European
countries (ABESSA; FAMA:; BURUAEM, 2019, CARNEIRO, 2022). During this period, the
indiscriminate use and consumption of agrochemicals may have increased, as well as the rate

of deforestation.

Among the many types of pesticides regulated in Brazil, the insecticide fipronil and the
herbicide 2,4-D are among the most widely used in sugarcane crops (ALBUQUERQUE et al.,
2016). Fipronil is an insecticide that acts as a neurotoxin, inhibiting gamma-aminobutyric acid
(GABA) ionotropic neureceptors in the central nervous system, and is classified as highly toxic
in Brazil (CETESB, 2018; MAPA, 2020). Some studies have shown various effects on
terrestrial and aquatic non-target species. For example, a decrease in the bee population was
observed in areas where fipronil was applied compared to areas where this insecticide was not
applied (FARDER-GOMES et al., 2021). Behavioral and physiological changes have also been
observed in insects, such as habitat exploration behavior and neuromuscular changes (ROSA et
al., 2023). Various effects of this insecticide have been reported in several laboratory studies
with different aquatic organisms. For example, fipronil causes changes in respiration rate and
oxidative stress in amphibians, leading to high mortality (GRIPP et al., 2017; FREITAS et al.,
2022). In addition, the acute and sublethal effects of fipronil have resulted in physiological and
histopathological changes in freshwater mussels (ARSLAN; GUNAL, 2023). These effects
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have been reported in various aquatic populations, but the effects of this insecticide on the

taxonomic and functional diversity of the zooplankton community are not yet known.

2,4-D is a herbicide whose active ingredient is 2,4-dichlorophenoxyacetic acid. In high
concentrations, 2,4-D acts by altering the growth and cell division of weeds, causing plant death
(OGURA et al. 2022b). This herbicide is classified as extremely toxic by the National Health
Surveillance Agency (MAPA, 2020). When applied to the soil, 2,4-D can alter the microbial
community, increasing the diversity of rhizospheric fungi in the soil (AGUIAR et al., 2020).
On the other hand, laboratory studies have shown that 2,4-D causes changes in mitochondrial
function, oxidative status, and fish behavior (THIEL et al., 2020; VIANA et al., 2022). In
addition, some studies have shown that this herbicide can alter the predator avoidance behavior
of zooplankton and also reduce the growth rates of some cladoceran species (ANDRADE et al.,
2018). However, the effects on different community metrics, such as taxonomic and functional

diversity index and species richness, are still scarce.

The insecticide fipronil and the herbicide 2,4-D can be applied sequentially to sugarcane
plantations. In this way, the two compounds can be carried into the aquatic environment,
resulting in a more harmful synergistic effect on aquatic communities (COTTA et al., 2023,;
GALLO etal. 2023; GOULART etal. 2024). An experimental study has shown that when these
two pesticides are applied together, they are detected by the fish species Danio rerio, which
avoids contaminated areas in search of areas free of pesticides (MOREIRA et al., 2022). The
same fish shows changes in its homeostasis when these two pesticides are applied at
concentrations recommended for sugarcane crops (VIANA et al., 2022). On the other hand, the
isolated effects of fipronil and 2,4-D on the biomass of the tropical amphipod Hyalella meinerti
are more pronounced than when they are mixed (DA SILVA PINTO et al., 2021a). In addition,
the vast majority of studies evaluating the effects of pesticides on zooplankton analyze the
effects at the population level, examining only a few zooplankton species, mainly cladocerans
(SILVA etal., 2021; GALLO et al., 2023). These studies attempt to determine the effects of the
use of insecticides and herbicides that are transported to aquatic environments associated with
agricultural areas (HANAZATO, 1991; RELYEA, 2005, 2009; HAYASAKA et al., 2012;
GERG et al., 2013, MOREIRA et al., 2017). There are few studies evaluating the effects of
pesticides on the zooplankton community as a whole and their impact on aquatic ecosystems.
It is therefore important to study the effects of these compounds in isolation and in mixtures to

identify potential synergies on community metrics such as diversity indices.
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In addition to the effects of pesticides, there are the effects of fertilizers, which are used
to enrich soils with nutrients and improve crop production (CHRISTOFOLETTI et al., 2013).
However, the irrational and inappropriate use of fertilizers contributes to the increase of the
primary community in aquatic environments near crops. This leads to excessive growth of algae
and aquatic macrophytes (WAISER; ROBARTS, 1997; GRACE et al., 2019), which affects the
limnological parameters and trophic interactions of these environments (VILLAMAGNA;
MURPHY, 2010). In addition to the application of fertilizers, the use of vinasse as a natural
fertilizer has recently increased in Brazil (CHRISTOFOLETTI et al., 2013, MORAES et al.
2014). Vinasse is a liquid residue from ethanol production that has chemical properties such as
high concentrations of nutrients, which helps in the growth and increase of sugarcane
production (CHRISTOFOLETTI ET AL., 2013; DA SILVA et al., 2013). In addition, the
physiological and chemical characteristics of vinasse include high electrical conductivity and
the amount of organic matter, as well as various metals (DA SILVA PINTO et al., 2021;
COTTA et al., 2023; FREITAS et al. 2023). The high concentrations of nutrients can flow into
aquatic ecosystems and increase their primary productivity, causing eutrophication
(MARTINELLI; FILOSO, 2008). Moreover, when vinasse is discharged into aquatic
environments, the concentration of dissolved oxygen in the aquatic environment can decrease
significantly due to the high concentration of organic matter (CHRISTOFOLETTI et al., 2013,
FREITAS et al., 2023). In this way, several negative effects can occur on aquatic communities,
especially on the zooplankton community. However, the effects of vinasse on the zooplankton

community are still unknown.

Fipronil, 2,4-D and vinasse are widely used in sugarcane crops in Brazil, which is the
main type of land use and management for agricultural activities in the country. As such, these
compounds can be found together in Brazilian water bodies and cause numerous adverse effects
(COTTA et al., 2023; GIROTTO et al., 2023). Some studies have demonstrated the effects on
aquatic communities, especially on macroinvertebrate communities and on populations of
tadpoles and aquatic invertebrates such as Hyalella and Ceriodaphnia (DA SILVA PINTO et
al., 2021a; SILVA et al. 2021; GIROTTO et al., 2023). In general, these studies have shown
that fipronil and vinasse, alone or in mixtures, are more harmful than 2,4-D, causing rapid
mortality and consequently reducing species diversity and abundance (MOREIRA et al. 2020,
COTTA et al. 2023). However, the effects of these compounds, alone or in mixtures, on the
zooplankton community, especially on taxonomic and functional diversity indices, are still

unknown.
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Therefore, the analysis of the effects of land use and the application of insecticides,
herbicides and vinasse, alone or in mixtures, on the zooplankton community, using taxonomic
and functional diversity metrics, is essential for progress in the assessment of the ecological
risk generated by these effects on the functioning of ecosystems. This thesis has made it possible
to advance studies on the functional and taxonomic diversity of zooplankton associated with
the effects of changes in the agro-ecosystem, such as land use with different intensities of
pasture and sugarcane and the use of pesticides and vinasse. The results of this thesis will
provide a more detailed understanding of the effects of these practices on aquatic ecosystems,
which will contribute to the development of new sustainable practices and environmental

protection laws.
3 HYPOTHESIS

The main hypothesis of this thesis is that the use and management of land for intensive
pasture and sugarcane crops and the application of insecticides and vinasse will reduce the

taxonomic and functional diversity of zooplankton.

Below are the specific hypotheses of this thesis, which will be answered in accordance

with the objectives of each chapter:

1. Most studies on the effects of land use on the zooplankton community are conducted in
countries with the highest number of publications, such as the USA and Canada
(Chapter 1).

2. The zooplankton community in aquatic environments with a natural landscape will have
greater biodiversity than in urbanized, pastured, cropped, or mining areas. (Chapter 1)

3. The structuring water parameters of zooplankton in agropastoral aquatic environments
will be phosphorus and total nitrogen. (Chapter 2)

4. The zooplankton of aquatic environments in intensive pasture and sugarcane land uses
will have lower taxonomic and functional diversity than those in extensive pasture
environments. (Chapter 3)

5. The water parameters that structure the zooplankton community of aquatic
environments inserted in pasture (extensive and intensive) and sugarcane environments
will be different. In the intensive pasture and sugarcane land use, the structuring
variables will be the concentration of phosphorus and total nitrogen. In the extensive

pasture, the structuring variables will be chlorophyll a. (Chapter 3)
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6. The taxonomic and functional diversity of zooplankton will be lower in aquatic
environments where fipronil and vinasse are applied (alone or in a mixture) than in
environments where no pesticides are applied or where 2,4-D is applied (Chapter 4).

7. The water parameters that will structure the taxonomic and functional diversity of the
zooplankton community under the application of fipronil, 2,4-D and vinasse, alone or
in mixtures, will be different. It is expected that electrical conductivity and total
phosphorus and nitrogen will be the structuring parameters in the fipronil and vinasse
treatments, while temperature and chlorophyll a will be the structuring variables in the
absence of these compounds or in the presence of 2,4-D. (Chapter 4).

4 GENERAL OBJECTIVE

The general objective of this thesis was to analyze the effects of land use, pesticide
application and vinasse on the zooplankton community using functional and taxonomic

diversity analyses.
4.1 Specific objectives
On the basis of the general objective, seven specific objectives have been drawn up:

1. To conduct a scientific review of articles evaluating the effects of land use on
zooplankton around the world, taking into account geographical, temporal and

ecological aspects, and to summarize the main results found (Chapter 1).

2. Toanalyze which water parameters structure the functional diversity of the zooplankton

metacommunity in agropastoral landscapes (Chapter 2).

3. Toanalyze the effects of different land uses (pasture, citrus and sugarcane) on functional
traits and to identify which water parameters structure the functional traits of
zooplankton in reservoirs inserted in an agropastoral landscape (Chapter 2).

4. To analyze the effects of land use for extensive pasture, intensive pasture and sugarcane
crop on the taxonomic diversity (species richness, Shannon diversity and evenness),
functional diversity (FRic and FEve), species composition and functional composition
(expressed by functional traits: body size, feeding type, trophic group and habitat) of
zooplankton (Chapter 3).
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5. To analyze which water parameters, for each land use - extensive pasture, intensive
pasture and sugarcane crops - structure taxonomic diversity and functional diversity
(Chapter 3).

6. Analyze the effects of the insecticide fipronil (Regent® 800 WG), the herbicide 2,4-D
(DMA® 806 BR) and vinasse, alone and in mixtures, on taxonomic diversity (species
richness, Shannon-Wiener diversity and functional diversity (FRic and FDis) (chapter
4).

7. Toanalyze which water parameters, for each application of pesticides and vinasse being

alone or in mixtures, structure taxonomic and functional diversity (Chapter 4).
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Abstract

Land use is one of the most important factors affecting biodiversity. In addition to damage to
terrestrial environments, negative effects on aquatic environments have been reported in many
articles. With this study, we provide a global overview of studies on the effects of land use on
freshwater zooplankton communities, carrying out scientometrics and a synthesis of the main
knowledge produced in the articles about the topic. After selection, we reached a total of 80.
The number of studies has increased over time, especially in the USA, Poland, Canada, China,
Argentina and Brazil. Land use for cropland, pasture and urbanization has been shown to have
a negative impact on zooplankton communities. The presence of surrounding natural vegetation
in aquatic environments has been shown to contribute to greater taxonomic and functional
diversity. The effects of land use for mining and the groups of testaceous amoebae, ciliates and
flagellates are the least studied. Different landscape metrics have been used, which may be
related to different environmental policies in different countries. Finally, we highlight the main
gaps so that studies on the effects of land use can advance and contribute to environmental
policies for the maintenance and conservation of aquatic biodiversity.
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6.1 Introduction

In the current global context, land use is one of the main factors negatively affecting
biodiversity and the functioning of aquatic and terrestrial ecosystems. With human population
growth worldwide, there has been an increase in the demand for food and housing, leading to
the expansion of agricultural and urban areas (Tilman et al., 2011; Tscharntke et al., 2012;
Knorr et al., 2018). Progress over the years has led to the expansion of anthropized areas over
the most diverse natural biomes, resulting in landscape fragmentation and the extinction of
various species around the world (De Baan et al., 2013; Holt et al., 2015; Newbold, 2018;
Potapov et al., 2022). Currently, 38 to 55% of the planet's habitable land is used for agriculture,
and this land use may increase by 7% by 2050 (Zabel et al., 2019; Van Dijk et al., 2021,
Schneider et al., 2022). Furthermore, it is estimated that around 68% of the world's population
will live in urban areas by 2050, further highlighting the need to expand and improve urban
environments (Nations, 2018; Rodriguez-Nikl, 2022).

One way to maximize agricultural and pasture production is to intensify the
management and use of these areas, either by applying fertilizers and pesticides and/or by
expanding these areas, especially over biodiversity hotspots and natural biomes (Tilman et al.,
2011; Raven & Wagner, 2021; Caballero et al., 2023). However, the consequences of these
activities include deforestation, climate change, soil degradation, habitat fragmentation and
homogenization, and ecosystem pollution, making land use a major driver of biodiversity
change and reduction (Newbold et al., 2015, 2016a; Petsch, 2016; Ortiz et al., 2021; Raven &
Wagner, 2021; Etard et al., 2022; Outhwaite et al., 2022). Given the intensity and number of
alarming consequences for ecosystems and the provision of their services, the impacts of land
use, management and conversion have become the focus of research by scientists who seek to
understand the phenomenon in order to mitigate detrimental effects and develop conservation
measures (Zabel et al., 2019; Liu et al., 2022; Semenchuk et al., 2022, Assis et al., 2023).

The impacts of land use on biodiversity, both terrestrial and aquatic, have been reported
in several studies. It is estimated that between 209 and 818 endemic species of terrestrial
vertebrates could become extinct by 2100 due to land use impacts (Chaudhary & Mooers,
2018). It is also estimated that approximately 1,700 species of birds, amphibians and mammals
will become extinct by 2070 as a result of habitat loss due to land use change (Powers & Jetz,
2019). Land conversion from natural vegetation to agricultural and/or urban areas also promotes
the migration of species to new habitats, leading to an intensification of competitive interactions
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with endemic species (Bajaru et al., 2020; Mayani-Paras et al., 2021; Polaina et al., 2021; Strona
& Bradshaw, 2022). Another effect reported for mammal and bird species arising from human
disturbance through agriculture and urbanization is a decrease in the functional diversity of
these groups and an increase in the occurrence of generalist small mammal species (Vargas
Soto et al., 2021; Penjor et al., 2022). In general, studies indicate a decrease in species richness
and abundance and changes in community composition in agricultural areas compared to areas
of primary vegetation (Newbold et al., 2015, 2016b; Outhwaite et al., 2022).

One of the ecosystems most affected by land use is the aquatic environment, where the
impact has been studied mainly in terms of pesticide and fertilizer run-off from agriculture into
water bodies (Centanni et al., 2023; Hermann et al., 2023; Singh et al., 2023). In addition, recent
and rapid habitat fragmentation caused by land-use change has increased the risk of extinction
for freshwater aquatic species (Brauer & Beheregaray, 2020). However, it is important to stress
that these effects are highly variable, depending on the type of land use, aquatic environment
and the organisms studied (Almeida-Gomes et al., 2020; Li et al., 2023). For example, recent
studies point to the impact of the introduction of large amounts of organic matter from animal
waste into aquatic environments, which induces the uncontrolled growth of cyanobacteria and
leads to eutrophication of the aquatic environment (Frau et al., 2021; Agostini & Bilenca, 2024).
Other studies have observed that the fragmentation of natural environments, including forests,
savannahs and other biomes, has triggered the loss and reduction of streams, resulting in a
significant increase in the number of urban and rural artificial reservoirs (Januchowski-Hartley
et al., 2013; Edge et al., 2016).

Impacts have also been reported on changes in the structural and limnological
characteristics of aquatic environments, such as siltation of the bed of streams and reservoirs, a
reduction in microhabitats and dissolved oxygen concentrations, an increase in nutrient
concentrations and water temperature (Cunha et al., 2020; Szalinska et al., 2020; Chen et al.,
2021, Clermont et al., 2023). These changes have detrimental effects on aquatic communities,
such as changes in species composition and losses in functional and taxonomic diversity (Santos
etal., 2021, das Candeias et al., 2022).

Most studies assessing the effects of land use on aquatic communities are conducted in
lotic environments, such as streams and rivers, and on fish and macroinvertebrate communities

(Siqueira et al., 2015; Zeni et al., 2017, 2019). Although the number of lentic environments has
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increased worldwide, few studies assess landscape effects, and when they do, most focus on
tadpole and aquatic insect communities (Almeida-Gomes et al., 2020). For zooplankton, studies
of the effects of anthropogenic activities, such as management and land use, on diversity are
still scarce (Castilho-Noll et al., 2023; Balseiro et al., 2023, Dos Santos et al., 2023).

Zooplankton organisms play a fundamental role in the functioning of the aquatic system,
as they are responsible for the transfer of energy between producing organisms and the other
consuming trophic levels, acting as an essential link in trophic interactions (Brucet et al., 2017;
Dos Santos et al., 2020). In addition, these organisms have a short life cycle and are highly
sensitive to environmental changes caused by various direct and indirect factors, such as climate
change and landscape alterations (das Candeias et al., 2022; Bonfim et al., 2023). Their
importance can also be seen in the role of some species controlling the phytoplankton
community through herbivory, mediating the possible risks of eutrophication (Amorim et al.,
2019; Butts et al., 2022; Tereshina et al., 2023), as well as in the consumption of organic matter

through nutrient cycling in aquatic ecosystems (He & Wang, 2020; Johnston et al., 2022).

Studies of changes in community structure, such as taxonomic and functional
biodiversity (ElImoor-Loureiro et al., 2022; Paquette et al., 2022a; Dos Santos et al., 2023),
biological traits such as life cycles (Ramaekers et al., 2022; Twardochleb et al., 2023) and
morphological changes (Qin et al., 2022; Wang et al., 2023b) in zooplankton, can provide
information that is relevant for understanding how land use may affect the aquatic ecosystem

as a whole.

Although land use and landscape changes have intensified across the planet, as reported
above, research into the causes and consequences of these anthropogenic actions on
communities is not progressing at the same pace, making it impossible to implement
conservation and management projects to preserve aquatic environments. There has been an
increase in these studies in recent years, but they may be concentrated in certain countries and
continents whose environmental policies are more focused on this issue. The same seems to be

true for studies on effects on aquatic communities, such as zooplankton.

Thus, there is a lack of a global overview that can provide information and answer
questions such as: Where are these studies most intensive? Are there variations between
countries and continents? What are the ecological approaches of these studies? What types of

environments and organisms are being studied? Which types of land use and their effects on
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the zooplankton community are most studied? Against this background, this study aims to
answer these questions, and its main objective is to provide a global overview of studies on the
effects of land use on the freshwater zooplankton community, considering geographical,

temporal and ecological aspects.

6.2 Materials and methods

6.2.1 Search process

We conducted a systematic review using Google Scholar (GS), Scopus and Web of
Science (WoS) search platforms on 1 December 2023. In this review, we evaluated papers on
the topic of land use and its relationship with zooplankton. The following keywords were used:
"Land Use" OR "Landscape Use" OR "Land Cover Change" OR "LUCC" AND "Cladocer*"
OR "Rotifer*" OR "Copepod*" OR "Protoplankton"™ OR "Ciliates" OR "Flagellates" OR
"Testate Amoebae" OR "Zooplan*ton". We consider protozooplankton as part of zooplankton
because some papers use the term protoplankton and include testate amoebae, ciliates and
flagellates in their studies. In addition, we used the asterisk (*) to include all the linguistic
variations of the words in our research. Finally, articles found on two or three search platforms

were only considered once.

6.2.2 Eligibility, filtering and data extraction

We selected articles based on the following eligibility criteria: 1) articles that aimed to
evaluate the effects of land use on zooplankton, 2) articles written in English, 3) articles that
investigated lentic and/or lotic freshwater environments, excluding marine and estuarine
environments, 4) articles that directly or through anthropogenic impact indices linked the
different landscape effects to differences in the zooplankton community, and 5) only scientific

articles, excluding books, reports and reviews.

After filtering the articles according to the eligibility criteria, the data were extracted.
The following information was extracted from the selected articles: temporal aspects: year of
publication, temporal approach (studies with a comparative approach with an interval greater
than or equal to 5 years). Geographical aspects, including continent and country of study;
ecological aspects, such as land use types (natural vegetation, pasture, cropland, urban and
mining); landscape metrics (categorical or numerical); buffer type (circular or riparian); buffer

size; study approach (experimental or field); environmental characteristic (lentic or lotic);
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environmental type (lake peatland, pond, reservoir, river, stream, wetland); biotope sampled
(limnetic, littoral, both, no information); taxonomic groups studied; ecological level (population
or community); and ecological metrics (diversity indices, abundance and population metrics).
In this article, we chose to separate agriculture into cropland and pasture, as some articles have
reported that these types of land use have different impacts on zooplankton communities
(Santos et al., 2021). We also considered natural vegetation to be the natural biomes described
in the articles, such as Coniferous forest, Atlantic forest, Cerrado and others. Based on the years
of publication of the articles, we created 5 time intervals, taking into account the period between
the year of the first and the most recent publication. The first interval corresponds to the years
1986, 1998, 1999 and 2004. The other intervals correspond to the consecutive years 2005 to
2009, 2010 to 2014, 2015 to 2019 and 2020 to 2024.

6.3 Results

We found 610 articles in the initial search on the three search platforms. We then
selected the articles that met the eligibility criteria, resulting in the selection of 80 articles. From
these articles, we summarized the main effects of land use on zooplankton communities (Table
1).

There was an increase in the number of studies on the effect of land use on zooplankton
between 1986 and 2024, with the highest number of publications observed in the period 2020-
2024, with a total of 31 articles (Fig. 1A). Most of the studies over time have been carried out
in Europe and North America (Fig. 1B; Fig. S1). Currently, South America and Asia stand out
in the 2020-2024 period, together accounting for 61% of the studies (Fig. 1B). The countries
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Table 1 - Main results of articles evaluating land-use effects on zooplankton communities over time.

References
Jones (1986)

Ejsmont-Karabin & Kruk
(1998)

Stemberger & Chen (1998)
Allen et al. (1999)

Kleppel et al. (2004)
Dodson et al. (2005)

Hoffmann & Dodson (2005)
Johansson et al. (2005)

Karatayev et al. (2005)
Basima et al. (2006)

Burns & Galbraith (2007)
Dodson et al. (2007)

Lougheed et al. (2007)

Land Use
Natural vegetation

Natural vegetation, Pasture, Cropland
Natural vegetation, Pasture, Cropland,
Urban

Pasture, Cropland, Urban

Urban
Pasture, Cropland, Urban

Pasture, Cropland, Urban
Natural vegetation, Pasture, Cropland

Pasture, Cropland, Urban
Natural vegetation, Cropland

Natural vegetation, Pasture, Urban
Cropland

Cropland

Main findings
Water characteristics have more influence on the zooplankton community than land
use.
Rotifer diversity and density were higher in areas with natural vegetation (forest-
meadow) than in agricultural areas.
Aguatic environments closer to urban areas have fish and zooplankton with high metal
concentrations (trophic magnification).
Pelagic zooplankton are more associated with water variables like pH and depth than
land use.
Zooplankton biomass does not differ between urban typologies.

Agricultural lakes with a wide riparian vegetation buffer had a significantly higher
number of zooplankton taxa compared to agricultural lakes with a narrow buffer.
Zooplankton diversity may be structured by land use.

Conversion from forest to agriculture and its intensification have altered the cladoceran
assemblage over time.
Rotifers are positively correlated with urbanized watersheds.

Areas that are used for cropland activities did not show a significant difference in
plankton diversity when compared to pristine areas.

Characteristics of the catchment area, such as land use, influence the structure and
biomass of the pelagic microbial food web.

The age of the lake did not have a significant effect on the zooplankton species
richness, while the land use had a highly significant negative effect.

Wetlands degraded by land use have a negative impact on zooplankton.



Bremigan et al. (2008)

Dodson (2008)

Gelinas & Pinel-Alloul
(2008)
Lougheed et al. (2008)

Abrantes et al. (2009)
Coors et al. (2009)

Kihlman & Kauppila (2009)

Kuczynska-Kippen (2009)

Sonnenburg et al. (2009)
Albert et al. (2010)
Alfonso et al. (2010)

Bagella et al. (2010)

Basinska et al. (2010)

Natural vegetation, Cropland, Urban

Natural vegetation, Cropland, Urban
Urban

Cropland

Natural vegetation, Pasture, Cropland
Pasture, Cropland, Urban

Mining
Natural vegetation, Pasture

Pasture, Cropland, Urban

Pasture, Cropland, Urban

Pasture, Cropland, Urban

Pasture

Natural vegetation, Pasture, Urban
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Land use impact indices report low effect on zooplankton biomass, but high effect on
other communities
Zooplankton richness was negatively correlated with percent grass cover.

Planktonivory had a greater effect on zooplankton than human disturbance and
phosphate enrichment.

Zooplankton assemblages from intensively used cropland areas are subsets of
assemblages from less intensively used cropland areas.

Pesticides originating from monoculture exhibit high toxicity towards daphnids.

Anthropogenic pollution due to land use causes genetic erosion in natural populations
of Daphnia.

The most significant changes in the species composition of the arcellaceans occurred
in the bay where mine water is discharged.

No spatial differences in zooplankton in lakes that have natural vegetation and pasture
around them.

Changes in land use during the colonization process altered the community of testate
amoebae.

Cladoceran composition and diversity are influenced by phosphorus levels and changes
in land use.

Human impact and eutrophication caused by land use reduce zooplankton species
richness.

In temporary ponds, crustaceans remained unaffected by cattle grazing, while the
crucial factors influencing them were the distance to the nearest pond, hydroperiod
length, and water nitrogen.

The body size and spine length of Filinia longiseta are influenced by both microhabitat
and land-use, with the smaller sizes observed in ponds with pasture.



Jose de Paggi & Devercelli Pasture, Cropland, Urban

(2011)

Kuczynska-Kippen & Natural vegetation, Pasture

Wisniewska (2011)

Lear et al. (2011) Natural vegetation, Pasture, Cropland,
Urban

Rumes et al. (2011) Natural vegetation, Pasture, Cropland

Van Egeren et al. (2011) Natural vegetation, Pasture, Cropland,
Urban

Garcia-Garcia et al. (2012) Natural vegetation, Pasture, Cropland,
Urban

Kihlman & Kauppila (2012)  Mining

Orsini et al. (2012) Natural vegetation, Pasture, Cropland
Drinan et al. (2013) Natural vegetation

Basinska et al. (2014) Natural vegetation, Urban

Beaver et al. (2014) Natural vegetation, Pasture, Cropland
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The abundance of micro-zooplankton decreased by a factor of ten from rivers in
watersheds dominated by livestock and agriculture to purely urban areas. Brachionus
spp. were associated with rural areas, while Keratella spp. were associated with urban
areas.

The distribution of rotifers is influenced by the pasture and natural vegetation
surrounding the lake, but the availability of microhabitats in the lakes has a greater
influence.

The taxon richness of ciliate communities was significantly lower in streams that cross
river basins with increased levels of urbanization.

Cladocera species distributions are strongly influenced by agricultural areas in
catchment areas with different land uses.

Urban land-use contributes to the variation in the zooplankton community through its
combined influence with phosphorus.

Streams associated with urban environments and coffee plantations have a higher
concentration of nutrients, resulting in a greater reproduction of Ceriodaphnia dubia.

Mining activity alters environmental variables such as oxygen concentration, increased
levels of nutrients and metals, which changes the composition of the testate amoebae.
Molecular variance in Daphnia magna populations is associated with land use
intensities.

The chydorid communities differed between lakes of contrasting catchment land use.
They showed changes in dominance and abundance with respect to catchment land use.
Urban areas with surrounding trees and the presence of dry rush have greater
zooplankton diversity.

The taxonomic composition and size structure of the cladoceran zooplankton in
reservoirs are highly connected to ecoregional attributes such as catchment land use.



Zhao et al. (2014)
Meier et al. (2015)

Daza Secco et al. (2016)
Joniak et al. (2016)

Pacioglu & Moldovan (2016)
Gilbert et al. (2017)

Joniak et al. (2017)
Marzecova et al. (2017)

Mesiteli-Shumba et al (2017)

Loewen et al. (2018)

Battes et al. (2019)

Natural vegetation, Cropland, Urban

Natural vegetation, Pasture, Cropland,
Urban
Natural vegetation

Natural vegetation, Pasture

Natural vegetation, Cropland, Urban
Natural vegetation, Pasture, Cropland,
Urban

Natural vegetation, Cropland

Natural vegetation, Cropland, Urban

Natural vegetation, Urban

Natural vegetation, Cropland

Natural vegetation, Pasture, Cropland,
Urban
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The Shannon-Weaver diversity index of zooplankton was not sensitive to landscape
changes, while zooplankton density was significantly correlated.

The composition of the zooplankton community is little influenced by the effect of
different land cover.

Tested amoebas respond more quickly to environmental restoration than plants.

The diversity or density of zooplankton communities was not significantly affected by
the type of land use in the catchment area (forest or field).

Copepods are good bioindicators in eutrophic urban streams.

In Mediterranean wetlands, watershed land uses, mainly agriculture, promoted
decreases in zooplankton richness and composition.

In an agricultural landscape, zooplankton is structured more by the presence of fish
and macrophytes than by water characteristics influenced by catchment use.

Changes in land use in the catchment area over the years have been important in
structuring the zooplankton community.

Plankton community was not affected by the land use patterns, but zooplankton
community composition was partly determined by total organic carbon, ammonium,
and total phosphorus and, to a lesser extent, pH and chlorophyll a

Zooplankton communities in mountain lakes are more subject to the direct influence
of climate and local heterogeneity than to human actions on land use, since these are
environments that are still little anthropized.

Zooplankton diversity can be more affected by exploitation intensity, the presence of
submerged vegetation, lake depth and natural land use around the lake than surface
area



Shugocki et al. (2019)

Cortez-Silva et al. (2020)

Gomes et al. (2020)

Gutierrez et al. (2020)

Kuczynska-Kippen (2020)
Lucow et al. (2020)

Rocha et al. (2020)
Frau et al. (2021)

Griffiths et al. (2021)

Onandia et al. (2021)

Pasture, Cropland, Urban

Natural vegetation

Natural vegetation

Cropland

Pasture, Cropland

Natural vegetation, Pasture, Cropland,
Urban
Natural vegetation

Natural vegetation, Pasture, Cropland

Natural vegetation, Pasture, Cropland,
Mining, Urban

Natural vegetation, Cropland
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Crustaceans have higher densities in rural landscapes due to better trophic conditions.
In urbanized catchments, the dam had a positive effect on zooplankton density
downstream.

The richness, abundance, and functional diversity of cladocerans is higher in natural
riparian forests than in non-riparian forests.

In Amazonian streams the forest-cover level significantly affected the physical and
chemical characteristics (conductivity, dissolved oxygen, and temperature) of streams
and on the structure and composition of zooplankton communities, mainly of rotifers
and testate amoebae.

In agricultural catchment areas, eutrophic streams have similar taxonomic and
functional zooplankton diversity compared to mesotrophic streams, but functional beta
diversity is lower in eutrophic streams.

Zooplankton species richness is lower in aquatic environments with higher
anthropogenic pressure.

Testate amoebae revealed a clearly disturbed layer in biogenic deposits in peatland
environments, especially in the second half of the 20th century.

No correlation between zooplankton community structure with the land use.

In streams with intensive agricultural pollution, chromium, biochemical oxygen
demand, pH and conductivity are the most important environmental variables for
structuring zooplankton assemblages.

Cladoceran assemblages of modern and pre-industrial samples show higher turnover
at sites with high human impact compared to those with low impact, but this is not
statistically significant.

Agricultural practices have a negative impact on the rotifer community through the
salinization of the aquatic environment by fertilizers.
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Both local and regional rotifer assemblages are negatively impacted by citrus crops
predominantly found in agricultural lands.

The urban landscape has a negative impact on the zooplankton community (especially
cladocerans and copepods), which is caused by water pollution.

Anthropogenic changes to the riverbed affect the zooplankton community more than
changing the landscape.

The greater the intensity of human impact through land use, the higher the density of
herbivorous zooplankton species and the lower the density of omnivorous species due
to increased nutrient concentrations.

Agricultural runoff affected the composition of the zooplankton community, favoring
zooplankton groups that are more tolerant to eutrophication.

The zooplankton community showed greater richness and diversity in rural
environments when compared to urban areas

Agricultural pollution (cropland and pasture activities) of water quality, such as
increased concentrations of nutrients and pesticides, reduces the diversity and evenness
of zooplankton.

Environments with less impacted land use have higher P-1BI, which is characterized
by better water quality, less anthropogenic disturbance, and greater plankton diversity.
Catchment areas with moderate agriculture have a higher FRic than catchments with
intensive agriculture.

There was a loss of taxonomic and functional diversity locally compared to pre-
industrial assemblages caused by the degree of human impact on the watersheds. Local
losses of a-diversity were greatest in lakes highly affected with agriculture and pasture
being predominant.
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In the agricultural multi-pond, species diversity increases with decreasing degree of
pond aggregation, and spatial factors play a role in explaining zooplankton species
diversity and composition.

The greater the anthropogenic stress, the lower the species and functional richness of
rotifers.

Zooplankton density and biomass were highest in the lake with the highest percentage
of agricultural land and urban area surrounding it.

Zooplankton species richness had a moderate increase in sites with organic farming
compared to conventional farming, but no significant differences in environmental
conditions were observed between them.

Greater canopy cover has a positive effect on scraper feeders (cladocerans), while total
phosphorus and suspended solids have a positive effect on filter feeders (rotifers,
cladocerans and copepods) and raptors (copepods).

The functional structure of zooplankton communities is structured by total nitrogen
and pH in an agropastoral landscape.

Changes in land use did not have a significant effect on the changes in the cladoceran
assemblage over time.

Varying levels of urbanization do not affect zooplankton community.

Urban areas have a strong influence on the decline of zooplankton diversity.

eDNA demonstrates the ability to detect the limitation in the succession of the
zooplankton community of rivers under different land-use conditions.

Human activities have a greater long-term impact on zooplankton succession than
climate change.

Grazing management reduces zooplankton functional diversity indices (FRic, FEve,
FDis) but does not affect taxonomic indices (H', J, D").
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Fig. 1. Studies on the impact of land use on the zooplankton community. A. Number of papers over time. B. Percentage contribution of continents

to land-use studies over time. C. Percentage of land-use types studied over time.
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with the most studies are the United States with 14 studies, Poland, China and Canada with 8
studies each, Argentina with 7 studies and Brazil with 6 studies (Fig. 2). The list of countries
that have analyzed the effect of land use on zooplankton can be found in the supplementary
material (Fig. S2). The proportions of studies per type of land use examined showed small
variations over time for natural vegetation, pasture, cropland and urban land use. The number
of studies on mining land use increased over time (Fig. 1C). No studies were found in Central
America. The effects of different land uses have been studied on all continents, with the

exception of mining, which has only been studied in Europe and North America (Fig. S3).

Of the 80 articles, only 2 had an experimental approach and 78 were field collections.
In addition, 10 articles had a palaeolimnological approach. We found 12 articles evaluating the
effect of land use over time, 10 of which were paleolimnological studies, and only 2 studies

evaluating the long-term effect through local resampling.

In terms of landscape metrics, 54% of the papers categorized the type of landscape,
while 46% used numerical metrics to quantify the type of land use. Of the papers using
numerical metrics, 12% calculated from circular buffers, 15% used riparian buffers and 73% of
the papers did not specify the type of buffer used. The most commonly used sizes of circular
buffers were 50 and 500 meters, which together accounted for 50% of the studies. Other studies
used sizes of 100, 200 and 300 meters. Among the sizes of riparian buffers, 200 and 1000 meters
were the most commonly used, accounting for 48% of the studies. Other sizes used included
10, 50, 100, 150, 350, 300, 500 and 2000 meters.

Lentic environments account for 77%, while lotic environments account for 23% of the
environments studied. Among the types of environment, lakes and ponds were the most studied,
together accounting for 58% (Fig. S5A). When analyzed by type of environment, lakes and
ponds were the only type of environment where studies included land use for mining. For
peatlands, most of the studies cover the effect of natural vegetation. Reservoirs, rivers, streams
and wetlands had the most homogeneous land use percentages for natural vegetation, pasture,

cropland and urban (Fig. S5B).
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Fig. 2. Number of studies carried out in countries that have evaluated the effects of land use on zooplankton. Darker colors indicate higher numbers
of studies.
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When we analyzed the type of buffer and its size to numerically assess land use in lentic
and lotic environments, we found that the sizes used for circular buffers in lentic environments
were 50, 100 and 200 meters, with 50 meters being the most used and present in 57% of the
articles. Articles using riparian buffers in lentic environments used sizes of 50, 100, 150, 200,
250, 500 and 1000 meters, with the latter being the most used, present in 29% of articles
evaluating these metrics. In lotic environments, circular buffer sizes were 300 and 500 meters,
with the 300 meter size being the most commonly used, present in 75% of the articles. The
riparian buffer sizes were more varied and included 100, 200, 300, 500 and 1000 meters, the

latter being the most common and present in 33% of the articles.

When we analyzed the type and size of buffer to quantify land use by type of
environment, circular buffers had sizes of 50, 100 and 200 meters for lakes, 50 and 200 meters
for ponds, 50 meters only for reservoirs, 300 and 500 meters for rivers, 300 meters for streams,
and wetlands were not quantified by circular buffers. Where riparian buffers were used, lakes
were quantified in buffer sizes of 50, 100, 150, 200, 250, 500 and 1000. Ponds were quantified
in sizes of 200 and 1000 meters. Reservoirs were not quantified with this type of buffer. Streams
were assessed with buffers of 100, 200, 300, 500 and 1000 meters. Wetlands were assessed
with buffers of 50, 100, 200, 500 and 1000 meters (Table S1). The riparian buffers had a wider
range of sizes than the circular buffers. Furthermore, there is no consensus on what size and
type of buffer should be used in studies evaluating the effect of land use on zooplankton.
Finally, only 5 studies assessed the effect of land use using land impact indices, such as human
impact intensity (Stamenkovi¢ et al., 2021), human impact index (Griffiths et al., 2021), land
use index (LDI) (Li et al., 2023), generalized human impact index (Paquette et al., 2023b) and
land cover disturbance (LCD) (Gélinas & Pinel-Alloul, 2008).

Thirty-nine articles did not describe the biotopes sampled, 6 sampled only the littoral
zone, 22 only the limnetic zone and 13 sampled both biotopes. The most studied zooplankton
taxonomic groups were cladocerans, copepods and rotifers with 37%, 29% and 26%
respectively. The least studied were testate amoebae, ciliates and flagellates with 5%, 2% and

1% respectively.

Only 4 articles assessed the effect of land use at the population level using the following
metrics: broods and progeny per female, body size, caudal and lateral length of setae,
chromosomal alteration, growth rate, non-reproductive females and number of neonates. Of the
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studies that assessed communities, 23% used abundance as a metric, 22% used taxonomic
diversity indices, 22% used species richness and 17% used species composition. The least used
metrics were functional diversity, functional composition and biomass indices with 9%, 5% and
3% respectively (Table S2).

6.4 Discussion

The results show that linking the effects of land use on the zooplankton community is
an approach that has been little explored in studies, with the majority of articles only published

in the 21st century.

The first studies using this approach focused on Europe and North America (Figure 1B),
continents with a history of greater intensity of land conversion and use compared to other
continents that were colonized and developed more slowly, such as South America (Fuchs et
al., 2015; Rueda et al., 2023). A study that monitored the total areas of the planet that had the
potential to implement agriculture, excluding natural forest areas, protected areas and the
percentage of already established agricultural areas, for the years 1980-2009, showed that the
highest percentages of areas occupied by agriculture were on the continents of Europe (54%),
Asia and Russia (48%) and North America (40%) (Schneider et al., 2022). Because of their
history of land use change, many of the countries on these continents have been at the forefront
of studying and monitoring the effects of land use on the zooplankton community. In addition,
most countries in Europe and North America are considered developed (Hosonuma et al., 2012),
i.e. they have a more solid economy, allowing for greater availability of resources to implement

environmental policies and studies (Fujimori et al., 2020; Von Jeetze et al., 2023).

