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A mente que se abre para uma nova ideia, jamais voltara ao seu tamanho original.”’

Albert Einstein

>

“If you wanna make the world a better place, take a look at yourself and then make a change.’

Michael Jackson

’

“A persisténcia é o caminho do éxito.’

Charles Chaplin

“Impossivel é apenas uma palavra usada pelos fracos que acham mais f4cil viver no mundo que lhes
foi determinado do que explorar o poder que possuem para muda-lo. O impossivel ndo é um fato
consumado. E uma opini&o. Impossivel ndo é uma afirmacéo. E um desafio. O impossivel é algo

potencial. O impossivel é algo tempordrio. Nada é impossivel.”

Muhammad Ali
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RESUMO

Ecossistemas aquaticos continentais sao importantes hot spots da biodiversidade mundial,
suportando uma grande quantidade de espécies em uma éarea relativamente pequena. As
diatomaceas sdo importantes componentes desses ecossistemas, sendo a base de diversas
cadeias tréficas e contando com um grande numero de espécies. A presente tese teve como
principal objetivo avaliar os principais fatores que controlam a biodiversidade e distribuicéo
das diatomaceas em represas tropicais. Sete represas foram amostradas na bacia do rio
Piracicaba e Sistema Cantareira (31 estacdes amostrais), localizadas no nordeste do Estado de
Sdo Paulo. Amostras de agua (verdo e inverno) e de sedimento superficial (inverno) foram
coletadas para analise das caracteristicas ambientais das represas e da comunidade de
diatoméaceas. Além disso, foi utilizado o banco de dados (abidticos e de diatomaceas) do
projeto teméatico AcquaSed para a analise da diversidade beta. Andlises de ordenacdo e
correlagbes foram utilizadas na determinacdo das relacGes uso do solo com as caracteristicas
limnoldgicas e das relagbes diatomaceas-ambiente, nas sete represas da bacia do rio
Piracicaba e Sistema Cantareira. Modelos de minimos quadrados generalizados foram
utilizados para a avaliacdo da relacdo da diversidade beta com as caracteristicas morfo-
limnéticas em 23 represas do Estado de S&o Paulo. Os resultados mostraram que as
caracteristicas da agua e do sedimento superficial das represas sdo dependentes do uso do
solo, respondendo de forma similar quando este é avaliado na escala de entorno da represa e
na de bacia hidrogréfica. A conectividade entre as estacbes amostrais também é um fator
importante da determinag&o das caracteristicas dos reservatdrios. De fato, os efeitos do uso do
solo sdo muito provavelmente espacialmente estruturados pela conectividade. Da mesma
forma, a distribuicdo da comunidade de diatoméceas (plancton e sedimento superficial) é
direcionada pela conectividade. Contudo, as diatomaceas respondem primariamente as
caracteristicas locais do ambiente (gradiente trofico e disponibilidade de luz). Ainda, a
diferencga entre as comunidades de diatomaceas (diversidade beta) em uma mesma represa é
dependente da sua heterogeneidade ambiental, produtividade e extenséo espacial. Conhecer os
processos direcionadores da organizacdo das comunidades aquaticas, incluindo diatomaceas, €
requisito basico para acGes para a protecdo da biodiversidade aquatica e processos de manejo

dos mananciais.

Palavras-chaves: beta diversidade; conectividade; plancton; represas; sedimento superficial;

uso do solo.



ABSTRACT

Freshwater ecosystems are important hot spots of global biodiversity, supporting a large
number of species in a relatively small area. Diatoms are important components of these
ecosystems, being the basis for many food webs, with a large number of species. This thesis
aimed to evaluate the key factors that control biodiversity and distribution of diatoms in
tropical reservoirs. Seven reservoirs were sampled in Piracicaba river basin and Cantareira
System (31 sampling sites), located in the northeast of Sdo Paulo State. Water samples
(summer and winter) and surface sediment (winter) were collected for analysis of the
reservoir’s environmental characteristics and the diatom community. In addition, we used
database (abiotic and diatomaceous) from the thematic project AcquaSed for the analysis of
beta diversity. Ordination analysis and correlations were used to determine land use
relationships with limnological characteristics and between diatom and environment, in the
seven reservoirs of the Piracicaba river basin and Cantareira System. Generalized least
squares models were used to assess the relationship of beta diversity with the morpho-
limnetic features of 23 reservoir in Sdo Paulo State. Results showed that water and surface
sediment characteristics are dependent of the land use, responding similarly when it is
evaluated in buffer zone and watershed scales. Connectivity between sampling stations is also
an important factor in determining the characteristics of the reservoirs. In fact, the effects of
land use are probably spatially-structured by connectivity. Similarly, the distribution of
diatom community (plankton and sediment surface) is driven by connectivity. However,
diatoms respond primarily to local environmental characteristics (trophic gradient and light
availability). Furthermore, differences among diatom communities within reservoirs (beta
diversity) are dependent of heterogeneous environment, productivity and spatial extent.
Knowing the processes that drive aquatic communities, including diatoms, is a basic
requirement to improve actions towards protection of aquatic biodiversity and management of

water sources.

Keywords: beta diversity; connectivity; plankton; reservoirs; surface sediment; land use.



INTRODUCAO

Ao longo de toda a histéria natural, diversos processos levaram a significativas
reducdes no numero de espécies, denominadas extingdes em massa, todas elas relacionadas
com eventos extremos de nivel global, como grandes erupcdes vulcénicas e queda de
meteoros. Devido a excepcionalmente alta taxa de extincdo nos ultimos seéculos, tem-se
sugerido que outra extincdo em massa no planeta esteja se iniciando, a sexta, causada néo por
um evento catastrofico de nivel global, mas por uma Unica espécie: Homo sapiens (Ceballos
et al. 2015). De forma geral, as a¢bes humanas levam a homogeneizacdo da biota pela
transferéncia de espécies para areas onde elas ndo existiam, devido a superexploracdo dos
recursos bidticos e a alteracdo dos ecossistemas pela grande capacidade de manipulacéo dos

ambientes naturais (Williams et al. 2015), aumentando assim a taxa de extingao.

Os ecossistemas aquéticos de agua doce sdo uns dos mais afetados por essas agdes
antrdpicas. A alteracdo de fluxo de agua, a degradacdo de habitat, a poluicdo das aguas, a
superexploracdo e a invasdo de espécies figuram entre as maiores ameacas a biota desses
ecossistemas (Dudgeon et al. 2006), tornando-os cada vez mais vulneraveis com o crescente
desenvolvimento humano. Este quadro se agrava, uma vez que esses ecossistemas possuem
maior razdo espécies-area, assim como maior numero de espécies ameacadas de extingdo por
unidade de area, quando comparados a ecossistemas marinhos e terrestres (Strayer &
Dudgeon 2010). Assim, a degradacdo dos ecossistemas de agua doce pode acelerar ainda mais
a taxa de extincdo das espécies. Ainda, ha uma subestimativa da diversidade real, uma vez
que os microrganismos ainda séo bastante negligenciados. Isto pode estar relacionado ao fato
de que, até recentemente, 0s microrganismos serem considerados em sua generalidade como
ubiquos, ou seja, podendo ser encontrados em qualquer local devido a sua alta capacidade de
disperséo (Finlay 2002). Contudo, diversos estudos vao contra esta afirmagdo, e mostram que
a distribuicdo das comunidades do zooplancton (e.g. Beisner et al. 2006) e microalgas (e.g.
Chust et al. 2013) podem ser dependentes de fatores espaciais relacionados com a disperséo,
assim como o grupo das diatomaceas (Heino et al. 2010), o qual possui comunidades que
podem ser discriminadas de acordo com a sua regido geografica (Soininen et al. 2016). Dessa
forma, torna-se de grande importancia a compreensdo dos padrdes de distribuicdo e dos
principais fatores controladores das diferentes comunidades de microrganismo para

conservacao da sua diversidade.

O grupo de microalgas eucariontes mais bem-sucedido do ponto de vista de riqueza,
com estimativas que ultrapassam 200.000 espécies, € o das diatomaceas (Mann & Dropp
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1996), um dos grupos de organismos mais representativos na biodiversidade dos ecossistemas
aquaticos. As diatoméceas, distribuidas em cerca de 250 géneros (Round et al. 1990)
caracterizam-se pela parede celular impregnada de silica, e sdo encontradas nos mais diversos
ambientes, de aquaticos a subaéreos, existindo em uma grande variedade de formas e
tamanhos (Mann 1999). Além do elevado nimero de espécies, as diatomaceas tém importante
papel ecoldgico tanto na ciclagem mundial de nutrientes, principalmente de carbono e silica
(Mann 1999), quanto como base de cadeias tréficas, uma vez que sdo abundantes produtores
primarios nos ecossistemas aquaticos. A grande amplitude ecoldgica e geografica desses
microrganismos, ciclo de vida curto e resposta rapida as alteracdes ambientais, além da
presenca de parede celular silificada, faz com que as diatoméaceas sejam um importante grupo
alvo em estudos de monitoramento ambiental de qualidade da agua ou paleolimnolégicos
(Lobo et al. 2002, Smol 2008, Bennion & Simpson 2011). Todavia, ha controvérsias sobre 0s
principais fatores que direcionam os padrdes de distribuicdo das diatomaceas. Apesar da
caracteristica do ambiente local ser considerado o principal direcionador (Soininen, 2007;
Bottin et al., 2014), o componente espacial também representa uma importante fracdo na
variacdo desses padrdes, principalmente relacionados com a dispersdo das espécies (Wetzel et
al. 2012; Vilar et al. 2014). Neste aspecto, a distribuicdo das diatomaceas pode ser estudada
dentro do contexto de metacomunidades. De fato, estudos recentes tém demonstrado que as
comunidades de diatomaceas funcionam de acordo com o0s modelos tedricos de
metacomunidade (Wetzel et al. 2012; Gothe et al. 2013), inclusive em escala global
(Verleyen et al. 2009).