Countries in South America and Asia are mostly underdeveloped or developing
countries, such as Brazil, Argentina and China (Lee, 2014; Campos et al., 2016; Schofer &
Weinhardt, 2022). Brazil and Argentina, for example, are countries whose economic base is the
primary sector, mainly focused on agriculture and livestock (Torremorell et al., 2021, El Batti
et al., 2023). This leads to a conflict between economic interests and environmental policies,
resulting in difficulties in conducting studies to assess the impact of land use (Torremorell et
al., 2021). The lack of institutional strength, coupled with political and financial instability, also
contributes to delays in the implementation of important studies and monitoring to ensure better

conservation of natural resources (Moreira-Dantas & Soder, 2022).
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In Argentina, Law No. 25.688 was enacted only in 2002, providing for the creation of
River Basin Committees to advise and cooperate on the sustainable environmental management
of water bodies, but they are often inactive and have conflicts at the interprovincial level
(Torremorell et al., 2021). In Brazil, land use and water management policies have evolved over
the years, but although there have been laws on forest conservation and water resources since
1934, various political instabilities have hindered their application and enforcement (Chiavari
& Lopes, 2017; Torremorell et al., 2021). It was only from 2012, with Law No. 12,651, which
reformulated the Forestry Code, that new instruments were created to ensure better compliance
with the legislation (Chiavari & Lopes, 2017; El Batti et al., 2023), although in some aspects
this reformulation has made deforestation more flexible. In the case of China, the huge
economic expansion that has ensured increased urbanization in the country since the 1980s has
created the need to implement agricultural protection policies to mitigate the loss of agricultural
land and ensure the country's food security (Liu et al., 2014). However, little is known about
the impact of these policies on natural habitats, which has recently influenced policies aimed at
this issue and the adoption of conservation measures (Chiavari & Lopes, 2017; Zheng et al.,
2022). One such program is the Natural Forest Conservation Programme (NFCP), which aims
to increase the productivity of forest plantations and thereby expand natural areas (Zhang et al.,
2000).

Another important challenge to be mentioned is the lack of standardization in
environmental laws that protect aquatic environments. In many countries, there are differences
in the size of protected areas, in the ways in which laws are drawn up and enforced, in the scope
and rigor with which these laws are followed and monitored, and in the differences in the
autonomy of states and provinces. (Chiavari & Lopes, 2017; Torremorell et al., 2021). In
addition to considering all these differences, a possible standardization of environmental laws,
the climatic region, the type of environment and the degree of anthropization of the countries

must also be taken into account.

In the last 40 years, the period covered by this study, the human population has increased
by 4 billion people, with a large increase in urbanized areas, agricultural areas and pastures due
to the high demand for resources (Rosa, 2020; Williams et al. 2020; Schneider et al. 2022). Our
data show that pasture, agriculture and urban areas are indeed the land use types most often
considered in published articles on zooplankton impacts. However, the pace of publications is
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not keeping up with the progress in understanding the impacts on natural areas (Fig. 1C). This
lack of studies may be related to the fact that environmental policies focus more on the
monitoring and conservation of some animal groups, such as vertebrates, neglecting other
communities, such as zooplankton (Chiba et al. 2018; Nori et al. 2020). Although they present
a smaller contribution, studies considering mining as a landscape change that may affect
zooplankton have increased over the years, probably as a result of the environmental
degradation of this activity. The lower number of studies may reflect the fact that mining occurs
on a smaller scale and in specific locations where this activity can be carried out (Kihlman &
Kauppila 2012; Paquette et al. 2023b).

Among the countries that published the most on the topic of land use (USA, Poland,
China, Canada, Argentina and Brazil), the differences in riparian area protection policies can
be reflected in the methodologies of the published articles. The size of riparian vegetation varies
according to local jurisdiction, between different water bodies (lentic and lotic) and their
respective sizes (Lee et al., 2004; McGinley et al., 2012; Chiavari & Lopes, 2017; Zhang et al.,
2000; Hoppenreijs et al., 2023). In the absence of a standard buffer size, capable of estimating
the effects of the landscape on aquatic environments in general, the choices of these buffer sizes
in studies become arbitrary, a fact expressed in the variety of sizes found in the results.
However, this gap can and should be filled by expanding studies in these areas. These should
seek to answer how the zooplankton community in lotic and lentic environments responds to
the gradient of forest vegetation loss, supporting the definition of a minimum width of riparian
forest capable of promoting the maintenance and conservation of zooplankton. Some studies
have shown that for aquatic macroinvertebrates in small streams, a riparian buffer of 100 meters

is sufficient to reduce the impact on this community (Dala-Corte et al., 2020).

The definition of a minimum width of riparian vegetation is even more problematic
when considering small lentic aquatic environments, such as ponds and shallow lakes. In the
legislation of some European countries and in Brazil, these environments are highly neglected
and absent, without measures and actions for their conservation (Brasil, 2012; Hill et al., 2017,
2021; Borthagaray et al., 2023). However, these ecosystems account for more than half of the
studies reviewed, demonstrating their biological and ecological importance. Not only do they
support a significant number of zooplankton species (Davies et al., 2008; Biggs et al., 2017,
Borthagaray et al., 2023; Cuenca-Cambronero et al, 2023), they act as stepping stones for
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zooplankton, establishing connections between different freshwater ecosystems and aiding the
reproduction and dispersal of some species (Juracka et al., 2019; Heino et al., 2021; Hyseni et
al., 2021; Borthagaray et al., 2023). Due to their fundamental role in the dynamics of aquatic
metacommunities, it is extremely important that legal jurisdictions pay attention to these

ecosystems.

In addition to the footage, the format of the buffer used also has limitations and lacks
global standardization. Almost 80% of the studies contained a methodological gap because they
did not present the type of buffer used (circular or riparian). The choice and presentation of the
type of buffer used is extremely important for the reproducibility of the methodology. In terms
of choice, there is a gap in the precision of each format, but the riparian format has been shown
to be more sensitive in lotic environments such as streams (Lu et al., 2022), and there is a lack
of work on lentic environments. Numerical metrics may have greater precision in estimating
impacts, but issues such as the scale to be used can hinder their usage, leading to the
predominance of categorical metrics. In addition to the percentage of different land uses, the
use and development of impact indices are extremely important in determining the degree of
disturbance and can assist in the development of environmental impact analyses. Among the
results presented by the indices, it has been shown that the greater the impact generated by the
different land uses, the more detrimental the effects suffered by the zooplankton community
(Gélinas & Pinel-Alloul, 2008; Griffiths et al., 2021; Stamenkovi¢ et al., 2021; Li et al., 2023;
Paquette et al., 2023b). In addition, some studies show a positive relationship between
environmental degradation and the process of eutrophication of water bodies, which reduces
community biodiversity (Griffiths et al., 2021; Li et al., 2023).

It is often the case that before hypotheses about a given phenomenon are tested
experimentally, observations are made that lead to justifications with true premises for raising
these hypotheses. The fact that there are fewer experimental articles than field studies may
reflect the need to accurately describe the effects observed, which may be direct or indirect.
The papers identified with the experimental approach (Abrantes et al., 2008; Garcia-Garcia et
al., 2012) investigated the effects of water from aquatic environments associated with different
types of land use in their surroundings on characteristics such as the life cycle of isolated
populations in the laboratory. There were no articles investigating effects at the community or
even ecosystem level, which seems to be more common in field studies. We also didn't find any
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experimental articles using mesocosms that realistically simulated the management and use of

the surrounding land and the effects on zooplankton.

Regarding the groups studied, the pattern observed for land use, with the prevalence of
cladocerans followed by copepods and rotifers, follows the same pattern observed in other
zooplankton studies, as pointed out by Ferreira et al. (2022) and Castilho-Noll et al. (2023).

Our results showed that most studies that have evaluated the effect of land use on
zooplankton have taken a community level approach, using more classical approaches such as
abundance, taxonomic diversity and species richness. We found that there are still few studies
evaluating the effect of land use on zooplankton using the functional approach. The first studies
characterizing zooplankton in terms of their functional traits and how they reflect ecosystem
function are more recent (Barnet et al., 2007, Litchman et al. 2013, Vogt et al., 2013; Obertegger
et al., 2011, Obertegger & Flaim, 2015), reflecting the recent consideration of this metric for
ecological studies of zooplankton in general. Some studies have shown that spatial factors
explain more variation in zooplankton functional traits than land use (Rocha et al., 2020; Wang
et al., 2022a). On the other hand, other studies have shown the influence of land use on
zooplankton structure and functional diversity. Environments with a higher percentage of
natural vegetation contribute to a greater functional diversity and abundance of cladoceran
scraper-feeders (Cortez-Silva et al., 2020; Bomfim et al., 2023), and these cladocerans with this
type of filtration play an important ecosystem function in the cycling of nutrients in aquatic
environments. The functional richness of rotifers and cladocerans is lower in lakes with greater
anthropogenic impact due to limnological changes caused by agriculture and urbanization
(Stamenkovi¢ et al., 2021; Paquette et al., 2022b; Wang et al., 2022a). In addition, livestock
activities can reduce the richness and functional evenness of zooplankton in floodplain lakes
(Flores-Mendez et al., 2023) and alter some water parameters, such as total nitrogen and pH,
which are responsible for structuring the diversity and functional composition of zooplankton
in reservoirs inserted in agropastoral landscapes (Dos Santos et al., 2023). It can be seen that
the functional approach has the potential to be more informative and sensitive than the
taxonomic approach, allowing a more robust measurement of the different impacts of land use

and management, and indicating effects on the functioning of the ecosystem as a whole.
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From Table 1 it is possible to summarize the main knowledge produced with the studies
researching the effects of land use on freshwater zooplankton. We present some of these as

follows.

Many studies have shown that the zooplankton community can be structured by land
use (Hoffmann & Dodson, 2005; Dodson et al., 2007; Drinan et al., 2013; Beaver et al., 2014).
Among the various effects of land use on the zooplankton community, negative effects have
been most pronounced in cropland, pasture, urban and mining uses. Many studies have shown
that catchments dominated by cropland, pasture and urbanization have negative impacts on the
zooplankton community (Lougheed et al. 2007; Rumes et al., 2011; Gilbert et al., 2017;
Marzecova et al., 2017; Gutierrez et al., 2020; Li & Li, 2022). In addition, land use conversion
and changes over time also cause negative effects such as loss of biodiversity and changes in
zooplankton species composition (Johansson et al., 2005; Sonnenburg et al., 2009; Marzecova
etal., 2017; Wang et al., 2023a).

Land use for cropland can lead to a reduction in functional diversity and taxonomy of
species and changes in species composition, with a predominance of more generalist and
tolerant species such as the genus Brachionus (Jose de Paggi & Devercelli, 2011; Onandia et
al., 2021; Stamenkovic¢ et al., 2021; Andrade et al., 2022; Paquette et al., 2022a). Effects are
also observed at the population level, such as the high toxicity of pesticides from croplands on
daphnids (Abrantes et al., 2009), genetic changes in daphnids (Coors et al., 2009; Orsini et al.,
2012) and, because of the runoff of nutrients from croplands into aquatic environments, an
increase in the reproduction of Ceriodaphnia dubia (Garcia-Garcia et al., 2012). Furthermore,
depending on the intensity of land use, the type of management, organic or conventional, and
the type of cultivation, citrus or coffee, the effects on the zooplankton community can be
different (Lougheed et al., 2008; Orsini et al., 2012; Santos et al., 2021; Paquette et al., 2022a,b;
Almeida et al., 2023). Organic plantations promote an increase in zooplankton richness, while

citrus plantations reduce rotifer species richness (Santos et al., 2021; Almeida et al., 2023).

Land use for pasture can reduce the taxonomic and functional diversity of zooplankton
(Burns & Galbraith, 2007; Wang et al., 2023a, Flores-Mendez et al, 2023), alter the species
composition of cladocerans, rotifers and testate amoebae (Johansson et al., 2005; Sonnenburg
et al., 2009; Kuczynska-kippen & Wisniewska, 2011; Lucow et al., 2020), and induce

morphological and molecular changes in rotifers and cladocerans (Basinska et al., 2010; Garcia-
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Garcia et al., 2012). However, some studies have shown that land use and pasture management
do not always negatively alter the zooplankton community (Bagella et al., 2010). Some studies
have found no spatial difference in zooplankton compared to areas with natural vegetation and
posit that cladocerans may have higher densities in these environments (Kuczynska-Kippen,
2009; Stugocki et al., 2019). Furthermore, depending on the intensity and duration of grazing,

taxonomic diversity may not change (Flores-Mendez et al., 2023).

In urbanized environments, the zooplankton community undergoes several negative
impacts on species diversity, especially cladocerans and copepods (Shen et al., 2021). Thus,
tolerant species predominate, such as species of ciliates, rotifers such as the genus Keratella
and some species of copepods, which are considered bioindicators in these environments (José
de Paggi & Devercelli, 2011; Lear et al., 2011; Pacioglu & Moldovan, 2016). Some studies
have shown that these types of environments have lower taxonomic and functional richness of
rotifers and lower diversity of zooplankton compared to others (Gémez et al., 2022; Wang et
al., 2022b). In addition, pollution from urbanized landscapes can promote genetic changes
(Coors et al., 2009; Song & Liangl, 2023), increased bioaccumulation of metals (Stemberger &
Chen, 1998; Burns & Galbraith, 2007), changes in reproduction (Garcia-Garcia et al., 2012),
high turnover rates of cladocerans (Garcia-Garcia et al., 2012; Griffiths et al., 2021; Paquette
et al., 2023). On the other hand, when comparing different levels of urbanization, there are no
differences in zooplankton species richness and biomass (Kleppel et al. 2004; Zhang et al.,
2022; Popa et al., 2023).

The majority of studies evaluating the effects of mining land use are paleolimnological
studies. These studies report detrimental effects, mainly on testate amoeba assemblages and
omnivorous zooplankton species (Kihlman & Kauppila, 2009,2012; Sonnenburg et al., 2009;
Stamenkovic¢ et al., 2021). In addition, mining activities increase the levels of nutrients and
metals, which changes the composition of testate amoebae (KihIman & Kauppila, 2012). On

the other hand, the effects of mining on cladoceran species were smaller (Paquette et al., 2023).

Natural vegetation has been shown to be essential for maintaining the functional and
taxonomic diversity of the zooplankton community. Several studies have reported an increase
in the functional diversity and taxonomy of rotifers, cladocerans and testaceous amoebae in the
presence of natural vegetation (Ejsmont-Karabin & Kruk, 1998; Dodson et al., 2005; Basinska
etal., 2014; Daza Secco et al., 2016), resulting in an increase in the various ecological functions
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performed by the zooplankton community in aquatic ecosystems. Increasing the width of the
riparian forest has led to an increase in zooplankton diversity, the density of cladoceran scraper
species and the functional diversity of cladocerans (Dodson et al., 2005; Cortez-Silva et al.
2020; Bomfim et al. 2023). In addition, the width of vegetation can indirectly influence water
characteristics such as conductivity, dissolved oxygen and temperature (Gomes et al., 2020). It
is therefore important that different aquatic environments have natural vegetation in their

surroundings.

Finally, some studies report that there are no effects of land use on the zooplankton
community (Jones, 1986; Basima et al., 2006; Bremigan et al., 2008; Rocha et al., 2020). Most
of these studies report that environmental variables such as depth, climate, pH, nitrogen and
total phosphorus, total suspended solids, and chlorophyll are the main structuring factors of the
zooplankton community (Allen et al., 1999; Albert et al., 2010; Msiteli-Shumba et al., 2017;
Loewen et al., 2019; Bonfim et al., 2023; Dos Santos et al., 2023). On the other hand, other
studies report that the presence of fish and macrophytes, spatial effects, and proximity to water
bodies may be more structuring factors of zooplankton communities than land use (Gelinas &
Pinel-Alloul, 2008; Meier et al., 2015; Joniak et al., 2017; Battes et al., 2019; Wang et al.,
2022D).

6.5 Conclusions

This work has provided an overview of the studies carried out on the effects of land use
on the freshwater zooplankton community. The significant increase in the number of articles at
the beginning of this decade (2020-2024) has also been accompanied by the extension of studies
to other continents and countries. Although some knowledge has been accumulated, the
influence of land use on the zooplankton community is a phenomenon that still requires efforts
if it is to be fully understood.

Throughout this study, we have been able to identify some areas where greater efforts
could be made to obtain data and thus contribute more effectively to progress in this field.

e Asenvironmental impact is a globalized phenomenon, with almost 100% of the planet's
aquatic environments undergoing some form of anthropogenic impact, scientific
research efforts should be carried out in all environments and not concentrated in certain

countries and continents.
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We note that there is a lack of studies that can help standardize the types and sizes of
buffers to be considered in research on the different types of aquatic environments,
including pools, wetlands and temporary environments, among others, which are
usually neglected. This information would also be useful in developing environmental
legislation in different countries on the ideal width/size of riparian forests around water
bodies for their effective conservation.

Studies that consider the long-term (> 5 years) dimension are also scarce and can add
relevant information on ecosystem resilience, among other processes. As there are
aquatic environments with a long history of use and impact, it is possible to obtain
information through palaeolimnology, but also to follow and monitor more recently
impacted environments over a long period of time.

Our study also confirmed that there are still few studies that examine changes at the
population level, looking at life cycle, birth and death rates, morphological changes, etc.
In addition, zooplankton functional diversity, which is still little used, has emerged as a
relevant metric that incorporates information beyond taxonomic diversity and should be
considered in studies.

We also highlight the importance of considering both direct and indirect effects, such
as the structuring variables in environments with different types of land-use impacts.
This information will be useful for defining the ideal values of water parameters to find
a greater biodiversity of zooplankton and thus define management and conservation
actions for aquatic ecosystems.

We found that some studies looked at different types of cultivation, such as citrus, coffee
and rice. However, we did not observe a comparative approach among the crops. There
is still a demand for comparative studies between different types of crops, which have
differences in their practices (pesticides and land management, e.g.) leading to diverse
effects.

Additionally, we noticed few studies testing the effect of land use on ecological theories
such as niche theory, metacommunity theory, ecological interactions, biogeography,
among others.

Finally, we emphasize that zooplankton, which for reasons such as their wide
distribution in aquatic environments, the ease of obtaining and standardizing sampling

of assemblages, their short life cycle and their rapid response to environmental changes
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with several bioindicator species, represent a group of organisms of great relevance for
contributing to the generation of knowledge on the impacts of human-induced landscape

change on aquatic environments as a whole.
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Table S1 — Type and size (meters) of buffers used in different types of environments in studies
assessing the effect of land use on zooplankton. () = number of times the size was used.

Circular Riparian

Lake 50 -100-200 50 -100 - 150 - 200 - 250 - 500 - 1000 (3)

Pond 50 - 200 200 - 1000
Reservoir 50 -
River 300 (2) - 500 500 - 1000 (2)
Stream 300 100 (2) - 200 - 300 - 500 - 1000

Weatland - 50 (2) - 100 - 200 - 500 - 1000
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Table S2 - Incidence of the indices used to estimate the effect of land use on the zooplankton

community.

Functional Diversity
Indices
Community
Weighted Mean
CWM)
Functional
Dispersion (FDis)
Functional
Divergence (FDiv)
Functional Evenness
(FEve)
Functional Richness
(FRic)

Rao's Quadratic
Entropy (Raoq)

Number of used in
the papers

3

Taxonomic Diversity

Indices
Jaccard Index

Margalef Index

Piclou’s Evenness
index (J°)
Shannon Diversity
Index (H”)
Simpson’s
Dominance Index
(5%
Taxonomic
Distinctness
Whittaker index

Number of used in
the papers
1

22
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Highlights

Total nitrogen (TN) and pH structure the functional diversity of zooplankton
The body size and feeding type traits were associated with the TN and pH
The big and medium size were associated with high TN and alkaline pH
The density of the filtration rotifers was lowest in the pastures landscapes
Abstract

Changes in land use are one of the main impacts on aquatic ecosystems. The conversion of
natural areas into agropastoral, such as pasture or monocultures, can affect the limnological
characteristics of the water that in turn influence the structure of aquatic communities. But the
impact is still unclear, particularly on zooplankton communities. The objective of this study
was to evaluate the effect of water parameters from eight reservoirs inserted in an agropastoral
landscape on the functional structure of zooplankton. The functional characterization of the
zooplankton community was based on four traits: body size, feeding type, habitat type, and
trophic group. Functional diversity indices (FRic FEve and FDiv) were estimated and modeled
water parameters, using generalized additive mixed models (GAAM). The water parameters
investigated were total nitrogen (TN) and total phosphorus (TP), dissolved oxygen (OD),
temperature and pH. Moreover, we used RDA to analyze the influence of these environmental
variables on the sharing of traits among the sample sites. FRic was high in the reservoirs with
low TN concentration and low pH values. FEve was also high in low pH and high TP
concentration. FDiv was high with unsharp increases of pH and high concentrations of TN and
DO. Our analyses showed pH as a key variable for functional diversity, since it was related to
the variation in all indices. Data also pointed out changes in diversity functional with small pH
changes. The big and medium size, raptorial-cop and filtration-clad functional traits were
positively associated with high concentrations of TN and alkaline pH. The small size and
filtration-rot were negatively associated with high concentrations of TN and alkaline pH.
Density of filtration-rot was lower in pasture landscapes. In conclusion, our study indicated that
pH and TN are key variables for the functional structure of zooplanktonic communities in an

agropastoral landscape.

Keywords: land use, functional diversity, human impact, abiotic variables
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7.1 Introduction

Natural landscapes continue to be converted into agricultural and/or urban areas by the
global increase in human population, which causes a decline in biodiversity and in ecological
services within the ecosystem (Strayer & Dudgeon, 2010; Martinuzzi et al., 2014; Reid et al.,
2019). Indeed, changes in land use are one of the principal impacts on terrestrial and aquatic
ecosystems that have occurred around the world in the last few hundred years (Newbold et al.,
2020, Pendrill et al., 2022). Furthermore, there is a continuous shift in land use, such as different
types of crops, pasture-sugarcane conversion and pasture intensification, which can increase
the impacts on aquatic ecosystems (Barbosa et al., 2020; Ogura et al., 2022). Most studies on
land use effects have been carried out in lotic environments, such as streams, and have focused
on the distribution, composition and diversity of fish and macroinvertebrates (Krynak et al.,
2019; Barbosa et al., 2020; Zeni et al., 2020; Firmiano et al., 2021, Garcia-Giron et al., 2022).
Nonetheless, the impacts of land use on aquatic communities in lentic environments are scarce
and zooplankton are underappreciated (Rocha et al., 2020; Santos et al., 2021; Elmoor-
Loureiro, et al. 2022).

Land use for agriculture is increasing in Brazil, mainly for sugarcane crops used for
bioethanol production or sugar (Marin et al., 2016). Furthermore, expansion of land use for
pasture has increased in Brazil in recent years, mainly in the Amazon Forest, following on from
deforestation and illegal wildfires (Barlow et al., 2019; Franca et al., 2021; Silva Junior et al.,
2021). In order to avoid the increase in deforestation due to the expansion of the agropastoral
landscape, some strategies are used, such as converting land that is already used for pasture into
monoculture plantations (Alkimim et al., 2015; Oguraet al., 2022) or agricultural intensification
using agrochemicals in crops. The latter has the aim of increasing productivity by avoiding
expansion into native areas. However, changes in land use from pasture to monocultures have
affected several water and soil parameters, mainly pH and total phosphorus concentration, with
fewer impacts on pastoral than agricultural areas (Hunke et al., 2015; Trentman et al., 2021).

One of the main impacts on aquatic environments arises from the use of many types of
agrochemicals, like fertilizers that provide more nutrients and pesticides that prevent pests
(Barretto et al., 2013; Dias et al., 2016; Trentman et al., 2021). The main influence of
agricultural activities on natural environments is nutrient runoff, such as nitrogen and

phosphorus. These nutrients are applied on crops as fertilizers or organophosphate pesticides
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and are accumulated in water bodies, drastically affecting aquatic ecosystems and ecological
services (Cunha, et al., 2020; Gopel et al., 2020). In this way, the accumulation of nutrients in
aquatic ecosystems results in reduced species richness, taxonomic distinctness and diversity,
and also affects the beta diversity (Cavallaro et al., 2019; Santos et al., 2021; Wijewardene et
al., 2021). The indiscriminate use of agrochemicals in Brazil in recent years, encouraged by
anti-environmental policy (Thomaz et al., 2020; Barbosa et al., 2021), is a factor of great
concern for aquatic environments and requires intense investigation, so that the real impacts on

ecosystems are known.

Another impact of land use is the deforestation of riparian forest, which affects physical
and chemical parameters in aquatic environments. For example, riparian forests have a strong
effect on the water temperature of aquatic environments, which is lower than in deforested areas
(Turunen et al., 2021). Furthermore, in the presence of a larger area of riparian forest, high
richness, abundance and diversity of cladocerans were observed (Cortez-Silva et al., 2020). The
plants of the forest may also act as a filter, reducing the runoff of phosphorus and nitrogen to
aquatic environments, and providing higher water quality (Schoumans et al., 2014; Atique &
An, 2020). On the other hand, the absence of riparian forests increases dissolved organic matter
and suspended material in aquatic environments (Sandstrom et al., 2020; Chen et al., 2021),
worsening water quality (Dymek et al., 2021) and leading to eutrophication. In this case,
zooplankton communities can be strongly affected, given that many species use these materials
as food resources (Atique & An, 2020). Studies also report that eutrophication can change the
composition and functional variability of zooplankton (Duré et al., 2021) and can be considered
a structuring factor for the rotifer community, negatively affecting alpha diversity (Onandia et
al., 2021; Santos et al. 2021)

Zooplankton is a group of aquatic organisms that play an essential role in the
establishing and structuring of the functioning of aquatic ecosystems. Functioning as
phytoplankton grazers and as prey for upper trophic levels, zooplankton is a link in the energy
transfer in the food web (Dos Santos et al., 2020; Frau et al., 2021; das Candeias et al., 2022).
In addition, zooplankton can provide an important ecosystem service when it controls toxic
algal blooms, resulting in higher transparency, lower phosphorus and nitrogen concentration,
improving water conditions in eutrophic aquatic environments (Ekvall et al., 2014; Amorim et

al., 2019; Amorim & Moura, 2021). Because these play an important role in the maintenance
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of aquatic ecosystem functions, studies that relate the functional diversity of zooplankton and
land use can be very useful in understanding damages that anthropogenic impacts inflict on

aquatic environments.

To understand the influence of agropastoral landscapes on the ecosystem functioning of
aquatic environments, the main objectives of this study are (1) to analyze which water
parameters, being them: total nitrogen (TN) and total phosphorus (TP), dissolved oxygen (OD),
temperature and pH, are structuring the functional diversity of the zooplankton
metacommunity, expressed by the index FRic, FEve and FDiv; (2) to analyze the effects of
different land uses (pasture, citrus crops and sugarcane) on the trait functional (body size,
feeding type, habitat and trophic group) and, (3) to identify which water parameters of the

aquatic environments inserted in the agropastoral landscape are structuring the functional traits.

7.2 Material and Methods

7.2.1 Study area

The present study was carried out in eight reservoirs within an agropastoral landscape
and located in the northwest of the state of Sdo Paulo, Brazil. Until the middle of the 19th
century, the natural vegetation was the Atlantic Forest and Cerrado (Brazilian Savanna). Later,
ntensive deforestation was started for the development of agropastoral activities, such as
sugarcane and orange monocultures and livestock grazing, and reservoirs were built by
damming small rivers to maintain agropastoral activities. The reservoirs are located in a climate
zone that is characterized as tropical with dry winters (dry season) and hot summers (rainy
season). These reservoirs are located in three watersheds: Sao José dos Dourados Basin, Baixo-

Tieté Basin and Turvo-Grande Basin (Fig. 1).
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located in the northwest of the state of Sdo Paulo, Brazil.

7.2.2 Sampling design

Environmental variables such as temperature, pH and dissolved oxygen (DO) were
measured using a multiparameter Horiba U-10. Other environmental parameters such as total
nitrogen (TN) and total phosphorus (TP) were measured based on Mackereth et al. (1978) and
Strickland & Parsons (1972). This study analyzed the same zooplankton samples investigated
in the study of Santos et al. (2021).

Zooplankton samples were collected by filtering of water using vertical trawls with a
conical plankton net (45 um mesh), starting from the reservoir's bottom to the water surface to
obtain samples that represent the entire water column. We filtered a minimum of 300 L of water
in each sample from the limnetic and littoral zones. The average depth of the reservoirs in the
limnetic zone was 3.07 m (¢ 1.08), and in the littoral zone it was 0.72 m (+ 0.59). Some reservoirs
had two kinds of land use around them (such as pasture, citrus or sugarcane crops). When this
occurred, the littoral zones were sampled twice, once on the banks of each kind of land use. The
zooplankton was anesthetized with gaseous water and fixed with 4% formaldehyde, and was

identified at the species level. Each reservoir was sampled once during the rainy season, in
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summer (December to February) of 2008 and 2009. Each zone was sampled in 3 replicates,

totaling 108 samples.

Cladocerans and copepods were counted in 1 ml-subsamples taken with the pipette,
placed in the counting chamber under a stereoscopic microscope. Rotifers were counted in 1
ml-subsamples placed in Sedgewick-Rafter chamber under microscope. At least sixty
individuals were numbered in each subsample; the coefficient of variation did not exceed 0.20,
as recommended (McCauley, 1984). Low-density samples were fully counted. Identification
keys were used to identify zooplankton organisms at the species level (EImoor-Loureiro, 1997
Reid, 1985; Silva et al., 1989; Silva & Matsumura-Tundisi, 2005; Segers, 1995; Nogrady &
Pourriot, 1995; Nogrady & Segers, 2002)

7.2.3 Functional traits

To characterize the structure of the zooplankton communities, we considered four
functional traits: body size, feeding type, habitat and trophic group. All functional traits were
selected and extracted from the literature (Appendix A). The body size was classified as: small-
size <0.300 mm, medium-size 0.301-0.600 mm and larger-size > 0.601 (Bonecker et al., 2011).
Body size is a functional trait that is related to ecosystem processes such as carbon cycling,

energy transfer and secondary production (Litchman et al., 2013, Hébert et al., 2016).

The feeding type was classified into: filtration-r and raptorial-r for rotifers, raptorial-
cop and filtration-cop for copepods, filtration-clad and scraper-clad for cladocerans (Braghin et
al., 2018). The feeding type is a functional trait that indicates characteristics related to efficiency
and ability, in which organisms obtain food and choose the types of food they can ingest.
Differences in these characteristics of organisms may influence the contribution of zooplankton
to the nutrient cycling process and secondary productivity (Andersen & Hessen, 1991;
Litchman et al., 2013). The habitat was classified as littoral, limnetic or littoral-limnetic, since
zooplankton can occur in one of the regions or in both regions. Consequently, the compartment
of the aquatic environment that organisms live in is important in determining the contribution
of species to ecological processes, such as nutrient cycling and energy transfer. The trophic
group was classified into: herbivore, omnivore and carnivore. This functional trait represents
the zooplankton's food source and how they can link food web connections. We chose all these
functional traits because they indicated how zooplankton can be influenced by and respond to

environmental changes. Thus, these functional characteristics can be a link between effects and
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influence of zooplankton on ecosystem processes, such as energy transfer, nutrient cycle and

productivity of aquatic systems (Barnett et al., 2007; Litchman et al., 2013; Hébert et al., 2016).

7.2.4 Statistical analyses

The functional diversity of the zooplankton communities was estimated using the
following indexes: functional richness (FRic), functional evenness (FEve) functional
divergence (FDiv) (Laliberté & Legendre, 2010; Mouchet, et al., 2010). Functional richness
(FRic) represents the amount of functional space filled by the community. Thus, a community
with a high FRic has a high functional dissimilarity of species. (Mason, et al. 2005; Villéger et
al., 2008). Functional evenness (FEve) verifies the degree of distribution of functional traits in
a community, assuming that the distribution of groups in the functional space is uniform for the
entire range of available resources. High FEve values represent a uniform occupation of
functional traits (Mason, et al. 2005; Villéger et al., 2008). Functional divergence (FDiv)
represents how the abundance of species is spread from a centroid of the functional space. High
values of FDiv indicate that more abundant species have extreme values of functional traits and
are distributed further from the centroid (Villéger et al. 2008). All the functional indexes were
calculated using the function “dbFD”, which are available in the FD package for R environment

(Laliberté et al., 2022).

To understand the influence of the environment established by an agropastoral
landscape on the functional structure of a zooplanktonic community in the reservoirs, we
modeled all diversity indexes (dependent variables) with DO, pH, water temperature, TN and
TP (independent variables). The interactions between TN and pH and between TP and pH were
also included in some models, since Santos et al. (2021) checked that the pH of water in those
reservoirs responds to the variation in the TN and TP. All models incorporated the type of
agropastoral activity and the limnetic zones as random effect. Moreover, five structures of
spatial autocorrelation (exponential, gaussian, linear, rational and spherical) were tested to get
the best fit. For this, we used generalized additive mixed models (GAMM) from the “mgcv”
package (Wood, 2023), applying tensor product smoothing (te) for some independent
covariables (TP, TN and pH) and thin plate spline smoothing (s) for other independent variables
(DO and Temperature). The selection of the model with the best fit was based on the Akaike
Information Criterion (AIC).
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The densities of the functional traits (body size, feeding type, habitat and trophic group)
were tested among the different types of land use (sugarcane, pasture and citrus crop) using a
PERMANOVA. Subsequently, a SIMPER analysis was applied to verify which traits category
differentiate between the different land uses. Both analyses were performed using the

“vegan”package (Oksanen et al., 2022).

To visualize the potential relationships between the densities of the each functional traits
separately with environmental variables, a Redundancy Analysis (RDA) was applied with the
“vegan” package (Oksanen et al., 2022). Prior to RDA, the function “forward.sel” in the
“adespatial” package (Dray et al., 2023) was applied and only the variables responsible for the

variation in the data were used in the analysis.

7.3 Results

A total of 159 zooplanktonic taxa were identified in the samples. From that, 107
corresponded to Rotifera, 40 to Cladocera, and 12 to Copepoda. Details about the species list
and the corresponding functional traits assigned can be found in Appendix A. The average pH
was 6.56 (x 0.77), ranging between 5.62 and 7.95. Nutrients presented variation among the
reservoirs, with TP ranging from 0.07 to 48.44 ug I}, with average of 16.20 (+ 18.93 ug I'}),
and TN ranging from 74.53 to 3,365.00 ug I, with average of 640.79 (+ 1,107.37 pg I'Y). Water
temperature averaged 25.50 °C (z 0.58 °C) ranging from 25.00 °C to 27.05 °C. The average of
dissolved oxygen was 4.51 mg I! (+ 1.34 mg I!) and ranged from 1.83 to 5.76 mg I"* (Table 1).
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Table 1 - Code, city, land use and physical and chemical parameters of the water of each reservoir located at an agropastoral landscape in the
countryside of the southeastern Brazil

Code - City — Land Use pH Total Phosphorus  Total Nitrogen (TN) Temperature Dissolved Oxygen
(TP) g I* g1+ °C mg I*
Res A —Vicentindpolis — Pasture 5.62 0.18 178.96 25.00 5.53
Res B - Unido Paulista — 6.57 0.07 189.69 27.05 3.60
Sugarcane
Res C — Planalto — Pasture 6.29 0.17 201.04 25.82 4.53
Res D — Macaubal — Sugarcane 6.07 0.27 344.07 25.62 511
Res E - Onda Verde - Citrus 7.95 18.62 74.53 25.57 5.67
Res F — Pindorama — Pasture 7.33 48.44 301.48 25.83 4.05
Res G — Matéo - Citrus 6.79 31.82 3,365.00 25.57 5.76
Res H — Matéo - Citrus 5.90 30.05 471.58 25.99 1.83
Average 6.56 16.20 640.79 25.80 451

Standard Deviation 0.77 18.93 1,107.37 0.58 1.34
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The FRic ranged from 0.002 to 0.210 (mean = 0.089; sd = 0.089), so it was high in the
reservoirs with low TN concentration and low pH values (Fig. 2A). Of this variation, 58.5%
was explained by the TN plus the interaction between TN and pH (Fsg = 12.958; P = 0.0014;
Table 2, Appendix B). Variation in pH was associated with TP concentration, with a strong and
positive linear relationship. FEve varied from 0.064 to 0.500 (mean = 0.230; sd = 0.115), and
it was low in the reservoirs with high (alkaline water) pH and high TP concentration (Fig. 2B).
For variation, 52.9 % was explained by the TP plus the interaction between TP and pH (Fass =
29.676; P = <0.001; Table 2, Appendix B). FDiv varied from 0.296 to 0.974 (mean= 0.652;
sd = 0.194), and it was high with neutral pH and high concentrations of TN and DO (Fig. 2C).
Regarding variation, 62.9% was explained by TN concentration plus DO and pH (Fss =
147.1815 P = <0.001; Table 2, Appendix B). Thus, for all functional diversity indices, pH was

the single intrinsic water parameter with significant relationships in all the best-fit models.
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Fig. 2. The best fitted models for indices functional diversity. A. Relationship between FRic
and total nitrogen and pH. B. Relationship between FEve and total phosphorus and pH. C.

Relationship between FDiv an total nitrogen, pH and dissolved oxygen.
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Table 2: Parameters of the best fitted models that explain the effect of environmental variables from agropastoral landscapes on the functional

diversity of zooplankton. FRic: Richness Functional; FEve: Functional Evenness and FDiv: Functional Divergence. * Significance level for P

<0.05.

Formula

FRic ~ te (log(TN)) + te(log(TN), pH)

FEve ~ te(pH) + te(TP, pH)

FDiv ~ te(log(TN)) + s(DO) + te (pH)

Adj. R2 Estimate

Intercept: 0.089
0.585 te(logTN): 2.254
te(logTN, pH): 2.000
Intercept: 0.22474
0.529 te(ph): 3.004
te(TP, pH): 2.004
Intercept: -1,07247

log(TN): 0.09252
0.629 DO: 0.03761
pH: 0.15752

Random Effects ~ 1|
P Zone, Matrix

Intercept: <0.001*
te(logTN): 0.003*
te(logTN, pH): 0.003*
Intercept: <0.001*

te(ph): <0.001* 0.050
te(log(TP, ph): 0.008*
Intercept: <0.001*

log(TN): 0.001*
pH: 0.008*
pH: <0.001*

2.73e-06

2.03e-06

Spatial Correlation

Structure: Range

Exponential: 0.6318

Spheric: 0.0968

Spheric: 0.9341
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There were no differences in the densities of functional traits body size (F =2.50 ; P =
0.068), trophic group (F = 3.08 ; P =0.078) and habitat (F =0.92 ; P = 0.50) between different
types of land use (Appendix C). The density of the feeding type trait was different between land
uses (F = 3.62 ; P =0.01). The SIMPER analysis showed that the main dissimilarity was due
to differences in the density of the filt-rot category trait (P = 0.042), contributing with 90% of
total accumulated abundance and being lower in pasture land use than citrus crops. (Appendix
C).

The RDA showed information about a relationship between the body size and the
feeding type with the environmental variables. However, the habitat and trophic group wasn’t
associated with any environmental factors. In the RDA based on the body size trait (Fig. 3 A),
the total nitrogen (F1 = 3.73 ; P = 0.049) and the pH (F1 = 5.26 ; P = 0.014) were selected as
structuring variables. It is observed that the category big and medium were positively associated
with high concentration of total nitrogen and alkaline pH. On the other hand, the category small
was negatively correlated with the same variables and the maximum density was found in low
TN and acid pH. For the RDA based on feeding type trait (Fig. 3B), as well as the body size
trait, the total nitrogen (F1 =3.53 ; P =0.041) and the pH (F1 =4.08 ; P = 0.019) were identified
as structuring variables. The categories raptorial-cop and filtration-clad were positively
associated with high concentrations of TN and alkaline pH. By contrast, filtration-rot was
negatively associated with them, so more density of this category was found with low TN and

acid pH.
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Fig. 3. Redundancy analysis (RDA) of the density of the functional traits constrained by
environmental factors; A relationships between the trait body size and environmental vectors;
B relationships between the trait feeding type and environmental vectors. Full name of sampling
sites can be found in Table 1. Abbreviation defined as follows: TN, total nitrogen; lim, limnetic;
lit, littoral; filt.rot, filtration rotifer; rap.rot, raptorial rotifer; rap.cop, raptorial copepod; filt.cop,

filtration copepod; filt.clad, filtration cladoceran; scraper.clad, scraper cladoceran.

7.4 Discussion

We found that TN and pH are key variables for functional structure of zooplankton
communities in agropastoral landscape. Our results demonstrated that reservoirs with pH
between 7 and 8 and high TN presented a loss of different functional traits, resulting in a
decrease in functional richness (FRic) and equability (FEve). Santos et al. (2021) pointed out
that species richness of rotifers is negatively influenced by high TN and both alkaline and acid
waters, indicating that excess of nitrogen can be a limiting factor in reservoirs with this pH
condition. These variables have also been highlighted as structuring the functional response in

other aquatic communities, such as phytoplankton (Pineda et al., 2020).

Agquatic environments are very susceptible to land use influence when the runoff of
nutrients is common, this results in an increase in phosphorus concentrations and alkaline pH
values in aquatic ecosystems (Nhiwatiwa et al., 2017; Tromboni, et al. 2019). These changes,

in turn, affect the functional diversity of zooplankton (Xiong, et al. 2019, Shen, et al. 2021).
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Some studies have shown that pH is responsible for driving zooplankton species distribution
along geographic scales, since zooplankton species have a wide environmental tolerance for pH
(Holt et al., 2003, Dallas & Drake, 2014). Furthermore, aquatic environments with a pH
between 6 and 8 support the occurrence of greater diversity and taxonomic richness of
zooplankton (Holt et al., 2003). Our results showed that pH, even in a slight variation,
significantly influences the functional diversity indices. In this way, because pH can influence
some species to be less tolerant (Halder et al., 2013; Gao et al., 2022), it promotes changes in
the community structure that can be detected in the functional diversity. The influence of pH

seems to be stronger on functional diversity than on taxonomic diversity.