Metacomunidade é definida como um conjunto de comunidades locais que interagem
entre si por meio da dispersdo de espécies (Leibold et al., 2004). Estes mesmos autores
sugerem que os trabalhos tedricos e empiricos tratam descrevem o funcionamento das
metacomunidades por meio de quatro modelos teéricos: triagem de espécies (species sorting),
dindmica de manchas (patch dynamics), efeitos de massa (mass effects) e neutro (neutral). O
primeiro modelo, triagem de espécies, considera que os gradientes ambientais causam
mudangas relevantes na demografia e nas interacdes das espécies, e que a qualidade do
ambiente e a dispersdo afetam, conjuntamente, a composi¢do da comunidade local. O modelo
denominado dindmica de manchas assume que todos 0s ambientes sdo iguais e a diversidade
local é limitada pela disperséo e capacidade de colonizacdo. O modelo de efeito de massa
considera que as espécies, mesmo em condi¢cdes desfavoraveis, sdo capazes de se manter
devido a alta taxa de imigracéo proveniente de locais favoraveis ao seu desenvolvimento. Por

ultimo, o modelo neutro supbe que todas as espécies possuem as mesmas habilidades



competitivas e que a diversidade local é regida por processos de perda (extin¢do e emigracéo)
e ganho de espécies (especiacdo e imigracao). A triagem de espécies e a dispersdo tém sido
reportadas como os principais fatores que determinam os padrdes das metacomunidades nos
mais diferentes ambientes, de marinhos a agua doce, para diversas comunidades dos

diferentes niveis tréficos, como apresentado na meta-analise de Heino et al. (2015).

Em meio a diversas fragmentacOes de habitats, como a construcdo de barragens, o
estudo de metacomunidades tem relevante importéncia para a conservacao da biodiversidade
aquatica (Strayer & Dudgeon 2010). Contudo, alguns trabalhos tém encontrado uma relacao
nula entre microalgas e padrbes espaciais em represas (e.g. Santos et al. 2016). Entretanto,
esses trabalhos tém levado em consideracdo apenas a distancia geografica linear,
relacionando-a com a limitagdo por dispersdo. Uma vez que esses organismos possuem
dispersdo passiva, essa abordagem “através da terra” (overland) pode subestimar a relacdo das
comunidades com o componente espacial. Assim, abordagens que consideram a conectividade
entre os locais de estudos e a direcdo do fluxo da corrente, principalmente no caso de rios, sdo
cruciais para o melhor entendimento dos padrbes espaciais de distribui¢do da microbiota (Liu
et al. 2013).

Outros eventos em escala regional, como barreiras biogeograficas (como os limites
entre bacias hidrogréaficas) e uso do solo (Mangadze, Bere & Mwedzi 2015), podem afetar a
distribuicdo das diatomaceas, sendo que a influéncia do ultimo € indireta por meio da variacéo
na quimica e fisica da agua (Pan et al. 2004). Por exemplo, o aumento na atividade agricola
em uma bacia hidrografica pode aumentar a taxa de escoamento superficial, provocando
alteracdes das condicBes locais como aumento da turbidez e aporte de nutrientes nos corpos
d’4gua, o que pode afetar a organizacdo da comunidade de diatoméceas (Cooper, 1995;
Zampella, Laidig & Lowe, 2007). Ainda, 0 aumento de nutrientes devido as fontes antrdopicas
pontuais (e.g. esgoto doméstico e industrial) e ndo pontuais (e.g. areas agricolas) é um dos
grandes problemas atuais dos ecossistemas aquaticos. O enriquecimento acelerado,
principalmente por fosforo e nitrogénio, proveniente dessas fontes leva ao aumento da
produtividade e da biomassa fitoplactonica (eutrofizacéo artificial), causando diversos efeitos
negativos nos ecossistemas aquaticos como, por exemplo, a degradacdo dos ecossistemas,
simplificacdo estrutural das comunidades com efeito nas redes troficas, e floracdo de
cianobactérias potencialmente toxicas (Jeppesen et al. 2000, Davidson & Jeppensen 2013).
Ainda, 0 aumento abrupto de produtividade causado por esse enriquecimento acelerado, como
é o caso do enriquecimento devido as acOes antropicas, acarreta condi¢cGes ndo favoraveis a

sobrevivéncia de diversas espécies, podendo causar a homogeneizacdo das comunidades
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(Donohue et al. 2009). A eutrofizacdo artificial € um problema antigo, de ambito global, e
atinge os mais variados ecossistemas aquaticos (e.g. Qin et al. 2006, Heinsalu et al. 2007,
Bicudo et al. 2007, Schindler et al. 2008, Hung et al. 2013). E, mais recentemente, tem sido
considerada como um dos principais fatores controladores da importancia relativa dos fatores

que controlam a diversidade de diatoméceas (Vilar et al. 2014).

Os estudos sobre a ecologia das diatoméaceas, incluindo os fatores controladores da sua
distribuicdo, vém sendo amplamente realizados em regides temperadas, como por exemplo
em lagos e rios de paises como a Alemanha (Adler & Huibener 2007), Canada (Rihland et al.
2003, Pla et al. 2005), China (Chen et al. 2012, Rioual et al. 2013), Estonia (Puusepp &
Punning 2011), Finlandia (Soininen & Weckstrom 2009, Virtanen & Soininen 2012) e
diversas regides da Europa Ocidental (Blanco et al. 2014), entre outros. Comparativamente,
tais estudos em ambientes tropicais sdo mais escassos, podendo-se citar os realizados em rios
e lagos da Costa Rica (Michels 1998), Indonésia (Bramburger et al. 2014), Malasia (Khan
1991), México (Ardiles et al. 2012, Caballero et al. 2013, Bojorge-Garcia et al. 2014) e
Zimbabue (Bere et al. 2013, Mangadze et al. 2015). Particularmente para o Brasil, podemos
citar dois trabalhos que avaliaram a distribuicdo e abundancia de diatomaceas, um em
planicies de inundacdo (Raupp et al. 2009) e outro sobre a mudanca da comunidade em
relacdo a distancia geografica em um rio (Wetzel et al. 2012), ambos da regido Amazonica.
Contudo, o conhecimento sobre a ecologia das diatoméaceas no Brasil estd mais concentrado
na regido sul, sendo os estudos iniciados na década de 70 (e.g. Torgan & Aguiar 1974).
Destacam-se os trabalhos que abordam o uso das diatomaceas como bioindicadoras da
qualidade da agua, como Lobo et al. (2004, 2006), Salomoni et al. (2005), Hermany et al.
(2006) e Dupont et al. (2007). Para o Estado de Séo Paulo, o conhecimento ecoldgico das
diatomaceas é bem mais recente e, consequentemente, escasso. Os primeiros estudos
abordaram a associac¢do da comunidade de diatomaceas com as condic¢des do rio Monjolinho e
seus tributarios (Souza 2002, Bere & Tundisi 2011a, 2011b, 2012). A partir de 2008, foram
iniciados os estudos em represas vinculados a um projeto maior (AcquaSed), e que abrange a
distribuicdo das comunidades de diatoméceas em sedimentos superficiais, perifiton e
fitoplancton (Silva 2008, Ferrari 2010, Wengrat 2011, Fontana & Bicudo 2012, Nascimento
2012, Silva 2012, Rocha 2012, Fontana & Bicudo 2014 e Faustino et al. 2016). Também
vinculado ao projeto maior, iniciaram-se os estudos paleolimnologicos no Brasil utilizando as
diatoméaceas para reconstrucdo da eutrofizagcdo, os quais foram realizados em represas na
Bacia do Alto Tieté e bacias vizinhas (Costa-Bdddeker et al. 2012, Fontana et al. 2014 e
Wengrat 2016). Mais particularmente sobre a bacia do rio Piracicaba, existe apenas a



dissertagdo de mestrado de Nascimento (2012), que trabalhou com a distribuicdo das
diatomaceas de sedimento superficial e fitoplancton nas represas Jaguari-Jacarei do Sistema
Cantareira. A maioria desses estudos citados para o Estado de S&o Paulo concentra-se em
represas. Esses ecossistemas representam um recurso estratégico para o abastecimento publico
e geracdo de energia do estado, uma vez que a vazdo natural dos ecossistemas aquaticos do
estado ndo suporta a alta densidade populacional, principalmente da Regido Metropolitana da
Grande S&o Paulo. Contraditoriamente, a maior ameaca desses ecossistemas € a eutrofizacao
artificial gerada pelo adensamento populacional desprovido de saneamento adequado no

entorno desses ambientes ou dos rios que os alimentam.

Represas sdo ecossistemas artificiais, intermediarios entre rios e lagos, com a
organizagdo vertical de um lago e horizontal de um rio, tornando-as diferentes de outros
ecossistemas aquaticos (Margalef 1983; Thornton et al. 1990; Tundisi & Matsumara-Tundisi
2008). A dinamica desses sistemas resulta de um conjunto de respostas complexas, dos mais
variados graus, direcionado por forcas externas, naturais ou artificiais, como precipitacdes ou
gerenciamento da barragem (Tundisi & Matsumara-Tundisi 2008). Foram concebidas, a
priori, para atender a crescente demanda energética durante as ultimas décadas. Porém, outros
usos tém sido atribuidos a esses ecossistemas, mesmo que de forma incipiente e néo
planejada, como abastecimento de agua, controle de vazdo, recreacdo (esportes nauticos,
pesca esportiva e praias artificiais), destinacdo de efluentes urbanos, pesca profissional,
aquicultura e irrigacdo (Julio Jr. et al. 2005). Essas agdes, quando ndo gerenciadas
adequadamente, possuem grande potencial de degradacdo do ecossistema, podendo,
consequentemente, causar a perda de diversidade de espécies. Além das atividades
particulares que variam entre as represas, essas também podem ser afetadas pela acumulagédo
dos efeitos antropicos que ocorrem em sua bacia hidrografica (Tundisi 1999). Imersas dentro
desta rede interativa de componentes estruturais, fisicos e quimicos, as comunidades bidticas
(incluindo as diatoméceas) respondem diretamente as variacGes ambientais e espaciais
(Santos et al. 2016). Assim, a conectividade entre os locais pode ser avaliada como um fator
espacial tanto para a variacdo das comunidades de diatomaceas quanto para a variacdo das
caracteristicas da agua e do sedimento superficial, uma vez que as represas estdo inseridas

dentro da malha fluvial e estdo interligadas por tdneis em alguns casos.