The negative relationship of increases in pH values with functional richness (FRic) and
functional evenness (FEve) and a positive relationship with functional divergence (FDiv)
indicates that this water parameter promotes an increase in the density of a few functional traits,
into the detriment of the decrease of others, generating a decrease in functional diversity. Other
studies have indicated that the pH influences the spatial turnover of zooplankton in shallow
lakes (Fu et al. 2021), which may be related to the influence of the variable on the occurrence
of zooplanktonic species and, consequently, the functional attributes. The negative influence of
alkaline pH and high TP concentration on FEve indicates that the niches in the studied
environments are not uniformly occupied in abundance by the existing functional traits, and

that species with certain traits may be prevailing over others in the functional space.

Our results also showed reservoirs with high values of FDiv in conditions of high
concentration of TP, high dissolved oxygen and neutral pH, corroborating the lower values of
FRIc and FEve when the nutrients are in higher concentrations. Communities with high FDiv
value can increase ecosystem services, due to a more efficient use of the resources available
(Mason et al., 2005). FDiv values can be high when there is elevated TN concentration, since
there is a greater availability of resources for the development of zooplankton (Beklioglu et al.,
2020). In addition, low concentrations of TP and TN allow for a relationship in the patterns of
zooplankton and phytoplankton densities on a local scale (Beklioglu et al., 2020; Fu et al.,
2020). Our results corroborate other studies that point out that nutrients structure spatial
heterogeneity and the abundance of phytoplankton and zooplankton communities (Ozkan et al,
2014; Fu et al. 2020).
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In our study, pH was the main water parameter that influenced all indices of functional
diversity. This result can be explained by the importance of pH as a structuring variable in
species distribution and as a variable that can influence and be associated with other water
parameters. As previously mentioned, zooplankton species distribution along geographic scales
can be structured by pH, since zooplankton species may be strongly influenced by this variable
(Holt et al., 2003, Dallas & Drake, 2014). pH is associated with other limnological parameters,
such as TN and TP, which both can structure the zooplankton community (Jeziorski et al. 2012).
The association between pH and nutrients has been identified as the most important
environmental variables for the structuring of the zooplankton metacommunity (Dallas &
Drake, 2014). Our results evidence the importance of these variables for the functional diversity
of the zooplankton community, since, even presenting small variation, these variables can
change the functional composition of the community and, consequently, altering the ecosystem
functions. Other studies have pointed out that small differences in pH can alter the survival rates
of zooplankton species (Halder et al., 2013; Gao et al., 2022), reinforcing the potential of this

variable to promote changes in aquatic communities.

Some studies have reported differences in water characteristics between environments
with different types of land use (Santos et al., 2021). However, regarding functional diversity
we could detect significant differences only for the functional fil-rot trait, which showed higher
densities in citrus crop land use. Aquatic environments within citrus crops have a higher
concentration of chlorophyll-a and nutrients than in pastures (Schiesari & Corréa, 2016; Santos
et al., 2021). This may occur once agricultural activities cause nutrients to run off into aquatic
environments, which can alter water pH and TP and TN concentrations (Nhiwatiwa et al., 2017,
Tromboni, et al. 2019). Filt-rot is a trait category represented by rotifer species that filter the
water column to consume algae and cyanobacteria and these resource foods can have their
abundance increased with higher concentrations of nutrients (Li et al., 2019; Li et al., 2022),
which allows a higher density of the rotifer filtered trait in the citrus landscape. Also, some
studies have reported that changes in the rotifers community were mostly associated with
changes in concentration of TN (Li et al., 2019; Beklioglu et al., 2020; Zhang et al., 2023).
However, in our results, filt-rotifer and small-sized organisms such as rotifers, were negatively
correlated with high concentration of TN and alkaline pH. While raptorial-cop, filtration-clad
and individuals of larger or medium size were positively correlated with these variables. Large

or medium-sized organisms, such as cladocerans and copepods, have a competitive advantage
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over smaller-sized species, such as rotifers (Bomfim et al., 2018) because they have a higher
filtration rate and a greater ability to explore different types and sizes of resources (Perbiche-
Neves et al., 2016; Bomfim et al., 2018). In this way, a greater availability of nutrients and pH
alkaline (= 8.5) enables a greater diversity of phytoplankton and a predominance of species
tolerant, such as cyanobacteria species, to high concentrations of nutrients (Lopez-Archilla et
al., 2004; Lehtinen et al., 2017), making the environment favorable for the development and

increase in densities of raptorial and filtration species with medium-big size.

Our study showed that nutrients and pH are modulators of the functional structure of
zooplankton in aquatic environments located in agropastoral landscapes. Some studies have
shown that aquatic communities with pH values between 6 and 8 have greater diversity and
taxonomic richness (Holt et al., 2003). However, our study demonstrated that small oscillations
between these values can significantly alter the values of functional diversity indices, bringing

new information to studies on the impacts of land use on the zooplankton community.

7.5 Conclusions

To improve our knowledge about land use impacts on aquatic ecosystems, our study
showed that pH and TN were main key variables for the functional structure of zooplanktonic
communities in eight reservoirs inserted in agropastoral landscape. The pH was the water
parameter in agropastoral landscapes that best explained and modeled the functional diversity
index, since the pH was the only water parameter that was present in all models. Our results
also demonstrated a negative relationship between richness functional (FRic) with high TN
values. The density of the filt-rot category was higher in citrus crops than in pasture land use.
The big and medium categories of body size trait and the raptorial-cop and filtration-clad
categories of feeding type trait were positively associated with higher concentrations of total
nitrogen and alkaline pH. While the small size and filtration-r were negatively correlated with
these water variables. We suggest that small oscillations in pH values can generate changes in
the functional structure. Therefore, further research is needed to understand how other types of
land use (example: urban, wheat, eucalyptus, rice, corn, potato, etc) can alter water parameters
and how they alter the functional structures of aquatic communities, especially that of the

zooplankton.
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7.7Appendix A

Total Nitrogen and pH are key variables for functional structure of zooplanktonic communities in an agropastoral landscape
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Table 1- Species list and functional traits of the zooplankton community collected in eight reservoirs inserted in agropastoral landscapes.

Body Size Feeding Type Habitat Trophic group
Acroperus tupinamba Sinev & Elmoor-Loureiro, 2010 Small*® Scraper-Clad'® Littoral Herbivore?®
Alona intermedia Sars, 1862 Medium?8 Scraper-Clad*® Littoral8 Herbivore!8
Alonella dadayi Birge, 1901 Small*® Scraper-Clad'® Littoral*8 Herbivore®
Alonella sp.Sars, 1862 Small! Scraper-Clad*® Littoral'® Herbivore!!
Anthalona verrucosa (Sars, 1901) Medium?® Scraper-Clad*® Littoral'® Herbivore!®
Bosmina (Liederobosmina) hagmanni Stingelin, 1904 Small*® Filtration-Clad®® Limnetic'® Herbivore®
Bosmina (Liederobosmina) tubicen Brehm, 1953 Small* Filtration-Clad* Limnetic* Herbivore*
Ceriodaphnia cornuta Sars, 1886 Medium?® Filtration-Clad®® Limnetic'® Herbivore®
Ceriodaphnia silvestrii Daday, 1902 Large® Filtration-Clad®® Limnetic'® Herbivore®



Chydorus dentifer Daday, 1905
Chydorus eurynotus Sars, 1901
Chydorus pubescens Sars, 1901
Coronatella monacantha (Sars, 1901)
Coronatella poppei (Richard, 1897)
Daphnia ambigua Scourfield, 1947
Daphnia gessneri Herbst, 1967
Daphnia laevis Birge, 1879
Diaphanosoma birgei Korineck, 1981
Diaphanosoma brevireme Sars 1901

Disparalona leptorhyncha Smirnov, 1996
Ephemeroporus barroisi (Richard, 1894)

Ephemeroporus hybridus (Daday, 1905)
Ephemeroporus tridentatus (Bergamin, 1931)
Flavalona iheringula (Kotov & Sinev, 2004)
Ilyocryptus spinifer Herrick, 1882
Karualona muelleri (Richard, 1897)
Leydigiopsis brevirostris Brehm, 1938
Macrothrix elegans Sars, 1901

Macrothrix laticornis (Jurine, 1820)
Macrothrix paulensis (Sars, 1901)
Macrothrix spinosa King, 1853

Macrothrix squamosa Sars, 1901
Magnospina dentifera (Sars, 1901)

Moina minuta Hansen, 1899

Notoalona sculpta (Sars, 1901)

Ovalona glabra (Sars, 1901)

Small*®
Small*®
Small*®
Medium?®
Medium*
Large’
Large’
Large®
Medium*
Large*
Medium?®
Small*®
Small*®
Medium?®
Medium?®
Medium?®
Medium?®
Medium?®
Medium?®
Medium?®
Medium?®
Medium?®
Medium?®
Medium?*
Medium?®
Medium?®
Medium?®

Scraper-Clad*®
Scraper-Clad*®
Scraper-Clad*®
Scraper-Clad*®
Scraper-Clad*

Filtration-Clad®®
Filtration-Clad*8
Filtration-Clad*®
Filtration-Clad*,*8
Filtration-Clad*,8

Scraper-Clad'®
Scraper-Clad*®

Scraper-Clad'®
Scraper-Clad'®
Scraper-Clad*®

Filtration-Clad'®

Scraper-Clad*®
Scraper-Clad*®
Scraper-Clad'®
Scraper-Clad*®
Scraper-Clad'®
Scraper-Clad'®
Scraper-Clad*®
Scraper-Clad*

Filtration-Clad*®

Scraper-Clad*®
Scraper-Clad'®

Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral®
Limnetic'®
Limnetic*®
Limnetic'®
Limnetic?®
Limnetic*,*®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral'®
Littoral*
Limnetic*®
Littoral'®
Littoral'®
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Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?8
Herbivore*
Herbivore?®
Herbivore?8
Herbivore!*,*®
Herbivore?®
Herbivore?8

Herbivore!®
Herbivore®®

Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore*
Herbivore?®
Herbivore?®
Herbivore?®



Oxyrella ciliata Bergamin, 1931
Pseudosida bidentada Herrick, 1884
Simocephalus iheringi Richard, 1897
Simocephalus serrulatus (Koch, 1841)
Anuraeopsis fissa Gosse, 1851
Anuraeopsis navicula Rousselet, 1911
Ascomorpha ecaudis Perty, 1850
Ascomorpha saltans Bartsch, 1870
Bdelloidea

Brachionus angularis Gosse, 1851
Brachionus havanaensis Rousselet, 1911
Brachionus dolabratus Harring, 1914
Brachionus falcatus Zacharias, 1898
Brachionus mirus Daday, 1905
Brachionus quadridentatus Hermann, 1783
Brachionus urceolaris Muller, 1773
Cephalodella panarista Myers, 1924
Cephalodella stenroosi Wulfert, 1937
Cephalodella tenuiseta (Burn, 1890)
Cephalodella tinca Wulfert, 1937
Cephalodella forficula (Ehrenberg, 1830)
Cephalodella sp.

Collotheca sp.

Colurella obtusa (Gosse, 1886)

Colurella sp.

Colurella uncinata (Mdller, 1773)
Conochilus (Conochiloides) coenobasis (Skorikov, 1914)

Medium?®
Large'®
Large®®
Large'®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®

Scraper-Clad*®

Filtration-Clad*®
Filtration-Clad'®
Filtration-Clad*®

Filtration-R*8
Filtration-R*8
Raptorial-R?8
Raptorial-R®
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Raptorial-R*®
Raptorial-R?8
Raptorial-R*®
Raptorial-R?8
Raptorial-R8
Raptorial-R®
Raptorial-R8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8

Littoral'®
Limnetic*®
Littoral'®
Littoral'®
Limnetic*
Limnetict*

Littoral-Limnetic!

Limnetict*
Littoral*
Limnetic'4
Limnetic!*
Littoral'4
Limnetic*
Limnetict*
Littoral'4

Littoral-Limnetic!

Littoral*
Littoral'4
Littoral*
Littoral'4
Littoral'4
Littoral**

Littoral-Limnetic!

Littoral'*
Littoral'*

Littoral-Limnetic!

Limnetic*
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Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?8
Herbivore?8
Herbivore?®
Herbivore?8
Herbivore?®
Herbivore!’
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?®
Herbivore?®
Omnivore!®
Omnivore®®
Omnivore!®
Omnivore*®
Omnivore*®
Omnivore®®
Herbivore?®
Herbivore?®
Herbivore®®
Herbivore?®
Herbivore*



Conochilus (Conochiloides) natans (Seligo, 1900) Small®
Conochilus (Conochilus) unicornis Rousselet, 1892 Small®
Dicranophoroides caudatus (Ehrenberg, 1834) Medium®
Dipleuchlanis propatula (Gosse, 1886) Small®
Filinia pejleri Hutchinson, 1964 Small®
Filinia opoliensis (Zacharias, 1898) Small®
Filinia terminalis (Plate, 1886) Small®
Hexarthra intermedia (Wiszniewski, 1929) Small®
Kellicottia bostoniensis (Rousselet, 1908) Small®
Keratella americana Carlin, 1943 Small®
Keratella cochlearis (Gosse, 1851) Small®
Keratella lenzi Hauer, 1953 Small®
Keratella tecta (Gosse, 1851) Small®
Keratella tropica (Apstein, 1907) Small®
Lecane arcula Harring, 1914 Small®
Lecane armata Thomasson, 1971 Small®
Lecane bulla (Gosse, 1851) Small®
Lecane cornuta (Miller, 1786) Small®
Lecane crepida Harring, 1914 Small®
Lecane curvicornis (Murray, 1913) Small®
Lecane doryssa Harring, 1914 Small®
Lecane elegans Harring, 1914 Small®
Lecane elsa Hauer, 1931 Small®
Lecane eutarsa Harring & Myers, 1926 Small®
Lecane furcata (Murray, 1913) Small®
Lecane hamata (Stokes, 1896) Small®

Lecane hastata (Murray, 1913) Small®

Filtration-R*8
Filtration-R*8
Raptorial-R®
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8

Limnetic*

Limnetic*
Limnetic'4
Littoral'®
Limnetic*®
Limnetic'®
Limnetic*®

Littoral-Limnetic!

Limnetic'®
Limnetic*®
Limnetic'®
Limnetic*®
Limnetic'®
Limnetic'®

Littoral'®

Littoral'®

Littoral-Limnetic!
Littoral-Limnetic!

Littoral'*

Littoral-Limnetic!

Littoral'4
Littoral*
Littoral'4
Littoral*
Littoral**
Littoral'4
Littoral**
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Herbivore*
Herbivore*
Carnivore!8
Herbivore?8
Omnivore*®
Omnivore'®
Omnivore*®
Herbivore?®
Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®



Lecane hornemanni (Ehrenberg, 1834)

Lecane leontina (Turner, 1892)

Lecane ludwigii (Eckstein, 1883)

Lecane lunaris (Ehrenberg, 1832)

Lecane monostyla (Daday, 1897)

Lecane papuana (Murray, 1913)

Lecane pumila (Rousselet, 1906)

Lecane pusilla Harring, 1914

Lecane pyriformis (Daday, 1905)

Lecane quadridentata (Ehrenberg, 1830)
Lecane rugosa (Harring, 1914)

Lecane signifera (Jennings, 1896)

Lecane sola Hauer, 1936

Lecane stichoclysta Segers, 1993

Lecane subtilis Harring & Myers, 1926

Lecane uenoi Yamamoto, 1951

Lecane undulata Hauer, 1938

Lepadella (Heterolepadella) heterodactyla Fadeev, 1925
Lepadella (Lepadella) acuminata (Ehrenberg, 1834)
Lepadella (Lepadella) patella (Muller, 1773)
Lepadella sp.

Macrochaetus collinsii (Gosse, 1867)
Microcodon clavus Ehrenberg, 1830
Monomata sp.

Monommata grandis Tessin, 1890
Monommata maculata Harring & Myers, 1930
Monommata phoxa Myers, 1930

Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small*
Small®
Small®
Small®
Small®

Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Raptorial-R8
Filtration-R*8
Filtration-R*8
Filtration-R*8
Filtration-R*8

Littoral'4
Littoral'4
Littoral'4
Littoral'4
Littoral'4
Littoral**
Littoral'®
Littoral**
Littoral*
Littoral'4
Littoral*
Littoral'4
Littoral'4
Littoral**
Littoral'4
Littoral**
Littoral*
Littoral'4
Littoral*
Littoral'4
Littoral'4
Littoral**
Littoral-Limnetic!
Littoral8
Littoral'®
Littoral'4
Littoral**
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Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?8
Herbivore?8
Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Omnivore®®
Omnivore'®
Omnivore*®
Omnivore'®



Mytilina ventralis (Ehrenberg, 1830)
Notommata cyrtopus Gosse, 1886
Notommata sp.

Plationus patulus (Muller, 1786)
Platyias quadricornis (Ehrenberg, 1832)
Ploesoma lenticulare Herrick, 1885
Polyarthra vulgaris Carlin, 1943
Pompholix sp.

Proales sp.

Ptygura sp.

Resticula melandocus (Gosse, 1887)
Scaridium sp.

Synchaeta pectinata Ehrenberg, 1832
Synchaeta sp.

Testudinella parva (Ternetz, 1892)
Trichocerca bicristata (Gosse, 1887)
Trichocerca bidens (Lucks, 1912)
Trichocerca braziliensis (Murray, 1913)
Trichocerca elongata (Gosse, 1886)
Trichocerca collaris (Rousselet, 1896)
Trichocerca cylindrica (Imhof, 1891)
Trichocerca insignis (Herrick, 1885)
Trichocerca insulana (Hauer, 1937)
Trichocerca mus Hauer, 1938
Trichocerca myersi (Hauer, 1931)
Trichocerca porcellus (Gosse, 1851)

Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Medium?®

Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Small®
Medium?®
Small®
Small®
Small®
Small®
Small®

Filtration-R?8
Filtration-R18
Raptorial-R®
Filtration-R18
Filtration-R18
Filtration-R?8
Filtration-R18
Filtration-R®
Filtration-R?8
Filtration-R18
Raptorial-R?8
Filtration-R?8
Raptorial-R?8
Raptorial-R®
Raptorial-R®
Raptorial-R?8
Raptorial-R®
Raptorial-R?8
Raptorial-R?8
Raptorial-R*®
Raptorial-R?8
Raptorial-R*®
Raptorial-R®
Raptorial-R8
Raptorial-R*®
Raptorial-R?8

Littoral'®
Littoral'4
Littoral'®
Littoral'®
Littoral'®
Limnetic*

Littoral-Limnetic!

Littoral®

Littoral-Limnetic!

Littoral'®

Limnetic?
Littoral*
Limnetic*®
Limnetic'®
Limnetict*

Littoral-Limnetic!

Littoral'
Littoral®
Littoral®
Littoral®

Littoral-Limnetic!
Littoral-Limnetic!
Littoral-Limnetic!
Littoral-Limnetic!

Littoral'

Littoral-Limnetic!
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Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?8
Herbivore?®
Herbivore?®
Herbivore?8
Herbivore®
Herbivore®
Herbivore®

Carnivore!®
Herbivore®®
Carnivore!®
Carnivore!®
Carnivore'®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®
Herbivore?®



Trichocerca pusilla (Jennings, 1903)
Trichocerca similis (Wierzejski, 1893)
Trichocerca sp.

Trichocerca stylata (Gosse, 1851)
Argyrodiaptomus furcatus (Sars G.O., 1901)
Eucyclops elegans (Herrick, 1884)
Mesocyclops leuckarti (Claus, 1857)
Mesocyclops meridianus (Kiefer, 1926)
Mesocyclops ogunnus Onabamiro, 1957
Microcyclops alius Kiefer, 1935
Notodiaptomus iheringi (Wright S., 1935)
Paracyclops poppei (Rehberg, 1880)

Thermocyclops decipiens Kiefer, 1929
Thermocyclops minutus (Lowndes, 1934)

Tropocyclops prasinus prasinus (Fischer, 1860)
Tropocyclops prasinus meridionalis Kiefer, 1931

REFERENCES

Small®
Small®
Small®
Small®
Large'®
Medium?®
Large*
Large®
Large®®
Medium?8
Large®®
Medium?8

Large*
Medium?®
Medium?®
Medium?**

Raptorial-R®
Raptorial-R?8
Raptorial-R®
Raptorial-R?8
Filtration-Cop®3
Raptorial-Cop®®
Raptorial-Cop*
Raptorial-Cop?
Raptorial-Cop?®
Raptorial-Cop?8
Filtration-Cop*
Raptorial-Cop?8

Raptorial-Cop*
Raptorial-Cop?8
Raptorial-Cop?
Raptorial-Cop?

Littoral-Limnetic!
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Littoral®
Littoral-Limnetic!
Littoral®
Littoral®
Littoral®
Littoral-Limnetic®
Littoral®
Littoral'®
Littoral®
Littoral-
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Limnetic*
Littoral-Limnetic®
Limnetic?
Limnetic?
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Herbivore?8
Herbivore?®
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Omnivore'®
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Appendix B: Table 1 - Parameters used to select the best fitted Generalized Additive Mixed Model
(GAMM) for functional diversity.

Table 1: Parameters used to select the best fitted Generalized Additive Mixed Model (GAMM) for Functional Richness (FRic). Functional
Evenness (FEve). Functional Divergence (FDiv); DV = dependent variable; IV = independent variable; SCS = spatial autocorrelation structure; s
= smooth term for GAMM,; te = smoothing full tensor for GAMM; FC = false convergence; NC = no convergence; SC = singular convergence.

Formula (DV -1V) AlC SCS: Range
——- Exponential: NC
i TP 4 te(log TN} + S(OD) + &(T N — Gaussian: NC
ic ~ te(TP) + te(logTN) + s(OD) + s(Temp) . Linear: NC
te(pH) -
— Rational: NC

Spherical: NC




-20.3974 Exponential: 0.059
-21.3717 Gaussian: 0.176
FRic ~ te(TP) + te(logTN) + s(OD) + s(Temp) - Linear: FC
-20.3144 Rational: 0.117
-20.9788 Spherical: 0.295
-24.2982 Exponential: 1.52e-03
-24.6673 Gaussian: 0.154
FRic ~ te(TP) + te(logTN) + s(OD) + te(pH) ---- Linear: NC
-24.2982 Rational: 1.20e-04
-24.2982 Spherical: 0.097
-22.2181 Exponential: 1.804
-23.4912 Gaussian: 0.223
FRic ~ te(TP) + te(logTN) + s(Temp) + te(pH) ---- Linear: NC
=== Rational: SC
-22.9235 Spherical: 0.343
-18.1345 Exponential: 0.054
-18.8739 Gaussian: 0.169
FRic ~ te(TP) + s(OD) + s(Temp) + te(pH) ---- Linear: FC
-18.1097 Rational: 7.31e-05
-18.6151 Spherical: 0.291
-18.1719 Exponential: 22.543
-18.8059 Gaussian: 4.727
FRic ~ te(logTN) + s(OD) + s(Temp) + te(pH) ---- Linear: FC
-18.7794 Rational: 4.697
--—- Spherical: NC
-24.2076 Exponential: 0.074
-25.299 Gaussian: 0.185
FRic ~ te(TP) + te(logTN) + s(OD) ---- Linear: FC
-24.1428 Rational: 2.36e-04
-24.8137 Spherical: 0.301
-10.8797 Exponential: 0.015

FRic ~ te(TP) + te(logTN) + te(pH)

-27.3778

Gaussian: 0.219
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---- Linear: FC
-26.8494 Rational: 0.209
-26.8005 Spherical: 0348
-20.0845 Exponential: 0.092
-20.532 Gaussian: 0.145
FRic ~ te(TP) + s(Temp) + te(pH) ---- Linear: FC
-20.125 Rational: 0.105
-20.448 Spherical: 0.291
-21.5407 Exponential: 0.571
-21.4322 Gaussian: 0.184
FRic ~ te(TP) + te(logTN) + s(Temp) ---- Linear: NC
-21.4934 Rational: 0.219
---- Spherical: NC
-21.8385 Exponential: 5.13e-05
-22.0061 Gaussian: 0.135
FRic ~ te(TP) + s(OD) + s(Temp) -21.8385 Linear: 0.097
-21.8385 Rational: 8.93e-07
-21.8385 Spherical: 0.097
-22.1311 Exponential: 0.056
-22.0994 Gaussian: 0.022
FRic ~ te(TP) + s(OD) + te(pH) -22.9934 Linear: 0.274
-22.0994 Rational: 1.31e-04
-22.6143 Spherical: 0.291
-22.7199 Exponential: 0.275
-23.5878 Gaussian: 0.060
FRic ~ te(logTN) + s(OD) + s(Temp) ---- Linear: FC
-23.2795 Rational: 0.236
-23.1425 Spherical: 0.305
-27.1655 Exponential: 5.67e-03
-27.5939 Gaussian: 0.151

FRic ~ te(logTN) + s(OD) + te(pH)

Linear: FC

-27.1655

Rational: 7.29e-07
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=== Spherical: NC
---- Exponential: NC
---- Gaussian: NC
FRic ~ te(logTN) + s(Temp) + te(pH) ---- Linear: NC
-22.7656 Rational: 4.555
---- Spherical: NC
-20.1529 Exponential: 0.097
-21.4922 Gaussian: 0.187
FRic ~s(DO) + s(Temp) + te(pH) ---- Linear: FC
-19.6868 Rational: 1.08e-06
-20.9629 Spherical: 0.301
-25.3079 Exponential: 0.496
-25.436 Gaussian: 1.32e-38
FRic ~ te(TP) + te(logTN) -25.436 Linear: 0.097
-25.2049 Rational: 0.254
-25.436 Spherical: 0.097
-25.7021 Exponential: 4.80e-04
-25.9163 Gaussian: 0.142
FRic ~ te(TP) + s(OD) ---- Linear: NC
-25.7021 Rational: 2.05e-05
-25.7021 Spherical: 0.097
-26.6777 Exponential:0298
-27.4915 Gaussian: 0.244
FRic ~ te(logTN) + s(OD) ---- Linear: FC
-27.2397 Rational: 0.245
— Spherical: NC
-24.0777 Exponential: 0.088
-24.4842 Gaussian: 0.141
FRic ~ te(TP) + s(Temp) ---- Linear: NC
-24.1011 Rational: 0.100
-24.4226 Spherical: 0.289
FRic ~ te(logTN) + s(Temp) -25.4674 Exponential: 0.456
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-25.4222 Gaussian: 0.177
---- Linear: FC
-25.4511 Rational: 0.203
-25.2485 Spherical: 0.334
-21.7672 Exponential: 0.089
-22.5754 Gaussian: 0.174
FRic ~ s(OD) + s(Temp) ---- Linear: FC
-22.0483 Rational: 0.189
-22.3088 Spherical: 0.295
-23.8038 Exponential: 0.295
-24.1587 Gaussian: 0.158
FRic ~ te(TP) + te(pH) ---- Linear: FC
-23.9234 Rational: 0.129
-24.0241 Spherical: 0.307
-18.9741 Exponential: 4.30e-04
-18.9741 Gaussian: 1.74 e-04
FRic ~ te (TP) + te(pH) + te(TP, pH) -18.9741 Linear: 0.097
-18.9741 Rational: 1.24e-05
-18.9741 Spherical: 0.097
-20.9741 Exponential: 2.75e-04
-21.0902 Gaussian: 0.141
FRic ~ te (TP) + te(TP, pH) -—-- Linear: FC
-20.9741 Rational: 5.02e-05
o Spherical: NC
-20.9741 Exponential: 2.75e-04
-21.0902 Gaussian: 0.141
FRic ~ te(pH) + te(TP, pH) -20.9741 Linear: 0.097
-20.9741 Rational: 0.097
-20.9741 Spherical: 0.097
--—- Exponential: SC
FRic ~ te(logTN) + te(pH) -28.8654 Gaussian: 0.170

Linear: FC
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-28.5292 Rational: 0.142
-28.6941 Spherical: 0.307
---- Exponential: FC
---- Gaussian: FC
FRic ~ te (log(TN)) + te(pH) + te(log(TN), pH) -31.3243 Linear: 0.605
-31.5185 Rational: 0.340
=== Spherical: NC
-33.7527 Exponential: 0.632
-33.1697 Gaussian: 0.402
FRic ~ te (log(TN)) + te(log(TN), pH) -32.8741 Linear: 0.339
——— Rational: NC
-33.6555 Spherical: 1.463
---- Exponential: FC
=== Gaussian: FC
FRic ~ te(pH) + te(log(TN), pH) Linear: FC.
L Rational: undefined
submatrix
=== Spherical: NC
-24.0624 Exponential: 0.091
-25.3606 Gaussian: 0.178
FRic ~s(OD) + te(pH) ---- Linear: FC
--—- Rational: SC
-24.8838 Spherical: 0.299
-21.514 Exponential: 0.231
-22.396 Gaussian: 0.172
FRic ~ s(Temp) + te(pH) ---- Linear: NC
-21.9186 Rational: 0.173
-21.9939 Spherical: 0.313
-27.7245 Exponential: 0.154
-28.0093 Gaussian: 0.157

FRic ~ te(TP)

Linear: FC

-27.8281

Rational: 0.130
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-27.8939 Spherical: 0.308
-29.3033 Exponential: 0.477
-28.9134 Gaussian: 0.280
FRic ~ te(logTN) - Linear: FC
-29.2043 Rational: 0.250
---- Spherical: NC
---- Exponential: SC
-26.5166 Gaussian: 0.192
FRic ~ s(OD) ---- Linear: FC
-26.048 Rational: 0.187
-26.1759 Spherical: 0.299
-24.6903 Exponential: 0.284
-25.4 Gaussian: 0.201
FRic ~s(Temp) ---- Linear: FC
-25.1334 Rational: 0.202
-24.8964 Spherical: 0.321
-25.5011 Exponential: 0.246
-26.1061 Gaussian: 0.193
FRic ~ te(pH) ---- Linear: FC
-25.8698 Rational: 0.181
-25.6355 Spherical: 0.333
-13.62865 Exponential: 8.75e-05
FEve ~ te(TP) + te(logTN) + S(OD) + s(Temp) + Gaussian: 5C
te(pH) === L|r.1ear. SC
---- Rational: SC
=== Spherical: SC
-6.410591 Exponential: 0.153
-7.084165 Gaussian: 0.204
FEve ~ te(TP) + te(logTN) + s(OD) + s(Temp) -6.872691 Linear: 0.290
-6.628493 Rational: 0.157
-6.731328 Spherical: 0.392

FEve ~ te(TP) + te(logTN) + s(OD) + te(pH)

Exponential: NC
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-16.69892 Gaussian: 0.227
---- Linear: SC
-14.73035 Rational: 4.63e-05
-15.83425 Spherical: 0.403
-12.16044 Exponential: 0.0009
-16.1995 Gaussian: 0.001
FEve ~ te(TP) + te(logTN) + s(Temp) + te(pH) ---- Linear: NC
-16.1995 Rational: 0.196
S Spherical: NC
-15.89042 Exponential: 0.195
-16.91811 Gaussian: 0.244
FEve ~ te(TP) + s(OD) + s(Temp) + te(pH) ---- Linear: NC
-16.4034 Rational: 0.202
-16.23872 Spherical: 0.448
---- Exponential: NC
-14.08551 Gaussian: 0.284
FEve ~ te(logTN) + s(OD) + s(Temp) + te(pH) ---- Linear: FC
o Rational: FC
S Spherical: NC
--—- Exponential: SC
-10.09205 Gaussian: 0.242
FEve ~ te(TP) + te(logTN) + s(OD) -9.802981 Linear: 0.351
-9.784395 Rational: 0.197
=== Spherical: NC
-19.04592 Exponential:0.153
-20.56039 Gaussian: 0.229
FEve ~ te(TP) + te(logTN) + te(pH) -19.91409 Linear: 0.309
-19.62035 Rational: 0.185
-19.66907 Spherical: 0.412
-19.8719 Exponential: 0.189
FEve ~ te(TP) + s(Temp) + te(pH) -20.90727 Gaussian: 0.242

Linear: FC
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-20.37346 Rational: 0.198
=== Spherical: NC
-7.889786 Exponential: 0.0001
-7.889786 Gaussian: 0.0001
FEve ~ te(TP) + te(logTN) + s(Temp) -7.889786 Linear: 0.096
-7.889786 Rational: 3.21e-06
-7.889786 Spherical: 3.22e-06
-10.41738 Exponential: 0.151
-11.04397 Gaussian: 0.198
FEve ~ te(TP) + s(OD) + s(Temp) ---- Linear: FC
-10.62075 Rational: 0.152
-10.73113 Spherical: 0.392
-18.19086 Exponential: 0.003
-19.02012 Gaussian: 0.202
FEve ~ te(TP) + s(OD) + te(pH) ---- Linear: FC
-18.14459 Rational: 0.001
S Spherical: NC
-10.28413 Exponential: 0.141
-10.98177 Gaussian: 0.201
FEve ~ te(logTN) + s(OD) + s(Temp) -10.79302 Linear: 0.276
-10.45858 Rational: 0.149
-10.62378 Spherical: 0.380
-15.86507 Exponential: 0.110
-17.28032 Gaussian: 0.203
FEve ~ te(logTN) + s(OD) + te(pH) ---- Linear: FC
-16.26957 Rational: 0.181
-16.53743 Spherical: 0.3274658
-12.18949 Exponential: 30151.41
-12.18949 Gaussian: 92.59187
FEve ~ te(logTN) + s(Temp) + te(pH) ---- Linear: NC
-12.18949 Rational: 1595.618

Spherical: NC
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-16.07641 Exponential: 0.152
-17.21018 Gaussian: 0.194
FEve ~ s(DO) + s(Temp) + te(pH) - Linear: FC
-16.58024 Rational: 0.215
-16.66769 Spherical: 0.328
-11.36857 Exponential:0.0003
-11.36857 Gaussian: 0.0009
FEve ~ te(TP) + te(logTN) -11.36857 Linear: 0.0009
-11.36857 Rational: 6.37e-06
-11.36857 Spherical: 0.096
-13.52215 Exponential: 0.221
---- Gaussian: NC
FEve ~ te(TP) + s(OD) ---- Linear: SC
-13.7989 Rational: 0.188
— Spherical: NC
-15.23559 Exponential: 0.192
-12.61631 Gaussian: 0.009
FEve ~ te(logTN) + s(OD) -13.58453 Linear: 0.344
-13.52509 Rational: 0.191
-13.49497 Spherical: 0.481
-11.68015 Exponential: 0.006
-11.68015 Gaussian: 3.03e-05
FEve ~ te(TP) + te(Temp) -11.68014 Linear: 0.096
-11.68015 Rational: 1.36e-05
— Spherical: NC
-10.99701 Exponential: 6.43e-07
-11.32586 Gaussian: 0.636
FEve ~ te(logTN) + te(Temp) -10.99701 Linear: 0.096
-10.79641 Rational: 0.516
-10.99699 Spherical: 0.097
-14.28409 Exponential: 0.141

FEve ~ s(OD) + te(Temp)

-14.86004

Gaussian: 0.186
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---- Linear: FC
-14.40535 Rational: 0.132
-14.60463 Spherical: 0.365
-21.74124 Exponential:0.0003
-21.74123 Gaussian: 0.02
FEve ~ te(TP) + te(pH) -21.7237 Linear: 0.096
-21.74124 Rational: 2.25e-05
-21.74124 Spherical: 0.096
-20.50625 Exponential: 5.27e-05
-20.50625 Gaussian: 4.82e-05
FEve ~ te (TP) + te(pH) + te(TP, pH) -20.50625 Linear: 0.096
-20.50625 Rational: 2.16e-06
-20.50625 Spherical: 0.096
=== Exponential: FC
---- Gaussian: FC
FEve ~ te (TP) + te(TP, pH) ---- Linear: FC
---- Rational: FC
---- Spherical: FC
-22.50625 Exponential: 2.87e-05
-22.50625 Gaussian: 2.96e-06
FEve ~ te(pH) + te(TP, pH) -22.50625 Linear: 0.096
-22.50625 Rational: 2.09e-06
-22.50624 Spherical: 0.096
=== Exponential: NC
-19.31478 Gaussian: 0.198
FEve ~ te(logTN) + te(pH) ---- Linear: FC
-17.92783 Rational: 0.0002
-18.8121 Spherical: 0.326
-13.25739 Exponential: 3.07e-06
-14.29866 Gaussian: 0.323

FEve ~ te (log(TN)) + te(pH) + te(log(TN), pH)

Linear: NC

-13.25739

Rational: 8.60e-09
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-14.18503 Spherical: 0.338
-13.26683 Exponential: 7.72e-05
-16.29866 Gaussian: 0.323
FEve ~ te (log(TN)) + te(log(TN), pH) -15.22372 Linear: 0.427
-13.26683 Rational: 4.44e-06
-15.10563 Spherical: 0.634
-15.2574 Exponential: 1.75e-05
-16.29866 Gaussian: 0.323
FEve ~ te(pH) + te(log(TN), pH) ---- Linear: FC
-15.2574 Rational: 4.27e-06
-16.18504 Spherical: 0.338
-19.83234 Exponential: 0.108
-20.97329 Gaussian: 0.188
FEve ~ s(OD) + te(pH) ---- Linear: FC
-20.11113 Rational: 0.154
-20.47324 Spherical: 0.320
-18.24482 Exponential: 0.001
-18.00876 Gaussian: 3.49e-05
FEve ~ s(Temp) + te(pH) -18.17919 Linear: 0.198
- Rational: NC
-18.17877 Spherical: 0.274
-15.12803 Exponential: 0.002
-15.17501 Gaussian: 0.068
FEve ~ te(TP) -15.17501 Linear: 0.111
-14.30789 Rational: 0.063
=== Spherical: NC
-14.32838 Exponential: 3.29e-14
-15.04164 Gaussian: 0.388
FEve ~ te(logTN) -14.32834 Linear: 0.096
-14.67824 Rational: 0.341
-14.32838 Spherical: 0.096
FEve ~ s(OD) -17.23842 Exponential: 0.198
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-17.78145 Gaussian: 0.220
-17.54833 Linear: 0.332
-17.43015 Rational: 0.168
-17.46795 Spherical: 0.458
o Exponential: FC
-14.6955 Gaussian: 0.08
FEve ~ s(Temp) -14.6955 Linear: 0.127
-14.7018 Rational: 0.054
-14.6955 Spherical: 0.170
-21.51244 Exponential: 0.006
-21.51244 Gaussian: 0.024
FEve ~ te(pH) ---- Linear: SC
-21.51244 Rational: 1.55e-05
=== Spherical: NC
-7.471064 Exponential: 0.149
FDiv ~ te(TP) + te(logTN) + s(OD) + s(Temp) + — Ga_us'5|a.n. SC
te(pH) ---- L|r_1ear. NC
o Rational: NC
S Spherical: NC
-1.101181 Exponential: 3.283
=== Gaussian: SC
FDiv ~ te(TP) + te(logTN) + s(OD) + s(Temp) ---- Linear: NC
-2.914807 Rational: 0.825
=== Spherical: SC
-10.546402 Exponential: 0.676
-14.325413 Gaussian: 0.579
FDiv ~ te(TP) + te(logTN) + s(OD) + te(pH) -11.744905 Linear: 1.114
-13.345914 Rational: 0.547
-11.622917 Spherical: 1.518
-8.197985 Exponential: 0.151
FDiv ~ te(TP) + te(logTN) + te(Temp) + te(pH) -8.612436 Gaussian: 0.252

Linear: FC
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-8.284495 Rational: 0.183
-8.498834 Spherical: 0.449
-4.897412 Exponential: 1.669e-06
-4.897412 Gaussian: 6.030e-05
FDiv ~ te(TP) + s(OD) + s(Temp) + te(pH) ---- Linear: FC
-4.897412 Rational: 1.857e-08
-5.852331 Spherical: 0.434
---- Exponential: NC
-11.793876 Gaussian: 0.488
FDiv ~ te(logTN) + s(OD) + s(Temp) + te(pH) ---- Linear: NC
==== Rational: NC
=== Spherical: NC
-5.086385 Exponential: 2.738
-7.275662 Gaussian: 0.846
FDiv ~ te(TP) + te(logTN) + s(OD) ---- Linear: FC
-6.864670 Rational: 0.936
S Spherical: NC
---- Exponential: FC
-9.905496 Gaussian: 0.339
FDiv ~ te(TP) + te(logTN) + te(pH) -90.300473 Linear: 0.522
-9.272103 Rational: 0.280
---- Spherical: NC
-3.220749 Exponential: 3.106e-08
-3.220749 Gaussian: 4.182e-06
FDiv ~ te(TP) + s(Temp) + te(pH) -3.220748 Linear: 0.097
-3.220749 Rational: 7.980e-10
-3.220749 Spherical: 0.097
-1.867979 Exponential: 5.828
-2.718877 Gaussian: 2.766
FDiv ~ te(TP) + te(logTN) + s(Temp) ---- Linear: FC
-1.966691 Rational: 0.402
-1.621424 Spherical: 1.539
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Exponential: NC