No contexto acima, o objetivo central deste trabalho é avaliar a biodiversidade e a
distribuicdo das diatoméaceas planctonicas e de sedimento superficial em represas conectadas
de diferentes estados tréficos. Considerando que os ecossistemas de regides tropicais possuem

metabolismo mais acelerado do que aqueles de regies temperadas, principalmente pela maior



temperatura, espera-se encontrar diferencas nas relagdes da comunidade de diatoméaceas com
o ambiente local e 0 espaco. Assim, a presente tese visa responder as seguintes questdes: “As
atividades antropicas, medidas pelo uso do solo, influenciam de forma diferente a qualidade
da &gua quando sdo avaliadas em contexto regional (bacia hidrogréafica) e local (entorno da
represa)?” (capitulo 1), “Quais sdo os principais componentes que determinam a distribuigdo
das comunidades de diatomaceas em represas de regido tropical?” (capitulo 2) e “Quais sdo os
principais fatores que levam ao aumento da diversidade de diatomaceas em represas de regido
tropical?” (capitulo 3). A presente tese foi divida em trés capitulos, cada qual referente a um
artigo cientifico. Ainda, informacgdes complementares sobre a distribuicdo das espécies com
abundancia > 2%, assim como suas medidas e ilustragdes, sdo apresentadas no Anexo da tese.
De acordo com a literatura avaliada, a presente tese contribui com informaces inéditas para o
conhecimento da ecologia de diatoméaceas. Em nivel mundial é o primeiro trabalho a abordar
a beta diversidade de diatomaceas em represas tropicais. Em nivel de Brasil, traz contribuicao
pioneira para avaliacdo da analise conjunta dos efeitos do ambiente local, da conectividade e

do uso do solo na distribui¢do de diatomaceas em represas.



OBJETIVOS
Geral

Avaliar os principais fatores (ambientais e espaciais) que controlam a biodiversidade e a
distribuicdo das diatoméceas planctdnicas e de sedimento superficial em represas conectadas
de diferentes estados troficos, com énfase na bacia do rio Piracicaba e Sistema Canteira.

Especificos

e Caracterizar as represas da bacia do rio Piracicaba e Sistema Cantareira a partir de
variaveis limnoldgicas da dgua e geoquimicas do sedimento;

e Avaliar a influéncia do uso do solo e da conectividade em diferentes escalas espaciais
(entorno da represa e bacia hidrogréafica) nas caracteristicas da 4gua e do sedimento
superficial de represas;

e Auvaliar como as diatomaceas do plancton e do sedimento superficial de represas
respondem &s varidveis ambientais locais, & conectividade e ao uso do solo, e se as
respostas sdo similares nos dois compartimentos.

e Auvaliar o0 uso de tragos ecoldgicos na determinacgdo das relacdes diatomécea-ambiente.

e Determinar qual a forga e direcdo das relaces da diversidade de diatoméaceas
(diversidade B) com a heterogeneidade ambiental, produtividade e extensdo espacial

das represas no Estado de S&o Paulo.



10

METODOS GERAIS

AREA DE ESTUDO

A éarea de estudo do presente estudo variou entre os capitulos. Os dois primeiros
capitulos foram desenvolvidos utilizando dados coletados das represas da Bacia do rio
Piracicaba e Sistema Cantareira. Além dessas represas, outras foram incluidas no
desenvolvimento do Capitulo 3, utilizando-se o banco de dados do projeto AcquaSed. Dessa
forma, o total de vinte quatro represas do Estado de S&o Paulo, distribuidas em quatro bacias
hidrograficas (Piracicaba, Capiravi e Jundiai; Alto Tieté; Médio Tieté/ Alto Sorocaba; Ribeira
de Iguape/Litoral Sul), foram avaliadas no presente estudo (Figura 1). A descri¢do detalhada
da area de estudo dos capitulos 1 e 2 é apresentada a seguir, uma vez que esta é o foco do
presente estudo. Detalhes de outras represas, quando pertinentes a interpretacdo dos

resultados, sdo apresentados no Capitulo 3.
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Figura 1. Localizacdo das 24 represas do Estado de S&o Paulo avaliadas no presente.

As Bacias dos rios Piracicaba, Capiravi e Jundiai (PCJ; Figura 2) localiza-se entre as
coordenadas 22°00° e 23°20° de latitude sul e 45°50° e 48°30’ de longitude oeste, abrangendo

72 municipios paulistas e cinco municipios mineiros, cobrindo area de 15.303,67 km?. A
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maior delas, a Bacia do Rio Piracicaba, possui area de 12.568,72 km? e faz parte da Bacia do
rio Tieté em sua por¢do média, inserindo-se na regido leste/nordeste do Estado de S&o Paulo
(SHS 2006).

A auséncia de um planejamento integrado de infraestrutura de saneamento ambiental e
do uso e ocupacdo do solo na Bacia do rio Piracicaba (pertencente & bacia do PCJ) torna-se
um agravante da problematica da disponibilidade de recursos hidricos, onde j& existem
diversos conflitos quanto ao aspecto quantitativo da agua (SHS 2006). A maior problematica
dos recursos hidricos da Bacia do rio Piracicaba é a poluicdo por esgoto doméstico, que
diminui a qualidade das &guas das bacias prejudicando, por exemplo, atividades nas represas
de abastecimento publico ou geracdo de energia. Para os capitulos que focam a Bacia do rio
Piracicaba e Sistema Cantareira (Capitulos 1 e 2), foram selecionadas sete represas (Figura 2;
Tabela 1), sendo seis represas na Bacia do rio Piracicaba (represas Jaguari, Jacarei, Cachoeira,
Atibainha, Salto Grande e do Tatu) e uma represa na Bacia do Alto Tieté (Paiva Castro). Esta
represa, apesar de pertencer a Bacia do Alto Tieté, foi contemplada por fazer parte do Sistema

Produtor Cantareira.

. Al
e ? N
‘09,-, T, Minas Gerais
N < State
hY
Salto Grande L% s {
B / Ty
, . = ',’,;f:—""! ¥ v L
PIRACICABA, CAPIVARI AND Jaguari ) AT )
JUNDIAI BASIN - <
» Jacarei 3 ko o Cachoeirz
4 T '
i j'ﬁ{)‘ Legend
BRAZIL ® Points
Rivers ﬁ‘
’ Reservoir
7)) pU ( S'io Paulo 1 | —— Basin limit
0 " state ‘~ ALTO TIETE BASIN = T |
§- 0 20km,
o 47°30'0"0 47°0'0"0 46°30'0"0 46°0'0"0

Figura 2. Localizagdo das represas da Bacia do rio Piracicaba e do Sistema Produtor
Cantareira. As estagdes amostrais selecionadas sdo indicadas pelos pontos e a &rea cinza

indica a sub-bacia de cada represa.
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maior delas, a Bacia do Rio Piracicaba, possui area de 12.568,72 km? e faz parte da Bacia do
rio Tieté em sua por¢do média, inserindo-se na regido leste/nordeste do Estado de S&o Paulo
(SHS 2006).

A auséncia de um planejamento integrado de infraestrutura de saneamento ambiental e
do uso e ocupacdo do solo na Bacia do rio Piracicaba (pertencente & bacia do PCJ) torna-se
um agravante da problematica da disponibilidade de recursos hidricos, onde ja existem
diversos conflitos quanto ao aspecto quantitativo da agua (SHS 2006). A maior problematica
dos recursos hidricos da Bacia do rio Piracicaba é a poluicdo por esgoto doméstico, que
diminui a qualidade das &guas das bacias prejudicando, por exemplo, atividades nas represas
de abastecimento publico ou geracdo de energia. Para os capitulos que focam a Bacia do rio
Piracicaba e Sistema Cantareira (Capitulos 1 e 2), foram selecionadas sete represas (Figura 2;
Tabela 1), sendo seis represas na Bacia do rio Piracicaba (represas Jaguari, Jacarei, Cachoeira,
Atibainha, Salto Grande e do Tatu) e uma represa na Bacia do Alto Tieté (Paiva Castro). Esta
represa, apesar de pertencer a Bacia do Alto Tieté, foi contemplada por fazer parte do Sistema

Produtor Cantareira.
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Figura 2. Localizagdo das represas da Bacia do rio Piracicaba e do Sistema Produtor
Cantareira. As estacOes amostrais selecionadas sdo indicadas pelos pontos e a area cinza
indica a sub-bacia de cada represa.
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Tabela 1. Resumo das principais caracteristicas dos reservatérios. ET = Estado Trofico. Zmax
= profundidade maxima, t..s = tempo de residéncia, e Vmax = Volume maximo.

Jaguari- . - Paiva Represa do Salto
Jacarei Cachoeira Atibainha Castro Tatu Grande
ET Oligo®™ Oligo™® Oligo™ gé;%?{) Meso-eu®  Eu-hiper®
Zmax (M) 46,0¢ 23,0¢ 24,79 12,4® 7,09 19,89
tres (dias) 384,29 36,3 99,6 10,3% 12,59 30
Area (km?) 42,49 6,99 20,179 4,229 0,46% 13,251
Vimax (10° m?3) 1082,5“ 113,9% 303,2¢ 32,79 1@ 106
Construcéo 1982 @ 1974W 1975% 1973W 1924® 1949
Coordenadas 22°53°20”S 23°01°27°S  23°10°45”S  23°20'03”S  22°39'17'S  22°43'00"S
46°24°49°0  46°17°1170  46°22°3670  46°39'36”0 47°15'58"0  47°15'52"0
Piracaia/
. JC\’?népOIi/S/ Piracai Nazaré Franco da Limei Ameri
Municipio y argem iracaia Paulista Rocha imeira mericana
raganca
Paulista
Abastecimento RMSP RMSP RMSP RMSP - -
Monitoramento Sabesp Sabesp Sabesp Sabesp Cetesb Cetesb

DwWhatley & Cunha (2007); ®Leite et al. (2000); ®Mansor (2005); ®ANA (2013). ®Sabesp - comunicagio pessoal.

Sistema Cantareira: Considerado um dos maiores sistemas produtores de agua do
mundo, abastecia até 2014, antes da severa estiagem, 46% da populacdo da Regido
Metropolitana de Sdo Paulo (RMSP). O Sistema Cantareira produzia 33 mil litros de agua por
segundo, sendo 31 mil litros provenientes da bacia do rio Piracicaba e dois mil litros da Bacia
do Alto Tieté. O Sistema Cantareira esta inserido no Parque Estadual da Cantareira, um dos
maiores parques urbanos do mundo (7.482 ha), e sua area de drenagem possui area total de
aproximadamente 228 mil hectares, abrangendo oito municipios no Municipio de Sao Paulo
(55,2% da area total) e quatro deles em Minas Gerais (44,8% da éarea). As aguas produzidas
sdo, em sua grande maioria, provenientes da bacia hidrografica do rio Piracicaba e transpostas
para a bacia hidrografica do Alto Tiete (Whately & Cunha 2007). O Sistema Cantareira sofreu
uma dréstica reducdo de seu volume devido a forte estiagem no ano de 2014, chegando a
esgotar toda a capacidade util do sistema, operando apenas com o chamado volume morto
(Coutinho et al. 2015).

O Sistema Cantareira é formado por cinco represas de regularizacdo de vazdo,
interligadas por tuneis e canais na seguinte sequéncia: Jaguari, Jacarei, Cachoeira, Atibainha e
Paiva Castro (Figura 3). As aguas retiradas do Paiva Castro sdo bombeadas para o
reservatorio Aguas Claras e entdo enviadas para a Estagdo de Tratamento de Agua do Guarad,

onde passam pelo processo de tratamento e sdo distribuidas.
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Figura 3. Esquema representativo do Sistema Cantareira inserido no contexto das bacias do

REPRESA
SALTO GRANDE

Bacia Piracicaba, Capivari e Jundiai (UGRHI 5)

<=

Bacia Alto Tieté (UGRHI 6)

PCJ (Piracicaba, Capivari e Jundiai) (quadro superior) e do Alto Tieté (quadro inferior).
Fonte: adaptado de SHS (2006).

Represas Jaguari e Jacarei: sdo as duas primeiras represas do Sistema Produtor da
Cantareira, consideradas algumas vezes na literatura como uma represa, conectadas em seu
corpo central por um canal de interligacdo de aproximadamente 670 m de extensdo. Somadas,
tornam-se a maior de todas as represas do Sistema Cantareira, com area inundada nos
municipios de Vargem, Braganca Paulista, Joandpolis e Piracaia. Produz grande parte da agua
do Sistema Cantareira (22 mil litros por segundo), com maior contribui¢do da sub-bacia do rio
Jaguari. Esta sub-bacia, dentro do Sistema Cantareira, possui area de drenagem de 103.243,4
hectares que abrange municipios do Estado de Sao Paulo (15 municipios) e do Estado de
Minas Gerais (quatro municipios), sendo entdo considerada Federal. A sub-bacia do rio
Jacarei, dentro do Sistema Cantareira, possui area de drenagem de 20.290,7 hectares, que
abrange os municipios de Vargem, Bragan¢a Paulista, Piracaia e Joanopolis, onde, neste
ultimo, possui a maior parte das suas nascentes. A represa Jaguari-Jacarei esta conectada a
represa Cachoeira através do tinel 7, com 5.885 m de extensdo (Whately & Cunha 2007). No
presente trabalho, elas serdo consideradas como duas represas, uma vez que sdo alimentadas

por diferentes tributarios e apresentam duas barragens distintas.
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Represa Cachoeira: é a terceira represa da sequéncia do Sistema Cantareira, ocupando
uma posicdo intermediaria entre as represas Jaguari-Jacarei e Atibainha. E formada pela
barragem do rio Cachoeira e entrou em operacdo em novembro de 1974, como parte das obras
da 12 etapa do Sistema Cantareira. A bacia hidrografica do rio Cachoeira, com éarea de
39.167,3 hectares, abrange parcialmente os municipios de Camanducaia, Joanopolis e
Piracaia. A area inundada do reservatorio contribui com cinco mil litros por segundo para o
sistema produtor, e esta localizada no Municipio de Piracaia. Esta interligado a represa
Atibainha pelo tunel 6, com 4.700 metros de extensdo, e por um canal de cerca de 1.200
metros (Whately & Cunha 2007).

Represa Atibainha: é a quarta represa da sequéncia, ocupando posicao intermediaria
entre os reservatorios Cachoeira e Paiva Castro. E formada pelo represamento do rio
Atibainha, cuja area de drenagem abrange 31.476,9 hectares, compreendendo parcialmente os
municipios de Piracaia e Nazaré Paulista, e contribuindo com a formacdo da bacia
hidrografica do rio Piracicaba. Entrou em operacdo em fevereiro de 1975, durante a 12 etapa
de implantagdo do Sistema Cantareira. Sua area inundada, localizada inteiramente no
Municipio de Nazaré Paulista, contribui com quatro mil litros de agua por segundo para o
Sistema Cantareira. Esta interligada ao reservatorio Paiva Castro pelo tunel 5, com 9.840
metros de extensdo, e por um canal a jusante do rio Juguery-mirim (Whately & Cunha 2007,
Ditt et al. 2008).

Represa Paiva Castro: é a receptora final do Sistema Produtor Cantareira. E formada
pela barragem do rio Juquery, que conta com uma bacia hidrografica de 33.771 hectares,
sendo a Unica do sistema que ndo faz parte da bacia do PCJ, integrando a bacia hidrogréafica
do Alto Tieté. A bacia, localizada parcialmente nos municipios de Caieiras, Franco da Rocha,
Mairipord e Nazaré Paulista, apresenta intensa urbanizacdo, apesar de estar parcialmente
inserida nos limites da Area de Protecdo dos Mananciais. Situada no Municipio de Mairipor,
a represa entrou em operacdo em maio de 1971 e contribui com dois mil litros de agua por
segundo. Esta situada entre a crista da Serra da Cantareira e a da Serra do Juqueri, tornando-se
passivel da recepcdo das cargas poluidoras, principalmente, de origem domestica proveniente
do Municipio de Mairipora (Giatti 2000, Whately & Cunha 2007).

O uso do solo no Sistema Cantareira é caracterizado por usos nao urbanos,
principalmente devido as atividades econdmicas que se desenvolveram ali, como o café e a

agropecudria. Mais da metade da area do sistema € ocupada por areas de campos antropicos
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que, somando-se as areas de agriculturas, mineracdo e outros usos antropicos, atingem 70%
de alteracéo do territorio. De forma contrastante, a bacia do rio Jaguari abriga tanto grande
parte dos usos antrépicos do Sistema Cantareira (47%) quanto a maioria das areas de
vegetacdo natural (38,2%). O uso urbano ocupa 3% da area total do sistema, concentrando-se
nas bacias do Juquery (42,2%) e do Jaguari (33,5%). Em um contexto geral, todas as bacias
formadoras do Sistema Cantareira possuem pelo menos metade do seu territério alterado por
atividades humanas (Whately & Cunha 2007).

Além das represas formadoras do Sistema Cantareira, outras duas represas foram
incorporadas ao presente estudo, aumentando assim a malha espacial dentro da Bacia do PCJ:
represa Salto Grande e Represa do Tatu.

Represa Salto Grande: pertencente a sub-bacia hidrografica do rio Piracicaba, é
formada pela barragem do rio Atibaia, que por sua vez é formado pela unido dos rios
Cachoeira e Atibainha, que fazem parte do Sistema Cantareira. A bacia do rio Atibaia, na qual
estdo inseridas as bacias hidrograficas do rio Cachoeira e do rio Atibainha, tem area de
281.640 hectares e abrange, total ou parcialmente, 16 municipios do Estado de Sdo Paulo e
um municipio do Estado de Minas Gerais (Laurentis et al. 2009). Localizado no Municipio de
Americana (SP), o reservatério Salto Grande localiza-se em um dos maiores centros de
desenvolvimento econdémico e concentracdo populacional do Estado de Sdo Paulo, a Regido

Metropolitana de Campinas (Caporusso et al. 2009).

Represa do Tatu: estd localizada na parte jusante da bacia do Ribeirdo do Pinhal,
sendo este o seu principal tributario. Localizada no Municipio de Limeira (SP), a bacia
hidrografica do Ribeirdo do Pinhal compreende uma éarea de 301,4 km2, principalmente
utilizada na citricultura e monocultura de cana (Mansor 2005). A represa tem como principal
uso a geracdo de energia elétrica (desde 2003, PCH Ribeirdo do Pinhal) e foi construida em
1924 (PCH Salto do Lobo - comunicagédo pessoal). O entorno da represa é em grande parte
utilizado em atividades agricolas, com excecdo de uma estreita faixa nas margens da represa,

onde foi feito o reflorestamento da mata ciliar.

DELINEAMENTO AMOSTRAL
As estacGes amostrais foram escolhidas ap06s visita prévia de modo a abranger as
principais entradas (tuneis e afluentes) e saidas (tuneis e barragem) de agua das represas, a

regido mais profunda, onde ha maior acumulacéo de informacgdes no sedimento, alem de levar
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em consideracgdes informacdes de monitoramento da Sabesp, Cetesb (CETESB 2012) e dados
de literatura (e.g. Espindola et al. 2004; Mansor, 2005; Whately & Cunha 2007). Desta forma,
para as represas da bacia do rio Piracicaba e Sistema Cantareira foram selecionadas 31
estacOes amostrais (Tabela 2).

As amostragens da coluna d’agua para analises das variaveis fisicas ¢ quimicas da agua
e das diatomaceas planctonicas foram realizadas em duas épocas do ano (verdo e inverno de
2010 - Jaguari and Jacarei — e de 2013 — Cachoeira, Atibainha, Paiva Castro, Salto Grande
and Tatu), com auxilio de garrafa tipo van Dorn, na sub-superficie, profundidade média da
coluna d’agua e a 1 m do fundo da coluna d’agua. A média da coluna d’agua para as varidveis
ambientais foi calculada a fim de compor apenas uma leitura geral da estacdo amostral. Para
as diatomaceas, as amostras das diferentes profundidades coletadas foram integradas, visando
compor uma unica amostra.