-7.004336 Gaussian: 0.006
FDiv ~ te(TP) + s(OD) + s(Temp) - Linear: NC
---- Rational: NC
o Spherical: NC
-5.862301 Exponential: 1.144
-6.273012 Gaussian: 0.584
FDiv ~ te(TP) + s(OD) + te(pH) -5.888369 Linear: 0.389
-6.251106 Rational: 0.556
-5.717361 Spherical: 0.685
2.664923 Exponential: 0.273
-0.695948 Gaussian: 0.484
FDiv ~ te(logTN) + s(OD) + s(Temp) ---- Linear: FC
S Rational: SC
1.156592 Spherical: 0.856
-12.603139 Exponential: 0.388
-15.534953 Gaussian: 0.491
FDiv ~ te(logTN) + s(OD) + te(pH) Linear: FC
-14.027018 Rational: 0.402
-19.667123 Spherical: 0.934
---- Exponential: NC
-7.026985 Gaussian: 0.001
FDiv ~ te(logTN) + s(Temp) + te(pH) -7.026981 Linear: 0.097
-8.250921 Rational: 0.508
-7.026971 Spherical: 0.097
-3.512690 Exponential: 2.525e-13
-2.120089 Gaussian: 0.001
FDiv ~ s(DO) + s(Temp) + te(pH) -2.120089 Linear: 0.097
-3.512690 Rational: 3.596e-08
-2.120089 Spherical: 0.097
-4.484035 Exponential: 0.858

FDiv ~ te(TP) + te(log(TN))

-10.940608

Gaussian: 0.481
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-4.568776 Linear: 0.546
-4,998479 Rational: 0.375
-4.529141 Spherical: 1.005
-10.872565 Exponential: 0.030
-10.872519 Gaussian: 0.040
FDiv ~ te(TP) + s(OD) ---- Linear: NC
-10.872514 Rational: 8.305e-06
-10.872535 Spherical: 0.106
1.131667 Exponential: 0.299
-2.161022 Gaussian: 0.508
FDiv ~ te(logTN) + s(OD) Linear: FC
-0.001596 Rational: 0.381
---- Spherical: NC
3.159223 Exponential: 7.180e-09
3.159223 Gaussian: 0.004
FDiv ~ te(TP) + s(Temp) 3.159224 Linear: 0.097
3.159223 Rational: 3.145e-08
3.159224 Spherical: 0.097
2.033865 Exponential: 0.132
2.061572 Gaussian: 0.132
FDiv ~ te(logTN) + s(Temp) 2.006436 Linear: 0.097
2.006434 Rational: 7.194e-07
2.006436 Spherical: 0.097
=== Exponential: FC
6.644143 Gaussian: 6.834e-05
FDiv ~ s(OD) + s(Temp) 6.644143 Linear: 0.097
6.644143 Rational: 8.216e-07
6.644144 Spherical: 0.097
-2.873626 Exponential: 0.004
FDiv ~12(TP) + e(pH) ZaTIER Cinex: 0087

-2.873626

Rational: 1.491e-05
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-2.873626 Spherical: 0.097
=== Exponential: NC
0.634561 Gaussian: 5.550e-05
FDiv ~ te (TP) + te(pH) + te(TP, pH) - Linear: NC
0.634562 Rational: 2.104e-06
3.111349 Spherical: 0.097
---- Exponential: FC
4.583428 Gaussian: 0.001
FDiv ~ te (TP) + te(TP, pH) ---- Linear: FC
S Rational: FC
---- Spherical: FC
-1.365439 Exponential: 8.243e-05
-1.365439 Gaussian: 1.276e-05
FDiv ~ te(pH) + te(TP, pH) -1.365380 Linear: 0.097
-1.365439 Rational: 1.413e-06
=== Spherical: NC
-14.933999 Exponential: 0.090
-10.940608 Gaussian: 0.481
FDiv ~ te(logTN) + te(pH) -10.932805 Linear: 0.097
-10.531532 Rational: 0.394
-10.932872 Spherical: 0.105
-4.950707 Exponential: 1.430e-10
-5.434685 Gaussian: 0.678
FDiv ~ te (log(TN)) + te(pH) + te(log(TN), pH) -4.950710 Linear: 0.097
-4.950706 Rational: 3.359e-07
-4.950705 Spherical: 0.097
-7.283670 Exponential: 0.180
-6.996491 Gaussian: 0.097
FDiv ~ te (log(TN)) + te(log(TN), pH) -6.996025 Linear: 0.144
-7.151100 Rational: 0.107
-6.996026 Spherical: 0.199
FDiv ~ te(pH) + te(log(TN), pH) -6.950710 Exponential: 1.823e-05
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-7.434685 Gaussian: 0.678
-6.950727 Linear: 0.097
-6.950706 Rational: 1.883e-07
-6.950716 Spherical: 0.097
-5.264136 Exponential: 0.537
-7.491147 Gaussian: 0.540
FDiv ~ s(OD) + te(pH) ---- Linear: FC
---- Rational: FC
-5.990312 Spherical: 1.150
-5.683668 Exponential: 0.001
-5.683668 Gaussian: 0.009
FDiv ~ s(Temp) + te(pH) -5.683668 Linear: 0.097
-5.683668 Rational: 3.732e-06
-5.683668 Spherical: 0.097
-0.575597 Exponential: 8.761e-07
-0.575597 Gaussian: 0.019
FDiv ~ te(TP) -0.575595 Linear: 0.097
-0.575587 Rational: 9.352e-05
-0.575596 Spherical: 0.097
-0.612466 Exponential: 0.191
-0.567048 Gaussian: 3.017e-11
FDiv ~ te(logTN) -0.567048 Linear: 0.097
-0.567048 Rational: 2.846e-06
-0.567048 Spherical: 0.097
3.519292 Exponential: 3.120e-06
3.519292 Gaussian: 2.314e-07
FDiv ~ s(OD) ---- Linear: FC
3.519292 Rational: 1.068e-07
3.519292 Spherical: 0.097
4,765119 Exponential: 7.862e-05
FDiv ~ s(Temp) 4.765119 Gaussian: 0.0003

4.765119

Linear: 0.097
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4.765119 Rational: 7.612e-07
4.765119 Spherical: 0.097
-4.966764 Exponential: 0.004
-4.517877 Gaussian: 0.001
FDiv ~ te(pH) -4,966764 Linear: 0.097
-4.966764 Rational: 1.392e-05
-4.966764 Spherical: 0.097
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Total Nitrogen and pH are key variables for functional structure of zooplanktonic
communities in an agropastoral landscape
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Fig. 1. Density of the zooplankton community according to different size categories (big,
medium and small) observed in different types of land uses (citrus, pasture and sugarcane). No
difference was observed between the different types of land uses (F = 2.50 ; P = 0.068).
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Fig. 2. Density of the zooplankton community according to feeding type categories (filtration-
clad, filtration-cop, filtration-r, raptorial-cop, raptorial-r and scraper-clad) observed in different
types of land uses (citrus, pasture and sugarcane). The density of the feeding type trait was
different between land uses (F = 3.62 ; P = 0.01). Abbreviation defined as follows: clad,
cladoceran; cop, copepod,; rot, rotifer.
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Fig. 3. Density of the zooplankton community according to the trophic group (carnivore,
herbivore and omnivore) observed in different types of land uses (citrus, pasture and
sugarcane). No difference was observed between the different types of land uses (F = 3.08 ; P
=0.078).
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Fig. 4. Density of the zooplankton community according to habitat occupied in an
environmental aquatic (limnetic, littoral and littoral-limnetic) observed in different types of land

uses (citrus, pasture and sugarcane). No difference was observed between the different types of
land uses (F =0.92 ; P = 0.50).
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Abstract

Brazil has an economy based on the exportation of sugarcane and beef, which has contributed
to the negative effects of land use on biodiversity. The objectives of this study were (1) to
analyze the effects of land use and management in extensive pasture (EP), intensive pasture
(IP) and sugarcane (SC) on species richness (TR), Shannon-Wiener diversity (S), Pielou
evenness (P), functional richness (FRic), functional evenness (FEve), species composition and
functional composition of zooplankton (2) to analyze which water parameters, separately for
each type of land use, structure the diversity indices. An experiment was carried out over 19
months with three treatments in 13 experimental units: Extensive Pasture (EP), Intensive
Pasture (IP) and Sugarcane (SC). Zooplankton were identified at species level and according to
functional characteristics such as body size, trophic group, feeding type and habitat, which were
used to determine the indices. The water parameters measured were temperature (temp), pH,
dissolved oxygen (DO), turbidity, electrical conductivity (EC), total nitrogen and phosphorus,
and chlorophyll a. At the beginning of the experiment, there was a difference in mean FRic and
SR between treatments, with the mean being higher in SC for FRic and in IP for TR. At the end
of the experiment there was no difference between treatments. Between the beginning and the
end of the experiment, FRic and TR decreased significantly in the IP and SC treatments, and S
only in the IP. There were no differences for S and FEve. There were differences in species
composition and functional traits. The species of the genera Lecane, Mesocyclops, Brachionus,
Macrothrix and llyocryptus had a higher density in the IP and SC treatments. The trait
categories large and small, raptorial copepods, filter-feeding c-type, i-type and rotifer,
herbivore-detritivore and omnivore-carnivore also had higher densities in the same treatments.
In our study, Temp, pH and DO were the structuring variables in EP; pH and EC in IP; Temp
and pH in SC. pH was the most important parameter in structuring zooplankton communities,
and it was the only structuring variable present in all treatments. The results indicate that the
management practices applied in sugarcane crops and intensive pastures, which use fertilizers
and pesticides, lead to a decrease in the richness and changes in the functional and taxonomic
composition of zooplankton. In addition, these practices alter the limnological characteristics
and, consequently, the structuring variables of the community. Finally, the use of land for
intensive pasture and sugarcane cultivation has an impact on aquatic communities, and new
sustainable forms of management should be investigated.

Keywords: Land Cover, Landscape, Cropland, Livestock, Pesticides
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8.1 Introduction

Important impacts on freshwater ecosystems have been occurring due to changes in land
use, which cause losses in the functioning of ecological services and biodiversity. There are
many kinds of changes in land use that impact ecological communities, such as the expansion
of urbanization (Liu et al., 2022), deforestation of natural areas for agriculture (Lucas et al.,
2023) and land use conversion (e.g. pasture to plantation or shift of crops) (Ogura et al., 2022;
Caballero et al., 2023). Moreover, depending on the type of crops, specific pesticides or
fertilizers with different degrees of toxicity are used to increase productivity. These
agrochemical interventions can also affect aquatic ecosystems, damaging water quality and
community structure (Freitas et al., 2023; Corapi et al., 2023; Cabrera et al., 2023).

Brazil is one of the world's leading producers of sugarcane and beef. Ethanol, derived
from sugarcane, is a biofuel used as a source of renewable energy as part of the effort to deal
with the global crisis of climate effects (Martinelli and Filoso, 2008; Bento et al., 2018; De
Souza et al., 2019). To increase the production of sugarcane, extensive pasture areas are being
converted to sugarcane crops, which has also helped reduce and prevent deforestation in native
areas (Alkimim et al., 2015; Bento et al., 2018; Ogura et al., 2022). On the other hand,
pasturelands have been reduced and this may have an impact on the national economy. Some
alternative strategies have been adopted to use the land to maximize pasture and increase
productivity, such as increasing the number of cattle per area, introducing high-yield grasses
and fertilizing pasture soils (De Oliveira et al., 2017; Macdonald et al., 2017; Silva et al., 2017).
These management strategies for pasturelands cause changes in the type of pasture, turning
extensive pastures into intensive ones. Because of the application of fertilizers in intensive
pasture, aquatic communities can be affected, since nitrogen and phosphorus compounds from
fertilizers are run off by rain and can contribute to the eutrophication of aquatic environments
(Freitas et al., 2023; Girotto et al., 2023).

Insecticides, herbicides and fertilizers are used on sugarcane crops. In recent decades,
vinasse, a by-product of ethanol production, has also been used as a fertilizer (Christofoletti et
al., 2013; Da Silva et al., 2013; Moore et al., 2017). Although vinasse has favorable properties
for use as a soil amendment, such as a high concentration of organic matter and nutrients, it can
be transported to aquatic environments, impacting aquatic communities (Sousa et al., 2019c; da
Silva Pinto et al., 2023; Fraga et al., 2023, Freitas et al., 2023). This leads to changes in the
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limnological characteristics of the water, such as an increase in the concentration of nutrients,
a decrease in oxygen and changes in pH (Botelho et al., 2012; Freitas et al., 2023). As a result,
aquatic communities are affected, such as cyanobacteria and phytoplankton, which increase
their abundance due to the higher amount of nutrients, and zooplankton, which are negatively

affected by the decrease in oxygen (Zhang et al., 2024; Dory et al., 2024).

Both land use management practices, conversion of pasture to sugarcane and
intensification of pasture, can cause serious environmental damage (Garret et al., 2018).
Intensive pasture and sugarcane crops emit more greenhouse gases than extensive pasture
(Bento et al., 2018). Land use changes lead to the homogenization of communities, resulting in
a loss of biodiversity and ecosystem productivity (Isbell et al., 2013; Siqueira et al., 2015;
Mockler et al., 2017). For example, the composition of fish and macroinvertebrates does not
differ between land uses of different monocultures due to the homogenization of communities
and water parameters caused by agricultural landscapes (Manoel & Uieda, 2021). Furthermore,
conversion of pasture to sugarcane increases the functional evenness of fish in tropical streams
(Zeni et al., 2017). In addition, these changes in agropastoral landscapes can alter the
limnological characteristics of aquatic environments, such as increases in conductivity, nutrient
concentration, dissolved organic matter and suspended solids (Sandstrom et al., 2020; Chen et
al., 2021). As a result of the limnological changes, the water quality of aquatic environments
will deteriorate, leading to cyanobacteria and phytoplankton blooms (Dymek et al., 2021). This
will affect the zooplankton community, which uses the phytoplankton as a food source (Atique
& An, 2020).

Most studies examining the effects of land use on aquatic communities have focused
primarily on streams, rivers, and the fish and macroinvertebrate populations within these
ecosystems (Qiao et al., 2023, Liu et al., 2023, Nolan et al., 2023). In lentic environments,
amphibian and insect communities have been the most studied in terms of landscape effects
(Almeida-Gomes et al., 2020). Thus, the effects on zooplankton biodiversity of anthropogenic
actions, such as land management and use, especially in Brazil, are still poorly known and
studied (EImoor-Loureiro et al., 2022; Castilho-Noll et al., 2023).

The zooplankton community plays a key role in lentic aquatic ecosystems, mainly as a
link in trophic interaction, consuming the phytoplankton community and being consumed by
higher trophic levels such as fish and macroinvertebrates (Brucet et al., 2017; Iglesias et al.,
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2017; Dos Santos et al., 2020). In this way, the community is able to regulate the growth of the
phytoplankton community, preventing algal blooms and providing an important food resource
for several species of freshwater fish (Iglesias et al., 2011; Amorim et al., 2019). In addition,
the presence of the zooplankton community indirectly influences water parameters, as by
consuming the phytoplankton community, the water transparency is increased (Pogozhev and
Gerasimova, 2011; Enawgaw et al., 2023; Ni et al., 2023). Finally, the zooplankton community
has the essential characteristics of a bioindicator of ecological conditions, due to its short life
cycle, high diversity and sensitivity to various environmental impacts (Min et al., 2021; Mufioz-
Colmenares et al., 2021; Rajewicz et al., 2023).

To understand the impact of land use and management for pasture and sugarcane crops,
which are widely used in Brazil, the main objectives of this study are (1) to analyze the effects
of land use for extensive pasture, intensive pasture and sugarcane crops on the taxonomic
diversity (species richness, Shannon diversity and evenness), functional diversity (FRic and
FEve), species composition and functional composition (expressed by functional traits: body
size, feeding type, trophic group and habitat) of zooplankton; (2) to analyze which water
parameters, separately for each type of land use, structure taxonomic diversity and functional

diversity.

8.2 Material and Methods

8.2.1 Study area and experimental design

The present study has the same experimental design as the study conducted by Freitas
et al., (2023), and was carried out at an experimental farm (Agribusiness Technology Agency
of Sdo Paulo) in Brotas, Sdo Paulo, Brazil (22°18°12"'S; 48°08°35 "W). The research area has
appropriate topography and yellow-red Latosol soil, which is conductive to plantations and
harvesting of sugarcane and cattle pasture. The nearby fields consist of vegetation in an up-to-
date process of regeneration of the Cerrado type, and the climate varies from humid subtropical
(Cwa), with summer rainfall and tropical climate, in contrast to dry winters (Alvares et al.,
2013).

The experiment had three treatments arranged in twelve experimental units: Extensive
Pasture (EP), Intensive Pasture (IP) and Sugarcane (SC). The EP and SC treatments had 4
replicates each and the IP treatment had 5 replicates. These treatments constitute the most
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common types of soil use in Brazil and represent some of the country's main economic
activities. The experiment, which started in month 1 and ended in month 19, lasted for two
sugarcane cycles. The first cycle corresponds to the first crop establishment, which started in
month 1 and ended in month 13. The second one corresponds to the regrowth, which started in
month 14 and ended in month 19. Soil management followed Brazilian recommendations and

standards for sugarcane cultivation and cattle pasture.

Fig. 1. A) View of the area where the experiment was conducted. Each plot represents a
sampling unit with a mesocosm in the center. EP = Extensive Pasture; IP = Intensive Pasture
and SC = Sugarcane Crop. The black lines indicate the separation of each treatment. B) View

of the area of each mesocosm placed in the center of each sampling unit.

Each experimental unit measured 50 x 50 meters (0.25 ha), and mesocosms were
constructed in the middle (Fig 1A). These mesocosms were constructed to represent lentic
environments, such as the numerous small reservoirs and ponds found in agricultural and cattle
farms, which have been scarcely studied in Brazil regarding land use effects (Santos et al.,
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2021). To construct the mesocosms, excavations were made in the soil measuring 9 meters in
length, 1 meter in depth and 1.5 meters in width. The soil openings were waterproofed with a
geotextile blanket (GF 07) and a 0.5 mm thick smooth high-density polyethylene (HDPE)
geomembrane (Fig 1B). Then, natural soil from the excavations, water from a local artesian
well (9 m3) and macrophyte species Salvinia auriculata, Pistia stratiotes and Pontederia
crassipes were added. The macrophytes were previously washed to remove all associated fauna.
For 4 months, the mesocosms had a period of stabilization and natural colonization, since no
biological communities were added to the mesocosms, besides macrophytes. After this period,

the soil management experiment started.

Six types of soil management were carried out during the experiment: application of
fertilizer (NPK), application of insecticide Regent® 800 W G (a.s. Fipronil, BASF S.A)),
application of herbicide DMA® 806 BR (a.s. 2,4-D, Dow AgroSciences Industrial Ltda.),
application of vinasse (natural fertilizer), cattle grazing and sugarcane cutting. The fertilizers
used were nitrogen (N), phosphate (P) and potassium (K). The fertilizer concentration was
calculated on the basis of the nutrient quality of the soil in the study area. In the first crop
establishment, fertilizers were applied, respectively, in the IP and SC treatments, at
concentrations of 40 and 60 kg ha™ * N, 26 and 65 kg ha™ * P and 25 and 100 kg ha™ * K. In the
second cycle (sugarcane regrowth), the concentrations were 103 and 155 kg ha™ 1 N, 32 and 18
P and 67 kg ha™ * and 71 K for the IP and SC treatments, respectively. The concentrations of
fipronil and 2,4-D were the same in both cycles, 500 g CP ha~ ! and 1.5 L CP ha™ !,
respectively. The concentration of vinasse applied was 0.4 L per linear meter of sugarcane. The
estimated carrying capacity of the pastures took into account the animal unit (AU) of 450 kg
and a daily consumption of 4% of live weight, ensuring the productivity and resilience of the
pasture (Dias-Filho, 2014; Euclides et al., 2014). In the EP and IP treatments, which included
cattle pasture, electric fences were installed in all the mesocosms to prevent cattle from coming
into contact with the mesocosms and to keep them in each experimental unit. Finally, the

sugarcane was cut using specialized machinery.

The Extensive Pasture Treatment (EP) had soil management with the addition of neither
fertilizers nor pesticides. This treatment was placed in the highest part of the land in order to
prevent the runoff of chemical compounds from other treatments. In addition, this treatment

already contained grasses (Brachiaria decumbens) that are common in the study area and used
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to feed livestock. The only management that occurred in the EP treatment was to release the

cattle in the experimental plots at months 6 and 18.

The Intensive Pasture Treatment (IP) was established in the middle part of the land,
below the EP treatment. In order to characterize the intensive pasture use, the grass species
Brachiaria brizantha cv marandu was planted in this treatment due to its high productivity and
nutritional value (Cezério et al., 2015; Euclides et al., 2014), and fertilizer was applied and
cattle were released. In the first sugarcane cycle, fertilizer was applied in month 1, herbicide
was also applied in months 3 and 9 and cattle were released in month 4. The same management
was repeated in the second sugarcane cycle, with the application of the fertilizer, herbicide and

cattle released in months 13, 16 and 17 respectively.

The Sugarcane Treatment (SC) was placed in the lowest part of the land, below the EP
and IP treatments. This arrangement was made to prevent soil management from influencing
only the treatments that were being carried out, thus avoiding contamination between them.
After soil preparation, the first sugarcane cycle began with the application of fertilizer (month
1) and the planting of sugarcane (IAC SP 97-4039 variety). Then, insecticide and herbicide
were applied in months 2 and 4. The first cycle ended with cutting the sugarcane in month 13.
The second cycle (sugarcane regrowth) began in month 14, along with the application of the
fertilizer. In the following months (15, 16, and 17), vinasse, insecticide, and herbicide were
applied. Finally, the experiment finished in month 19 with the sampling of zooplankton and

water parameters.

8.2.2 Sampling of water parameters and zooplankton

Water samples were taken monthly, on the same day, for 19 months, to analyze water
parameters and the zooplankton community. The water parameters assessed were: temperature
(°C), pH, dissolved oxygen (mg L), turbidity (NTU), electrical conductivity (uS cm™1), total
nitrogen (mg L™ 1), total phosphorus (mg L™ 1) and chlorophyll a (ug L™ ). A multi-parameter
probe (YSI Pro DSS) was used to measure temperature, pH, dissolved oxygen, turbidity and
electrical conductivity in each mesocosm. Total nitrogen and total phosphorus were quantified
by spectroscopy (Shimadzu UV-2101PC). A hand-held fluorometer (AquaFluor® Turner
Designs) was used to quantify chlorophyll a. The zooplankton community was sampled using
a 5-liter bucket at three random points in each mesocosm, for a total of 15 liters. The collected

water was filtered through a 45 um plankton net. Zooplankton densities (cladocerans, copepods



168

and rotifers) were calculated from three subsamples of 1 ml each taken with a Stempel pipette,
placed in Petri dishes and examined under a stereoscopic microscope or on a Sedgewick Rafter
chamber under a light microscope. Low density samples were fully counted. Zooplankton were
identified under a microscope and a stereoscopic microscope using specific identification keys
(Reid, 1985; Silva et al., 1989; Segers, 1995; Nogrady et al., 1995; EImoor-Loureiro, 1997,
Nogrady and Segers, 2002; Sousa and EImoor-Loureiro, 2019a, 2019b).

8.2.3 Taxonomic and functional structure of zooplankton

To characterize the structure of the zooplankton community, we considered taxonomic
and functional aspects. Taxonomic diversity was measured by using species richness, species
composition, diversity and equitability indexes. We calculated species richness, represented by
the total number of species in each mesocosm. Taxonomic species composition is represented
by the set of species found, individually, in each mesocosm. Taxonomic diversity was
calculated using the Shannon-Wiener index, and equitability was calculated using the Pielou
index. To characterize functional diversity, we considered four functional traits: body size,
feeding type, trophic group and habitat (Table S1). Based on the species list, we identified and
extracted the functional traits of each species from the literature. For the functional trait body
size, the average body size was used. Subsequently, to calculate the density of trait categories,
body size was categorized as: small <0.300 mm, medium 0.301-0.600 mm and large >0.601
(Bonecker et al., 2011). Body size functionally represents ecosystem processes such as
secondary production, carbon cycling and energy transfer (Litchman et al., 2013; Hébert et al.,
2016). The feeding type was classified into: raptorial-r and filter-r for rotifers, filter-type: c-
type, i-type, d-type for cladocerans and raptorial-cop for copepods (Rizo et al., 2017; Braghin
etal., 2018). This characteristic indicates the ability and efficiency of each organism to consume
the most diverse types of food, which reflects ecosystem processes related to secondary
productivity and nutrient cycling (Andersen and Hessen, 1991; Litchman et al., 2013). The
trophic group was classified into: detritivore, herbivore, herbivore-detritivore, omnivore,
carnivore, omnivore-carnivore, and omnivore-herbivore (Barnett et al., 2007, Rizo et al., 2017;
Sodré and Bozelli, 2019). These functional traits reflect the feeding preferences of individuals
and thus indicate their position and existing links in the food chain (Sodré and Bozelli, 2019,
Branco et al., 2023). The habitat was classified into limnetic, littoral or littoral-limnetic (Setubal
and Riccardi, 2020). The habitat can reflect where each organism lives, which is important in

determining the contribution of species in each ecological process in the compartment of the
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aquatic environment (Barnet et al., 2007). After classifying species by functional traits,
functional diversity was estimated using functional indexes: functional richness (FRic) and

functional evenness (FEve) (Laliberté and Legendre, 2010; Mouchet et al., 2010).

8.2.4 Statistical analysis

To identify statistical differences caused by the effects of treatments over time (EP =
Extensive Pasture and IP = Intensive Pasture and SC = Sugarcane vs. start and end of
experiment) on taxonomic and functional diversity, we modeled all taxonomic diversity indices
(species richness, Shannon-Wiener diversity, Pielou index) and functional diversity indices,
functional richness (FRic) and functional evenness (FEve), using generalized linear mixed
models (GLMM) with the package "gImmTMB" (Brooks et al., 2023). The time:treatment
interaction and mesocosm randomization were included in the models. When the time:treatment
interaction proved to be significant, a pairwise comparison was made using the "emmeans”
function (Lenth et al., 2023). Effects on richness and Shannon-Wiener were tested using
Compois and Gaussian families, respectively. The Pielou index and FRic were analyzed with

the Ordbeta family and FEve with the Gaussian family.

We modeled each index for each treatment separately with the water parameters to
identify which main water variable(s) is/are structuring the indices in each treatment. We also
used generalized linear mixed models (GLMM). Mesocosm was considered as random effects.
The AIC (Akaike Information Criterion) value corrected for small samples (AlICc) was used as
a criterion for selecting the best fitting model, and these were validated by diagnosing the
residuals (Zuur et al., 2009) using the 'DHARMa' package (Hartig, 2022). We selected the best
models based on the lowest AICc value, excluding singular models or those with
overdispersion. Finally, the Anova function from the "car" package was used to test the
significance of the best model.

To assess the effect of treatments (EP = Extensive Pasture and IP = Intensive Pasture
and C= Sugarcane) on density of functional traits (body size, feeding type, habitat and trophic
group) and species composition, the PERMANOVA was applied. Subsequently, to determine
which categories of traits and species contribute more to the dissimilarity between treatments,
the SIMPER analysis was performed. The “vegan” package was used in both analyses (Oksanen
etal., 2022).
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All analyses were carried out using the R 4.2.0 software.

8.3 Results

A total of 69 zooplankton species were found, of which 56 were rotifers, 6 cladocerans
and 7 copepods. The list of species and their functional traits can be found in Supplementary
Material S1.

Water temperature mean was higher in the IP treatment than in the EP and SC
treatments. The pH mean was highest in the SC treatment, followed by the IP and the EP
treatments. The mean of dissolved oxygen concentration was higher in EP than in IP and SC.
The EP had the highest mean turbidity, followed by SC IP. The SC had the highest mean
conductivity, followed by the IP and EP. The mean concentrations of nitrogen and total
phosphorus were higher in the SC compared to the IP and EP treatments. Finally, the EP had
the highest mean chlorophyll a concentration, followed by the IP and SC treatments (Table 1).

Effect of treatments on the diversity and functional and taxonomic composition of

zooplankton

There was a difference between treatments over time for species richness (y2 = 105.3,
P < 0.0001, df = 36), Shannon-Wiener diversity (y2 = 53.07, P = 0.03, df = 36), Pielou's index
(x2=0.03,P=52.17, df = 36) and FRic (y2 = 61.18, P = 0.005, df = 36). There was no difference
between treatments over time for FEve (x2 = 46.06, P = 0.12, df = 36).

At the beginning of the experiment (month 1), mean species richness was significantly
higher in IP and SC than in EP (Table 2). At the end of the experiment (month 19), there was
no difference in mean species richness among treatments (Table 2). There was a decrease in
average species richness between the beginning and the end of the experiment in all treatments,

being significant in the IP and SC treatments (Table 3).

At the beginning of the experiment, there was no difference in mean Shannon-Wiener
Indices between treatments. This absence of difference among treatments was also observed at
the end of the experiment (Table 2). Comparing the beginning with the end of the experiment,
the mean Shannon-Wiener Index decreased significantly only in the IP treatment (Table 3).

There was no difference in the mean Pielou index among the treatments, nor at the beginning,
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nor at the end of the experiment. By comparing the beginning with the end, it was observed that

the EP and SC treatments increased and the IP treatment decreased.
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Table 2 - Mean, standard deviation (sd), minimum (min) and maximum (max) values of water parameters in each treatment. EP = Extensive

pasture; IP = Intensive pasture and SC = Sugarcane crop.

Environmental Variables Treatment EP Treatment IP Treatment SC

mean (sd) min  max mean (sd) min  max mean (sd) min  max
Temperature (°C) 2239 (£3.63) 143 284  228(+3.27) 141 287 2241(+3.42) 151 292
pH 5.7 (+ 0.64) 438 7.4 584 (+0.76) 451 883 594(+0.70) 465 87
Dissolved Oxygen (mg L™ ') 3.47 (£1.78) 015 6.9 3.44 (£1.87) 0.17 9.10 3.26 (£ 2.16) 0.04 9.05
Turbidity (NTU) 14.12 (+57.56) 0.44 41.00 8.94(+16.37) 0.08 131  11.76 (+1555) 0.65 86.59
Electrical Conductivity (uScm™!) 859 (+3.99) 42 209 2437 (+24.60) 249 170  26.46(+35.20) 57 2137
Total Nitrogen (mg L™ ') 0.88(+0.30) 023 163 1.17(x053) 037 443 124(+051) 023 313
Total Phosphorus (mg L™ ) 0.07 (£ 0.04) 0.002 0.21 0.17 (£ 0.19) 0.007 1.14 0.32 (£ 0.54) 0.005 3.25
Chlorophyll a (ug L™ ') 15.30 (+ 26.56) 0.25 168.28 13.34 (+16.99) 052 116.68 13.33(+11.73) 0.43 57.6
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Table 2 - Means and standard deviations of taxonomic and functional diversity indexes at the beginning and end of the experiment. P values in
bold indicate significant differences in the index between treatments at the beginning and end of the experiment. EP = Extensive Pasture; IP =

Intensive Pasture and SC = Sugarcane Crops.

Beginning of experiment (month 1) End of experiment (month 19)
Diversity Indexes ~ Mean and standard deviation P-value Mean and standard deviation P-value
EP IP SC EPxIP EPxSC IPxSC EP IP SC EPxIP EPxSC IPxSC
) ) 12.75 23.6 22.50 8.00 6.40 6.25
Species Richness <0.001 <0.001 =0.85 =0.33 =0.30 =0.98
(£5.50) (x4.03) (x2.38) (£1.15) (x1.81) (x1.50)
Shannon-Wiener 1.65 2.19 1.65 1.57 1.15 1.02
=0.09 =0.99 =0.09 =0.22 =0.10 =0.87
(H" (£0.34) (x0.69) (x£0.37) (£0.19) (x0.28) (x0.20)
Pielou Equitability 0.67 0.69 0.53 0.76 0.63 0.57
=0.98 =0.36 =0.25 =0.46 =0.20 =0.81
) (x0.14) (x0.21 (x0.11) (£0.05) (x0.13) (x0.14)
Functional 0.04 0.09 0.10 0.02 0.01 0.008
) _ =0.003 =0.003 =0.977 =0.10 =0.10 =0.99
Richness (FRic) (£0.02) (x0.01 (x£0.01) (£0.01) (x0.01) (x0.01)
Functional 0.26 0.20 0.24 0.61 0.36 0.15
=0.82 =09 =094 =0.02 <0.001 =0.053

Evenness (FEve)  (£0.06) (+0.06 (+0.09) (£0.16) (£0.20) (% 0.12)
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At the beginning of the experiment, there was a difference in the mean of FRic between
treatments EP and SC and between treatments EP and IP, with FRic higher in treatment SC than
in the others (Table 2). At the end of the experiment, there was no difference between
treatments. Regarding the variation of the mean FRic for each treatment between the beginning
and the end of the experiment, we observed that in the EP treatment there was a non-significant

decrease. However, in the IP and SC treatments, there was a significant decrease (Table 3).

There was no difference in mean FEve between treatments at the beginning of the
experiment. However, at the end of the experiment, the mean FEve was significantly higher in
the EP treatment than in the IP and SC treatments (Table 2). From the beginning to the end of
the experiment, the means of the FEve in the EP and IP treatments increased and the SC

treatment decreased (Table 3).

Table 3 - Comparison of the average index values between the beginning and the end of the
experiment. - = indicates a decrease and + an increase. Bold P values indicate significant
differences.

_ ) Beginning vs End experiment
Diversity Indexes

EP IP SC
Species Richness -475(P=0.39) -17.2(P=0.001) -16.25(P =0.001)
Shannon-Wiener (H") -0.08 (P=1.000 -1.03(P=0.007) -0.63 (P =0.95)

Pielou Equitability (J) +0.081(P=1.00) -0.056 (P=1.00) +0.044 (P =1.00)
Functional Richness (FRic) -0.02(P=0.97) -0.08(P<0.001) -0.09(P<0.001)
Functional Evenness (FEve) +0.352 (P=0.66) +0.154 (P =1.00) -0.024 (P =1.00)

There was a difference in the species composition between treatments (F = 5.41, P =
0.001). The density of Lecane furcata (P =0.017), Lecane rhytida (P = 0.01), and Mesocyclops
longisetus (P = 0.001) species was higher in the IP treatment than in the EP treatment, while
the density of Lecane signifera species (P = 0.001) was higher in the EP treatment than in the
IP treatment. All these species contributed 21% to the dissimilarity between these treatments.
In addition, densities of the species llyocryptus spinifer (P = 0.017), Lecane bulla (P = 0.001),
Macrothrix elegans (P = 0.004), Lecane monostyla (P = 0.001), and Brachionus angularis (P =
0.001) were higher in treatment SC than in treatment EP, contributing to 49% of the
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dissimilarity between these treatments. When comparing treatments SC and IP, the species
Macrothix elegans (P = 0.001), Lecane monostyla (P = 0.001) and Brachionus angularis (P =
0.01) had higher densities in treatment SC and together contributed 18% of the dissimilarity

between treatments.

There were no differences between the habitat composition traits (F = 2.43; P = 0.068),
but there were differences between treatments for the composition of the functional traits body
size (F = 12.20; P = 0.001), feeding type (F = 9.54; P = 0.001) and trophic group (F = 6.53; P
=0.001). As for the body size trait, the large density was higher in the IP treatments than in SC
(P = 0.001) and had a 94% contribution to the dissimilarity of these treatments. The density of
the small trait was higher in the SC treatment than in the IP treatment (P = 0.007) and
contributed to 97% of the dissimilarity of these treatments. Regarding the feeding type trait, the
density of the raptorial-cop category was higher in the IP treatment than in SC (P = 0.001),
contributing 45% to the dissimilarity between treatments. The i-type and c-type category traits
were higher in the SC treatment than in the EP treatment (P =0.018 and P = 0.004, respectively),
and both contributed 45% to the dissimilarity between these treatments. The density of the
filter-rotifer category was higher in the IP treatment than in SC (P = 0.022), while c-type density
was higher in the SC treatment than in IP (P = 0.02), and the category of both traits contributed
42% to the dissimilarity between these treatments. Finally, regarding the trophic group trait,
omnicar density was higher in the IP treatments than in the EP treatment (P = 0.001),
contributing 41% of the dissimilarity between these treatments. The density of the herbdetr
category was higher in the SC treatment than in EP, and it contributed 37% of the dissimilarity

between these treatments.

Water parameters that structure the taxonomic and functional diversity and composition

for each treatment

Species richness in the EP treatment ranged from 4 to 20 species (mean = 9.07; sd =
2.92) and had the highest values at high dissolved oxygen concentrations (+ 6 mg/L) and
temperatures (+ 25° C) (Fig. 2A). The positive relationship between the interaction of dissolved
oxygen and temperature explained 10% of the variability in species richness (y*> = 5.22; P =
0.02 ; df = 1, Supplementary Material 1). In the IP treatment, species richness varied from 4 to

28 species (mean = 10.03; sd = 5.25) and was higher at alkaline pH (x 8) and high electrical



176

conductivity values of = 125 uS/cm (Fig. 2B). Furthermore, 16% of the variability in species
richness was explained by the linear relationship between the interaction of pH and electrical
conductivity (x2 = 4.55; P = 0.03; df = 1, Supplementary Material 1). Finally, in the SC
treatment, species richness varied from 4 to 25 species (mean = 10.44; sd = 4.66) and was higher
at basic-alkaline pH and high temperatures (+ 26°C) (Fig. 2C). The linear relationship between
pH and temperature interaction explained 9% of the variation in species richness (x2 = 4.49; P
=0.03; df = 1, Supplementary Material 1).

The Shannon-Wiener diversity index in the EP treatment ranged from 0.26 to 2.21
(mean = 1.45, sd = 0.41), with pH being the structuring variable, explaining 12% of the
variability in the index (y2 = 4.41; P = 0.03; df = 1, Supplementary Material), with the highest
diversity values found at neutral pH (6.5 < High H'> 7.4) (Fig. 2A). In the IP treatment, the
Shannon-Wiener diversity index ranged from 0.12 to 2.64 (mean = 1.46, sd = 0.49), being
higher at higher electrical conductivity values (x150 pS/cm) and lower total nitrogen
concentrations (1 mg/L) (Fig. 2B). The inversely proportional relationship with higher
conductivity (x2 = 15.44; P < 0.001; df = 1, Supplementary Material 1) and lower total nitrogen
concentration (y2 = 5.15; P < 0.02; df = 1, Supplementary Material 1) explained 23% of the
variability in Shannon-Wiener diversity. Finally, the Shannon-Wiener diversity index in the SC
treatment ranged from 0.33 to 2.50 (mean = 1.38, sd = 0.41), and electrical conductivity was
the structuring variable that explained 20% of the variability in the index (y2 = 5.46; P = 0.01;
df = 1, Supplementary Material), with the highest diversity values found at higher electrical
conductivity values (£150 pS/cm) (Fig. 2C).

The Pielou index in the EP treatment varied between 0.11 and 0.93 (mean = 0.67, sd =
0.17), for which pH was the structuring variable and explained 3% of the variability in the index
(x2 = 2.82; P =0.09; df = 1, Supplementary Material), with the highest index values found at
neutral pH (6.5 < High H'> 7.4) (Fig. 2A). In the IP treatment, the Pielou index varied between
0.04 and 0.94 (mean = 0.66, sd = 0.18), with pH the structuring variable, explaining 3% of the
variability in the index (x2 = 6.72; P = 0.009; df = 1, Supplementary Material), and the highest
index values found at acidic pH (5-6) (Fig. 2B). Finally, the Pielou index in the SC treatment
ranged from 0.02 to 0.72 (mean = 0.34 sd = 0.16), with temperature the structuring variable
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explaining 3% of the variability in the index (2 = 4.04; P = 0.04; df = 1, Supplementary

Material), and the highest index values found at lower temperature values (£15°C) (Fig. 2C).
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The FRic index in the EP treatment ranged from 0.001 to 0.10 (mean = 0.02, sd = 0.02);
temperature (x2 = 14.78; P < 0.001; df = 1) and dissolved oxygen (x2 = 36.20; P < 0.001; df =
1) were the structuring variables that explained 54% of the variability in the FRic. The highest
values of FRic were found at high temperatures (£26 °C) and high dissolved oxygen
concentrations 6 mg/L (x 2) (Fig. 3A). In the IP treatment, the FRic index ranged from 0.001
to 0.12 (mean = 0.02, sd = 0.02), with electrical conductivity (2 = 17.97; P < 0.001; df = 1),
alkaline pH (y2 = 23.17; P < 0. 001; df = 1), chlorophyll a (2 = 4.14; P < 0.04; df = 1) and total
nitrogen (2 = 4.03; P < 0.04; df = 1). These variables are responsible for structuring and
explaining 44% of the variability in the FRic index. The highest values of FRic were found at
high electrical conductivity values (x125°uS/cm), alkaline pH (£8), lower concentration of
chlorophyll a (£10 mg/L) and total nitrogen (0.5mg/L) (Fig. 3B). Finally, the FRic index in the
SC treatment ranged from 0.001 to 0.12 (mean = 0.02, sd = 0.03); temperature (2 = 21.24; P <
0.001; df = 1), pH (y2 = 4.59; P = 0.03; df = 1) and dissolved oxygen (x2 = 9.06; P = 0.002; df
= 1) were the structuring variables explaining 51% of the variability in the FRic index. The
highest values of FRic were found at high temperatures (x26°C), alkaline pH (£8), and high
concentration of dissolved oxygen 6 mg/L (x1) (Fig. 3C).