Os sedimentos superficiais para analise geoquimica e de diatomaceas foram
amostrados apenas no inverno por integrarem uma escala de tempo maior. Para tanto, foi
utilizado testemunhador de gravidade UWITEC (Mondsee, Austria), aproveitando-se os dois
primeiros centimetros superficiais, 0s quais usualmente integram de um a dois anos de
informagdo (Smol 2008). Para compor a heterogeneidade do sedimento superficial, foram
integradas trés amostras (n = 3) em cada estacdo de amostragem.

Tabela 2. Cdédigo, coordenadas, estado trofico, profundidade méxima e uso do solo
predominante das estac6es amostrais (US = Uso Solo: A = agricultura, C = campos, M = mata
e U = urbanizacéo; Z = profundidade).

Represa Estacdo Coordenadas Estado Tréfico Z(m) US®
Jaguari JAL 22°54°17”S 46°24°03”0 Mesotréfico™ 9,00 Cc/M
JA2 22°55°52”S 46°25°47°0 Oligotréfico 4250 C/M
jcl 22°57°08”S 46°26°33°0  Ultraoligotréfico™ 39,5¢ C/M
Jc2 22°58°54”S 46°25°07°0  Ultraoligotréfico” 29,0 Cc/M
Jc3 22°59°11”S 46°24°86”0  Ultraoligotréfico” 37,8  C/U
Jacarei ica 22°58°15”S 46°23°03”’0  Ultraoligotréfico” 32,54  C
JC5 22°57°43”S 46°21°44°0  Ultraoligotréfico” 29,2® ¢
JC6 22°58°62”S 46°20°42°0  Ultraoligotrofico” 22,79  C
Jc7 22°56°94”S 46°18°49”0 Mesotréfico™ 8,09 c/u
CAl  23°0006"S  46°16'05" O Oligotréfico®  115@ C
CA2  23°0037"S  46°17'11" O n.d. n.d. C
Cachoeira CA3  23°01'56"S  46°17'20" O Oligotréfico®  23,1@ C
CA4  23°0300"S  46°19'07" O Oligotréfico®  173® ¢
CA5  23°04'11"S  46°18'41" O Oligotréfico® 13,99 C
AT1  23°08°50”S  46°18°50” 0 n.d. 1129 M
Atibainha AT2  23°09°42”S  46°21°44” 0 Oligotréfico®  211@ M
AT3  23°11’11”S  46°22°51” 0 n.d. 24,49 M/C



AT4  23°10°31”S  46°23°29”0 Oligotréfico®  22,7@ C/U
AT5  23°12°46”S  46°22°54”0 n.d. 16,59 MIC
AT6  23°10°46”S  46°21°25” 0 n.d. nd. M/C
PC1 23°19'30" S 46°36'03" O n.d. nd. UM
N PC2 23°19'44"S  46°38'12" O Oligotréfico® 8,99  M/U
PC3 23°20'08"S  46°39'39" O Mesotréfico® 12,49 M/C
PC4 23°19'55"S  46°40'35" O Oligotréfico®  85® MI/C
SG1  22°4343"S  47°1356" O  Hipereutréfico® 7,09 AU
Salto Grande SG2 22°42'50" S 47°14'26" O Hipereutréfico® 4,09 A
SG3 22°43'05"S  47°16'02" O  Hipereutréfico® 10,09 AU
SG4  22°42'04"S  47°16'51" O  Supereutréfico® 12,09 AU
Represa do TU1l  22°3845"S  47°17'09" O Eutréf,ic_o(“)4 4,o<;‘> A
Taty TU2  22°39'17"S  47°17'01" O Mesotréfico® 509 A
TU3  22°39'36"S  47°16'45" 0O Eutréfico® 409 A
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WNascimento (2012); PSabesp (comunicacéo pessoal, 2012); ®Espindola et al. (2004); “Mansor (2005);

®)Google Earth (2013); n.d. = dados nao disponiveis.

VARIAVEIS AMBIENTAIS FiSICAS E QUIMICAS

Uso do solo

Para a determinacdo e quantificacdo do uso do solo foram utilizados (1) mapeamentos
a partir da interpretacdo de imagens SPOT 2007-2009, desenvolvido pela Coordenadoria de
Planejamento Ambiental, Instituto Geoldgico - Secretaria do Meio Ambiente do Estado de
Sdo Paulo, escala 1:25.000, para o entorno das represas (exceto Paiva Castro) e para as sub-
bacias (exceto Paiva Castro e Jaguari) (Sdo Paulo 2013), (2) mapeamentos a partir da
interpretacdo de imagens IKONQOS 2002, escala 1:25.000, desenvolvido pela Emplasa, para o
entorno e sub-bacia da represa Paiva Castro (Sdo Paulo 2015), e (3) mapeamentos a partir das
informacdes do IBGE 2010, escala: 1:5.000.000, para a sub-bacia da represa Jaguari (IBGE,
2015). O uso do solo foi classificado em areas naturais (florestas, area de reflorestamento,
areas riparias e cursos d’dgua), pastagens, agricultura (culturas permanentes e
semipermanentes) e em areas urbanas (areas edificaveis e solo exposto).

O percentual de cobertura de cada uma das classes de uso do solo foi determinado em
duas escalas: entorno - referente a area circundante a represa até a distancia de 1 km a partir
da sua margem (Figura 4A) - e bacia - referente a sub-bacia a montante de cada uma das
represas (Figura 4B). Contudo, para representar o efeito do uso do solo nas caracteristicas da

agua e do sedimento superficial e na comunidade de diatomaceas, para cada uma das estacGes
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amostrais foi necessario ponderar o valor do uso do solo de acordo com a magnitude do efeito
na estacdo amostral. Para a ponderacdo do efeito do uso do solo no entorno foi considerado
que somente a area do uso do solo a montante da estacdo amostral possuiria uma relacdo com
as variaveis medidas da agua e do sedimento. Assim, o fator de ponderacdo foi calculado
baseado na razdo da distancia da estacdo amostral para o rio principal formador da represa (d;)
com a distancia da estacdo amostral mais distante em relacdo ao rio principal (D), dadas essas
distancias em metros (Figura 4C). Esta razao, quando multiplicada pelos valores de percentual
de cobertura das classes do uso do solo do entorno (Eg. 1), resultard em valores menores de
cobertura do uso do solo quanto mais préximo a estacdo amostral estiver do rio principal. Para
a ponderacdo do uso do solo na escala de bacia, foi levado em consideracdo que todos os
acontecimentos da area da sub-bacia da represa devem ter maior efeito nas caracteristicas da
agua e do sedimento superficial da estacdo amostral mais préxima ao rio principal e que esse
efeito seria diluido ao longo da represa, sendo, assim, menor na estacdo amostral mais
distante. O fator de ponderacdo neste caso seria 0 inverso da distancia da estacdo amostral
para o rio principal (1/d;), que deve ser multiplicado pelo percentual de cobertura das classes
de uso do solo da sub-bacia da represa (Figura 4D; Eq. 2). Desta forma, quanto mais proxima
for a estacdo amostral do rio principal, maior seréo os valores de cobertura do uso do solo
referentes aquela estacdo amostral.

di
USgi = USentorno X (3) [Eq 1]

1
USk; = USpacia X (3) [EG. 2]

Onde,

USg; = uso do solo na estagdo amostral;

USentomo = Us0 do solo do entorno da represa;

USpacia = Uso do solo da sub-bacia da represa;

d; = distancia da estacdo amostral para o rio principal formador da represa;

D = disténcia da estacdo amostral mais distante para o rio principal.
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Figura 4. Esquema da delimitacdo da area avaliada para a determinacdo do uso do solo no
entorno (A) e na bacia (B) da represa. Para a ponderacdo do efeito do uso do solo foram
determinadas as distancias de cada uma das estag6es amostrais em relacdo ao rio principal (d)
e a distdncia maxima, representada pela distancia da estacdo amostral mais distante em
relacdo ao rio principal (D; Figura 4C e 4D). O triangulo branco representa a represa, 0S
circulos pretos as estacdes amostrais € a area cinza a regido onde foi determinada a cobertura
do uso do solo.

Variaveis limnoldgicas abioticas e biomassa fitoplanctdnica

Na coluna d"agua, foram medidos, in situ, a temperatura, pH, condutividade elétrica
utilizando sonda multiparametro Horiba U-53. A transparéncia da agua foi determinada a
partir do desaparecimento do disco de Secchi. As amostras de agua foram transportadas em
caixa térmica, sob refrigeracéo, até o laboratorio, sendo processadas no dia de amostragem.
As varidveis limnoldgicas abioticas analisadas foram: alcalinidade (Golterman & Clymo
1969), espécies de carbono inorgéanico, nitrato e nitrito (Mackreth et al. 1978), nitrogénio
amoniacal (Solorzano 1969), fosforo soltvel reativo e fosforo total dissolvido (Strickland &
Parsons 1960), nitrogénio total e fésforo total (Valderrama 1981), silica soluvel reativa
(Golterman et al. 1978) e oxigénio dissolvido, pelo método de Winkler. As amostras para

analise da fragdo dissolvida dos nutrientes foram filtradas em filtro Whatman GF/F, sob baixa
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pressdo (< 0,50 atm). A clorofila-a (corrigida da feofitina pela acidificacdo) foi determinada
pelo método de extracdo em etanol 90% aquecido por 5 minutos, sem maceracao (Sartory &
Grobellar 1984) e os céalculos baseados em Golterman et al. (1978). A fracdo total de
nitrogénio e fosforo, bem como as analises de clorofila-a foram processadas em, no maximo,

30 dias ap6s a amostragem.

Variaveis geoquimicas do sedimento

O sedimento superficial foi caracterizado a partir dos marcadores geoquimicos: fésforo
total (Andersen 1976; Valderrama 1981), carbono orgénico total, nitrogénio total, seus
isotopos estaveis (*C e °N) e granulometria. A geoquimica organica (C, N, C/N) e a
isotépica (5°C e *°N) vém sendo empregadas para caracterizar as fontes de matéria organica
(Meyer 1994), bem como na avaliacdo dos impactos causados pelo uso e ocupacdo do entorno
e as consequentes alteracBes na acumulacdo de matéria organica nos sedimentos, pois
permitem distinguir a matéria organica oriunda de plantas terrestres, macrofitas aquaticas,
algas e bactérias (Augustinus et al. 2006; Das et al. 2007). Tais analises (exceto fosforo total)
foram realizadas em laboratério acreditado internacionalmente (UC Davis Stable Isotope
Facility, University of California) a partir de analisador elementar PDZ Europa ANCA_GSL
acoplado a espectrémetro de massa PDZ Europa 20-20. O tamanho das particulas para analise
da granulometria foi avaliado a partir do espalhamento de feixe laser, por meio de analisador
automatico de marca CILAS, modelo 1064L, no Laboratorio de Sedimentologia da UFF e 0s
resultados da granulometria foram calculados a partir do programa estatistico Gradistat 8.0
(Blott & Pye 2001).