The FEve index in the EP treatment ranged from 0.05 to 0.82 (mean = 0.42, sd = 0.18),
with temperature the only structuring variable, explaining 5% of the variability in the index (2
= 2.95; P = 0.08; df = 1, Supplementary Material), and the highest values found in low
temperatures (+20°C) (Fig. 3A). In the IP treatment, the FEve index ranged from 0.2 to 0.86
(mean =0.36, sd =0.16), and it was higher at lower electrical conductivity values (£150 pS/cm,
x2 = 7.00; P < 0.008; df = 1). The electrical conductivity was the only variable that explained
7% of the variability in FEve (Fig. 3B). Finally, the FEve index in the SC treatment ranged
from 0.02 to 0.72 (mean = 0.38, sd = 0.16), being higher in acidic pH (x2 = 4.64; P = 0.03; df
= 1) and in low concentrations of chlorophyll (2 = 4.58; P = 0.03; df = 1). These variables
explained 16% of the variability in the FEve index. (Fig. 3C).
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8.4 Discussion

Our results showed that using land for intensive pasture and sugarcane crops is more
damaging than extensive pasture, resulting in a decrease in functional and taxonomic richness
and a change in the taxonomic and functional composition of zooplankton. In addition, our
findings indicate that the structuring parameters of the water are different, depending on the
type of land use. In our study, temperature, pH and dissolved oxygen were the structuring
variables for extensive pasture. On the other hand, in the intensive pasture treatment, pH and
electrical conductivity were the structuring water parameters. Temperature and pH were the
structuring variables for the sugarcane crops. Finally, pH was the most important parameter in
structuring the zooplankton communities, as it was a structuring factor in the indicator models

in both pastures and sugarcane treatments.

Aquatic environments surrounded by intensive agriculture, such as sugarcane crops and
pasture, have lower zooplankton species richness and diversity than more preserved
environments (Kuczynska-Kippen, 2020, Gutierrez et al. 2022, Wang et al. 2023b, Popa et al.
2023). The absence of riparian vegetation, as occurs in an agricultural landscape, promotes the
runoff of nutrients and pesticides in water bodies from agricultural activities (Garcia-Garcia et
al. 2012, Stamenkovic¢ et. al. 2021), which can cause the eutrophication of the environment and
increase the densities of tolerant and generalist species (Andrade et al., 2022, Cabrera et al.,
2023). As a result, these generalists compete with other species, reduce the availability of
resources and ecological niches, and indirectly exclude the most sensitive species, leading to a
reduction in functional and taxonomic richness (Paquette et al. 2022, Wang et al. 2023a, Dos
Santos et al. 2023). The results we found corroborate these statements, since both the SC and
IP treatments reflect an environment without riparian forest, and there was a reduction in
taxonomic and functional richness. However, lakes surrounding areas used for long-term and
intensive pasture show no difference in Shannon and Pielou indices (Flores-Mendez et al.,
2023). On the other hand, functional richness decreases with the increasing duration of livestock
management and high stocking rates in these environments (Flores-Mendez et al., 2023). Thus,
our results confirm that aquatic environments embedded in intensive pasture and sugarcane

landscapes reduce functional and taxonomic species richness.
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Zooplankton species such as the genera Lecane, Brachionus, Mesocyclops, Macrothrix
and llyocryptus are highly abundant in eutrophic environments such as the IP and SC treatments
(José de Paggi and Devercelli 2011, Perbiche-Neves et al., 2016; Amorim et al., 2019). In
aquatic environments under the influence of these landscapes, there is a greater input of
suspended material, sediments and plant fragments from land management and use (Gutierrez
et al. 2022, Webb et al. 2023). These species of zooplankton have functional traits, such as
obtaining food by filtering or scraping, which allow them to live in environments with the
influence of intensive pasture and sugarcane crops, since these zooplankton species feed on a
wide variety of particles suspended in the water column. Our results, therefore, confirm the
higher densities of functional traits such as c-type and i-type filtrates in the SC and IP
treatments, which have the morphofunctional characteristics mentioned above. Our results
showed that these species had higher densities in the IP and SC treatments. In addition,
Macrothrix elegans and Illyocryptus spinifer had a high density in the SC treatment, as they
have morphofunctional adaptations that allow them to live associated with macrophyte roots
and sediments (Barnett et al. 2007, Rizo et al. 2017; Yamada and Urabe, 2021). There was an
increase in the density and richness of macrophytes in the SC treatment (Freitas et al., 2023)

due to the increase in nutrient concentration.

As reported in our results, aquatic environments influenced by intensive pasture tend to
have higher densities of species with larger body sizes, prey and filter-feeding types. In these
environments, the input of suspended matter, organic matter and nutrients is high (Agostini &
Bilenca, 2024), which contributes to an increase in the abundance of phytoplankton and
consequently to an increase in the density of large species and raptorial functional traits
(Bomfim et al. 2023). Our results also report high densities of omnivorous-carnivorous
individuals in these environments. Nutrient runoff also provides a high abundance of
macrophytes and tolerant species of phytoplankton and zooplankton in this aquatic environment
(Polst et al. 2023; Neijnens et al. 2024), contributing to a higher density of omnivorous-
carnivorous species. In addition, in aquatic environments inserted in sugarcane landscapes,
there is a higher mortality rate due to the deterioration of water quality, which can increase the
density of herbivorous-detritivorous and small species (Santos et al., 2021), as our results have
shown. These environments are generally eutrophic, with high concentrations of phytoplankton
and a predominance of rotifer species of the genera Lecane and Brachionus, which are highly
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tolerant of degrading conditions and feed on microparticles suspended in the water, such as

small debris, algae and bacteria (Joé de Paggi and Devercelli 2011, Duré et al. 2021).

Our results showed that, in the EP treatment, pH, temperature and dissolved oxygen
were the structuring variables of functional and taxonomic diversity indices. Due to cattle
grazing, there is an increase in the input of organic matter and nutrients, which can alter water
variables such as pH, conductivity and dissolved oxygen. (Mayora et al., 2021, Rice et al., 2021,
Agostini & Bilenca, 2024). Furthermore, environments with higher oxygen concentrations and
temperatures around 25°C have a higher functional and taxonomic richness of zooplankton
species (Santos et al., 2021; Shen et al., 2022; dos Santos et al., 2023), which was also
corroborated in our study. Aquatic environments with a pH between 6 and 8 have a higher
taxonomic diversity and greater equitability of zooplankton species (Ross & Arnot, 2021).
Thus, a pH in this range allows for the occurrence of less tolerant species and consequently
increases species diversity (Cremona et al., 2020).

Aquatic environments with a high intensity of cattle grazing in their surroundings show
a pH variation between 6.5 and 8.3 and conductivity from 80-160 puS cm™! (Sainato et al., 2012;
Flores-Mendez et al., 2023; Freitas et al., 2023). Increased nutrient and organic matter runoff
into the water bodies, due to cattle grazing, boosts the concentration of ions, resulting in an
increase in water conductivity in areas of intensive pasture (Frau et al. 2021). Our results
showed that in the IP treatment, when the electrical conductivity of the water was close to 150
uS cm™1, there was greater ShannonWiener diversity and equitability. Conductivity associated
with alkaline pH resulted in greater functional and taxonomic richness, demonstrating that it is
these water parameters that structure functional and taxonomic diversity indices in this
treatment. Previous studies have shown a positive relationship between conductivity and
functional richness (Dureé et al., 2021; Flores-Mendez et al., 2023). In addition, zooplankton,
especially microcrustaceans, have physiological adaptations that allow them to osmoregulate
in environments with high concentrations of dissolved ions (Aladin & Potts, 1995).
Furthermore, most rotifer species are highly abundant in environments where pH varies
between 6.5 and 7.5, allowing for a wide spatial distribution and consequently spatial
heterogeneity of the zooplankton community along affected gradients (Bérzin$ and Pejler,

1987; Fu et al., 2021).
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Land use and management for sugarcane crops alters water parameters, increasing
temperature, nutrient concentration and conductivity, and decreasing dissolved oxygen
concentration (Schiesari & Corréa, 2016; Taniwaki et al., 2017; Freitas et al., 2023). Our results
showed that at temperatures close to 25°C and alkaline pH, there was greater taxonomic and
functional richness. At lower temperatures and a slightly more acidic pH, there were higher
Pielou and FEve values. Thus, pH and temperature were the main variables structuring the
diversity indices. As previously reported, pH is a key variable in structuring the functional
diversity of zooplankton in agropastoral environments (Dos Santos et al., 2023). Some studies
have shown that cladoceran and rotifer species show rapid physiological eco-evolutionary
adaptation to temperature increases (Brans et al., 2017; Twardochleb et al., 2023). Furthermore,
in tropical environments, zooplankton show greater abundance and diversity at higher

temperatures (Mantovano et al., 2019; Phan et al., 2021), as also found in our results.

8.5 Conclusion

Our results showed that management and land use for intensive pasture and sugarcane
reduce taxonomic and functional richness, causing a homogenization of the aquatic biota. In
addition, extensive pasture proved to be less impactful than the others, as the reduction in
taxonomic and functional richness was not significant. These results show that the conventional
agricultural practices used in Brazil pose risks to the aquatic community, especially to
zooplankton. It is, therefore, necessary to seek alternative and more sustainable management so

that food production does not involve environmental risks such as those presented in this study.

We observed that the structuring water variables are different depending on the type of
land use. In our study, the zooplankton community in aquatic environments with extensive
pasture was structured by pH, electrical conductivity and dissolved oxygen. In intensive pasture
environments, zooplankton were structured by pH and electrical conductivity. Temperature and
pH were the structuring parameters of the zooplankton community in aquatic environments in
sugarcane crops. Thus, we observed that pH is a key variable in structuring the zooplankton

community in sugarcane crops and pastures, as also observed by dos Santos et al. (2023).
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Table S1 - List of the species and the functional traits of the zooplankton community that were found in
the experiment.

Body Feeding Habitat Trophic
Size Type group
Anuraeopsis fissa Gosse, 1851 Small® Filtrador- Limnetic®  Herbivore®®
RB
Ascomorpha ovalis (Bergendal, 1892) Small’®  Raptorial- Limnetic’® Herbivore®®
RlO
Asplanchnopus multiceps (Schrank, 1793)  Small® Raptorial- Littoral® Carnivore’
R?
Brachionus angularis Gosse, 1851 Small® Filtrador-  Limnetic®  Herbivore®®
RG
Brachionus havanaensis Rousselet, 1911 Small® Filtrador- Limnetic® Herbivore®
RG
Camptocercus australis Sars, 1896 Large’®  C- Littoral®'® Herbivore-
Type®10 Detritivore®1°
Cephalodella forficula (Ehrenberg, 1830) Small® Raptorial- Littoral®  Omnivore®®
RG
Cephalodella gibba (Ehrenberg, 1830) Small® Raptorial- Littoral®  Omnivore®®
RG
Collotheca campanulata (Dobie, 1849) Small’®  Raptorial- Limnetic’® Herbivore®®
RlO
Colurella tesselata (Glascott, 1893) Large® Filtrador-  Littoral- Herbivore®®
R®:10 Limnetic?®
Colurella uncinata (Maller, 1773) Small® Filtrador-  Littoral- Herbivore®®
R® Limnetic?®
Conochilus coenobasis (Skorikov, 1914) Small® Filtrador- Limnetic®  Herbivore®®
R3
Ectocyclops rubescens Brady, 1904 Large®® Raptorial- Littoral'®  Carnivore!®
Coplo
Euchlanis deflexa Gosse, 1851 Small®  Filtrador- Littoral®®  Herbivore!®
RlO
Euchlanis meneta Myers, 1930 Small’®  Filtrador- Littoral®®  Herbivore®®
RlO
Eucyclops serrulatus (Fischer, 1851) Large® Raptorial- Littoral®  Omnivore®
Cop®
Hexarthra intermedia (Wiszniewski, 1929)  Small® Filtrador- Limnetic®  Herbivore®®
R3
Hexarthra mira (Hudson, 1871) Small® Filtrador-  Limnetic®  Herbivore®®
R3
Ilyocryptus spinifer Herrick, 1882 Medium'® I-Type® Littoral®!®  Herbivore-
Detritivore®1°
Keratella cochlearis (Gosse, 1851) Small® Filtrador-  Limnetic® Herbivore-
R3 Detritivore’°
Lecane arcuata (Bryce, 1891) Small’®  Filtrador- Littoral®®  Herbivore!®

RlO
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Lecane arcula Harring, 1914 Small’®  Filtrador-  Littoral®®  Herbivore!°
RlO

Lecane broaensis Segers & Dumont, 1995 Small’®  Filtrador-  Littoral®®  Herbivore!®
RlO

Lecane bulla (Gosse, 1851) Small’®  Filtrador-  Littoral-  Herbivore!°
R0 Limnetic!

Lecane clara (Bryce, 1892) Small®  Filtrador-  Littoral-  Herbivore!®
R0 Limnetic?

Lecane closterocerca (Schmarda, 1859) Small®  Filtrador-  Littoral- Herbivore®®
R10 Limnetic®®

Lecane cornuta (Muller, 1786) Small*®  Filtrador-  Littoral-  Herbivore®
R10 Limnetic?

Lecane curvicornis (Murray, 1913) Small®  Filtrador-  Littoral-  Herbivore®
R10 Limnetic?

Lecane decipiens (Murray, 1913) Small®®  Filtrador-  Littoral’®  Herbivore®®
R6,10

Lecane elsa Hauer, 1931 Small®®®  Filtrador-  Littoral'®  Herbivore®*?
R6,10

Lecane furcata (Murray, 1913) Small®®  Filtrador-  Littoral’®  Herbivore®©
R6,10

Lecane hamata (Stokes, 1896) Small®®  Filtrador-  Littoral’®  Herbivore®©
R6,10

Lecane hornemanni (Ehrenberg, 1834) Small®®®  Filtrador-  Littoral’®  Herbivore®*°
R6,10

Lecane ludwigii (Eckstein, 1883) Small®®  Filtrador-  Littoral’®  Herbivore®®
R6,10

Lecane luna (Miiller, 1776) Small®®  Filtrador-  Littoral’®  Herbivore®©
R6,10

Lecane monostyla (Daday, 1897) Small®®  Filtrador-  Littoral’®  Herbivore®0
R6,10

Lecane pyriformis (Daday, 1905) Small®®  Filtrador-  Littoral’®  Herbivore®©
R6,10

Lecane rhytida Harring & Myers, 1926 Small®®  Filtrador-  Littoral’®  Herbivore®®
R6,10

Lecane signifera (Jennings, 1896) Small®®  Filtrador-  Littoral’®  Herbivore®©
R6,10

Lecane sp. Small®®  Filtrador-  Littoral’®  Herbivore®®
RG,lO

Lecane stenroosi (Meissner, 1908) Small®®  Filtrador-  Littoral’®  Herbivore®©
R6,10

Lecane ungulata (Gosse, 1887) Small®®  Filtrador-  Littoral’®  Herbivore®®
RG,lO

Lepadella costatoides Segers, 1992 Small®®  Filtrador-  Littoral’®  Herbivore®©
R6,10

Lepadella patella (Muller, 1773) Small®®  Filtrador-  Littoral’®  Herbivore®©
RG,lO

Lepadella triba Myers, 1934 Small®®  Filtrador-  Littoral’®  Herbivore®©

R6,10



Macrothrix elegans Sars, 1901

Mesocyclops longisetus (Thiébaud, 1912)
Metacyclops mendocinus (Wierzejski, 1892)
Microcyclops alius Kiefer, 1935
Microcyclops finitimus Dussart, 1984

Moina minuta Hansen, 1899
Mytilina ventralis (Ehrenberg, 1830)

Ovalona glabra (Sars, 1901)
Polyarthra vulgaris Carlin, 1943
Scaridium longicaudum (Muller, 1786)

Simocephalus latirostris Stingelin, 1906
Squatinella lamellaris (Muller, 1786)

Synchaeta pectinata Ehrenberg, 1832
Synchaeta sp.

Trichocerca braziliensis (Murray, 1913)
Trichocerca cylindrica (Imhof, 1891)
Trichocerca elongata (Gosse, 1886)
Trichocerca insignis (Herrick, 1885)
Trichocerca porcellus (Gosse, 1851)
Trichocerca pusilla (Jennings, 1903)
Trichocerca scipio (Gosse, 1886)
Trichocerca similis (Wierzejski, 1893)
Trichotria tetractis (Ehrenberg, 1830)

Tropocyclops prasinus (Fischer, 1860)

Medium?®

Large®®
Large?
Medium?
Large'?

Medium?®
Small®°

Medium?®
Small®
Small®

Large!?
Small”1°

Small*
Small*
Small*
Small*
Small*
Small*
Small*
Small*
Small*
Small*
Small*

Medium?

C-
TypeQ,lO
Raptorial-
Coplo
Raptorial-
Cop?
Raptorial-
Cop?
Raptorial-
CoplO
D-Type®
Filtrador-
RlO
C-Type®

Filtrador-
R3
Raptorial-
R6
D-Type®
Filtrador-
RG
Raptorial-
RlO
Raptorial-
RlO
Raptorial-
RlO
Raptorial-
RlO
Raptorial-
RlO
Raptorial-
RlO
Raptorial-
RlO
Raptorial-
RlO
Filtrador-
RlO
Raptorial-
RlO
Filtrador-
RlO
Raptorial-
C0p2,10

Littoral®1°
Littoral®
Limnetic?
Littoral®
Littoral'©

Limnetic!®
Littoral'®

Littoral'®

Littoral-
Limnetict
Littoral®

Littoral®
Limnetic®

Littoral®’
Littoral'®
Littoral*

Littoral-
Limnetict
Littoral*

Littoral-
Limnetic!
Littoral-
Limnetic!
Littoral-
Limnetic!
Littoral'®

Littoral-
Limnetict
Littorall®

Limneticl®
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Herbivore-
Detritivore®*®
Omnivore-
Carnivore®®
Omnivore-
Carnivore*
Omnivore-
Herbivore’
Omnivore-
Herbivore’
Herbivore®°

Herbivore!®
Herbivore-
Detritivore®1°
Herbivore’19

Herbivore!®

Herbivore?
Herbivore!®

Carnivore'®
Carnivore!®
Herbivore!°
Herbivore!®
Herbivore!®
Herbivore!®
Herbivore!®
Herbivore!®
Herbivore!®
Herbivore!®
Herbivore!®

Omnivore-
Herbivore?
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Table S2 - Parameters used to select the best linear mixed models (GLMM) for taxonomic and
functional diversity indices. Model combinations were based on the analysis of the full model
(including all water variables). Collinearity between water variables was checked. The water variables
that were collinear were removed from the full model. Subsequently, the variables that showed an
influence (P value) on the indices were combined with each other. Then, each variable was analyzed
individually. To select the best models, only homoscedastic and linear models (Dharma function),
models with significant variables and the lowest AICC value were considered. temp = temperature; do
= dissolved oxygen; turbidity; ec = electrical conductivity; cla = chlorophyll a; tn = total nitrogen and

tp = total phosphorus.

Species Richness - Treatment EP

Formula AIC R2
Condicional
richness ~ 353.7 0.03
temp+ph+do+turb+ec+cla+tn+t
p

richness ~ temp+do 342.9 0.03
richness ~ temp*do 340.1 0.10
richness ~ temp 361.3 0.05

Estimate

Intercept: 2.24

temp: 0.10
ph: -0.004
do: 0.44
turb: 0.003
ec: 0.11
cla: 0.001
tn: -0.04
tp: -0.11

Intercept: 2.26

temp: 0.11

do: 0.50

Intercept: 2.27

temp: 0.46

do: 0.09

temp*do: 0.30

Intercept: 2.18

P

Intercept: <
2E-16
temp: 0.002
ph: 0.91
do: 0.0004
turb: 0.87
ec: 0.67
cla: 0.95
tn: 0.37
tp: 0.62
Intercept: <
2E-16
temp: 5.43E-
06
do: 4.59E-07
Intercept: <
2E-16
temp:
2.49E-05
do: 0.0002
temp*do:
0.02
Intercept: <
2E-16


https://doi.org/10.1111/fwb.13506

richness ~ ph

richness ~ do

richness ~turb

richness ~ ec

richness ~ cla

richness ~ tn

richness ~ tp

Formula

richness ~
temp+ph+do+turb+ec+cla+tn+t
p

richness ~ph+ec

richness ~ ph*ec

364.8 0.06
350.7 0.12
364.9 0.07
365.2 0.06
364.9 0.06
362.0 0.05
374.4 0.004

Species Richness - Treatment IP

AIC R2
Condictional
0.1
494.7
474.4 0.16
471.8 0.15

temp: 0.09
Intercept: 2.19

ph: 0.03
Intercept: 2.27

do: 0.57
Intercept: 2.18

turb: -0.01
Intercept: 2.21

ec: 0.06
Intercept: 2.18

cla: -0.01
Intercept: 2.13

tn: -0.12
Intercept:2.05

tp:-0.42

Estimate
Intercept: 2.22

temp: 0.10
ph: 0.11
do: 0.007

turb: -0.01

ec: 0.2
cla: -0.05
tn: -0.1
tp: 0.02

Intercept: 2.21

ph: 0.03
ec: 0.1

Intercept: 2.18

ph: 0.02
ec: 0.14
ph*ec: 0.08
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temp: 0.02

Intercept: <
2E-16
ph: 0.49
Intercept: <
2E-16
do: 4.95E-05

Intercept: <
2E-16
turb: 0.54

Intercept: <
2E-16
ec: 0.84

Intercept: <
2E-16
cla: 0.57

Intercept: <
2E-16
tn: 0.06

Intercept: <
2E-16
tp: 0.08

P

Intercept: <
2E-16
temp: 0.01
ph: 0.0005
do: 0.72
turb: 0.84
ec: 4.92E-08
cla: 0.22
tn: 0.007
tp: 0.7
Intercept: <
2E-16
ph: 0.36
ec: 0.003
Intercept: <
2E-16
ph: 0.55
ec: 0.0001
ph*ec: 0.03



richness ~ ph+cla

richness ~ ph*cla

richness ~ ec+cla

richness ~ ec*cla

richness ~ temp

richness ~ ph

richness ~ do

richness ~turb

richness ~ ec

richness ~ cla

richness ~ tn

richness ~ tp

Formula

484.4

485.2

472.9

473.8

482

480.8

478.9

481.6

473.2

481.6

481.5

481.9

0.22

0.21

0.18

0.179

0.192

0.223

0.197

0.199

0.178

0.199

0.193

0.191

Species Richness - Treatment SC

AIC

RZ
Condictional

Intercept: 2.22

ph: -0.03
cla: -0.02
Intercept: 2.23

ph: -0.015
cla: -0.005
ph*cla: -0.04
Intercept: 2.20

ec:0.11
cla: -0.07
Intercept: 2.2

ec: 0.13
cla: -0.03
ec*cla: -0.02
Intercept: 2.22

temp: 0.007
Intercept: 2.22

ph: -0.03
Intercept: 2.21

do: 0.02
Intercept: 2.22

turb:-0.04
Intercept: 2.21

ec: 0.08
Intercept: 2.22

cla: -0.02
Intercept: 2.23

tn: -0.02
Intercept: 2.22

tp: 0.02

Estimate
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Intercept: <
2E-16
ph: 0.26
cla: 0.54
Intercept: <
2E-16
ph: 0.63
cla: 0.87
ph*cla: 0.27
Intercept: <
2E-16
ec: 0.0002
cla: 0.04
Intercept: <
2E-16
ec: 0.0005
cla: 0.48
ec*cla: 0.3
Intercept: <
2E-16
temp: 0.92
Intercept: <
2E-16
ph: 0.25
Intercept: <
2E-16
do: 0.07
Intercept: <
2E-16
turb: 0.53
Intercept: <
2E-16
ec: 0.002
Intercept: <
2E-16
cla: 0.51
Intercept: <
2E-16
tn: 0.47
Intercept: <
2E-16
tp: 0.67



richness ~
temp+ph+do+turb+ec+cla+tn+t
p

richness ~
temp+ph+do+turb+cla+tn

richness ~do+temp

richness ~ do*temp

richness ~ ph+temp

richness ~ ph*temp

richness ~ ph+do

363.1

360.3

366.7

363.7

374.7

372.4

404.2

0.221

0.213

0.086

0.085

0.091

0.084

0.05

Intercept: 2.33
temp: 0.24

ph: 0.005
do: 0.31
turb: 0.06
ec: 0.04
cla: 0.02
tn: 0.03
tp: -0.04
Intercept: 2.31

temp: 0.24

ph: 0.03
do: 0.26
turb: 0.06
cla: 0.006
tn: 0.03
Intercept: 2.36

do: 0.39
temp: 0.26

Intercept: 2.33

ph: 0.28
temp: 0.24
do*temp: 016

Intercept: 2.26

ph: 0.1
temp: 0.26

Intercept: 2.25

ph: 0.05
temp: 0.24

ph*temp: 0.05

Intercept: 2.37
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Intercept: <
2E-16
temp: 1.4E-
07
ph: 0.89
do: 0.009
turb: 0.36
ec: 0.37
cla: 0.63
tn: 0.29
tp: 0.29
Intercept: <
2E-16
temp: 6.9E-
08
ph: 0.31
do: 0.02
turb: 0.55
cla: 0.88
tn: 0.25
Intercept: <
2E-16
do: 3.1E-07
temp: < 2E-
16
Intercept: <
2E-16
ph: 0.005
ec: 1.88-14
do*temp:
0.12
Intercept: <
2E-16
ph: 0.0003
temp:
2.71E-13
Intercept: <
2E-16
ph: 0.18
cla: 4.19E-
12
ph*temp:
0.03
Intercept: <
2E-16



richness ~ ph*do

richness ~ temp

richness ~ ph

richness ~ do

richness ~turb

richness ~ ec

richness ~ cla

richness ~ tn

richness ~ tp

Formula

shannon ~

405.9

384.3

415.3

417

440.3

420.5

441.2

435.4

432.2

0.047

0.092

0.04

0.042

0.002

0.027

0.0001

0.013

0.013

ph: 0.14
do: 0.40
Intercept: 2.36

ph: 0.13
do: 0.37
ph*do: 0.04
Intercept: 2.28

temp: 0.32
Intercept: 2.29

ph: 0.20
Intercept: 2.44

do: 0.59
Intercept: 2.34

turb: 0.1
Intercept: 2.30

ec: 0.12
Intercept: 2.34

cla: 0.02
Intercept: 2.37

tn: -0.11
Intercept: 2.31

tp: 0.02

Shannon-Wiener Diversity - Treatment EP

AIC

95.3

temp+ph+do+turb+ec+cla+tn+t

p

R2

Condictional

0.188

Estimate
Intercept: 1.32

temp: 0.03
ph: 0.08
do: 0.13

turb: 0.002
ec: 0.02
cla: 0.001
tn: -0.07
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ph: 4.19E-05
do: 0.0001
Intercept: <
2E-16
ph: 0.001
do: 0.002
ph*do: 0.54
Intercept: <
2E-16
temp: < 2E-
16
Intercept: <
2E-16
ph: 6.08E-09
Intercept: <
2E-16
do: 5.47E-08
Intercept: <
2E-16
turb: 0.3
Intercept: <
2E-16
ec: 9.59E-08
Intercept: <
2E-16
cla: 0.78
Intercept: <
2E-16
tn: 0.01
Intercept: <
2E-16
tp: 0.0008

)

Intercept:
4.56E-09
temp: 0.52

ph: 0.19
do: 0.49
turb: 0.93
ec: 0.95
cla: 0.96
tn: 0.34



shannon ~ temp

shannon ~ ph

shannon ~ do

shannon ~turb

shannon ~ ec

shannon ~ cla

shannon ~ tn

shannon ~ tp

Formula

shannon ~

89.3

86.8

88.4

91

89.8

90.8

87.8

88.6

tp: -0.4
0.1 Intercept: 1.45

temp: 0.05
0.116 Intercept: 1.47

ph: 0.11
0.085 Intercept: 1.5

do: 0.27
0.073 Intercept: 1.45

turb: 0.006
0.095 Intercept: 1.61

ec: 0.35
0.073 Intercept: 1.45

cla: -0.01
0.103 Intercept: 1.39

tn: -0.13
0.097 Intercept: 1.27

tp: -0.51

Shannon-Wiener Diversity - Treatment IP

AIC

134.1

temp+ph+do+turb+ec+cla+tn+t

p

shannon ~ ec+tn

shannon ~ ec*tn

124.8

126.5

R2 Estimate

Condictional

0.247 Intercept: 1.46

temp: 0.03
ph: -0.05
do: 0.03
turb: 0.03
ec:0.14
cla: 0.004
tn: -0.11
tp: 0.14
0.234 Intercept: 1.44

ec: 0.20
tn: -0.1
0.24 Intercept: 1.44
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tp: 0.27
Intercept: <
2E-16
temp: 0.183
Intercept: <
2E-16
ph: 0.03
Intercept: <
2E-16
do: 0.1
Intercept: <
2E-16
turb: 0.83
Intercept: <
2E-16
ec: 0.25
Intercept: <
2E-16
cla: 0.58
Intercept: <
2E-16
tn: 0.06
Intercept: <
2E-16
tp: 0.116

P

Intercept: <
2E-16
temp: 0.48
ph: 0.29
do: 0.41
turb: 0.73
ec: 0.03
cla: 0.94
tn: 0.03
tp: 0.2
Intercept: <
2E-16
ec: 8.07E-05
tn: 0.02

Intercept: <
2E-16



shannon ~ temp

shannon ~ ph

shannon ~ do

shannon ~turb

shannon ~ ec

shannon ~ cla

shannon ~ tn

shannon ~ tp

137.1

138.5

136.7

139.3

127.8

139.4

137.4

134.3

0.139

0.136

0.148

0.116

0.18

0.115

0.153

0.132

ec: 0.20
tn: -0.12
ec*tn: 0.01
Intercept: 1.47

temp: 0.07
Intercept: 1.46

ph: 0.04
Intercept: 1.44

do: 0.05
Intercept: 1.46

turb: -0.02
Intercept: 1.43

ec: 0.17
Intercept: 1.46

cla: -0.0001
Intercept: 1.47

tn: -0.06
Intercept: 1.47

tp: 0.20

Shannon-Wiener Diversity - Treatment SC

Formula
shannon ~

temp+ph+do+turb+ec+cla+tn+t
p

shannon ~ temp

AIC

89.6

86.4

RZ
Condictional
0.282

0.093

Estimate
Intercept: 1.33

temp: -0.002
ph: 0.007
do: -0.08
turb: -0.07
ec: 0.21
cla: -0.12
tn: 0.05
tp: -0.09

Intercept: 1.38

temp: 0.06
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ec: 7.63E-05
tn: 0.04
ec*tn: 0.59

Intercept: <
2E-16
temp: 0.12
Intercept: <
2E-16
ph: 0.34
Intercept: <
2E-16
do: 0.1
Intercept: <
2E-16
turb: 0.81
Intercept: <
2E-16
ec: 0.0005
Intercept: <
2E-16
cla: 0.99
Intercept: <
2E-16
tn: 0.16
Intercept: <
2E-16
tp: 0.02

P

Intercept: <
2E-16
temp: 0.96
ph: 0.9
do: 0.6
turb: 0.46
ec: 0.009
cla: 0.16
tn: 0.21
tp: 0.21
Intercept: <
2E-16
temp: 0.14



shannon ~ ph

shannon ~ do

shannon ~turb

shannon ~ ec

shannon ~ cla

shannon ~ tn

shannon ~ tp

Formula

pielou ~
temp+ph+do+turb+ec+cla+tn+t
p

pielou ~ temp

pielou ~ ph

pielou ~ do

pielou ~turb

87.9

88.5

87.7

83.4

88.1

88.4

87.3

0.067

0.068

0.064

0.196

0.076

0.068

0.125

Pielou Index - Treatment EP

AIC

-46.4

-55.6

-58.3

-55.7

-55.5

RZ
Condictional
0.032

0.0003

0.019

0.0009

8.59E-08

Intercept: 1.38

ph: 0.03

Intercept: 1.39

do: 0.02

Intercept: 1.39

turb: -0.09

Intercept: 1.36

ec: 0.08

Intercept: 1.38

cla: -0.04

Intercept: 1.38

tn: 0.01

Intercept: 1.37

tp: 0.03

Estimate

Intercept: 0.34

temp: -0.06
ph: 0.19
do: -0.20

turb: -0.01
ec: -0.25
cla: 0.01
tn: -0.12
tp: -0.51

Intercept: 0.68

temp: -0.01

Intercept: 0.71

ph: 0.15

Intercept: 0.70

do: 0.10

Intercept: 0.68
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Intercept: <
2E-16
ph: 0.42
Intercept: <
2E-16
do: 0.85
Intercept: <
2E-16
turb: 0.37
Intercept: <
2E-16
ec: 0.01
Intercept: <
2E-16
cla: 0.53
Intercept: <
2E-16
tn: 0.73
Intercept: <
2E-16
tp: 0.27

P

Intercept:
0.37
temp: 0.50
ph: 0.08
do: 0.57
turb: 0.70
ec: 0.75
cla: 0.83
tn: 0.39
tp: 0.43
Intercept:
2.59E-16
temp: 0.82
Intercept: <
2E-16
ph: 0.09
Intercept:
2.55E-13
do: 0.71
Intercept:
2.9E-16



pielou ~ ec

pielou ~ cla

pielou ~ tn

pielou ~ tp

Formula

pielou ~
temp+ph+do+turb+ec+cla+tn+t
p

pielou ~ temp

pielou ~ ph

pielou ~ do

pielou ~turb

pielou ~ ec

pielou ~ cla

-55.5

-55.5

-56.1

-56.3

9.10E-05

5.97E-05

0.004

0.005

Pielou Index - Treatment IP

AIC

-53.1

-58.5

-63.6

-57.2

-57.3

-57.3

-57.2

R2
Condictional
0.017

0.013

0.015

0.012

0.013

0.013

0.013

turb: 0.0001
Intercept: 0.71

ec: 0.06
Intercept: 0.68

cla: -0.005
Intercept: 0.64

tn: -0.10
Intercept: 0.51

tp: -0.51

Estimate
Intercept: 0.70

temp: -0.009
ph: -0.26
do: 0.06
turb: 0.15
ec: -0.03
cla: 0.07
tn: -0.10
tp: 0.24

Intercept: 0.65

temp: -0.09
Intercept:

ph:
Intercept: 0.65

do: 0.01
Intercept: 0.65

turb: -0.05
Intercept: 0.66

ec: -0.03
Intercept: 0.65

cla: -0.02
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turb: 0.99
Intercept:
0.004
ec: 0.90
Intercept:
2.81E-16
cla: 0.92
Intercept:
3.1E-10
tn: 0.42
Intercept:
0.01
tp: 0.37

P

Intercept:
3.65E-07
temp: 0.92
ph: 0.004
do: 0.28
turb: 0.41
ec: 0.75
cla: 0.48
tn: 0.23
tp: 0.23
Intercept:
1.6E-05
temp: 0.24
Intercept:
2.12E-06
ph: 0.009
Intercept:1.9
3E-05
do: 0.83
Intercept:
2.02E-05
turb: 0.75
Intercept:
2.13E-05
ec: 0.72
Intercept:
1.8E-05
cla: 0.81



pielou ~ tn

pielou ~ tp

Formula

pielou ~
temp+ph+do+turb+ec+cla+tn+t
p

pielou ~
temp+ph+do+turb+cla+tn

pielou ~ temp+turb

pielou ~ temp*turb

pielou ~ temp

pielou ~ ph

-57.5

-57.2

0.014

0.013

Pielou Index - Treatment SC

AIC

-60.7

-59.4

-63.2

-61.2

-61.7

-59.4

RZ
Condictional
0.087

0.059

0.04

0.04

0.022

0.009

Intercept: 0.66

tn: -0.04
Intercept: 0.65

tp: -0.03

Estimate
Intercept: 0.36

temp: -0.20
ph: -0.01
do: -0.43

turb: -0.32
ec: 0.28
cla: -0.09
tn: 0.07
tp:-0.16

Intercept: 0.37

temp: -0.13
ph: 0.03
do: -0.35

turb: -0.32
cla: -0.05
tn: 0.05

Intercept: 0.46

temp: -0.15
turb: -0.30
Intercept: 0.46

temp: -0.15
turb: -0.30
temp*turb: 0.01

Intercept: 0.45

temp: -0.15
Intercept: 0.46

ph: -0.10
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Intercept:
2.26E-05
tn: 0.55

Intercept:
2.3E-05
tp: 0.80

P

Intercept:
0.0003
temp: 0.02
ph: 0.86
do: 0.08
turb: 0.05
ec: 0.02
cla: 0.49
tn: 0.32
tp: 0.14
Intercept:
1.61E-05
temp: 0.07

ph: 0.69
do: 0.11
turb: 0.05
cla: 0.65
tn: 0.49
Intercept:
2.97E-10
temp: 0.04
turb: 0.05
Intercept:
2.99E-10
temp: 0.04
turb: 0.06
temp*turb:
0.92
Intercept:
9.47E-10
temp: 0.04
Intercept:
1.23E-09
ph: 0.18



pielou ~ do

pielou ~turb

pielou ~ ec

pielou ~ cla

pielou ~ tn

pielou ~ tp

-61.3 0.019 Intercept: 0.37

do: -0.40

-61.1 0.018 Intercept: 0.45

turb: -0.30

-58.2 0.002 Intercept: 0.45

ec: -0.03

-58 0.001 Intercept: 0.44

cla; -0.06

-59.6 0.01 Intercept: 0.42

tn: 0.09
-57.3 0.0009 0.47

tp: -0.05

Functional Richness (FRic) - Treatment EP

Formula

fric ~
temp+ph+do+turb+ec+cla+tn+t
p

fric ~ do+temp

fric ~ do*temp

AIC R2
Condictional
-471.8 0.567

Estimate
Intercept: -3.81

temp: 0.25
ph: 0.02
do: 1.74

turb: -0.05
ec: 0.90
cla: 0.07
tn: -0.19
tp: -0.88

-478.4 0.542 Intercept: -3.78

do: 1.98
temp: 0.35
-477.4 0.522 Intercept: -3.77

do: 1.79
temp: 0.33

do*temp: 0.49
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Intercept:
1.09E-05
do: 0.05
Intercept:
1.32E-09
turb: 0.06
Intercept:
3.12E-09
ec: 0.50
Intercept:
4.39E-09
cla: 0.62
Intercept:
5.1E-08
tn: 0.17
Intercept:
1.34E-09
tp: 0.212

P

Intercept: <
2E-16
temp: 0.01
ph: 0.82
do: 1.23E-05
turb: 0.38
ec: 0.25
cla: 0.29
tn: 0.26
tp: 0.27
Intercept: <
2E-16
do: 1.78E-
09
temp:
0.0001
Intercept: <
2E-16
do: 1.63E-06
temp:
0.0001
do*temp:
0.29



fric ~ temp

fric ~ ph

fric~do

fric ~turb

fric ~ec

fric ~ cla

fric~tn

fric~tp

-454.7 0.49 Intercept: -4.08

temp: 0.24

-456.5 0.528 Intercept: -4.03

ph: 0.22

-470.7 0.568 Intercept: -3.80

do: 1.78

-456.3 0.574 Intercept: -4.08

turb: -0.09

-453 0.508 Intercept: -3.83

ec: 0.53

-452.7 0.524 Intercept: -4.07

cla: -0.02

-456.1 0.457 Intercept: -4.24

tn: -038

-454.6 0.515 Intercept: -4.53

tp: -1.32

Functional Richness (FRic) - Treatment IP

Formula
fric ~

temp+ph+do+turb+ec+cla+tn+t
p

fric ~ ph+ec+cla+tn

AIC R2
Condictional
-532.8 0.449

Estimate
Intercept: -3.88

temp: 0.10
ph: 0.31
do: 0.001

turb: -0.01
ec: 0.33
cla: -0.21
tn: -0.20
tp: -0.05

-539.9 0.449 Intercept: -3.88

ph: 0.33

ec: 0.33
cla: -0.22
tn: -0.19
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Intercept: <
2E-16
temp: 0.11
Intercept: <
2E-16
ph: 0.04
Intercept: <
2E-16
do: 4.02E-06
Intercept: <
2E-16
turb: 0.10
Intercept: <
2E-16
ec: 0.53
Intercept: <
2E-16
cla: 0.763
Intercept: <
2E-16
tn: 0.05
Intercept: <
2E-16
tp: 0.15