VARIAVEIS BIOTICAS

A estrutura da comunidade de diatomaceas foi avaliada a partir de analise taxondmica
e quantitativa das amostras plancténicas e de sedimentos superficiais. O material foi oxidado
segundo Battarbee et al. (2001), utilizando peréxido de hidrogénio (H.O, 35%) e acido
cloridrico (HCI 10%). As laminas permanentes foram montadas utilizando Naphrax® (IR =

1,73) como meio de incluséo.

Andlise qualitativa
O exame taxonémico foi baseado em andlise populacional (n = 20 por unidade
amostral), registrando a variabilidade morfoldgica dos taxons. A analise foi realizada por

meio de microscopio optico binocular Zeiss, Axioskop2 plus, equipado com contraste-de-fase
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e sistema de captura de imagem. Os taxons foram, sempre que possivel, identificados em
nivel especifico e infraespecifico, com auxilio de obras classicas (e.g. van Heurck 1899,
Hustedt 1930, Simonsen 1987, Round et al. 1990) e recentes (e.g. Metzeltin et al. 2005,
Metzeltin & Lange-Bertalot 2007, Taylor et al. 2007; Cremer & Koolmes 2010), bem como
do banco de dados do projeto AcquaSed. A padronizagdo dos nomes boténicos foi feita
mediante consulta ao catdlogo de géneros e espécies de diatomaceas disponibilizado pela
Academia de Ciéncias da Filadélfia (Academia de Ciéncias da Filadélfia 2013). As amostras
foram incorporadas ao acervo do Herbario Cientifico do Estado “Maria Eneyda P. Kauffmann
Fidalgo” (SP) do Instituto de Botanica da Secretaria do Meio Ambiente do Estado de Sao
Paulo e as laminas permanentes armazenadas no laminario de diatoméaceas no Nucleo de

Pesquisa de Ecologia desta instituicédo.

Anélise quantitativa

A andlise quantitativa foi realizada conforme Battarbee et al. (2001). A contagem de
individuos foi feita em transecGes longitudinais nas laminas permanentes, utilizando
microscopio optico binocular Zeiss, Axioscop2 Plus, equipado com contraste de fase e
sistema de captura de imagem, em aumento de 1000x. A unidade basica de contagem foi a
valva, onde fragmentos foram incluidos desde que passiveis de identificacdo por meio da area
central ou das extremidades (no caso de algumas espécies arrafideas) e os quais se visualizem,
pelo menos, 50% da valva (Barttabee et al. 2001). O limite de contagem foi determinado por
dois critérios: minimo de 400 valvas no total (Battarbee et al. 2001) e eficiéncia de contagem
minima de 90%, de acordo com Pappas & Stoermer (1996).

Tracos ecoldgicos

As espécies de diatomaceas com abundincia >2% na andlise quantitativa foram
organizadas em trés diferentes grupos de tragos ecoldgicos: (1) morfologia de crescimento, (2)
tamanho da célula e (3) preferéncia tréfica.

A matriz de morfologia de crescimento (grupo 1) foi dividida em espécies
planctonicas, espécies de baixo perfil, especies de alto perfil e espécies moveis, descritas
primeiramente por Passy (2007) e aprimoradas por Rimet & Bouchez (2012). Para tanto,
foram consideradas (a) espécies plactonicas, as que apresentam adaptacfes a ambientes
Iénticos com atributos morfolégicos que dificultam a sua sedimentacdo, como a formacéo de
filamentos em Aulacoseira; (b) espécies de baixo perfil, as que apresentam caracteristicas de

resisténcia a alta velocidade de corrente e a baixos teores de nutrientes, como Achnanthidium,



24

e (c) espécies de alto perfil as que apresentam adaptacGes a baixa velocidade de corrente e a
altos teores de nutrientes, como Gomphonema. A ultima classe de morfologia de crescimento,
composto pelas espécies moveis, sdo aquelas de rapido movimento, como Navicula.

A matriz de tamanho da célula (grupo 2) tomou como base o maior comprimento da
valva, seja o0 eixo apical da face valvar, como em Brachysira, ou seja pelo comprimento do
manto, com em Aulacoseira. As categorias de tamanho basearam-se nas classes de tamanho
do fitoplancton, segundo adaptacbes das classes propostas por Reynolds (1997): nano (2-20
pm), micro (20-200 um) e macro (>200 um). Devido ao fato das espécies de diatoméaceas
possuirem grande variacdo de tamanho intrapopulacional, também foram incluidas categorias
de tamanho mais amplas: nano-micro e micro-macro.

A matriz de preferéncias tréficas (grupo 3) baseou-se na classificacdo das espécies
pela preferéncia a ambientes oligotréficos, mesotroficos ou eutroficos. As espécies foram,
ainda, classificadas em categorias mais amplas (oligo-mesotréficas, mesoeutroficas, e oligo-
eutrdficas), uma vez que a ampla tolerancia ecoldgica de algumas espécies pode ultrapassar as
categorias estabelecidas. Para a determinacdo das preferéncias tréficas, foi realizada revisao
bibliogréafica sobre a ecologia dos taxons encontrados (e.g. Lowe 1974, Denys 1991, van Dam
et al. 1994, Moro & Firstenberg 1997), além de busca em enderecos eletrénicos especificos
de diatoméaceas e uso do programa OMNIDIA,verséo 5.3 (Lecointe, Coste & Prygiel 1993),

que oferece um banco de dados completo sobre a ecologia de ~14.000 taxons.

VARIAVEIS ESPACIAIS

O espaco foi representado por dois conjuntos de variaveis espaciais. O primeiro
considera apenas a distancia linear geografica entre as estacfes amostrais e 0 segundo, a
conectividade das estagfes amostrais, bem como o sentido do efeito dessa conexao.

O primeiro conjunto foi gerado utilizando Mapas de Autovetores de Moran (Moran’s
Eigenvectors Maps — MEM; Dray et al. 2006), que utiliza apenas das coordenadas
geograficas, e foi calculado pela Coordenadas Principais de Matrizes Vizinhas (Principal
Coordinates of Neighbour Matrices — PCNM), utilizando o pacote PCNM (Legendre et al.
2009) no programa R versdo 3.1.3 (R Core Team, 2015).

O segundo conjunto de dados gerados foi construido utilizando Mapas de Autovetores
Assimetricos (Asymetric Eigenvalues Maps — AEM; Blanchet et al. 2008, 2009). A criagédo
das variaveis (os autovetores) pelo AEM levou em consideracdo, além das coordenadas
geogréficas, uma matriz de conectividade entre as estacfes amostrais (baseada na Figura 5).
Para a selecdo dos autovetores que seriam utilizados em cada um dos conjuntos de dados
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espaciais, foi calculada a dependéncia espacial de cada um dos autovetores por meio do | de
Moran (Blanchet et al. 2011, Bertolo et al. 2012), onde foram aproveitados aqueles
autovetores que apresentaram autocorrelacdo espacial positiva e significativa (P < 0,05) com a
distribuicdo espacial das estacbes amostrais. A criacdo das varidveis pelos AEM, assim como
a andlise da dependéncia espacial pelo | de Moran, foi realizada utilizando o pacote AEM

(Blanchet 2009) no programa R.

Jacarei
Jaguari y ' T
) | 1e4 |
) \
Tu2 | 13 .
]
U3 b
= (o (]
El B CAS
Atibainha | Cachoeira
Salto Grande .
| AT4 o
- [

EN SRR N

-| AT |=

Figura 5. Diagrama de conexdo entre as estacfes amostrais das represas estudadas da bacia do
rio Piracicaba e Sistema Cantareira. Setas indicam a conexdo e a dire¢do do fluxo de agua,
caixas em cinza representam as represas e as caixas brancas representam as estacOes
amostrais. O comprimento das setas ndo representa a real distancia entre as estacOes
amostrais.

INFORMACOES DO BANCO DE DADOS DO PROJETO ACQUASED

Os dados abidticos e bidticos da represa Jaguari-Jacarei foram obtidos do banco de
dados do projeto AcquaSed (referido projeto maior). Deste mesmo banco de dados, foram
obtidos dados de abundancia relativa das espécies de diatomaceas do sedimento superficial e
alguns dados abidticos para a utilizacdo no Capitulo 3. Todos os dados que foram utilizados
do banco do AcquaSed seguiram o mesmo delineamento amostral e métodos de anélises

supracitados.
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ANALISES NUMERICAS

Indice de uso do solo (Land Use Index — LUI)

Para avaliar o potencial de degradacdo dos recursos hidricos pelo uso do solo, foi
utilizado o Indice de Uso do Solo (LUI), desenvolvido por Ometto et al. (2000) e baseado em
dados da regido da bacia do rio Piracicaba. Este indice é mensurado por um unico valor,
calculado pela soma da porcentagem das classes de uso do solo ponderadas por valores de
impacto, de forma que menores valores sdo atribuidos as ocupacGes menos degradantes aos
sistemas hidricos, como &reas de florestas, e maiores valores sdo atribuidos as areas urbanas.
Para adaptacdo as classes de uso do solo utilizadas nesta tese, as classes originais sugeridas
por Ometto et al. (2000) foram realocadas (Tabela 3).

Tabela 3: Valores de ponderacdo (w) das classes de uso do solo para o calculo do indice de
Uso do Solo (LUI).

Uso do solo Peso (w)
Areas Naturais 0,0
Pastagens 0,2
Agricultura 0,5
Areas Urbanas 5,0

Andlises de ordenacéo

A Analise de Componentes Principais (Principal Components Analysis — PCA) foi
utilizada na analise exploratéria das represas para diminuir a dimensionalidade dos dados.
Duas matrizes abidticas foram utilizadas, varidveis da adgua e do sedimento superficial, as
quais foram previamente transformadas (log [x+1] e z-scores, respectivamente).