P

Intercept: <
2E-16
0.37
ph: 0.0002
do: 0.97
turb: 0.93
ec: 0.0009
cla: 0.08
tn: 0.05
tp: 0.74
Intercept: <
2E-16
ph: 1.48E-
06
ec: 2.24E-05

cla: 0.04
tn: 0.04



fric ~ ph+ec+cla

fric ~ ph+cla+tn

fric ~ ph+ec+tn

fric ~ cla+ec+tn

fric ~ ph+cla

fric ~ ph+tn

fric ~ ec+cla

fric ~ ec+tn

fric ~ cla+tn

fric ~ temp

-537.8

-529.4

-537.3

-527.7

-529

-530.9

-528.3

-528.5

-527.6

-526.9

0.435

0.431

0.405

0.472

0.436

0.43

0.489

0.472

0.519

0.488

Intercept: -3.92

ph: 0.32

ec: 0.34

cla: -0.30
Intercept: -3.83

ph: 0.17

cla: -0.07

tn: -0.17
Intercept: -3.84

ph: 0.29

ec: 0.25

cla: -0.26
Intercept: -3.87

cla: -0.11

ec:0.14

tn: -0.12
Intercept: -3.86

ph: 0.16
cla: -0.15
Intercept: -3.83

0.16
tn: -0.19
Intercept: -3.90

ec: 0.15
cla: -0.17
Intercept: -3.85

ec: 0.09
tn: -0.16
Intercept: -3.86

cla: -0.04
tn: -0.13
Intercept: -3.86

temp: 0.09
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Intercept: <
2E-16
ph: 4.67E-05
ec: 9.68E-05
cla: 0.004
Intercept: <
2E-16
ph: 0.07
cla: 0.48
tn: 0.12
Intercept: <
2E-16
ph: 4.54E-05
ec: 0.0003
cla: 0.003
Intercept: <
2E-16
cla: 0.29
ec: 0.16
tn: 0.25
Intercept: <
2E-16
ph: 0.12
cla: 0.16
Intercept: <
2E-16
ph: 0.07
tn: 0.05
Intercept: <
2E-16
ec: 0.13
cla: 0.09
Intercept: <
2E-16
ec: 0.29
0.08
Intercept: <
2E-16
cla: 0.6
tn: 0.215
Intercept: <
2E-16
temp: 0.59



fric ~ ph

fric~do

fric ~turb

fric~ec

fric ~ cla

fric ~tn

fric~tp

-528.6 0.452 -3.86

ph: 0.12

-527.5 0.523 Intercept: -3.89

do: 0.04

-526.6 0.525 Intercept: -3.87

turb: 0.02

-527.2 0.503 Intercept: -3.88

0.06

-528 0.532 Intercept: -3.88

cla: -0.10

-529.4 0.513 Intercept: -3.85

tn: -0.15

-526.7 0.537 Intercept: -3.88

tp: -0.05

Functional Richness (FRic) - Treatment SC

Formula
fric ~

temp+ph+do+turb+ec+cla+tn+t
p

fric ~ temp+ph+do+turb+cla+tn

AIC R2
Condictional
-437.5 0.6

Estimate
Intercept: -3.87

temp: 0.35
ph: 0.21
do: 0.33

turb: -0.24
ec: 0.31
cla: -0.19
tn: -0.10
tp: -0.10

-432.6 0.57 Intercept: -3.74

temp: 0.49

ph: 0.20
do: 0.69
turb: -0.26
cla: 0.04
tn: -0.10
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Intercept: <
2E-16
ph: 0.17

Intercept: <
2E-16
do: 0.32

Intercept: <
2E-16
turb: 0.87

Intercept: <
2E-16
ec: 0.43

Intercept: <
2E-16
cla: 0.25

Intercept: <
2E-16
tn: 0.11

Intercept: <
2E-16
tp: 0.7

P

Intercept: <
2E-16
temp: 0.003
ph: 0.03
do: 0.24
turb: 0.26
ec: 0.01
cla: 0.28
tn: 0.21
tp: 0.39
Intercept: <
2E-16
temp: 3.06E-
06
ph: 0.01

do: 0.006

turb: 0.20
cla: 0.75
tn: 0.25



fric ~ temp+ph+do

fric ~ temp*ph*do

fric ~ temp+ph

fric ~ temp*ph

fric ~ temp*do

fric ~ ph+do

fric ~ ph*do

-435.5

-439.3

-429.1

-427.1

-431.2

-415

-413.1

0.519

0.63

0.498

0.485

0.515

0.306

0.325
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Intercept: -3.73 | Intercept: <

2E-16
temp: 0.49 temp:
4.05E-06
ph: 0.17 ph: 0.03
do: 0.75 do: 0.002
Intercept: -3.78  Intercept: <
2E-16
temp: 0.50 temp: 9.75E-
06
ph: 0.32 ph: 0.02
do: 0.95 do: 0.004
temp*ph: 0.17 temp*ph:
0.12
temp*do: 0.23 temp*do:
0.53

ph*do: -0.67 ph*do: 0.12
temp*ph*do: - = temp*ph*do

0.13 : 0.66
Intercept: -3.87 | Intercept: <
2E-16
temp: 0.53 temp: 1.02E-
05

ph: 0.30 ph: 4.75E-05
Intercept: -3.87 | Intercept: <

2E-16
temp: 0.52 temp:
0.0001
ph: 0.28 ph: 0.01
temp*ph: 0.01 temp*ph:
0.82
Intercept: -3.68 | Intercept: <
2E-16
temp: 0.55 temp: 7.42E-
07
do: 0.87 do: 0.01
temp*do: 0.16 temp*do:
0.62
Intercept: -3.62  Intercept: <
2E-16
ph: 0.35 ph: 9.92E-06
do: 0.73 do: 0.006
Intercept: -3.61 | Intercept: <
2E-16
ph: 0.37 ph: 0.0001

do: 0.81 do: 0.01



fric ~ temp

fric ~ ph

fric~do

fric ~turb

fric~ec

fric ~ cla

fric~tn

fric~tp

ph*do: -0.07

-417.2 0.472 Intercept: -3.80

temp: 0.71

-410.1 0.231 Intercept: -3.74

ph: 0.44

-527.5 Intercept: -3.89

do: 0.04

-390.7 2.35E-08 Intercept: -3.56

turb: -0.0003

-407.3 0.142 Intercept: -3.69

ec: 0.25

-390.9 0.002 Intercept: -3.56

cla:; -0.08

-395.1 0.064 Intercept: -3.52

tn: -0.22

-397.4 0.075 Intercept: -3.66

tp: 0.15

Functional Evenness (FEve) - Treatment EP

Formula

feve ~
temp+ph+do+turb+ec+cla+tn+t
p

feve ~ temp

feve ~ ph

AIC R2
Condictional
-26.5 0.108

Estimate
Intercept: 0.36

temp: -0.03
ph: 0.04
do: -0.02

turb: 0.004
ec: -0.18
cla: 0.003
tn: -0.01
tp: 0.07

-37.3 0.042 Intercept: 0.42

temp: -0.03

-35.2 0.041 Intercept: 0.42

ph: 0.02
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ph*do: 0.70
Intercept: <
2E-16
temp: 1.33E-
07
Intercept: <
2E-16
ph: 2.32E-08
Intercept: <
2E-16
do: 0.32
Intercept: <
2E-16
turb: 0.99
Intercept: <
2E-16
ec: 2.03E-08
Intercept: <
2E-16
cla: 0.65
Intercept: <
2E-16
tn: 0.04
Intercept: <
2E-16
tp: 0.0007

P

Intercept:
0.004
temp: 0.19

ph: 0.09
do: 0.80
turb: 0.75
ec: 0.37
cla: 0.84
tn: 0.69
tp: 0.66
Intercept: <
2E-16
temp: 0.08

Intercept: <
2E-16
ph: 0.37



0.023

0.006

0.025

0.016

0.019

0.016

Intercept: 0.42

do: 0.01
Intercept: 0.42

turb: 0.008
Intercept: 0.36

ec: -0.12
Intercept: 0.42

cla: 0.0006
Intercept: 0.41

tn: -0.003
Intercept: 0.42

tp: 0.007

Functional Evenness (FEve) - Treatment IP

feve ~ do -34.4
feve ~turb -34.8
feve ~ec -35.1
feve ~cla -34.4
feve ~ tn -34.4
feve ~ tp -34.4
Formula AIC
feve ~ -59.7
temp+ph+do+turb+ec+cla+tn+t
p
feve ~ temp -64.6
feve ~ ph -67.2
feve ~ do -63.2
feve ~turb -63.1
feve ~ec -68.4

R2
Condictional
0.119

0.1

0.057

0.102

0.091

0.069

Estimate
Intercept: 0.37

temp: 0.0003
ph: -0.03
do: 0.01
turb: 0.02
ec: -0.04
cla: 0.004

-0.01
tp: -0.003
Intercept: 0.36

temp: -0.02
Intercept: 0.37

ph: -0.03
Intercept: 0.36

do: 0.004
Intercept: 0.36

turb: -0.009
Intercept: 0.37
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Intercept: <
2E-16
do: 0.81
Intercept: <
2E-16
turb: 0.50
Intercept:
2.41E-08
ec: 0.39
Intercept: <
2E-16
cla: 0.96
Intercept: <
2E-16
tn: 0.91
Intercept:
5.76E-14
tp: 0.96

P

Intercept: <
2E-16
temp: 0.98
ph: 0.09
do: 0.31
turb: 0.57
ec: 0.10
cla: 0.85
tn: 0.45
tp: 0.94
Intercept: <
2E-16
temp: 0.21
Intercept: <
2E-16
ph: 0.01
Intercept: <
2E-16
do: 0.70
Intercept: <
2E-16
turb: 0.80
Intercept: <
2E-16



feve ~ cla

feve ~ tn

feve ~ tp

feve ~ ph+ec+tp

-64.3

-64.2

-67.4

-68.1

0.071

0.084

0.063

0.105

ec: -0.04
Intercept: 0.36

cla: -0.02
Intercept: 0.37

tn: -0.01
Intercept: 0.36

tp: -0.07
Intercept: 0.37

ph: -0.02
ec: -0.03
tp: -0.02

Functional Evenness (FEve) - Treatment SC

Formula

feve ~
temp+ph+do+turb+ec+clat+tn+t
p

feve ~
temp+ph+do+turb+cla+tn

feve ~ ph+cla

feve ~ ph*cla

AIC

-53.5

-49.9

-56.2

-54.3

R2

Condictional

0.347

0.206

0.159

0.159

Estimate
Intercept: 0.35

temp: -0.02
ph: -0.06
do: -0.05

0.03
ec: 0.09
cla: -0.07
tn: -0.01
tp: -0.06
Intercept: 0.34

temp: -0.01
ph: -0.03
do: -0.05
turb: 0.02
cla: -0.07
tn: -0.01

Intercept:
0.0009
ph: -0.04
cla: -0.06
Intercept: 0.35

ph: -0.03
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ec: 0.008

Intercept: <
2E-16
cla: 0.26

Intercept: <
2E-16
tn: 0.28

Intercept: <
2E-16
tp: 0.02
Intercept: <
2E-16
ph: 0.11
ec: 0.17

tp: 0.45

P

Intercept: <
2E-16
temp: 0.27
ph: 0.01
do: 0.34
turb: 0.39
ec: 0.004
cla: 0.03
tn: 0.41
tp: 0.02
Intercept: <
2E-16
temp: 0.45
ph: 0.10
do: 0.38
turb: 0.59
cla: 0.02
tn: 0.41
Intercept: <
2E-16
ph: 0.03
cla: 0.03
Intercept: <
2E-16
ph: 0.03



feve ~ temp

feve ~ ph

feve ~ do

feve ~turb

feve ~ ec

feve ~ cla

feve ~ tn

feve ~ tp

-49.8

-53.8

-48.6

-53.7

-48.7

0.016

0.087

0.011

0.006

0.001

0.03

0.002

0.009
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cla: -0.06 cla: 0.04
ph*cla: 0.005 ph*cla: 0.85
Intercept: 0.35 Intercept: <

2E-16

temp: -0.02 temp: 0.25
Intercept: 0.35 Intercept: <

2E-16
ph: -0.04 ph: 0.01
Intercept: 0.34 Intercept: <
2E-16
do: -0.03 do: 0.48
Intercept: 0.35 Intercept: <
2E-16
turb: -0.03 turb: 0.48
Intercept: 0.35 Intercept: <
2E-16
ec: -0.004 ec: 0.75
Intercept: 0.34 Intercept: <
2E-16
cla: -0.07 cla: 0.02
Intercept: 0.35 Intercept: <
2E-16
tn: -0.008 tn: 0.64
Intercept: 0.35 Intercept: <
2E-16
tp: -0.008 tp: 0.48
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Abstract

Soil use and management for agriculture involves the use of various pesticides, of which the
most widely used in Brazil are the insecticide fipronil and the herbicide 2,4-D. In addition,
sugarcane crops use vinasse as a fertilizer to enrich the soil. These compounds can be
transported to aquatic ecosystems, affecting aquatic communities and altering water
parameters. The aim of this study was to evaluate the effects of fipronil, 2,4-D and vinasse,
alone or in mixtures, on zooplankton diversity and to identify the water parameters that structure
the community. A mesocosm experiment was conducted with six treatments: control (C), 2,4-
D (D), fipronil (F), fipronil and 2,4-D (M), vinasse (V) and all compounds (MV). The
experiment was conducted over 73 days with 9 samples of zooplankton community and water
parameters. There was no difference in the indices between the treatments before the application
of the compounds. After the application of the compounds, species richness, Shannon-Wiener
diversity, richness and functional dispersion were significantly lower in treatments F, M, MV
and V than in treatments C and D throughout the experiment. Structuring water parameters
were different for each treatment. In treatment C, temperature and chlorophyll were different.
In treatment D, turbidity and pH were the main variables. Chlorophyll a was the main
structuring variable in treatment F, while pH and electrical conductivity were the structuring
variables in treatments MV and V, respectively. These results show that the application of
fipronil and vinasse, alone or in a mixture, had detrimental effects on the zooplankton
community. Finally, applying these compounds in land use and management for plantations
such as sugarcane may have serious impacts on aquatic communities.

Keywords: Pesticides, Functional Diversity, Agriculture, Land Use
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9.1 Introduction

Agricultural land constitutes one of the main global impacts on aquatic and terrestrial
communities. The negative impact on communities is mainly caused by the use of pesticides,
which are used in reducing the harmful effects of pests on crops (Pelinson et al. 2023, Schulz
et al. 2024). Their use also increases the productivity of agricultural production (Washuck et
al., 2022; Yadav et al. 2024). These toxins can indirectly affect terrestrial communities of non-
target organisms, including butterflies, reptiles and mammals (Chen et al. 2019, Olaya-Arenas
et al. 2020, Divyashree et al. 2024). Aquatic communities are also affected by surface runoff of
pesticides, reducing the diversity of different taxonomic groups such as macroinvertebrates,
fish and algae (Ito et al. 2020, Arias et al. 2023, Kumar et al. 2023). Thus, the massive and
inappropriate use of different types of pesticides causes multiple impacts, such as species

reduction and loss of structure and function of aquatic ecosystems.

Brazil’s economy is based on agricultural activities, mainly soybean, corn and
sugarcane, the latter being one of the most important in the country due to the production of
ethanol and sugar (Martinelli et al., 2010; Alary et al., 2016, Souza et al., 2024). The industrial
production of ethanol and sugar generates a residue known as vinasse, which has chemical
properties such as a high concentration of phosphorus and nitrogen that make it suitable for use
as a fertilizer (Christofoletti et al., 2013; Da Silva et al., 2013). On the other hand, vinasse also
contains high concentrations of organic matter, which, when discharged into water bodies, can
have a negative impact on the aquatic environment by reducing the concentration of dissolved
oxygen and acidifying it (Christofoletti et al., 2013, Freitas et al., 2023). Moreover, vinasse has
a high toxicological impact on a wide range of aquatic organisms, resulting, for example, in a
reduction of macroinvertebrate diversity (Cotta et al., 2023), high mortality rates in tadpoles
(Freitas et al., 2022), morphological changes in the invertebrate Hyalella (da Silva Pinto et al.,

2021) and high mortality rates in daphnid neonates and zebrafish embryos (Sousa et al., 2019).

In addition to the use of vinasse to enrich soils with nutrients and increase the
productivity of sugarcane monocultures (Moore et al., 2017; Kaab et al., 2019), different types
of pesticides are used in soil management practices for sugarcane production. In Brazil, the
most frequent are the insecticide fipronil and the herbicide 2,4-D (Ibama, 2019). The vast
majority of studies evaluating the impact of pesticides on aquatic organisms analyze the effects

at the population level, investigating the adverse effects of pesticides on life history traits of
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species (Silva et al., 2021; Gallo et al., 2023, de Palmas Lopes et al., 2023). For example, 2,4-
D is a herbicide that causes changes in the avoidance behavior of zooplankton, making them
more vulnerable to predators (Andrade et al., 2018). Furthermore, fipronil is more damaging
than 2,4-D to the survival rate of the cladoceran species Ceriodaphnia silvestrii (Silva et al.,
2020). The mixture of fipronil and 2,4-D has synergistic effects, causing changes in cell size
and population growth of the algal species Raphidocelis subcapitata and mortality of the
copepod species Notodiaptomus iheringi (Moreira et al., 2020; de Palmas Lopes et al., 2023).
Therefore, the effects of these pesticides have been reported at the population level in aquatic
communities, particularly zooplankton, but studies on the effects at the community level, such

as in terms of functional and taxonomic diversity, are still scarce.

The zooplankton community has intrinsic biological characteristics that allow it to be
used as a bioindicator of ecological conditions and a wide range of environmental impacts, such
as applications of pesticides and vinasse. These characteristics include a short life cycle, high
species diversity and sensitivity to environmental fluctuations (Edegbene et al., 2022; Pinto et
al., 2023). In addition, zooplankton communities play an essential transitional role in trophic
interactions, consuming phytoplankton and being consumed by fish and macroinvertebrates
(Caldwell et al., 2016; Mamani et al., 2019; Gutierrez et al., 2021). In this way, zooplankton
can reduce the population density of algae and cyanobacteria species, preventing algal blooms
and indirectly increasing water parameters, such as transparency (Amorim et al., 2019;
Enawgaw et al., 2023). Understanding the effects of pesticides and vinasse on zooplankton

allows us to infer their possible direct and indirect effects on aquatic communities.

To understand the effects of insecticides, herbicides and vinasse on zooplankton
communities, this study carried out a mesocosm experiment with temporal sampling using real
concentrations of insecticides, herbicides and vinasse. The main goals of the study were: 1) to
analyze the effects of the insecticide fipronil (Regent® 800 WG), the herbicide 2,4-D (DMA®
806 BR) and vinasse, alone and in mixtures, on taxonomic diversity (species richness, Shannon-
Wiener diversity, and functional diversity (FRic and FDis) (2) to analyze which water

parameters, in each treatment, structure the taxonomic and functional diversity.
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9.2 Material and Methods

9.2.1 Experimental design

This study was carried out at the Center for Ecotoxicology and Applied Ecology
(NEEA), the Center for Water Resources and Environmental Studies (CRHEA), in S&o Carlos
Campus of the University of Sdo Paulo, located in the municipality of Itirapina, State of Séo
Paulo, Brazil (22° 10' 09.1"S and 47° 54' 00.5"W). The climate of the region is considered Cwa
and is influenced by equatorial and tropical air masses, which determine the periods of drought

(from May to October) and humidity (from November to April) (Alvares et al., 2013).

To carry out the experiment, twenty circular openings were excavated in the ground of
the CRHEA experimental station. Twenty polypropylene water tanks with volumes of 1500
liters were placed in these openings. The water tanks, which had a depth of 0.83m and a
diameter of 1.75m, were used as mesocosms to represent freshwater lentic environments and
were implanted in the excavated holes to a depth of 0.6m to prevent overheating. Each
mesocosm was filled up with 20 cm of natural sediment from the excavation and water from an
artesian well to fill the remaining 60 cm depth of each one of them. Subsequently, aquatic
communities collected from the Broa Reservoir (Itirapina, S&o Paulo) were installed. Aquatic
macrophytes and their root-associated fauna were added in the same proportions. The
macrophyte species added were Salvinia auriculata, Pistia stratiotes, Pontederia crassipes and
Myriophyllum aquaticum. The plankton community (phytoplankton and zooplankton) was also
included. Finally, after the addition of all the aquatic communities, all the mesocosms were
monitored over a period of six months for the stabilization and colonization of all the aquatic

communities.

After the period of stabilization and colonization, six treatments were randomly applied
in the mesocosms, with three replicates each: C = control treatment with no pesticide or vinasse
application; F = fipronil insecticide application; D = 2,4-D herbicide application; M = combined
insecticide and herbicide application; V = vinasse application; and MV = combined insecticide,
herbicide and vinasse application. The pesticides used were the commercial pesticides
Regent® 800WG insecticide (a.i. fipronil, BASF AS) and DMA® 806BR herbicide (a.i. 2,4-
D, Dow AdroSciences Industrial Ltda).
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The pesticide concentrations were calculated on the basis of the pesticide manufacturers'
recommendations for sugarcane crops, which were 500 g of the insecticide Regent® 800WG
ha-1 (equivalent to 400 g of fipronil ha-1) and 3.5 L of the herbicide DMA® 806BR ha-1
(equivalent to 2.35 kg of 2, 4-D ha-1). For the application of the pesticide doses, direct spraying
by car or airplane was considered, in which 100% of the chemical compounds would reach the
surface of the lentic aquatic environment, which covers the realistic conditions found in
sugarcane crops (da Silva Pinto et al., 2021). In this way, the volume and the surface area of
each mesocosm (1.75 m2) were taken into account to calculate the application doses, resulting
in concentrations of 678 mg of the herbicide 2,4-D (equivalent to 1 mL of DMA® 806BR) and
96 mg of the insecticide fipronil (equivalent to 120 mg of Regent® 800 WG). The concentration
of vinasse used was 1.3% (V/V), which corresponds to a volume of 20 liters in each mesocosm.
The concentration was calculated using the recommended amount of vinasse in liters per
hectare, as suggested by local farmers (da Silva Pinto et al., 2021). The physico-chemical

characterization of vinasse can be found in da Silva Pinto et al. (2021).

9.2.2 Sampling and analysis of the zooplankton community and water parameters

The experiment lasted 73 days, and the zooplankton community and water parameters
were sampled on days 0, 2, 4, 7, 14, 21, 30, 45 and 73. Day 0 includes the first sampling of the
experiment before the contamination of pesticides and vinasse, which was carried out on the

same day. Day 74 was the end of the experiment.

The zooplankton community was collected with a bucket and 15 liters of water were
sampled from each mesocosm. The water was then filtered through a 45 um mesh plankton net,
fixed and preserved in 4% formaldehyde mixed with sugar. In the laboratory, the zooplankton
community (cladocerans, copepods and rotifers) was identified and counted to species level
using identification keys (Reid, 1985; Silva et al., 1989; Segers, 1995; Nogrady et al., 1995;
Elmoor-Loureiro, 1997; Nogrady and Segers, 2002; Sousa and Elmoor-Loureiro, 2019a,
2019b). Zooplankton were counted in 3 subsamples of 1 ml each. If the density was low, the
organisms were counted completely. Counting and identification were performed under a light
microscope and a stereoscopic loupe using a Sedgewick Rafter chamber and a Petri dish,

respectively.
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In addition, zooplankton species were identified from the literature according to their
functional traits: body size, trophic group, feeding type and habitat. The body size reflects the
ability of the organism to acquire resources, grow, survive and reproduce. It also reflects
ecosystem processes such as energy transfer, secondary production and nutrient cycling. The
average body size found in the literature was used. The trophic group represents the ability of
the individual to acquire resources and indicates its position in the trophic chain. Consequently,
the trophic group reflects ecosystem functions related to nutrient cycling and secondary
productivity in the aquatic ecosystems. The trophic group trait was classified as: herbivore,
detritivore, herbivore-detritivore, carnivore, omnivore, omnivore-carnivore, omnivore-
herbivore. The feeding type reflects the ability, form and efficiency of zooplankton to capture
their food. This trait reflects the ecosystem processes of nutrient cycling and secondary
production. The feeding type trait was classified as: raptorial-cop and filter-cop for copepods;
c-type, i-type, d-type filters for cladocerans and raptorial-r and filter-r for rotifers. After
classifying species by functional traits, functional diversity was estimated using functional
indexes: functional richness (FRic) and dispersion function (FDis) (Laliberté and Legendre,
2010; Mouchet et al., 2010).

The water parameters evaluated were: temperature (°C), pH, dissolved oxygen (mg L-
1), turbidity (NTU), electrical conductivity (uS cm™)), total nitrogen (mg L)), total
phosphorus (ug L™), and chlorophyll a (ug L™). A multiparameter probe (YSI Pro DSS) was
used to measure temperature, pH, dissolved oxygen, turbidity and electrical conductivity in
each mesocosm. Total nitrogen and total phosphorus were quantified spectroscopically
(Shimadzu UV-2101PC). A portable fluorometer (AquaFluor® Turner Designs) was used to
quantify chlorophyll a.

9.2.3 Statistical analysis

To identify statistical differences caused by the effects of treatments over time
(treatments = C, D, F, M, V MV vs. time = days) on taxonomic and functional diversity, we
modeled all taxonomic diversity indices, namely species richness, Shannon-Wiener diversity,
functional richness (FRic) and functional dispersion (FDis), using generalized linear mixed
models (GLMM) with the package "glmmTMB" (Brooks et al., 2023). The time:treatment
interaction and mesocosm randomization were included in the models. When the time:treatment

interaction proved to be significant, a pairwise comparison was made using the “emmeans”
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function (Lenth et al., 2023). Effects on richness and Shannon-Wiener were tested using
Compois and Gaussian families, respectively. The Pielou and Simpson index was analyzed with
the Ordbeta family.

For each treatment, we modeled each index separately with water parameters to
determine which water variable(s) structured the indices. In addition, we used generalized linear
mixed models (GLMM) and included the random effect of Mesocosm. The selection of the best
fitting model was based on the AIC (Akaike Information Criterion) value corrected for small
samples (AICc). We validated these models by examining the residuals using the 'DHARMa'
package (Hartig, 2022), and we excluded singular models or those with overdispersion when
selecting the best models with the lowest AICc value. Last, the significance of the best model

was tested using the car package's Anova function.

9.3 Results

A total of 49 zooplankton species were found, including 35 rotifers, 8 cladocerans, and
6 copepods. The complete list of species and their functional traits can be accessed in

Supplementary Material Table S1.

In treatments C, F, V and MV, the temperature and dissolved oxygen decreased from
the beginning to the end of the experiment. In contrast, in the same treatment, pH, turbidity,
electrical conductivity, total phosphorus and nitrogen and chlorophyll increased from the
beginning to the end of the experiment. In treatment D, temperature, dissolved oxygen and total
phosphorus decreased, and pH, turbidity, electrical conductivity, total nitrogen and chlorophyll
increased from the beginning to the end of the experiment. In treatment M, only temperature
decreased between day 0 and day 73, while the other variables increased (Table 1). On day O,
there was no difference in species composition among the treatments (F = 0.790; df = 5; P =

0.88), demonstrating the initial homogeneity of the treatments.
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Table 3 - Mean and standard deviation (£) of the environmental variables per treatment at the beginning (day 0), in the middle (day 14) and at the end (day 74)

of the experiment.

Environmental Variables

Treatments Days Temperature Dissoveld Turbidity CElf;tr?a.l Nrfotal Ph TOtl?l Chlrophyll a
(°C) Oxygen (mgL™")  (NTU) onductivity N PO (ngLY
(uS em™7) (mgL™1) (ngL™YH
Day 0 23.66 5.5 3.86 2.56 10.98 0.49 90.04 2.5

(+0.27) (+0.14) (+ 0.45) (+ 1.50) (+ 1.84) (+0.10) (+32.47) (+ 2.45)

C Day 14 21.6 6.13 3.98 25.2 31.36 0.50 151.13 8.01
(+ 0.46) (+0.69) (+2.50) (+ 16.42) (+ 6.18) (+0.51) (+ 40.03) (+ 8.14)

Day 73 21.48 6.65 1.94 17.61 42.98 1.31 96.29 30.22
(+0.08) (+0.13) (+1.14) (+ 8.84) (+9.74) (+0.97) (+ 75.85) (+ 44.49)

Day 0 23.6 5.50 3.99 2.96 11.53 0.96 148.36 3.95
(£0.26) (£0.17) (£0.86) (£0.94) (£2.15) (£0.11) (£0.19) (£3.55)

D Day 14 20.86 5.96 2.05 31.66 38.73 1.26 193.14 13.56
(+ 0.60) (+0.20) (+0.57) (+ 18.00) (+ 5.45) (+0.75) (+36.37) (+11.22)

Day 73 21.43 6.62 1.29 12.14 51.46 1.52 130.64 30.67
(+0.32) (+0.04) (+ 0.50) (+2.26) (+ 11.58) (+ 0.83) (+58.13) (+26.57)

Day 0 23.5 5.65 3.97 3.84 13.68 0.59 148.78 5.71
(+0.1) (+0.32) (+ 1.18) (+2.37) (+ 4.20) (+ 0.26) (£31.71) (+4.97)

F Day 14 20.08 6.03 2.32 26.33 34.33 0.83 120.12 7.57
(+0.17) (+0.29) (+ 1.87) (+ 1.52) (+ 6.95) (+0.28) (+ 46.84) (+ 1.83)

Day 73 21.26 6.84 3.59 30.82 34.63 2.45 193.49 44.18
(+0.11) (+0.23) (£ 1.11) (+ 5.05) (+29.94) (+0.23) (+ 10.04) (+2.99)

Day 0 23.43 5.63 3.83 1.83 17.19 0.56 66.39 0.54
(+0.30) (+ 0.35) (+0.26) (+ 0.49) (+ 8.74) (+ 0.09) (+50.92) (+0.34)

M Day 14 20.80 597 1.24 26.00 46.36 0.48 162.65 5.63
(+ 0.36) (+ 0.30) (£ 0.65) ( 13.11) (+14.13) (+0.12) (+ 52.56) (+3.20)

Day 73 21.53 6.91 4.73 25.94 76.6 0.93 138.72 39.30
(+0.15) (+ 0.06) (+0.55) (+ 12.35) (+20.45) (+0.81) (+17.51) (+ 16.93)

Day 0 23.76 5.57 3.84 3.54 11.86 0.68 54.05 2.85
(+0.23) (+0.19) ( 0.66) (+3.15) (+3.18) (+0.16) (+ 18.65) (+ 1.02)

MV Day 14 19.86 5.30 5.52 102.33 401.16 5.68 853.70 59.97
(+0.32) (+0.29) (+4.92) (*10.21) (£22.61) (+2.45) (£253.62)  (&27.56)

Day 73 21.26 7.11 0.08 39.06 39943 7.96 807.07 31.61
(+0.41) (+0.10) (+0.07) (+ 13.43) (£ 17.12) (£2.96)  (£1029.01) (+ 8.92)

Day 0 23.5 6.65 3.34 2.54 12.8 1.23 90.24 14.22
(+0.2) (+1.12) (+ 1.86) (+ 1.57) (+ 4.25) (+ 0.05) (+29.07) (+ 16.56)

v Day 14 19.73 5.96 0.15 123.33 469.2 7.81 891.04 60.27
(+0.32) (+ 0.05) (+0.09) (+15.17) (+36.37) (+ 1.96) (£250.76)  (+10.71)

Day 73 21.53 6.62 0.16 24.03 335.6 7.88 328.45 22.54
(+0.35) (+0.35) (+0.13) (+ 18.80) (+ 156.56) (+ 5.86) (+160.22)  (+12.05)
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There was a difference between treatments over time for species richness (y2 = 520.75,
P < 0.0001, df = 40), Shannon-Wiener diversity (y2 = 368.13, P < 0.0001, df = 40), FRic (2
=222.49, P <0.0001, df =40) and FDis (yx2 =153.11, P =<0.0001, df = 40). At the beginning
of the experiment (day 0), there were no significant differences in the species richness, FRic
and FDis between treatments (P > 0.100) (Fig. 1). However, the Shannon was higher in
treatment C than in treatment D (P = 0.005) (Fig. 2B). After the application of pesticides and
vinasse, on days 2, 4, 7, 14, 21, 30, 45 and 73, the average of all indices was not significantly
different between treatments C and D (P > 0.100).

Over all the days of the experiment, the average species richness was higher in
treatments C and D than in treatments F, M, MV and V (P < 0.0001). On day 2, there was no
difference between treatments F, M, MV and V (P > 0.900). On day 4, species richness was
higher in treatments F and M than in treatment V (P < 0.02). On day 7, species richness was
higher in treatment F than in MV (P = 0.02), and higher in treatment M than in MV and V (P <
0.001). On day 14, treatment M had higher species richness than treatments MV and V (P <
0.007). On day 21, treatments F and M had higher species richness than treatments MV and V
(P <0.01). On days 30 and 45, there was no difference in species richness between treatments
F,M, MV and V (P >0.100). On day 75, the F and MV treatments had higher richness than the
V treatment (P < 0.04) (Fig. 1A).

Shannon diversity on day 2 was higher in treatment C than in treatment F (P = 0.0006),
and treatment D had higher values than treatment F (P = 0.0004) and treatment V (P = 0.04).
On day 2, there was no difference between treatments F, M, MV and V (P > 0.900). On day 4,
treatments C and D had a higher average than other treatments (P < 0.03), but this index was
lower in treatment V than in treatments F, M and MV (P <0.03). On day 7, treatment C did not
differ from treatment F (P = 0.07). Treatment D had a higher Shannon diversity than treatments
F, M, MV and V (P < 0.02), but treatment F in turn had a higher Shannon diversity than
treatments MV and V (P <0.04), and treatment M was higher than treatment MV (P = 0.006).
At day 14, the mean Shannon diversity in treatment C was not different from treatment M (P =
0.31) but treatment D had a higher mean than the others (P > 0.002). Treatment M had a higher
mean than treatments MV and V (P < 0.0001). On days 21, 30, 45 and 73, treatments C and D
had higher Shannon diversity than the others (P < 0.0001). On day 21, Shannon diversity was
higher in treatment M than in treatments MV (P <0.001) and V (P = 0.03). On day 30, treatment
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F had a higher Shannon diversity than treatments MV (P = 0.001) and V (P = 0.001). On days
45 and 73, the mean Shannon diversity did not differ between treatments F, M, MV and V (P >
0.07) (Fig. 1B). Thus, the presence of vinasse in these treatments had a greater detrimental

effect on the communities’ diversity.

On day 2, mean FRic did not differ between treatments F, M, MV and V (P > 0.10) or
between treatment D and V (P = 0.09). Over the days of the experiment, this index was not
different between treatments F, M, MV and V (P > 0.100). On day 4, the FRic values in the
treatments C and D were higher than in the other treatments (P < 0.001). On day 7, the mean
FRic of treatment C was higher than the treatments F, M, MV and V (P <0.001) and treatment
D was higher than treatment VV (P = 0.004). On day 14, treatments C and D had higher FRic
values than the other treatments (P < 0.001). On day 21, treatments C and D had significantly
higher FRic values than the other treatments (P < 0.001), except between treatment C and M (P
=0.08). On days 30, 45, and 73, the mean FRic values were higher in treatments C and D than
in the other treatments (P < 0.001) (Fig. 1C).
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Fig. 1. Effects of treatments on diversity indices over time. A) Effect on species richness B) Effect on Shannon-Wiener diversity C) Effect on
functional richness D) Effect on functional dispersion. The points represent the mean, and the vertical lines of the points represent the standard

deviation.
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On day 2, the mean FDis was higher in the C and D treatments than in the F and M
treatments (P < 0.001). The mean FDis was also higher in the MV and V treatments than in the
F and M treatments (P < 0.04). There were no statistical differences between the C and D
treatments and the MV and V treatments (P > 0.110). On days 7, 14, 21, 30, 45, and 73, the
mean FDis of the F, M, MV and V treatments were not different from each other (P > 0.100),
and the C and D treatments had higher FDis values than the other treatments (P < 0.01) (Fig.
1D).

In treatment C, species richness ranged from 10 to 19 species (mean = 14.5, sd = 2.38),
with the highest values for chlorophyll a concentrations at around 80 mg/L (Fig. 2A, Table S2).
Chlorophyll a was the most important structuring variable, explaining 10% of the variability in
species richness (x2 = 7.04; P = 0.007; df = 1). Shannon-Wiener diversity varied from 0.86 to
2.48 (mean = 1.79, sd = 0.39) with temperature (x2 = 3.74; P = 0.05; df = 1) and electrical
conductivity (x2 = 9.86; P = 0.001; df = 1), explaining 66% of its variability (Fig. 2A; Table
S2). Diversity was higher at temperatures of £ 25°C and at low values of electrical conductivity
(10 puS/cm). FRic ranged from 0.03 to 0.35 (mean = 0.21, sd = 0.07), but there were no
structuring water variables in treatment C. Finally, FDis ranged from 0.10 to 0.42 (mean = 0.29,
sd = 0.08), with its highest values at temperature £ 25°C (Fig. 2A, Table S2). Temperature was
the only structuring variable, explaining 3% of the variability (y2 = 5.34; P = 0.01; df = 1).

In treatment D, species richness ranged from 9 to 19 (mean = 17, sd = 2.58), with the
highest values at low turbidity (+ 10 NTU, Fig. 2B, Table S2). Turbidity was the most important
structuring variable, explaining 8% of the variability in richness (y2 = 7.94; P = 0.004; df = 1).
Shannon-Wiener diversity ranged from 1.21 to 2.22 (mean = 1.84, sd = 0.25), with the highest
values at turbidity levels + 30 NTU and low total nitrogen concentrations (x 0.5 mg/L) (Fig.
2B, Table S2). Turbidity (x2 = 4.29; P = 0.03; df = 1) and total nitrogen (x2 = 7.19; P = 0.007,
df = 1) explained 25% of the variability of the index. FRic ranged from 0.04 to 0.35 (mean =
0.21, sd = 0.08), with the highest values at neutral pH (Fig. 2B, Table S2). The pH was the only
structuring variable, explaining 8% of the variability in FRic (2 = 7.03 ; P = 0.008 ; df = 1).
Finally, FDis ranged from 0.11 to 0.41 (mean = 0.33, sd = 0.06), with the highest values at pH
+ 5.5 and electrical conductivity values of £ 60 (uS/cm) (Fig. 2B, Table S2). The pH (x2 = 9.48;
P =0.002; df = 1) and electrical conductivity (y2 = 10.49; P = 0.001; df = 1) both explained 5%

of the variability in the index.
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In treatment F, species richness ranged from 0 to 18 (mean = 5.14, sd = 4.56), with the
highest values at temperatures of 25 °C, low electrical conductivity values (x 10 uS/cm), and
low chlorophyll concentrations (x10 mg/L). Temperature (x2 = 17.45; P < 0.001; df = 1),
electrical conductivity (y2 = 36.15; P < 0.001; df = 1) and chlorophyll concentration (y2 =
36.19; P < 0.001; df = 1) explained 46% of the variability in species richness (Fig. 2C, Table
S2). Shannon-Wiener diversity ranged from 0 to 2.40 (mean = 0.92, sd = 0.61), with the highest
values at pH + 5.5, high dissolved oxygen concentrations (6 mg/L), and low chlorophyll a
concentrations (£ 10 mg/L) (Fig. 2C, Table S2). The pH (32 = 14.99; P = 0.0001; df = 1),
dissolved oxygen (y2 = 10.35; P = 0.001; df = 1) and chlorophyll a (2 = 3.57; P = 0.05; df =
1) explained 66% of the variability in Shannon-Wiener. FRic ranged from 0 to 0.20 (mean =
0.02, sd = 0.05), with higher values at high dissolved oxygen concentrations (+ 7 mg/L) and
low chlorophyll concentrations (£ 10 mg/L). Dissolved oxygen (x2 = 10.38; P = 0.001; df = 1)
and chlorophyll a (y2 = 12.96; P = 0.0003; df = 1) were the structuring variables and explained
56% of the variability of the index (Fig. 2C, Table S2). FDis ranged from 0.0 to 0.33 (mean =
0.09, sd = 0.09), with the highest values at low chlorophyll concentrations (x 10 mg/L).
Chlorophyll a was the only structuring variable, explaining 32% of the variability of the index
(x2 = 8.62; P =0.003; df = 1) (Fig. 2C, Table S2).

In treatment M, species richness ranged from 0 to 21 (mean = 5.74, sd = 5.15), with the
highest values at pH + 5.5 and high dissolved oxygen concentration (+ 5 mg/L). The pH (32 =
39.34; P < 0.001; df = 1) and dissolved oxygen concentration (x2 = 7.04; P = 0.007; df = 1)
were the structuring variables, explaining 49% of the variability in richness (Fig. 3A, Table S2).
Shannon-Wiener diversity ranged from 0 to 2.22 (mean = 0.96, sd = 0.73), with the highest
values at pH = 5.5. The pH was the only structuring variable, explaining 88% of the variability
in the index (y2 = 6.32; P = 0.01; df = 1) (Fig. 3A, Table S2).
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Figure 3. Structuring water parameters of taxonomic and functional diversity indices for each treatment. A) Structuring water parameters for
treatment M. B) Structuring water parameters for treatment MV. C) Structuring water parameters for treatment V.
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In treatment M, FRic ranged from 0 to 0.35 (mean = 0.05, sd = 0.10), with higher values
at high dissolved oxygen concentrations (£ 5 mg/L) and low chlorophyll concentrations (+ 10
mg/L). Dissolved oxygen (y2 = 10.29; P = 0.001; df = 1) and chlorophyll a (2 = 13.19; P =
0.0002; df = 1) were the structuring variables and explained 62% of the variability of the index
(Fig. 3A, Table S2). FDis ranged from 0.0 to 0.34 (mean = 0.09, sd = 0.09) with the highest
values at low chlorophyll concentrations (+ 10 mg/L). Chlorophyll a was the only structuring
variable, explaining 17% of the variability of the index (y2 = 3.90; P = 0.04; df = 1) (Fig. 3A,
Table S2).

In the MV treatment, richness ranged from 0 to 16 (mean = 3.74, sd = 4.7), with its
highest values at temperature + 24°C and pH £ 5. Temperature (x2 = 30.88; P < 0.001; df = 1)
and pH (x2 = 33.13; P < 0.001; df = 1) explained 62% of the variability in the index (Fig. 3B,
Table S2). The Shannon-Wiener diversity ranged from 0 to 2.11 (mean = 0.65, sd = 0.77), with
the highest values at pH + 5.0. The pH was the only structuring variable, explaining 85% of the
variability of the index (y2 = 5.05; P = 0.02; df = 1) (Fig. 3B, Table S2). The FRic ranged from
0 to 0.30 (mean = 0.03, sd = 0.08), with the highest values at pH + 5.0. The pH was the only
structuring variable, explaining 28% of the variability of the index (x2 = 6.59; P = 0.01; df =
1). FDis ranged from 0 to 0.31 (mean = 0.10, sd = 012), with the highest values at pH + 5.0
(Fig. X, Table S1). The pH was the only structuring variable, explaining 27% of the variability
in FRic (x2 = 7.71; P = 0.005; df = 1) (Fig. 3B, Table S2)

In treatment V, species richness ranged from 0 to 15 (mean = 3.9, sd = 4.43), with the
highest values at low electrical conductivity concentrations (< 50 pS/cm). Electrical
conductivity was the only structuring variable, explaining 32% of the variability in species
richness (x2 = 49.89; P < 0.001; df = 1) (Fig. 3C, Table S2). Shannon-Wiener diversity ranged
from 0 to 2.12 (mean = 0.66, sd = 0.74), with the highest values at low electrical conductivity
concentrations (x 10uS/cm). Electrical conductivity was the only structuring variable,
explaining 55% of the variability of the index (y2 = 31.97; P < 0.0001; df = 1) (Fig. 3C, Table
S2). The FRic ranged from 0 to 0.21 (mean = 0.03, sd = 0.07), with the highest values at low
electrical conductivity concentrations (x 10uS/cm). Electrical conductivity was the only
structuring variable, explaining 45% of the variability of the index (y2 = 21.95; P < 0.0001; df
=1) (Fig. 3C, Table S2). FDis ranged from 0 to 0.37 (mean = 0.10, sd = 0.13), with the highest
values at low electrical conductivity concentrations (+ 50 uS/cm). Electrical conductivity was
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the only structuring variable, explaining 30% of the variability of the index (x2 = 14.70; P <
0.0001; df = 1) (Fig. 3C, Table S2).

9.4 Discussion

Our results showed that the application of fipronil and vinasse, alone or in mixtures,
drastically reduced the taxonomic and functional richness, Shannon diversity and functional
dispersion of zooplankton. On the other hand, treatment C (control) and treatment D (herbicide
application) had no negative effect on zooplankton community. In addition, our results showed
that the water parameters that structure the zooplankton differ depending on the type of
pesticide or vinasse application. In the absence of pesticide or vinasse application, temperature
and chlorophyll a were the key variables in zooplankton structuring. When 2,4-D was applied,
turbidity and pH were the main structuring variables. In treatment F (fipronil), chlorophyll a
was the most important structuring variable, as it was present in all of the indices. In treatment
M (fipronil and 2,4-D), pH, dissolved oxygen and chlorophyll a were the main structuring
variables. Finally, pH was the structuring variable in treatment MV and electrical conductivity

in treatment V.

Ecotoxicological studies have reported that insecticides are more harmful than
herbicides in aquatic communities (Garza-Léon et al., 2017; Sanchez-Bayo, 2021; Rumschlag
et al., 2022). Some studies have shown that the application of herbicides such as 2,4-D does not
reduce phytoplankton abundance (Perschbacher et al., 2002; Relyea et al., 2009). Thus, indirect
effects on the zooplankton community may not occur, so that zooplankton abundance and
diversity are not altered by herbicide application (Relyea, 2005; Relyea et al., 2009; Hashimoto
etal., 2019), as shown in our results. However, avoidance behavior of zooplankton, particularly

cladocerans and rotifers, may be altered by 2,4-D contamination (Andrade et al., 2018).

The effects of insecticides on zooplankton have been reported in several studies. In
general, insecticides act by reducing the diversity, abundance and species richness of
zooplankton (Leboulanger et al., 2011). Fipronil is less hazardous to the zooplankton
community compared to other insecticides such as lambda-cyhalothrin and deltamethrin (Lahr
et al., 1998). Despite its lower toxicity compared to other insecticides, our results showed a
drastic effect on diversity indices. The toxicity of insecticides can vary between different

zooplankton species due to the degree of sensitivity of species to insecticides (Mano et al.,
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2010; Smith et al., 2018; Rumschlag et al., 2022). For example, the genera Macrothrix and
Daphnia are less sensitive to the insecticides carbaryl and methomyl than the genus
Ceriodaphnia (Mano et al., 2010; Hayasaka et al., 2012). These species have different
functional traits: the genus Macrothrix has type C filtration and belongs to the herbivore-
detritivore trophic group, while Ceriodaphnia has type D filtration and is a herbivore (Barnet
et al., 2007; Rizo et al., 2017). In this way, species with different functional traits may be
affected differently, leading to a differentiation in the functional diversity of zooplankton. In
fact, our results show a significant reduction in functional richness and dispersion in the fipronil
and vinasse treatments, demonstrating that these compounds have significant detrimental
effects on zooplankton. The drastic reduction in functional diversity reflects on the loss of
different traits and, consequently, a functional homogenization of the environment (Moreira et
al. 2021).

The use of vinasse as a fertilizer in sugarcane crops has been reported as a risk factor
for aquatic communities (Relyea, 2005; Bojarski and Witeska et al., 2020; Rumschlag et al.,
2022; Weiss et al., 2023). The physicochemical composition of vinasse, such as high
conductivity and metal concentration, as well as the high amount of organic matter, can cause
negative effects on aquatic communities (da Silva Pinto et al., 2021; Freitas et al., 2023; Cotta
et al., 2023). In the MV treatment, dissolved oxygen decreased from 3.34 mg/L to 0.16, and in
the V treatment it decreased from 3.84 to 0.08 mg/L from the beginning to the end of the
experiment. This drastic reduction in dissolved oxygen shows that vinasse can be a factor that
increases the rate of aerobic decomposition in the aquatic ecosystem, which can lead to
anaerobiosis. Some studies have shown that the richness and diversity of zooplankton is lower
in hypoxia than in environments with high dissolved oxygen concentrations (Karpowicz et al.,
2020). Thus, as shown in our results, the treatments with vinasse application (V) had a drastic
reduction in diversity indices due to the effects of the reduction in dissolved oxygen and other

components present in the vinasse, such as metal.

Temperature and chlorophyll concentration are key environmental variables in
structuring zooplankton communities (Li et al., 2019; Pulsifer and Laws, 2021, Yang et al.,
2023). Low chlorophyll concentrations may reflect a lack of dominance of phytoplankton
species and, consequently, greater diversity (Amorim and Moura, 2021; Ili¢ et al., 2023). Since

the phytoplankton community is one of the main food resources for zooplankton, the diversity
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of species in the phytoplankton community contributes to the diversification of zooplankton
community traits (Amorim and Moura, 2021, Amorim et al., 2020). Thus, in environments with
these conditions, there is a diversity of ecological niches, providing a greater variety of
functional traits, richness and diversity of zooplankton species, since different types of filtration
benefit from a high diversity of food resources. In treatment C, we observed greater diversity,
taxonomic and functional richness and functional dispersion at low chlorophyll concentrations
and temperatures of 25°C. We also observed that chlorophyll a was the main structuring variable
in treatment F, in which we found higher Shannon, species richness, FRic and FDis values at
low chlorophyll concentrations. At 25°C temperature, zooplankton have presented the highest
capture rates of the phytoplankton community and, consequently, a lower concentration of
chlorophyll is found in aquatic environments (Ma et al., 2019, Starke et al., 2020; Phan et al.,
2021; Adekolurejo et al., 2022). In addition, a study using statistical models has shown that at
a temperature of 25 °C, there is a determinant in the stability of the coexisting equilibrium

between zooplankton and phytoplankton (Zhao et al., 2020).

In the herbicide application treatment (D), turbidity and pH were the main structuring
variables. In this treatment, the phytoplankton community was not affected by the application
of this pesticide, since there was an increase in the concentration of chlorophyll a over time
(Table 1). The high turbidity in aquatic environments is associated with high biomass, low
phytoplankton diversity and high concentrations of suspended solids (Teferi et al., 2014; Duré
et al. 2019). In this condition, the zooplankton community has undergone a reduction in
diversity and species richness, as shown in our results. In addition, other studies have shown
that aquatic environments with alkaline pH have higher functional richness and lower functional
dispersion, since in this pH condition a greater variety of zooplankton species with different

functional characteristics can occur (Santos et al., 2021; Dos Santos et al. 2023).

Due to anthropogenic impacts, such as land use and application of chemical pollutants,
aquatic environments have become increasingly eutrophic and acidic (Leduc et al. 2013, O'Dea
et al. 2017, Bao et al. 2022, Spyra et al. 2023). Our results showed that in extreme conditions,
such as in treatments MV and V, in which the oxygen concentration reached close to 0 mg/L
and conductivity presented extreme values close to 500 puS/cm, the diversity indices had lower
values. Contrary to our results, several studies have shown that aquatic environments with a pH

ranging between 6.5 and 8.0 had a greater diversity of species and functional richness (Cremona
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etal., 2020; Fu et al., 2021; Ross & Arnot, 2021; Dos Santos et al., 2023). In addition, extreme
pH values, above or below the aforementioned, reduce the grazing capacity of zooplankton,
causing mortality of organisms and a decrease in diversity (Bell et a., 2019; Ross & Arnot,
2021; Pilotto et al., 2022). However, in the initial experimental conditions (day 0), where we
had the highest richness and diversity, MV and V treatments had acidic pH values of 6.65 and
5.57 (Fig. 1 and Table 1). Our results are related to the initial experimental conditions, since
after the application of pesticides and vinasse, there was a drastic reduction in these indices and
temporal pH oscillations throughout the experiment (Table 1). In addition, temporal pH
fluctuations are associated with a reduction in zooplankton species richness (Shurin et al.,
2010).

In aquatic environments, high concentrations of conductivity may reflect environments
with a high degree of degradability. In treatment V (vinasse only), electrical conductivity was
the only structuring variable for all indices. The highest index values were found at electrical
conductivity values below 100 puS cm™. Some studies have shown a positive relationship
between electrical conductivity and functional diversity indices (Duré et al., 2019; Florez-
Mendes et al., 2024). In aquatic environments embedded in pasture landscapes, electrical
conductivity concentrations below 100 uS cm™ are positively associated with FRic and FDis
(Florez-Mendes et al., 2024). In addition, electrical conductivity can indicate the amount of ions
available in the water; the greater the amount of ions, the higher the electrical conductivity. The
high amount of ions in the environment can cause marked physiological stress in the species of
the zooplankton community, resulting in species loss (Pehar et al., 2013, Gao et al. 2022).

9.5 Conclusion

This study provides new information and a better understanding of the effects of
pesticides and vinasse on aquatic communities, in this case the zooplankton community. Our
results showed that the application of fipronil and vinasse, alone or in a mixture, reduced species
richness, Shannon diversity, functional richness and functional dispersion. The toxic effects of
fipronil caused mortality of several species, reducing the diversity of traits in the mesocosms,
resulting in loss of ecosystem functions. On the other hand, the application of vinasse causes
changes in water parameters due to the characteristics of the physical and chemical composition

of vinasse. Due to the high electrical conductivities and the quantity of organic matter, the
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application of vinasse caused an increase in the decomposition rates and, consequently, a

reduction of dissolved oxygen to close to 0 mg/L.

The structuring water parameters for each treatment did not have a unique structuring
variable. In the control treatment, temperature and chlorophyll a were the main zooplankton
structuring variables. In the 2,4-D treatment, turbidity and pH were the most important
structuring variables. Chlorophyll a was the most important structuring variable in treatment F,
as it was present in all indices. In treatment M (fipronil and 2,4-D), pH, dissolved oxygen and
chlorophyll a were the main structuring variables. Meanwhile, pH was the structuring variable
in treatment MV and electrical conductivity in treatment V. The applications of these
compounds affect the water parameters differently, and consequently the water parameters
influencing the zooplankton community will be different, as our results have shown. Finally,
the results of these experiments warn of the dangers for aquatic communities of using vinasse

as a fertilizer for sugarcane crops.
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Table S1 - List of the species and the functional traits of the zooplankton community that were found in the experiment.

Species Name

Anuraeopsis fissa Gosse, 1851

Argyrodiaptomus furcatus (Sars G.O., 1901)

Bdelloidea sp

Cephalodella forficula (Ehrenberg, 1830)
Cephalodella gibba (Ehrenberg, 1830)
Ceriodaphnia cornuta Sars, 1885
Chydorus eurynotus Sars, 1901

Colurella tesselata (Glascott, 1893)

Conochilus unicornis Rousselet, 1892

Diaphanosoma spinulosum Herbst, 1975

Euchlanis sp

Hexarthra intermedia (Wiszniewski, 1929)
Ilyocryptus spinifer Herrick, 1882
Keratella cochlearis (Gosse, 1851)
Keratella tropica (Apstein, 1907)

Lecane arcuata (Bryce, 1891)

Body Size

Small®
Larger®
Small®
Small®
Small®
Larger®
8

Medium

Small®
Small®

Medium?®
Small®
Small®

Medium
Small®
Small®
Small®

8

Feeding Type
Filtrador-R®
Filtrador-Cop?®
Filtrador-R®
Raptorial-R®
Raptorial-R®
D-Type’®
C-Type”®
Filtrador-R>®

Filtrador-R®

S-Type’®
Filtrador-R®
Filtrador-R®

I-Type’
Filtrador-R®
Filtrador-R®
Filtrador-R®

Habitat
Limnetic®
Limnetic®

Littoral®

Littoral®

Littoral®
Limnetic®

Littoral®

Littoral-Limnetic®

Limnetic®

Limnetic®
Littoral®
Littoral-Limnetic®
Littoral”®
Limnetic®
Limnetic®
Littoral®

Trophic group
Herbivore®
Omnivore-Herbivore?
Omnivore®
Omnivore®
Omnivore®
Herbivore®
Herbivore-Detritivore”?

Herbivore®
Herbivore®

Herbivore®
Herbivore®
Herbivore®
Herbivore-Detritivore’8
Herbivore-Detritivore®?
Herbivore®

Herbivore®



Lecane arcula Harring, 1914

Lecane broaensis Segers & Dumont, 1995
Lecane bulla (Gosse, 1851)

Lecane cornuta (Mduller, 1786)

Lecane hamata (Stokes, 1896)

Lecane hornemanni (Ehrenberg, 1834)
Lecane lunaris (Ehrenberg, 1832)

Lecane monostyla (Daday, 1897)

Lecane pyriformis (Daday, 1905)

Lecane ruttneri Hauer, 1938

Lecane signifera (Jennings, 1896)
Lecane stenroosi (Meissner, 1908)
Lepadella costatoides Segers, 1992
Lepadella patella (Muller, 1773)
Lepadella triba Myers, 1934

Macrothrix elegans Sars, 1901
Mesocyclops longisetus (Thiébaud, 1912)
Microcyclops alius Kiefer, 1935
Microcyclops finitimus Dussart, 1984

Small®
Small®
Small®
Small®
Small>8
Small>8
Small>8
Small>8
Small>8
Small®>8
Small®>8
Small>8
Small>®
Small®>8
Small®>8
Medium?®
Larger®
Medium?

Larger®

Filtrador-R®
Filtrador-R®
Filtrador-R®
Filtrador-R®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
Filtrador-R>®
C-Type"®

Raptorial-Cop®
Raptorial-Cop?
Raptorial-Cop®

Littoral®
Littoral®

Littoral!

Littoral-Limnetic!

Littoral®
Littoral®
Littoral®
Littoral®
Littoral®
Littoral®
Littoral®
Littoral®
Littoral®
Littoral®
Littoral®
Littoral”®
Littoral®
Littoral*
Littoral®

Herbivore®
Herbivore®
Herbivore®
Herbivore®
Herbivore®®
Herbivore®®
Herbivore®®
Herbivore®®
Herbivore®®
Herbivore®®
Herbivore®®
Herbivore®®
Herbivore®?®
Herbivore®®

Herbivore®8

Herbivore-Detritivore”8
Omnivore-Carnivore®
Omnivore-Herbivore®

Omnivore-Herbivore®
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Moina minuta Hansen, 1899 Medium® D-Type’#® Limnetic® Herbivore’8
Mytilina ventralis (Ehrenberg, 1830) Small® Filtrador-R® Littoral® Herbivore®
Notodiaptomus iheringi (Wright S., 1935) Larger®  Filtrador-Cop?® Limnetic® Herbivore?
Notomnata sp. Small Raptorial-R Littoral Herbivore
Ovalona glabra (Sars, 1901) Medium® C-Type”® Littoral”® Herbivore-Detritivore”?
Scaridium sp. Small® Raptorial-R® Littoral® Herbivore®
Simocephalus latirostris Stingelin, 1906 Larger® D-Type’ Littoral’ Herbivore’
Squatinella lamellaris (Miiller, 1786) Larger58 Filtrador-R® Limnetic® Herbivore®
Streblocerus pygmaeus Sars, 1901 Larger’ C-Type’ Littoral’ Herbivore-Detritivore’
Synchaeta sp Small® Raptorial-R® Limnetic® Carnivore®
Trichocerca elongata (Gosse, 1886) Small® Raptorial-R® Littoral® Herbivore®
Trichocerca pusilla (Jennings, 1903) Small® Raptorial-R®  Littoral-Limnetict Herbivore®
Trichotria tetractis (Ehrenberg, 1830) Small® Filtrador-R® Littoral® Herbivore®
Tropocyclops prasinus (Fischer, 1860) Medium?  Raptorial-Cop?8 Littoral® Omnivore-Herbivore?
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Table S2 - Parameters used to select the best linear mixed models (GLMM) for taxonomic and functional diversity indices. Model combinations were
based on the analysis of the full model (including all water variables). Collinearity between water variables was checked. The water variables that were
collinear were removed from the full model. Subsequently, the variables that showed an influence (P value) on the indices were combined with each
other. Then, each variable was analyzed individually. To select the best models, only homoscedastic and linear models (Dharma function), models with
significant variables and the lowest AICC value were considered. temp = temperature; do = dissolved oxygen; turbidity; cond = electrical conductivity;
cla = chlorophyll a; tn = total nitrogen and tp = total phosphorus.

Species Richness - Treatment C
R2 .
Formula AIC Conditional Estimate P
Intercept: 2.71 Intercept: 1.53E-07
temp: 0.004 temp: 0.85
ph: -0.005 ph: 0.90
richness do: 0.006 do: 0.82
i ~ : .
temp+ph+do+turb+cond-+cla+tn-+tp 203.2 0.113 turb: 0.16 turb: 0.22
cond: -0.26 cond: 0.77
cla: -0.09 cla: 0.005
tn: 0.32 tn: 0.18
tp: 0.01 tp: 0.79
. Intercept: 2.66 Intercept: <2E-16
h ~ 201.7 071
richness ~ temp 0 00 temp: -0.0009 temp: 0.979
. Intercept: 2.67 Intercept: <2E-16
h ~ph 200.3 0.066
richness =p ph: -0.04 oh: 0.226
. Intercept: 2.66 Intercept: <2E-16
h ~ 201.7 072
richness ~ do 0 0.0 do: -0.0008 do: 0.97
richness ~turb 199.8 0.076 Intercept: 2.74 Intercept: <2E-16




turb: 0.17 turb: 0.16
. Intercept: 2.41 Intercept: 7.86E-10
h ~ 201. v
richness ~ cond 013 0.700 cond: -0.43 cond: 0.50
. Intercept: 2.63 Intercept: <2E-16
richness ~ cla 194.8 0.107 cla -0.07 cla: 0.007
. Intercept: 2.74 Intercept: <2E-16
richness ~ tn 201.2 0.073 0,15 i 0.50
. Intercept: 2.70 Intercept: <2E-16
richness ~ t 200.3 0.075
' P tp: 0.07 tp: 0.23
Species Richness - Treatment D
. R? .
Férmula AIC Condictional Estimate P
Intercept: 2.71 Intercept: 9.64E-08
temp: -0.01 temp: 0.72
ph: 0.08 ph: 0.40
ih do: 0.08 do: 0.06
richness ~ ._ .
temp-+ph-+do-+turb+cond-+cla+tn+p 133.8 0.066 turb: -0.43 turb: 0.03
cond: 0.37 cond: 0.64
cla: -0.06 cla: 0.18
tn: -0.08 tn: 0.84
tp: 0.19 tp: 0.52
. Intercept: 2.63 Intercept: <2E-16
richness ~ temp 133.5 0.020 temp: 0,04 temp: 0.27
richness ~ ph 134.1 0.008 Intercept: 2.64 Intercept: <2E-16
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ph: 0.06 ph: 0.34
. Intercept: 2.64 Intercept: <2E-16
richness ~ do 132.6 0.008
! do: 0.06 do: 0.11
. Intercept: 2.44 Intercept: <2E-16
richness ~turb 127.7 0.080 turb: -0.48 turb- 0.004
. Intercept: 2.46 Intercept: 2.18E-15
richness ~ cond 134.6 0.007 cond: -0.32 cond: 0.54
. Intercept: 2.63 Intercept: <2E-16
h ~cl 131. 021
riehness ~cla 191 00 cla: -0.08 cla: 0.08
. Intercept: 2.40 Intercept: <2E-16
richness ~ tn 132.9 0.022 057 013
. Intercept: 2.53 Intercept: <2E-16
richness ~ t 134.4 0.007
! P tp: -0.25 tp: 0.45
Species Richness - Treatment F
, R2 ,
Férmula AIC Condictional Estimate P
Intercept: -0.75 Intercept: 0.55
temp: 0.32 temp: 0.002
ph: -0.25 ph: 0.20
richness ~ do: 0.15 do: 0.11
temp+ph+do+turb+cond+clattnitp | 1100 0.404 turb: -0.50 turb: 0.27
cond: -3.95 cond: 0.01
cla: -0.87 cla: 5.48E-05
tn: 0.21 tn: 0.87
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tp: 1.10 tp: 0.16
Intercept: -2.80 | Intercept: 3.62E-05
. temp: 0.40 temp: 2.94E-05
~ + + ) )
richness ~ temp+cond+cla 111.6 0.463 cond- -6.60 cond- 1.82E-09
cla: -097 cla: 1.79E-09
Intercept: -3.05 Intercept: 0.004
richness ~ temp+cond 137.0 0.275 temp: 0.32 temp: 0.02
cond: -7.70 cond: 6.79E-06
Intercept: 1.09 Intercept: 2.64E-10
richness ~ temp+cla 131.0 0.390 temp: 0.34 temp: 0.01
cla: -1.20 cla: 5.39E-07
Intercept: -2.41 Intercept: 0.006
richness ~ cond+cla 124.2 0.446 cond: -6.12 cond: 2.35E-05
cla: -0.91 cla: 7.41E-06
. Intercept: 1.59 Intercept: <2E-16
h ~ 150. .032
richness ~ temp 503 0.03 temp: 0.18 temp: 0.33
. Intercept: 1.63 Intercept: <2E-16
h ~ph 134.9 0.272
richness =p ph: -0.84 ph: 3.49E-06
. Intercept: 1.65 Intercept: <2E-16
h ~ 151.1 .001
richness ~ do > 0.00 do: -0.04 do: 0.81
. Intercept: 1.16 Intercept: 0.008
richness ~turb 148.9 0.050 wurb: -1.18 wrb: 0.12
. Intercept: -2.42 Intercept: 0.02
richness ~ cond 139.6 0.222 cond: -6.74 cond: 0.0001
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. Intercept: 1.20 Intercept: 4.45E-12
richness ~ cla 134.6 0.348 cla- -1.09 cla- 1.92E-05
. Intercept: -1.07 Intercept: 0.17
richness ~ tn 139.9 0.245 - -5 68 - 0.0003
. Intercept: 2.17 Intercept: 0.009
richness ~ t 150.7 0.011
I P tp: 1.06 tp: 0.51
Species Richness - Treatment M
. R? .
Formula AIC Condictional Estimate P
Intercept: 0.37 Intercept: 0.69
temp: -0.21 temp: 0.18
ph: -0.68 ph: 0.01
ih do: 0.05 do: 0.75
richness ~ : :
temp-+ph-+do-+turb+cond-+cla+tn+p 130.9 0.877 turb: 0.59 turb: 0.09
cond: -3.95 cond: 0.02
cla: 0.02 cla: 0.91
tn: 0.60 tn: 0.28
tp: 0.67 tp: 0.13
Intercept: 1.71 | Intercept: 1.26E-11
richness ~ ph+do 139.4 0.497 ph: -1.08 ph: 3.56E-10
do: 0.34 do: 0.007
. Intercept: 1.31 Intercept: 0.0004
richness ~ temp 127.8 0.814 temp: 0.03 temp: 0.87
richness ~ ph 127.8 0.803 Intercept: 1.32 Intercept: 0.0003

271



ph: -0.01 ph: 0.94
. Intercept: 1.30 Intercept: 0.0003
h ~ 133. .
richness ~ do 33.9 0.803 40- 0.10 do- 0.55
. Intercept: 1.44 Intercept: 0.0002
richness ~turb 1335 0.812 wrb: 0.30 wurb: 0.38
. Intercept: -2.63 Intercept: 8.8E-06
richness ~ cond 134.4 0.507 cond: -8.05 cond: <2E-16
. Intercept: 1.21 Intercept: 0.0002
h ~cl 126.2 741
richness ~cla ° 0 cla: -0.33 cla; 0.24
. Intercept: 1.54 Intercept: 0.0004
richness ~ tn 126.9 0.816 - 0.46 - 0.35
. Intercept: 1.63 Intercept: 0.0001
h ~1 125.8 0.822
rIchness =i tp: 0.58 tp: 0.15
Species Richness - Treatment MV
, R? .
Férmula AIC Condictional Estimate P
Intercept: 1.28 Intercept: 2.62E-08
temp: 0.74 temp: 0.0009
ph: -0.74 ph: 0.003
richness ~ do: -0.02 do:0.87
temp+ph+doturb+condclastnitp | 1O* 0608 turb: -0.07 turb: 0.75
cond: -0.44 cond: 0.04
cla: -0.15 cla: 0.27
tn: -0.03 tn: 0.85
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tp: -0.07 tp: 0.59
Intercept: 1.26 Intercept: 9.34E-14
. temp: 0.69 temp: 0.0002
h ~ temp+ph+cond 98.5 0.611
richness = femprphreon ph: -0.72 ph: 7.30E-11
cond: -0.49 cond: 8.34E-05
Intercept: 0.88 | Intercept: 1.08E-05
richness ~ temp+ph 108.0 0.628 temp: 1.20 temp: 2.73E-08
ph: -0.77 ph: 8.59E-09
Intercept: 1.93 Intercept: 1.21E-15
richness ~ temp+cond 126.7 0.293 temp: 0.24 temp: 0.37
cond: -0.60 cond: 0.004
Intercept: 1.50 Intercept: 2.33E-16
richness ~ ph+cond 109.1 0.600 ph: -0.59 ph: 3.79E-06
cond: -0.83 cond: 5.08E-12
. Intercept: 1.48 Intercept: 9.59E-10
h ~1 131.3 0.295
rIChNess = temp temp: 0.71 temp: 0.01
. Intercept: 0.81 Intercept: 0.001
h ~ph 128.0 0.431
richness =p ph: -0.58 ph: 0.001
. Intercept: 1.41 Intercept: 2.02E-09
h ~d 134.8 0.192
riehness = co do: 0.38 do: 0.09
. Intercept: 1.31 Intercept: 2.13E-07
richness ~turb 137.9 0.0001 turb: 0.008 wrb- 0.94
richness ~ cond 1255 0.294 Intercept: 1.97 Intercept: 5.14E-18

cond: -0.72

cond: 4.99E-05
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. Intercept: 1.44 Intercept: 6.56E-09
richness ~ cla 136.5 0.037 cla 017 cla- 0.23
. Intercept: 1.60 Intercept: 6.51E-10
richness ~ tn 132.4 0.220 043 T 0.0
. Intercept: 1.74 Intercept: 1.06E-10
richness ~ t 130.9 0.218
' P tp: -0.43 tp:0.005
Species Richness - Treatment V
. R? .
Férmula AIC Condictional Estimate P
Intercept: 2.16 Intercept: <2E-16
temp: -0.14 temp: 0.61
ph: -0.01 ph: 0.92
ih do: -0.21 do: 0.28
richness ~ : :
temp-+ph-+do-+turb+cond-+cla+tn+p 114.8 0.482 turb: 0.08 turb: 0.66
cond: -1.71 cond: 0.0008
cla: 0.19 cla: 0.15
tn: 0.22 tn: 0.38
tp: 0.42 tp: 0.28
Intercept: 2.08 Intercept: <2E-16
richness ~ temp+tn 125.0 0.344 temp: 0.44 temp: 0.01
tn: -0.61 tn: 5.01E-06
. Intercept: 1.51 Intercept: 9.03E-10
h ~ 138.4 102
richness ~ temp 38 0.10 temp: 0.38 temp: 0.17
richness ~ ph 140.0 0.008 Intercept: 1.34 Intercept: 6.92E-10
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ph: -0.05 ph: 0.65
. Intercept: 1.80 Intercept: <2E-16
richness ~ do 131.2 0.168
! do: 0.77 do: 0.0004
. Intercept: 1.41 Intercept: 9.86E-09
richness ~turb 140.1 0.004 urb: -0.05 wurb: 0.69
. Intercept: 2.15 Intercept: <2E-16
richness ~ cond 116.4 0.320 cond: -0.77 cond- 162E-12
. Intercept: 1.40 Intercept: 2.2E-09
h ~cl 140. :
richness = cia 00 0.005 cla: -0.06 cla: 0.67
. Intercept: 1.90 Intercept: <2E-16
richness ~ tn 127.8 0.407 20,63 - 0.0001
. Intercept: 1.71 Intercept: 3.55E-12
richness ~ t 135.4 0.130
' P tp: -0.42 tp: 0.01
Shannon-Wiener Diversity - Treatment C
, R2 ,
Férmula AIC Condictional Estimate P
Intercept: -0.50 Intercept: 0.60
temp: 0.08 temp: 0.05
ph: 0.0009 ph: 0.99
shannon ~ do: -0.04 do: 0.43
temp+ph+do+turb+cond+clattnstp | S0t 0673 turb: -0.13 turb: 0.65
cond: -4.00 cond: 0.02
cla: -0.01 cla: 0.83
tn: 0.43 tn: 0.42
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tp: -0.06 tp: 0.66
Intercept: -0.26 Intercept: 0.69
shannon ~ temp+cond 28.1 0.662 temp: 0.09 temp: 0.05
cond: -3.38 cond: 0.001
Intercept: 1.76 Intercept: <2E-16
h ~ 1.1 .64
shannon = temp 3 0643 temp: 0.11 temp: 0.14
Intercept: 1.79 Intercept: <2E-16
h ~ ph 33.1 0.647
shannon=p ph: 0.01 ph: 0.90
Intercept: 1.79 Intercept: <2E-16
h ~ . .641
shannon ~ do 3301 06 do: 0.01 do: 0.83
Intercept: 1.69 Intercept: <2E-16
shannon ~turb 315 0.618 wrb: -0.37 wrb: 021
Intercept: -0.12 Intercept: 0.87
shannon ~ cond 29.2 0.654 cond: -3.19 cond: 0.01
Intercept: 1.79 Intercept: <2E-16
h ~cl 1 .64
shannon = cia 33 0.640 cla: -0.001 cla: 0.98
Intercept: 1.83 Intercept: 8.36E-11
shannon ~ tn 33.1 0.640 - 0.06 - 0.89
Intercept: 1.77 Intercept: <2E-16
shannon ~ t 33.0 0.647
P tp: -0.04 tp: 0.76
Shannon-Wiener Diversity - Treatment D
, R2 .
Formula AIC Condictional Estimate P
55 0.477 Intercept: 2.43 Intercept: 0.0004
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temp: 0.07 temp: 0.09
ph: 0.012 ph: 0.92
do: -0.03 do: 0.53
shannon ~ turb: 0.53 turb: 0.02
temp+ph+do+turb+cond+cla+tn+tp cond: 1.72 cond: 0.12
cla: -0.13 cla: 0.3
tn: -1.22 tn: 0.3
tp: -0.09 tp: 0.81
Intercept: 1.50 Intercept: 1.78E-09
turb: 0.39 turb: 0.05
shannon ~ turb+cla+tn 4.5 0.265 cla- -0.04 cla- 0.53
tn: -1.14 tn: 0.06
Intercept: 1.93 Intercept: <2E-16
shannon ~ turb+cla 5.7 0.171 turb: 0.26 turb: 0.19
cla: -0.11 cla: 0.04
Intercept: 1.42 | Intercept: 4.01E-11
shannon ~ turb+tn 2.9 0.254 turb: 0.42 turb: 0.03
tn: -1.37 tn: 0.007
Intercept: 1.52 Intercept: 1.17E-08
shannon ~ cla+tn 6.0 0.160 cla: -0.06 cla: 0.34
tn: -0.70 tn: 0.25
Intercept: 1.85 Intercept: <2E-16
shannon ~ temp 8.4 0.005 temp: -0.01 temp: 0.69
shannon ~ ph 8.5 0.002 Intercept: 1.84 Intercept: <2E-16
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ph: 0.02 ph: 0.81
Intercept: 1.84 Intercept: <2E-16
h ~ : .
shannon ~ do 8.3 0.009 do- -0.02 do- 0.62
Intercept: 1.95 Intercept: <2E-16
shannon ~turb 7.3 0.048 wurb: 0.25 urb: 0.25
Intercept: 2.26 Intercept: 3.71E-08
shannon ~ cond 7.6 0.038 cond: 0.72 cond- 0.30
Intercept: 1.82 Intercept: <2E-16
h ~cl : A1
shannon = cia >3 | 0119 cla: -0.10 cla: 0.06
Intercept: 1.39 Intercept: 1.93E-09
shannon ~ tn 4.9 0.131 103 T 0.04
Intercept: 1.99 Intercept: <2E-16
shannon ~ t 8.2 0.016
P tp: 0.31 tp: 0.51
Shannon-Wiener Diversity - Treatment F
, R? .
Férmula AIC Condictional Estimate P
Intercept: 0.64 Intercept: 0.38
temp: 0.14 temp: 0.05
ph: -0.51 ph: 0.002
shannon ~ do: 0.24 do: 0.001
temp+ph+do+turb+condclattnitp | o0 0.740 turb: 0.07 turb: 0.87
cond: -1.32 cond: 0.13
cla: -0.31 cla: 0.04
tn: -0.15 tn: 0.88
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tp: 1.26 tp: 0.10
Intercept: 0.84 Intercept: <2E-16
ph: -0.59 ph: 0.0001
~ ph+cla+ : .
shannon ~ ph+cla+do 30.8 0.663 40- 027 do- 0.001
cla: -0.28 cla: 0.05
Intercept: 0.93 Intercept: <2E-16
shannon ~ ph+do 32.2 0.618 ph: -0.78 ph: 9.8E-11
do: 0.27 do: 0.002
Intercept: 0.93 Intercept: <2E-16
shannon ~ ph+cla 37.6 0.532 ph: -0.38 ph: 0.01
cla: -0.30 cla: 0.08
Intercept: 0.71 Intercept: 2.56E-11
shannon ~ do+cla 40.7 0.472 do: 0.13 do: 0.16
cla: -0.67 cla: 1.51E-06
Intercept: 0.91 Intercept: 6.08E-15
h ~ : .001
shannon = temp 555 0.00 temp: 0.02 temp: 0.82
Intercept: 1.03 Intercept: <2E-16
h ~ ph 38.3 0.480
Sannoen = p ph: -0.58 ph: 9.19E-07
Intercept: 0.94 Intercept: 7.18E-13
h ~ 4 .004
shannon ~ do > 0.00 do: -0.03 do: 0.74
Intercept: 0.84 Intercept: 0.001
shannon ~turb 55.4 0.004 wrb- -0.20 wrb: 0.73
Intercept: -1.12 Intercept: 0.15
shannon ~ cond 49.4 0.209 cond: -3.51 cond: 0.008
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Intercept: 0.79 Intercept: <2E-16
shannon ~ cla 40.6 0.434 cla- -0.60 cla- 7 71E-06
Intercept: -0.68 Intercept: 0.12
shannon ~ tn 44.6 0.342 - 355 - 0.0002
Intercept: 1.40 Intercept: 0.02
h ~1 54.9 0.024
shannon = tp: 0.95 tp: 0.42
Shannon-Wiener Diversity - Treatment M
. R? .
Férmula AIC Condictional Estimate P
Intercept: 1.10 Intercept: 0.08
temp: -0.02 temp: 0.73
ph: -0.83 ph: 8.93E-07
" do: 0.21 do: 0.06
shannon ~ . :
temp-+ph-+do-+turb+cond-+cla+tn+p 35.1 0.938 turb: 0.51 turb: 0.13
cond: -1.65 cond: 0.12
cla: -0.09 cla: 0.52
tn: 0.88 tn: 0.14
tp: 0.44 tp: 0.32
Intercept: 0.93 Intercept: 0.0003
shannon ~ temp 36.7 0.930 temp: 0.21 temp: 0.28
Intercept: 1.10 | Intercept: 8.53E-09
hannon ~ ph 32.5 0.888
> P ph: -0.60 ph: 0.01
Intercept: 0.94 Intercept: 6.24E-05
shannon ~ do 37.0 0.902 do- 0.11 do- 0.35
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Intercept: 0.88 Intercept: 0.007
shannon ~turb 375 0.896 wurb: -0.19 wrb: 053
Intercept: -2.06 Intercept: 9.56E-05
shannon ~ cond 45.0 0.740 cond: -5.96 cond: 7 21E-10
Intercept: 0.88 Intercept: 2.66E-05
h ~cl . .861
shannon = cia 3601 086 cla: -0.22 cla: 0.18
Intercept: 1.34 Intercept: 8.08E-05
shannon ~ tn 35.7 0.908 - 0.80 012
Intercept: 1.19 Intercept: 0.0005
shannon ~ t 37.1 0.895
P tp: 0.42 tp: 0.37
Shannon-Wiener Diversity - Treatment MV
, R2 .
Férmula AIC Condictional Estimate P
Intercept: 0.82 Intercept:
temp: 0.33 temp: 7.65E-05
ph: -0.44 ph: 0.01
h do: -0.02 do: 0.002
shannon ~ - .
temp+ph+do+turb+cond-+clattn-+p 40.4 0.891 turb: -0.10 turb: 0.67
cond: -0.03 cond: 0.38
cla: -0.13 cla: 0.09
tn: 0.05 tn: 0.53
tp: -0.01 tp: 0.89
Intercept: 0.69 Intercept: 6.99E-06
~ + . .
shannon ~ temp+ph 334 0.856 temp: 0,42 temp: 0.003
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ph: -0.33 ph: 0.0004
shannon ~ temp 389 | 0895 'nirrgz’ggfo '”tteerr;epﬁt:o%gm
shannon ~ ph 38.0 0.859 Int(:)rﬁi%f:zé).m Inte:)cr:e:%t.;)g.OOG
| : 0. | : 0.
shannon ~ do 42.0 0.871 ntedr(()::egfog 06 nte;(;e:p;jOlOOG
Int t: 0.56 Int t: 0.02
shannon ~turb 41.4 0.866 n t(:rcl;)e:po_os n &rrcbe:po.gg
| 0.7 | : 0.004
shannon ~ cond 41.6 0.857 n;z:](;e:p_toz 3 > nts;zetozgo
Intercept: 0.79 Intercept: 0.001
shannon ~ cla 37.7 0.907 ol P0.16 cla:p0.02
Int t: 0.66 Int t: 0.01
shannon ~ tn 42.2 0.870 n i:::e_%.m n etrnczegsg
shannon ~ tp 41.2 0.867 Inti;(::e_%t.:ogii% Intez:t:epg.:gog.om
Shannon-Wiener Diversity - Treatment V
Formula AIC Con diFi;ztionaI Estimate P
Intercept: 1.56 Intercept: <2E-16
temp+ph+doil?[3rr]tr)]ggo;1d+cIa+tn+tp 46.3 0.760 tzr::p-:o(?.l?())l tepmh:p:of)éﬁe‘)
do: 0.24 do: 0.28
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turb: 0.18 turb: 0.26
cond: -0.36 cond: 0.22
cla: 0.05 cla: 0.58
tn: -0.08 tn: 0.55
tp: -0.16 tp: 0.44
Intercept: 1.36 Intercept: <2.15E-15
temp: 0.44 temp: 0.002
shannon ~ temp+tn+tp 56.0 0.443 - -0.39 - 0.0001
tp: 0.01 tp: 0.93
Intercept: 1.37 Intercept: 2.92E-13
shannon ~ temp+tn 52.0 0.443 temp: 0.44 temp: 0.001
tn: -0.39 tn: 1.51E-05
Intercept: 0.98 Intercept: 2.03E-06
shannon ~ temp+tp 63.7 0.132 temp: 0.13 temp: 0.38
tp: -0.24 tp: 0.10
Intercept: 1.09 Intercept: 3.73E-08
shannon ~ tn+tp 59.8 0.252 tn: -0.22 tn: 0.02
tp: -0.14 tp: 0.32
Intercept: 0.74 Intercept: 1.89E-06
shannon ~ temp 64.3 0.043 temp: 0.17 temp: 0.27
Intercept: 0.63 Intercept: 3.4E-06
shannon ~ ph 65.6 0.066 oh: -0.12 oh: 0.17
Intercept: 1.29 Intercept: 5.44E-13
shannon ~ do 51.0 0.423 do- 0.81 do: 1.25E-05
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shannon ~turb