Para avaliar a relacdo dos tracos ecoldgicos com as varidveis da agua e uso do solo,
levando em consideracdo a abundéncia das espécies, foi realizada a Analise RLQ (Dolédec et
al. 1996), utilizando uma matriz ambiental R (variaveis da agua e uso do solo x estacdes
amostrais), uma matrix de espécies L (espécies x estacGes amostrais) e uma matriz de tracos
ecoldgicos Q (tracos ecoldgicos x espécies). Nesta anlise, as matrizes devem ser ordenadas a
priori para caracterizar os principais gradientes ambientais (matriz R), descrever os principais
padrdes de composicdo de especies (matriz L) e identificar os tracos sindromes (matriz Q).
Dray et al. (2014) sugerem algumas andlises de ordenacdo de acordo com o tipo de matriz
utilizada. As matrizes utilizadas nesta tese foram ordenadas utilizando a Anélise de
Componentes Principais (matriz ambiental R), Analise de Correspondéncia (matriz de
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espécies L) e Analise de Correspondéncia Multipla (matriz de tragos ecoldgicos Q). Em
seguida, a Analise RLQ foi utilizada para encontrar as principais relacfes entre as variaveis
ambientais, tracos ecoldgicos e espécies. Esta analise foi realizada com o pacote ade4 (Dray,
Dufour & Thioulouse 2015).

Analises de correlacao

A correlacdo de Spearman foi utilizada para explorar as relacbes par a par entre as
varidveis da agua e do sedimento superficial com as classes do uso do solo e com o LUI. Para
a avaliacdo da similaridade entre as matrizes de espécies de diatomaceas do sedimento
superficial e do plancton (verdo e inverno) foi utilizado o coeficiente RV (Robert & Escoufier
1976), calculado utilizando o pacote FactoMineR (Husson et al. 2016).

Analises de Redundancia Parcial

A quantifica¢do da importancia relativa do conjunto de varidveis preditoras na variacéo
de uma matriz resposta foi realizada utilizando a Andlise de Redundancia Parcial (partial
Redundancy Analysis — pRDA; Bocard, Legendre & Drapeau 1992), seguindo as
recomendacdes de Peres-Neto et al. (2006) para estimar os coeficientes de determinacédo
ajustado. Nesta andlise, o total da variacdo explicada da matriz resposta é particionada entre
contribuicdes compartilhadas e puras (i.e. relativas somente a um preditor sem efeito dos
demais) das matrizes preditoras. A pRDA foi utilizada para (a) avaliar a importancia relativa
do uso do solo e das variaveis espaciais (MEM e AEM) na variacdo das caracteristicas da
agua e do sedimento superficial e (b) para avaliar a importancia relativa das variaveis da agua,
conectividade (AEM) e do uso do solo na variacdo da comunidade de diatoméaceas do
sedimento superficial e plancton. Os resultados da pRDA podem ser apresentados em forma
de tabela, ou representados na forma de diagrama de Venn. Neste caso, cada circulo,
parcialmente sobreposto a um ou mais circulos, corresponde a importancia relativa total de
um conjunto de variaveis preditoras. Ainda, a fracdo nao sobreposta indica a fragdo pura desse
componente preditor e a fragdo sobreposta com outro circulo indica a fragdo compartilha entre
0s dois conjuntos de dados (Figura 6). Finalmente, a fracdo ndo explicada por nenhuma dos

componentes preditores € indicada pelo valor dos residuos.
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Preditor 1 Preditor 2

Fracdo pura Fracdo Fragdo pura
Preditor 1 compartilhada Preditor 2

Figura 6. Diagrama de Venn na apresentacdo da Analise de Redundancia Parcial com dois
componentes preditores.

Diversidade beta e preditores

A diversidade beta das diatomaceas foi calculada utilizando dados da comunidade de
diatoméaceas do sedimento superficial de 23 represas, incluindo seis represas daguelas
descritas anteriormente (exceto Jaguari). Os dados das demais represas foram obtidos no
banco de dados do Projeto Acquased. A diversidade beta foi entdo determinada pela distancia
média das estacOes amostrais, 0 centroide do grupo em uma mesma represa (Anderson et al.
2006, Anderson 2006), onde quanto maior o valor da distancia média, mais dissimilares
seriam as comunidades de diatomaceas. Esta medida de diversidade beta leva em
consideracdo tanto as mudancas na abundancia quanto na composicao de espécies e, para este
caso, foi utilizada uma matriz de distancia calculada pelo método de Bray-Curtis. Dessa
forma, foi determinado um valor de diversidade beta por represa.

Os preditores utilizados na modelagem da variacdo da diversidade beta foram
produtividade, extensdo espacial, estabilidade da represa e heterogeneidade ambiental, sendo
que este ultimo foi subdividido em heterogeneidade abiotica, morfologia do reservatorio e
heterogeneidade de habitat, compondo um total de seis componentes preditores. A
produtividade foi representada por dois indicadores, o fosforo total e a clorofila-a. Para
tanto, foram determinados os valores médios por represa de cada uma dessas variaveis. A
extensdo espacial foi representada pelo valor da maior distancia entre as estagdes amostrais
encontrada na represa. A estabilidade da represa também representada por uma Unica
variavel e foi quantificada pelo tempo de residéncia da agua, considerando que quanto maior
for o tempo de residéncia, mais estavel sera a represa. A heterogeneidade abidtica da represa
foi representada por dois indicadores: a soma dos coeficientes de variagao, e a distancia média
para 0 grupo centroide utilizando a distancia euclidiana (Anderson et al. 2006, Anderson
2006). Em ambos os casos foram utilizadas profundidade, condutividade, transparéncia da

agua, nitrogénio e fosforo total das estacbes amostrais em uma mesma represa. A morfologia
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do reservatorio foi determinada pelo indice de desenvolvimento de margem da represa (Kalff
2001), e pela dimensdo fractal das linhas de costas circundantes da represa, a qual foi
calculada pelo método box-counting utilizando 2, 4, 6, 8, 12, 16, 32, 64, 128 e 256 para as
dimensGes das caixas (Sugihara & May 1990, Halley et al. 2004). Por fim, a heterogeneidade
de habitat foi determinada pela presenca/auséncia de banco de macrofitas na represa,
assumindo que um ndmero maior de nichos esteja disponivel na presenca de macrdfitas do
gue em sua auséncia. As analises utilizaram os programas ImageJ 1.47 (Rasband 2008) e R

versdo 3.1.3 (R Core Team, 2015) e o pacote vegan (Oksanen et al. 2013).

Modelando a diversidade beta

A variacdo da diversidade em funcéo dos seis componentes preditores descritos acima
(produtividade, extensdo espacial, estabilidade da represa, heterogeneidade ambiental
abidtica, morfologia da represa e heterogeneidade de hébitat) foi modelada utilizando os
Minimos Quadrados Generalizados (Generalized Least Squared — GLS). Como alguns
componentes preditores possuiam mais de um indicador (e.g. fosforo total e clorofila-a para
produtividade), foram construidos modelos com todas as combinacdes possiveis, sempre em
funcéo dos seis componentes, e utilizando apenas um dos indicadores para cada componente
(Tabela 4).
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Tabela 4. Combinagéo dos indicadores dos seis componentes preditores para modelagem da
diversidade beta. PT = fdsforo total; Dist. max = distdncia méxima entre as estacOes
amostrais; TR = tempo de residéncia da agua; Soma CV = soma dos coeficientes de variagao;
Dist. cent = Distancia média para o centroide; IDM = indice de desenvolvimento de margem;
DF = dimenséo fractal; Macro = presenca/auséncia de macrofitas.

Modelo  Produtividade Extensdo Estabilidade Heterog. Morfologia Heterog.

espacial represa abiotica represa habitat
mod1 PT Dist. max TR Soma CV IDM Macro
mod2 PT Dist. max TR Soma CV DF Macro
mod3 PT Dist. max TR Dist. cent IDM Macro
mod4 PT Dist. max TR Dist. cent DF Macro
mod>5 Clorofila-a Dist. max TR Soma CV IDM Macro
mod6 Clorofila-a Dist. max TR Soma CV DF Macro
mod7 Clorofila-a Dist. max TR Dist. cent IDM Macro
mod8 Clorofila-a Dist. max TR Dist. cent DF Macro

Cada um dos modelos gerados foi ainda avaliado em busca de autocorrelacdes
espaciais em seis diferentes estruturas: nenhum, exponencial, gaussiana, linear, racional
quadrada e esférica (Zuur et al. 2009). Desta forma, um total de 48 modelos foi avaliado. A
selecdo do melhor modelo de diversidade beta foi realizada por meio da comparagdo dos
valores do Critério de Akaike de segunda ordem (AIC.), o qual foi calculado para cada um
dos modelos concorrentes. O modelo com menor valor de AIC, foi considerado o melhor
modelo. Contudo, a simples comparacdo desses valores nao é suficiente para concluir sobre o
melhor modelo, uma vez que eles podem refletir o tamanho amostral. Dessa forma, foi
também utilizado a diferenca entre os AIC. dos modelos (Aj), onde modelos com A; < 2 tém
substancial nivel de suporte empirico (i.e. provavelmente sdo similares), Aj = 4 -7 tém suporte
empirico consideravelmente menor, e modelos com A; > 10 ndo possuem suporte (Burnham &
Anderson 2002).
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Abstract

Land use and connectivity, both important as co-drivers of water quality, can be scale
dependent. We aimed to evaluate the relationships among land use at buffer and
watershed scales with water and surface sediment, taking into account the connectivity
among reservoirs. We sampled water and surface sediment in seven reservoirs (totaling
31 sampling sites) in Piracicaba River basin and Cantareira System, during austral
summer and winter. We used 15 water variables and seven surface sediment variables in
analyses. We determined land use at buffer zone and watershed scales, and we classified
land use in natural areas, pasture, agriculture and urban areas. Moran’s Eigenvectors
Maps and Asymmetric Eigenvector Maps (connectivity) were calculated to represent the
spatial variables. We evaluated the relationship among land use and water-surface
sediment variables using Spearman correlation and partial Redundancy Analysis, and its
correlation with Land Use Index (LUI). We found a similar association between water
and land use in buffer zone and watershed. Surface sediment was an important tool to
understand the interaction between land use and quality of water resources, responding
better than water variables. Our results show that the relationship between land use and
water-sediment quality are independent of spatial scales, whereas connectivity plays an

important role.