65.3

0.006

Intercept: 0.62

Intercept: 0.0002

turb: 0.04 turb: 0.68
Intercept: 1.54 Intercept: <2E-16
shannon ~ cond 44.3 0.551 cond: -0.62 cond- 156E-08
Intercept: 0.65 Intercept: 3.78E-05
h ~cl A4 :
shannon ~ cla 65 0.0006 cla: 0.01 cla 0.9
Intercept: 0.99 Intercept: 8.02E-09
shannon ~ tn 58.8 0.224 026 - 0.006
Intercept: 0.93 Intercept: 3.92E-06
shannon ~ t 62.5 0.107
P tp: -0.26 tp: 0.07
Functional Richness (FRic) - Treatment C
, R2 .
Férmula AIC Condictional Estimate P
Intercept: 0.55 Intercept: 0.75
temp: 0.07 temp: 0.39
ph: -0.22 ph: 0.22
i do: 0.11 do: 0.36
ric ~ . .
temp+ph+do+turb+cond-+clattn-+p -72.2 0.029 turb: 0.34 turb: 0.52
cond: 2.81 cond: 0.36
cla: -0.01 cla: 0.87
tn: -0.11 tn: 0.91
tp: 0.24 tp: 0.34
. Intercept: -1.33 Intercept: <2E-06
fric ~ t -80.5 0.003
ric = temp temp: 0.02 temp: 0.80
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fric ~ ph

-81.4

0.005

Intercept: -1.32

Intercept: <2E-06

ph: -0.12 ph: 0.33
. Intercept: -13.5 Intercept: <2E-06
fric ~ do 81.2 0.005 do- 0.08 do- 0.37
. Intercept: -1.05 Intercept: 5.55E-08
fric ~turb 826 0013 turb: 0.60 turb: 0.12
. Intercept: -1.08 Intercept: 0.26
fric ~ cond 80.5 0.0004 cond- 041 cond: 0.79
. Intercept: -1.31 Intercept: <2E-06
fric ~ cla -80.6 0.0006 cla: 0.03 cla: 0.74
. Intercept: -1.18 Intercept: 0.01
fric ~ tn 80.6 0.0007 - 0.30 073
. Intercept: -1.21 Intercept: <2E-06
fric~tp -81.3 0.004 p: 0.22 p: 0.32
Functional Richness (FRic) - Treatment D
. R2 .
Férmula AlC Condictional Estimate P
Intercept: -1.63 Intercept: 0.30
temp: 0.02 temp: 0.77
fri ph: 0.47 ph: 0.10
ric ~ X )
temp+ph+do+turb+cond-+cla+tn-+tp -46.0 0.117 do: 0.25 do: 0.04
turb: -0.85 turb: 0.011
cond: 0.21 cond: 0.93
cla: 0.05 cla: 0.73
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tn: -0.87 tn: 0.50
tp: 0.71 tp: 0.42
. Intercept: -1.35 Intercept: <2E-16
fric ~ temp 53.4 0.059 temp: 0.22 temp: 0.01
. Intercept: -1.33 Intercept: <2E-16
fric ~ ph -54.7 0.079
1c=p ph: 0.50 ph: 0.008
. Intercept: -1.29 Intercept: <2E-16
fric ~ do 46.0 0.020 do- 0.16 do- 0.14
. Intercept: -1.71 Intercept: 5.81E-14
fric ~ -52.4 .052
ric ~turb > 0.05 turb: -0.97 turb: 0.03
. Intercept: -0.91 Intercept: 0.32
fric ~ cond 44.2 0.001 cond: 0.64 cond: 0.69
. Intercept: -1.28 Intercept: <2E-16
fric ~ cla -44.0 0.0001 cla: 0.01 cla: 0.92
. Intercept: -1.22 Intercept: 0.02
fric ~ -44, .0001
ric-n 0| 0000 tn: 0.13 tn: 0.90
. Intercept: -1.35 Intercept: 0.005
fric~t -44.0 0.0002
ne=tp tp: -0.13 tp: 0.88
Functional Richness (FRic) - Treatment F
. R2 .
Férmula AIC Condictional Estimate P
fric Intercept: -1.99 Intercept: 0.62
ic ~ : .
temp+ph+do+turb+cond+cla+tn+tp 7155 0.801 temp: 0.13 temp: 0.56
ph: -1.36 ph: 0.004
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do: 1.52 do: 5.5E-07
turb: -3.74 turb: 0.0007
cond: -1.45 cond: 0.79
cla: -3.00 cla: 0.0001
tn: 9.44 tn: 0.01
tp: 4.68 tp: 0.007
Intercept: -4.03 Intercept: 3.81E-05
do: 0.95 do: 1.75E-08
fric ~ do+turb+cla+tp -71.4 0.740 turb: -4.50 turb: 1.53E-08
cla: -2.52 cla: 4.09E-08
tp: 6.63 tp: 0.0001
Intercept: -6.16 Intercept: 8.06E-10
. do: 0.78 do: 6.99E-05
fric ~ do+turb+cla -60.2 0.698 wurb- 2.64 Wrb- 0.03
cla: -2.36 cla: 5.08E-05
Intercept: -1.61 Intercept: 0.11
. do: 0.14 do: 0.43
fric ~ do+turb+tp -42.7 0.173 b 2.06 b 0.20
tp: 4.95 tp: 0.08
Intercept: -3.39 Intercept: 0.0004
. do: 0.62 do: 0.0009
fric ~ do+cla+tp -57.6 0.563 cla: -1.80 cla: 0.0002
tp: 2.32 tp: 0.20
fric ~ turb+cla+tp -53.8 0.544 Intercept: -2.54 Intercept: 0.0004
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turb: -3.67 turb: 0.01
cla: -1.39 cla: 0.002
tp: 6.12 tp: 0.01
Intercept: +3.18 Intercept: 9.88E-08
fric ~ do+turb -41.7 0.012 do: 0.11 do: 0.52
turb: -0.001 turb: 0.99
Intercept: -4.49 Intercept: <2E-16
fric ~ do+cla -58.0 0.562 do: 0.57 do: 0.001
cla: -1.81 cla: 0.003
Intercept: -2.07 Intercept: 0.03
fric ~ do+tp -43.2 0.059 do: 0.14 do: 0.44
tp: 2.35 tp: 0.22
Intercept: -4.06 Intercept: 1.28E-09
fric ~ turb+cla -50.1 0.398 turb: -0.68 turb: 0.51
cla: -1.22 cla: 0.008
Intercept: -1.63 Intercept: 0.10
fric ~ turb+tp -44.1 0.165 turb: -2.08 turb: 0.20
tp: 4.78 tp: 0.09
Intercept: -2.98 Intercept: 0.0014
fric ~ cla+tp -50.6 0.371 cla: -1.12 cla: 0.01
tp: 1.58 tp: 0.33
. Intercept: -3.13 Intercept: 6.92E-14
fric ~ temp -43.6 0.010 temp: 0.10 temp: 0.61
fric ~ ph -48.8 0.232 Intercept: -3.19 Intercept: <2E-16
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ph: -0.75 ph: 0.02
. Intercept: -3.18 Intercept: 1.1E-13
fric ~ -43.7 012
ric~do 3 0.0 do: 0.11 do: 0.52
. Intercept: -3.11 Intercept: 9.26E-08
fric ~turb 43.3 2.14-e06 urb: 0.007 wurb 0.99
. Intercept: -12.59 | Intercept: 5.11E-06
fric - cond 491 0597 cond: -15.40 cond: 0.0003
. Intercept: -3.76 Intercept: 1.82E-15
fric ~ cl -51.7 37
rie-ca > 0-376 cla: -1.16 cla: 0.01
. Intercept: -4.89 Intercept: 6.24E-06
fric ~ tn 46.7 0.116 - -3.62 T 0.07
. Intercept: -2.11 Intercept: 0.02
fric~t -44.6 0.041
=t tp: 2.09 tp: 0.25
Functional Richness (FRic) - Treatment M
, R? .
Formula AIC Condictional Estimate P
Intercept: -4.82 Intercept: 0.07
temp: 0.51 temp: 0.12
ph: -0.17 ph: 0.81
fric ~ do: 0.66 do: 0.05
temp+ph+do+turb+condclattnttp | 2 0.738 turb: -0.33 turb: 0.78
cond: -0.94 cond: 0.83
cla: -2.62 cla: 0.02
tn: 2.69 tn: 0.30
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tp: -1.40 tp: 0.34
Intercept: -4.28 | Intercept: 2.12E-12
fric ~ do+cla -37.3 0.628 do: 0.90 do: 0.001
cla: -2.27 cla: 0.0002
. Intercept: -2.35 Intercept: 8.4E-10
fric ~ t -21.1 0.015
ric = femp temp: 0.12 temp: 0.54
. Intercept: -2.40 Intercept: 2.92E-12
fric ~ ph -27.3 0.313
fe=p ph: -1.02 oh: 0.01
. Intercept: -2.47 Intercept: 1.9E-11
fric ~ -23. 1
ric~do 35| 0136 do: 0.47 do: 0.08
. Intercept: -2.55 Intercept: 1.65E-05
fric ~turb 21.0 0.014 turb: -0.55 turb: 0.60
. Intercept: -6.65 Intercept: 2.03E-05
fric ~ cond 305 0418 cond: -7.53 cond: 0.003
. Intercept: -3.49 Intercept: 1.95E-09
fric ~ cl -30.4 51
rie-ca 30 0515 cla: -1.76 cla: 0.006
. Intercept: -1.34 Intercept: 0.16
fric ~tn 21.9 0.045 217 - 0.28
. Intercept: -2.30 Intercept: 0.006
fric~t -20.8 | 1.16E-05
c=p tp: 0.02 tp: 0.98
Functional Richness (FRic) - Treatment MV
, R2 .
Formula AIC Condictional Estimate P
-68.9 0.802 Intercept: -3.04 Intercept: <2E-16
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temp: 0.68 temp: 0.005
ph: -0.57 ph: 0.09
do: 0.19 do: 0.53
fric ~ turb: 0.30 turb: 0.41
temp+ph+do+turb+cond+cla+tn+tp cond: -1.50 cond: 6.2E-07
cla: -0.14 cla: 0.49
tn: -0.26 tn: 0.33
tp: 0.17 tp: 0.33
. Intercept: -2.58 Intercept: 1.56E-09
fric ~t -33.6 0.120
ric = femp temp: 0.40 temp: 0.11
. Intercept: -3.14 | Intercept: 4.88E-12
fric ~ ph 38.2 0.280 oh: -0.41 oh: 0.01
. Intercept: -2.41 Intercept: 4.75E-12
fric ~do -33.2 0.454 do: 0.71 do: 0.38
. Intercept: -2.92 Intercept: 8.31E-09
fric ~ -32.2 .04
ric ~turb 3 0.049 turb: 0.16 turb: 0.29
. Intercept: -2.08 Intercept: <2E-16
fric - cond 431 0661 cond: -1.55 cond: 4.17E-16
. Intercept: -2.56 Intercept: 3.15E-08
fric ~ cl -31. .02
rie=cla 31.6 0.028 cla: -0.15 cla: 0.51
. Intercept: -2.44 Intercept: 5.3E-09
fric ~ tn -34.6 0.200 041 - 0.08
. Intercept: -2.23 Intercept: 7.04E-09
fric ~ -36.1 2
ric~1p 36 0.263 tp: -0.48 tp: 0.02

291



Functional Richness (FRic) - Treatment V

. R2 .
Férmula AIC Condictional Estimate P
Intercept: -2.39 Intercept: <2E-16
temp: -1.99 temp: 8.68E-14
ph: 0.21 ph: 0.006
i do: -0.65 do: 1.95E-06
ric ~ . . -
temp-+ph-+do-+turb+cond-+cla+tn+p -53.5 0.867 turb: -1.38 turb: 3.02E-11
cond: -7.70 cond: <2E-16
cla: 1.20 cla: <2E-16
tn: 2.09 tn: 1.20E-15
tp: 4.51 tp: <2E-16
Intercept: -2.38 Intercept: 4.69E-10
fric ~ ph+do -40.7 0.265 ph: -0.15 ph: 0.29
do: 0.99 do: 0.0001
. Intercept: -2.59 Intercept: 6.99E-09
fric ~ temp 335 0.043 temp: 0.24 temp: 0.33
. Intercept: -2.77 Intercept: 7.31E-10
fric ~ ph -33. .051
ric ~p 33.6 0.05 ph: -0.14 ph: 0.29
. Intercept: -2.34 Intercept: 4.26E-10
fric - do 4161 0230 do: 0.99 do: 0.0001
. Intercept: -2.80 Intercept: 1.07E-08
fric ~turb -82.9 0.017 turb: 0.09 turb: 0.55
fric ~ cond -48.4 0.452 Intercept: -2.07 | Intercept: 9.13E-12
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cond: -1.04 cond: 2.75E-06
. Intercept: -2.74 Intercept: 5.86E-09
fric ~ cl -32.7 .01
rie~cla 3 0.010 cla: 0.08 cla: 0.67
. Intercept: -2.37 Intercept: 3.7E-08
fric ~ tn 374 0.269 046 - 0.04
. Intercept: -2.46 Intercept: 9.2E-08
fric ~tp -34.0 0.072 p: -0.30 ip: 0.23
Functional Dispersion (FDis) - Treatment C
. R? .
Formula AIC Condictional Estimate P
Intercept: -1.21 Intercept: 0.35
temp: 0.12 temp: 0.05
ph: -0.06 ph: 0.64
i do: -0.10 do: 0.23
IS~ . .
temp-+ph-+do-+turb+cond-+cla+tn+p -81.8 0.044 turb: -0.31 turb: 0.42
cond: -1.19 cond: 0.60
cla: 0.06 cla: 0.42
tn: 0.78 tn: 0.29
tp: 0.16 tp: 0.37
. Intercept: -0.09 Intercept: <2E-16
fdis ~ temp -87.2 0.030 temp: 0.14 temp: 0.01
. Intercept: -0.86 Intercept: <2E-16
fdis ~ ph -82.1 .0001
dis ~p 8 0.000 ph: -0.01 oh: 0.86
fdis ~ do -84.5 0.008 Intercept: -0.83 Intercept: <2E-16
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do: -0.10 do: 0.11
. Intercept: -1.13 Intercept: 7.92E-12
felis ~turb 853 0012 turb: -0.59 turb: 0.07
. Intercept: -1.13 Intercept: 0.12
fdis ~ cond 82.2 0.0005 cond: -0.44 cond: 0.715
. Intercept: -0.84 Intercept: <2E-16
fdis ~ cla -82.4 0.001 cla: 0.04 cla- 0.53
. Intercept: -0.40 Intercept: 0.22
fdis ~ -83. .
dis~tn 839 0.008 tn: 0.90 tn: 0.16
. Intercept: -0.69 Intercept: 7.4E-10
fdis ~ tp 84.6 0.009 0031 p: 0.09
Functional Dispersion (FDis) - Treatment D
. R2 .
Férmula AlC Condictional Estimate P
Intercept: 1.55 Intercept: 0.10
0.05 temp: 0.37
ph: -0.38 ph: 0.02
dis do: -0.09 do: 0.23
IS ~ . .
temp-+ph-+do-+turb+cond-+cla+tn+p -57.7 0.050 turb: 0.31 turb: 0.33
cond: 2.69 cond: 0.08
cla: -0.02 cla: 0.78
tn: 0.57 tn: 0.45
tp: 0.67 tp: 0.21
fdis ~ ph+cond -62.5 0.050 Intercept: 1.51 Intercept: 0.02
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ph: -0.45 ph: 0.002
cond: 3.82 cond: 0.001
. Intercept: -0.69 Intercept: <2E-16
fdis ~ temp 55.9 0.005 temp: -0.07 temp: 0.21
. Intercept: -0.70 Intercept: <2E-16
fdis ~ ph -55. .
dis~p 55.3 0.003 010 oh: 0.36
. Intercept: -0.70 Intercept: <2E-16
fdis ~ do 57.7 0.012 do- 013 do- 0.06
. Intercept: -0.42 Intercept: 0.0005
fdis ~ -60. .02
dis ~turb 603 00 turb: 0.67 turb: 0.01
. Intercept: 0.01 Intercept: 0.98
fdis ~ cond °6.2 0.007 cond: 1.25 cond: 0.17
. Intercept: -0.69 Intercept: <2E-16
fdis ~ cla -54.9 0.0015 cla: 0.04 cla- 0.53
. Intercept: -0.43 Intercept: 0.16
fdis ~ -55.2 .
dis~tn > 0.003 tn: 0.62 tn: 0.38
. Intercept: -0.07 Intercept: 0.79
fdis ~ tp 59.3 0.018 0 1.33 p: 0.02
Functional Dispersion (FDis) - Treatment F
. R2 .
Férmula AIC Condictional Estimate P
i Intercept: -7.26 Intercept: 0.003
IS ~ . .
temp+ph+do+turb+cond+cla+tn+tp 16 0.565 temp: -0.13 temp: 0.46
ph: -0.61 ph: 0.08
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do: 0.70 do: 0.0002
turb: 1.63 turb: 0.07
cond: -5.67 cond: 0.03
cla: -0.75 cla: 0.07
tn: -0.39 tn: 0.89
tp: -2.69 tp: 0.07
Intercept: -5.06 Intercept: 0.0006
fdis ~ do+cond -39.1 0.178 do:0.40 do:0.03
cond: -4.49 cond: 0.05
. Intercept: -2.12 Intercept: <2E-16
fdis ~ temp 314 0.09 temp: -0.31 temp: 0.10
. Intercept: -2.16 Intercept: <2E-16
fdis ~ ph -39.5 0.197
5P ph: -0.68 ph: 0.03
. Intercept: -2.32 Intercept: <2E-16
fdis ~ do 37.6 0.097 do- 0.33 do- 0.08
. Intercept: -1.55 Intercept: 8.1E-05
fdis ~ -38. .092
dis ~turb 38.0 0.09 turb: 1.63 turb: 0.07
. Intercept: -4.69 Intercept: 0.005
fdis ~ cond 873 0.101 cond: -4.24 cond: 0.12
. Intercept: -2.59 Intercept: <2E-16
fdlis - cla 4491 0326 cla: -1.04 cla: 0.003
. Intercept: -4.39 Intercept: 2.44E-05
fdis ~ -40. A7
dis ~tn 001 0179 tn: -4.65 tn: 0.025
fdis ~ tp -35.0 0.002 Intercept: -1.90 Intercept: 0.03

296



| | | tp:047 tp: 0.77
Functional Dispersion (FDis) - Treatment M
. R? .
Férmula AlC Condictional Estimate P
Intercept: 1.74 Intercept: 0.38
temp: 0.30 temp: 0.18
ph: -1.37 ph: 0.02
dis do: 0.85 do: 0.002
IS ~ : .
temp-+ph-+do-+turb+cond-+cla+tn+p -10.7 0.378 turb: 0.48 turb: 0.65
cond: 7.89 cond: 0.01
cla: -1.15 cla: 0.02
tn: -1.42 tn: 0.46
tp: 1.61 tp: 0.17
. Intercept: -2.00 Intercept: <2E-16
fdis ~ -10.2 .024
dis ~ temp 0 00 temp: 0.15 temp: 0.48
. Intercept: -2.00 Intercept: <2E-16
fdis ~ ph -13.5 0.109
5P ph: -0.53 oh: 0.05
. Intercept: -2.03 Intercept: <2E-16
fdis ~ -9. .
dis ~ do 99 | 0003 do: 0.06 do: 0.74
. Intercept: -2.41 Intercept: 1.11E-08
feis ~turb 110 0.049 turb: -1.05 turb: 0.25
. Intercept: -3.85 Intercept: 0.0009
fdis ~ cond 12,6 0.126 cond: -3.38 cond: 0.09
fdis ~ cla -14.7 0.170 Intercept: -2.44 | Intercept: 4.72E-14
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cla: -0.75 cla: 0.04
. Intercept: -1.84 Intercept: 0.03
fdis ~ tn -9.8 0.001 - 0.37 - 0.82
. Intercept: -1.85 Intercept: 0.01
fdis ~ tp 9.8 0.002 p: 0.31 p: 081
Functional Dispersion (FDis) - Treatment MV
. R2 .
Férmula AIC Condictional Estimate P
Intercept: -1.50 Intercept: 5.2E-07
temp: 0.42 temp: 0.03
ph: -0.26 ph: 0.38
. do: -0.19 do: 0.08
fis ~ 44 | 0446 turb: 0.18 turb: 0.43
temp+ph+do+turb+cond+cla+tn+tp ' ' — ——
cond: -0.69 cond: 4.6E-05
cla: 0.14 cla: 0.23
tn: -0.18 tn: 0.22
tp: 0.14 tp: 0.13
Intercept: -1.66 Intercept: 3.86E-10
fdis ~ hp+cond 4.6 0.428 ph: -0.48 ph: 0.004
cond: -0.44 cond: 0.001
. Intercept: -1.33 Intercept: 8.43E-15
fdis ~ 20.1 .02
dis ~ temp 0 0.025 temp: 0.17 temp: 0.28
. Intercept: -1.97 | Intercept: 1.67E-12
fdis ~ ph 11.0 0.270
5P oh: -0.41 ph: 0.005
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fdis ~ do

21.1

0.003

Intercept: -1.39

Intercept: <2E-16

do: -0.04 do: 0.66
. Intercept: -1.69 Intercept: 1.12E-11
feis ~turb 18.0 0.063 turb: 0.18 turb: 0.07
. Intercept: -1.04 Intercept: 2.49E-08
fdis ~ 15. .
dis ~ cond 56 0.089 cond: -0.34 cond: 0.008
. Intercept: -1.30 Intercept: 7.79E-10
fdis ~ cla 21.0 0.005 ol -0.06 cla- 0.58
. Intercept: -1.26 Intercept: 1.33E-12
fdis ~ tn 19.1 0.047 - -0.18 014
. Intercept: -1.23 Intercept: 1.8E-09
fdis ~ t 20.0 0.027
5= tp: -0.13 tp: 0.24
Functional Dispersion (FDis) - Treatment V
. R2 .
Férmula AlC Condictional Estimate P
Intercept: -1.10 Intercept: 4.66E-06
temp: -0.03 temp: 0.94
ph: -0.23 ph: 0.37
dis do: -0.004 do: 0.99
IS ~ - ;
temp+ph+do+turb+cond+cla+tn+tp 38 0.572 turb: -0.10 turb: 0.80
cond: -1.81 cond: 0.03
cla: 0.21 cla: 0.40
tn: 0.18 tn: 0.65
tp: 0.79 tp: 0.30
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Intercept: -1.31

Intercept: 3.63E-05

fdis ~ cla+do 10.9 0.230 cla: 0.89 cla: 0.001
do: 0.21 do: 0.14
fdis ~ temp 185 | 8.97E-05 '”:;fgf’tjoféf“ '”tetrecr‘;p; ;:g’g“
fdis ~ ph 115 0.242 Intt;rﬁ:e;i)(t):.?:(zs.01 Interc;p]);[:os.)bﬁllGE-lO
. Int t: -1.20 Int t: 0.0001
fdis ~ do 107 | 0.193 e e
. I -1 I : 1.54E-07
fis -trb ten | oo T b o2 |
. Intercept: -0.99 Intercept: 0.0007
fdis ~ cond 6.4 0-307 cond?-0.76 cond:p0.0001
. Int t: -1.75 Int t: 5.76E-08
fdis ~ cla 177 | 0.029 n ecrlcae:pa ” n erc;[;: o
. Intercept: -1.27 Intercept: 1.01E-05
fdis ~ tn 105 | 0204 - Po. 49 tn'? oo
fdis ~ tp 18.4 0.002 Intetrpc:e_pgl:o-sl.SS InterC(teg:t:o.l%ZSE-OS
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Finally, we come to the last chapter of this dissertation. This chapter describes the main
academic activities carried out during the doctorate, including scientific dissemination and
teaching, co-supervision, participation in and organization of scientific events, publications and
awards.

Scientific dissemination

CASTILHO-NOLL, M. S. M.; JARDIM, L. C.; MOLINA, B. F.; SILVA, J. P.S.; DOS
SANTOS, N. G.; SANTOS, L. G.; DE OLIVEIRA, M. A. G.The ecosystem of the Sdo José do
Rio Preto Municipal Reservoir: Expansion Project: Do you know the reservoir? In: Lilian
Casatti. (Extension Project: Do you know the reservoir? led.Curitiba: CRV, 2021, v. , p. 143-
158.

DOS SANTOS, N. G. Come and meet us. Public schools from the cities of North-West
Sao Paulo visit UNESP/IBILCE. 2023

DOS SANTOS, N.G. Technical visit of elementary school students to UNESP/IBILCE

research laboratories. 2023.

DOS SANTOS, N.G. Participated in a panel discussion at the 7th Environment Week

entitled "Agribusiness and environmental impacts”.
Teaching

Lecturer in Limnology for students of the Bachelor of Science in Biological Sciences at
UNESP/IBILCE. Professor in the Programa de Aperfeicoamento a Apoio a Docéncia no Ensino
Superior (PAADES). 2021.

Volunteer teacher in the elective Freshwater Zooplankton Ecology: From Theory to
Practice for undergraduate students of Biological Sciences at UNESP/IBILCE. 2022. This
course was developed and designed by me in collaboration with Prof. Dr. Maria Stela M.
Castilho-Noll.

Professor of General Ecology for undergraduate students of Environmental Chemistry
at UNESP/IBILCE. 2023.



303

Co-supervision of students of scientific initiation and participation in course completion

committees

Co-supervision of the scientific initiation of Pedro Henrique Ribeiro Morari. Effects of
predation by planktivorous fish and macroinvertebrates on zooplankton functional diversity in

shallow subtropical and temperate lakes. 2021. FAPESP Scholarship.

Co-supervision of the scientific initiation of Maria Eduarda Turcato de Souza. Isolated
and combined effects of glyphosate and tebuconazole on the life cycle and size of Ceriodaphnia
dubia Richard, 1894. 2022

Co-supervision of the scientific initiation of Camila Soares da Silva. A scientometric
approach to identify freshwater zooplankton species as bioindicators of environmental quality.
2023. PIBIC.

Co-supervision of the scientific initiation of Laura Chiarelli Jardim. 2023.Effects of
eutrophication and different substrates on the taxonomic and functional diversity of

zooplankton in an integrated multi-trophic aquaculture system. FAPESP Scholarship.

Co-supervision of the scientific initiation of Guilherme Calixto Sanches de Sousa.
Long-term effects of land use for agropastoral activities on zooplankton communities and water
parameters of shallow reservoirs. 2024. FAPESP Scholarship.

Co-supervision of the scientific initiation of Gabriel Liboni Del Pino Rodrigues. The
influence of agropastoral environments on the zooplankton community of lentic environments:

analysis of the effects on taxonomic diversity and identification of bioindicator species. 2024

DOS SANTOS, N. G.; OLIVEIRA, L. A.; CASTILHO-NOLL, M. S. M. Member of
the Defense Committee of Natalia Francielle Ramanaschi. Analysis of the diet of a planktonic

invertebrate predator. Final thesis for a bachelor's degree in biological sciences. 2019.

DOS SANTOS, N. G.; SILVA, G. H.; SANTOS, L. G.. Member of the Defense
Committee of Maria Eduarda Turcato de Souza. Isolated and combined effects of glyphosate
and tebuconazole on the life cycle and size of Ceriodaphnia dubia Richard, 1894.Course

Conclusion Work for a Bachelor's Degree in Biological Sciences. 2022.
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DOS SANTOS, N. G.; MELO, M. F.; OLIVEIRA, B. C. Member of the Defense
Committee of Camila Soares da Silva. A scientometric approach to identify freshwater
zooplankton species as bioindicators of environmental quality. Course Conclusion Work for a
Bachelor's Degree in Biological Sciences. 2023.

DOS SANTOS, N. G.; SILVA, G. H.; CASTILHO-NOLL, M. S. M. Member of the
Defense Committee of Brendown Eiji Dias Kato. Study of zooplankton associated with
macrophytes in an urban reservoir. Course Conclusion Work for a Bachelor's Degree in

Biological Sciences. 2023.

DOS SANTOS, N. G.; HOFFMAN, P.; CASTILHO-NOLL, M. S. M. Member of the
Defense Committee of Luana Cassia Morphometric variation of Ceriodaphnia cornuta (SARS,
1886) between different tropical shallow reservoirs. Course Conclusion Work for a Bachelor's

Degree in Biological Sciences. 2023.
Participation in scientific events

DOS SANTOS, N. G.; STEPHAN, L. R.; OTERO, A. M. P ; IGLESIAS, C. A. F;;
CASTILHO-NOLL, M. S. M. Floating macrophytes do not prevent zooplankton predation by
fish, but promote a more diverse community structure: a mesocosm experiment in a tropical
lake. In: XVII Brazilian Congress of Limnology & 2nd Ibero-American Congress of

Limnology, 2019.

DOS SANTOS, N. G.; CHIARELLLI, L. J. ; SANTOS, L. G. ; GALINDO, M. A. ;
CASTILHO-NOLL, M. S. M. Activities of the Extension Project: Do you know the reservoir?
The perception of aquatic environments by primary school children. In: XVII Brazilian

Congress of Limnology & 2nd Ibero-American Congress of Limnology, 2019.

DOS SANTOS, N. G.; LOPES, L. F. P.; FREITAS, J. S.; SILVA, L. C. M.; YOSHII,
M. P. C.; PINTO, T. J. S.; OGURA, A. P.; GOULART, B. V.; MONTAGNER, C. C,;
SCHIESARI, L. C. ; ESPINDOLA, E. L. G. ; CASTILHO-NOLL, M. S. M. . Evaluation of the
impacts of the use of pesticides and vinasse on the zooplankton community through studies in

ecosystem models. In: XVI Brazilian Congress of Ecotoxicology, 2021.
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DOS SANTOS, N. G.; SANTOS, E. F. ; MORARI, P. H. R.; CHIARELLI, L. J;
CASTILHO-NOLL, M.S.M. . Phosphorus Total and pH are key variables for functional
structure of zooplanktonic communities in agropastoral landscape. In: 10th International
Shallow Lakes Conference, 2021.

DOS SANTOS, N. G.; CHIARELLI, L. J.; SOUZA, B. V.; SANTANA, L. F. ;
ZUCAO, A. C. A.; CASTILHO-NOLL, M. S. M. Indirect effect of a forest fire on the
zooplankton community of a shallow reservoir. In: XVIII Brazilian Congress of Limnology
(CBLimno), 2022.

DOS SANTOS, N.G.; FREITAS, I.B.F.; YOSHII, M.P.C.;MONTAGNER, C,;
SCHIESARI, L.; MARTINELLI, L. A.; ESPINDOLA, L. G. E.; CASTILHO-NOLL, M. S. M.
Land use for extensive pasture, intensive pasture and sugarcane alter the taxonomic and

functional composition of zooplankton" at the | Symposium on Neotropical Zooplankton; 2023.
Organization of scientific events

DOS SANTOS, N. G. 1st Integrated Symposium of the Postgraduate Programme in
Biodiversity. 2023.

DOS SANTOS, N. G. 1st Neotropical Zooplankton Symposium . 2023
Publications during the doctorate degree

DOS SANTOS, N. G.; STEPHAN, L. R.; OTERO, A.; IGLESIAS, C.; & CASTILHO-
NOLL, M. S. M. How free-floating macrophytes influence interactions between planktivorous
fish and zooplankton in tropical environments? An in-lake mesocosm approach.
Hydrobiologia, v. 847, p. 1357-1370, 2020.

ELMOOR-LOUREIRO, L. M. A.; SOUSA, F. D. R.; OLIVEIRA, F. R.; JOKO, C. Y,
PERBICHE-NEVES, G.; DASILVA, A.C.S.; ... DOS SANTOS, N.G.; ...& SIMOES, N. R.
Towards a synthesis of the biodiversity of freshwater Protozoa, Rotifera, Cladocera, and
Copepoda in Brazil. Limnologica, v. 100, p. 126008, 2023.

CASTILHO-NOLL, M. S. M.: PERBICHE-NEVES, G.; DOS SANTOS, N. G.
SCHWIND, L. T. F.; LANSAC-TOHA, F. M.; ... & SIMOES, N. R. A review of 121 years of
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studies on the freshwater zooplankton of Brazil. Limnologica, v. 100, p. 126057, 2023.

Publication as joint first author.

DOS SANTOS, N. G.; SANTOS, E. F.; MORARI, P. H. R.; CHIARELLI, L. J.; &
CASTILHO-NOLL, M. S. M. Total nitrogen and pH are key variables for functional structure
of zooplanktonic communities in an agropastoral landscape. Science of The Total
Environment, v. 891, p. 164031, 2023.

SANTOS, L. G.; ROMAN, B. E.; DOSSANTOS, N. G.; MARTINS, H. L.; DASILVA
MARTINS, E.; & MILLAN, R. N. Effect of pig farming effluents on limnological parameters
and phytoplankton composition. Acta Biolégica Colombiana, v. 28, n. 3, 2023.

Awards

Award for Excellence in the Program for the Improvement and Support of Teaching in
Higher Education (PAADES), UNESP -PROPG. 2021.

1st Place - Presentation in the Oral Category with the paper "Land use for extensive
pasture, intensive pasture and sugarcane alter the taxonomic and functional composition of
zooplankton™ at the I Symposium on Neotropical Zooplankton - Organized by the Neotropical
Zooplankton Network. 2023.

Honourable mention for the work Introduction of Substrates in Integrated Multitrophic
Aquaculture Cultivation Changes the Richness and Composition of Zooplankton, Pro-Reitoria
de Pesquisa (PROPe) of UNESP. (Co-author), UNESP. 2022

Third best study (3rd place) in the field of Biological Sciences in the 2nd phase of the
XXXIV UNESP Scientific Initiation Congress with the study “Introduction of Substrates in
Integrated Multitrophic Aquaculture Cultivation Changes the Richness and Composition of
Zooplankton”. UNESP Pro-Rectory for Research (PROPe). (Co-author), UNESP. 2022.
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General conclusion and the next steps

In this thesis, the main information on studies on the effects of land use on the
zooplankton community around the world was highlighted (article 1), as well as the main water
variables that structure the zooplankton community under the influence of agropastoral
landscapes, pesticides and vinasse (articles 2, 3 and 4). In addition, we found that land use and
management for intensive pasture and sugarcane crops, uses of extreme importance for the
Brazilian economy, affect the taxonomic and functional diversity of zooplankton (article 3). We
also analyzed how the application of fipronil, 2,4-D and vinasse, alone or in mixtures, affects
the zooplankton community and water parameters (Article 4). This work has therefore
contributed to a better understanding of the effects of land use and the application of

agrochemicals and vinasse on zooplankton.

Chapter 1 provided an overview of studies on the effects of land use on freshwater
zooplankton communities and a synthesis of the main results presented in articles on this topic.
A total of 80 articles were identified. The number of studies has increased over time, particularly
in the USA, Poland, Canada, China, Argentina and Brazil. Land use for cropland, pasture and
urbanization has been shown to have a negative impact on zooplankton communities. The
presence of surrounding natural vegetation in aquatic environments has been shown to
contribute to greater taxonomic and functional diversity. The least studied are the effects of
land use for mining and the groups of testaceous amoebae, ciliates and flagellates. Different
landscape metrics have been used, which may be related to different environmental policies in
different countries. We highlight the main gaps so that studies on the effects of land use can
advance and contribute to environmental policies for the maintenance and conservation of

aquatic biodiversity. Thus, the results of Chapter 1 confirm our hypotheses 1 and 2.

In Chapter 2, the effect of water parameters of eight reservoirs in an agropastoral
landscape on the functional structure of zooplankton was analyzed. The results showed that
there was a greater functional richness and diversity of traits in alkaline environments with
lower nitrogen concentrations. The study indicates that pH and TN are key variables for the
functional structure of zooplankton communities in an agropastoral landscape. Thus, this
chapter has partially confirmed our hypothesis 3 by demonstrating that pH, in addition to total
nitrogen, is a key variable in structuring the zooplankton community of reservoirs under

agropastural.
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In Chapter 3, the effects of land use were studied through a realistic simulation of land
use: extensive pasture, intensive pasture and sugarcane crops. In the mesocosms inserted in the
intensive pasture and sugarcane landscapes, there was a change in the functional and taxonomic
composition of zooplankton, resulting in more tolerant species and a significant reduction in
the taxonomic and functional richness of zooplankton. In addition, temperature, pH and
dissolved oxygen were the structuring variables in aquatic environments in extensive pastures,
while pH and electrical conductivity were the structuring variables in intensive pastures. In
aquatic environments in sugarcane crops, temperature and pH were the main water variables.
pH was the most important parameter in structuring zooplankton communities, being the only
structuring variable present in all treatments. Therefore, this chapter confirmed our hypothesis
4 by showing that the zooplankton of aquatic environments in intensive pastures and sugarcane
fields have lower taxonomic and functional diversity than those in extensive pastures. However,
this chapter did not confirm our hypothesis 5 because the structuring variables were not
phosphorus and total nitrogen for the intensive pasture and sugarcane environments and

chlorophyll in the extensive pasture environments.

Chapter 4 evaluated the effects of fipronil, 2,4-D and vinasse, alone or in mixtures, on
zooplankton diversity and identified the water parameters that structure the community. A
mesocosm experiment was conducted with six treatments: control (C), 2,4-D (D), fipronil (F),
fipronil and 2,4-D (M), vinasse (V), and all compounds (MV). After application of pesticides
and vinasse, species richness, Shannon-Wiener diversity, richness and functional dispersion
were significantly lower in treatments F, M, MV and V than in treatments C and D throughout
the experiment. In treatment C, temperature and chlorophyll were the structuring parameters,
while in treatment D, turbidity and pH were the main variables. Chlorophyll a was the main
structuring variable in treatment F, while pH and electrical conductivity were the structuring
variables in treatments MV and V, respectively. These results showed that the application of
fipronil and vinasse, alone or in a mixture, had detrimental effects on the zooplankton
community. Therefore, the results of this chapter confirmed hypothesis 6. However, hypothesis
7 was partially confirmed. As each application had a set of structuring variables, as for the
control treatment we had temperature and chlorophyll (according to our hypothesis), but for the
2,4-D application turbidity and pH were the structuring variables. For the fipronil and vinasse
treatments, total phosphorus and nitrogen were not the key variables as hypothesized, but rather

conductivity and pH.
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Chapter 5 presents the entire academic career, including the publication of scientific
articles and the teaching of three undergraduate courses, one of which was written by the

student.

In this way, this thesis highlights the extreme need for new legislative measures to allow
the use of pesticides and vinasse. Furthermore, in order to mitigate the effects of land use, it is
necessary to understand the best size of riparian buffer around aquatic environments, especially
lentic ones, in order to protect aquatic communities, especially zooplankton. In this way, new
legislative measures can be developed to protect, conserve and maintain the functioning of
aquatic environments and aquatic biodiversity in Brazil. For example, the use of land for
intensive pasture and sugarcane crops, and the application of vinasse and fipronil have harmful
effects on the zooplankton community, and new sustainable forms of management and use

should be studied to reduce the impact on aquatic communities.

Zooplankton is a community that stands out in the interconnections of aquatic food
webs. A wide variety of zooplankton species are able to exploit available resources by
performing specific functions in trophic chains and in the ecosystem as a whole. These
functions include their ability to filter phytoplankton and to feed on organic matter, thus
performing the important function of recycling organic matter and making nutrients available

to the higher links in the food chains of aquatic ecosystems.

In this sense, our studies highlight the importance of considering this microscopic
community and the detrimental effects of conventional land use practices on them, as they
represent a group of organisms of great importance for maintaining ecosystem functions and

the overall balance of aquatic environments.

Finally, in order to publicize the results of this thesis, manuscripts will be submitted for
publication. Subsequently, scientific dissemination will be necessary to make the knowledge
generated by this thesis available to the general public. To this end, once the data have been
published in scientific journals, we intend to create posts and videos for dissemination in social
media, such as the Unesp/Ibilce PPG Biodiversity Instagram, and try to publish the main results

in local newspapers.
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