Key words: land use, water quality, surface sediment, Land Use Index, spatial variables.
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1. Introduction

Changes in watershed land use may occur due to the interaction among natural,
economic, technological, demographic, institutional and cultural factors (Lambin et al.,
2003). Type and proportion of land use in a watershed have a key role in the
characteristics of water resources (Legesse et al., 2003; Stendra & Johnson, 2006;
Lépez-Moreno et al., 2014; El-Khoury et al., 2015). For example, increasing
agricultural areas leads to higher surface runoff, which leads to greater stream flows
variability (Lin et al., 2015). Land use also influences water quality. Urban areas, for
example, often result in increase of nutrients levels in rivers (Bu et al., 2014). Thus,
export of nutrients to water bodies by anthropogenic activities is one of the factors
accelerating eutrophication (Taranu & Gregory-Eaves, 2008), and thereby reducing the
water ecosystems services (Zedler & Kercher, 2005). In this context, it is important to
understand the interaction between watershed and aquatic ecosystems, since agricultural
areas and urban density have presented accelerated growth in recent decades and are
among the main causes of the water quality decline (Keatley et al., 2011).

Pure effects of land use are difficult to detect because they are mixed with other
anthropogenic impacts (Stendra & Johnson, 2006) or even natural factors. Lake
landscape-context (LLC) framework (Soranno et al., 2009) recognizes three sets of
landscape features that interact to determine chemical, physical and biological lake
characteristics at multiple spatial scales: human activity, terrestrial features and aquatic
connection. Land use is one of the human activities variables in LLC framework and the
analyses of its relationship with the quality of water and sediment often include other
LLC variables such as lake morphometry (Liu et al., 2011), precipitation (Yu et al.,
2016), and climate change (El-Khoury et al., 2015). However, to the best of our

knowledge, stream network in aquatic connection-LLC features has been neglected in
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all studies. Connectivity should be part of all analyses of land use-water relationship,
especially when reservoirs are the object of study. These artificial ecosystems are inside
the stream network (since they were originally river before damming) and can integrate
and accumulate pollutants from watershed (Shivoga et al., 2007; Burford et al., 2012).
Besides this complex network, effects of land use in water-sediment characteristics may
be scale dependent (Wagner et al., 2011). However, it is not clear if the effects are
stronger at local or watershed scales (Sliva & Williams, 2001).

In this context, this study aims to evaluate the influence of land use on water and
surface sediment characteristics at two spatial scales (buffer zone and watershed,
defined in methods) taking into account the connectivity among reservoirs. We expect
that (1) land use, at buffer scale, has higher influence in water quality of reservoirs in
summer, when runoff increases, (2) a higher surface sediment response to land use than
water response due to its capacity to accumulate information along time and space, (3)
connectivity play an important role in the relationship of land use and water-sediment
quality, since reservoirs are in the context of river network. In addition, we evaluated

the relationship between Land-Use Index (LUI) and water-surface sediment variables.

2. Materials and methods

2.1. Study area

Piracicaba River basin has area of 12,568.72 km? (SHS, 2006) and is part of the
Medium Tiete River basin, in east/northeast of the State of Sdo Paulo, Brazil (Figure 1).
Mean monthly precipitation range between 31 and 233 mm. Cantareira System (CS) is
located in this basin and has five flow regulation reservoirs, connected by tunnels or
waterways: Jaguari, Jacarei, Cachoeira, Atibainha and Paiva Castro. The system can

produce 33 m® of water per second: 31 m® from Piracicaba River basin and 2 m* from



47

Upper Tieté River basin (Paiva Castro basin), supplying more than 9 million people in
the Metropolitan Region of Sdo Paulo (Whately & Cunha, 2007). Salto Grande and Tatu
are used to private power generation by small hydropower systems and recreation. The
five reservoirs differ in management strategies and morphometric features, such as

maximum depth, retention time and maximum volume (Table 1).
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Figure 1. Location of the studied reservoirs in the Piracicaba River basin and Upper
Tieté River basin (Paiva Castro).
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Table 1. Main characteristics of the studied reservoirs. Zmn,x = maximum depth, ty; =
retention time, and Vmax = maximum volume.

Jaguari-Jacarei Cachoeira Atibainha Paiva Castro Tatu Salto Grande
Zmax (M) 46.00) 23.00 24.70 12.4® 7.09 19.8%
tret (days) 384.2% 36.3% 99.6“ 10.3¥ 12.5® 30@
Area (km?) 42.49 6.99“ 20.17% 4229 0.46¥ 13.25@
Vmax (10° m?) 1082.5% 113.9¥ 303.2% 32.7% 1@ 106@
Catchment 1032.4 (Jaguari) Y a a W @ ?
area (km?) 202.9 (Jacarei) ¥ 391.7 314.8 337.7 2816.4 301.4
Construction 1982 ® 1974Y 1975 1973W 1924% 1949®@
Coordinates 22°53°20”S 23°01°27°S  23°10°45”S 23°20'03”S  22°39'17"S  22°43'00"S
46°24°49"W 46°17°11"W  46°22°36"W  46°39'36"W  47°15'58"W  47°15'52"W
. . Public . . Power Power
Main use Public supply supply Public supply  Public supply generation generation
Sampling 2 (Jaguari)
station 7 (Jacaref) S 6 4 3 4

DWhately & Cunha (2007); PLeite et al. (2000); ®Mansor (2005); PANA (2013). ®Sabesp — personal
communication.

2.2. Sampling design

Samples were carried out during the austral summer and winter of 2010 (Jaguari and
Jacarei reservoirs) and 2013 (Cachoeira, Atibainha, Paiva Castro, Salto Grande and Tatu
reservoirs). Sampling sites were selected considering the influence of the main
tributaries and outflows, as well as the deepest region of the reservoir. Number of
sampling sites per reservoir varied between two and seven (Table 1).

Water was collected with van Dorn sampling bottle in sub-surface, middle depth, and
one meter above bottom (water column mean values were used in all data analysis).
Surface sediments were sampled only during winter because they integrate a large
temporal scale, usually one or two years (Smol, 2008). UWITEC gravity corer was used

to collect the first two centimeters of the sediment core.

2.3. Land Use

Percentage of land use categories were determined and quantified using three data
sources: (1) SPOT images 2007-2009 interpretation maps (1:25000 — Séo Paulo, 2013),
(2) IKONOS images 2002 interpretation maps (1:25000 — S&o Paulo, 2015), and (3)

IBGE information maps (1:5000000 — IBGE, 2010). Land use was classified into four
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categories: natural areas (forests, reforestation, riparian areas, and water courses),
pasture (pasture and fields), agriculture (permanent and semi-permanent crops), and
urban areas (urban area and exposed ground). Percentage cover data were generated by
ArcGIS 10.2 at two scales: (1) buffer zone (1 km from reservoir boundary), and (2)
watershed (entire area of the basin upstream the reservoir). At buffer zone scale, land
use was weighted for each site by their relative distance to the maximum distance from
the main tributary in the reservoir. At watershed scale, land use was weighted dividing
by site distance from the main tributary, taking into account that closest locations

receive greater influence than more distant sites.

2.4. Characterization of water and surface sediment

Temperature, pH and electrical conductivity were measured in situ using Horiba U-53
Multiparameter. Water transparency was determined by Secchi disk. Other water
variables measured were dissolved oxygen, alkalinity, inorganic carbon species, nitrate,
nitrite, ammonium, reactive soluble phosphorus, total dissolved phosphorus, total
nitrogen and total phosphorus, soluble reactive silica, following APHA (2005). Samples
for analysis of dissolved nutrients were filtered in Whatman GF/F filter, under low
pressure (<0.50 atm). Chlorophyll-a (corrected for pheophytin by acidification) was
determined after extraction with 90% ethanol (Sartory & Grobellar, 1984), using the
methods described by Golterman et al. (1978).

Surface sediment was characterized by grain size and five geochemical variables: total
phosphorus (TP — Andersen, 1976; Valderrama, 1981), total organic carbon (TOC),
total nitrogen (TN), stable isotopes (5°C e 8"°N) and carbon/nitrogen atomic ratio.
Grain sizes were determined using a CILAS Automatic Analyzer and the GRADSTAT

software (Blott and Pye, 2001). Total organic carbon, total nitrogen and their stable
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isotopes were determined using an ANCA-GSL elemental analyzer interfaced to a PDZ
Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK) at the
University of California, Davis, Stable Isotope Facility. We express the values for stable
isotope data based in international standards V-PDB (Vienna PeeDee Belemnite) for

carbon and in concentration in the air for nitrogen.

2.5. Numerical analyses

Principal Component Analysis (PCA) was used to reduce the dimensionality of the data.
The following variables were used in this analysis: temperature (Temp), transparency
(Trans), carbon dioxide (CO;), dissolved oxygen (DO), conductivity (Cond),
ammonium (NH,), nitrate (NOgs), total nitrogen (TN), reactive soluble phosphorus
(POy), total phosphorus (TP), soluble reactive silica (SRSi) and chlorophyll-a (Chlo-a) -
for water during summer and winter; and total organic carbon (TOC), total phosphorus
(TP), atomic ratio C/N and stable isotopes 8"*C and "N — for surface sediment.
Spearman correlation were performed to evaluated the relationship between water
variables during summer and winter (Trans, Cond, TN, TP, SRSi, and pH) and surface
sediments (TOC, C/N, 8:3C, 615N, TN and TP) with land use classes in different scales.
Using the same variables, except TN in surface sediment, partial Redundancy Analysis
(pPRDA) quantified the relative importance of land use (at buffer zone and watershed
scales) and spatial variables in water and sediment quality (Borcard et al., 1992; Peres-
Neto et al., 2006) and results were given in terms of adjusted fractions and significance
tests were based on 1000 randomizations. Two sets of spatial variables with distinct
approaches were generated: Moran’s Eigenvectors Maps (MEM — Dray et al., 2006)
that takes into account the geographic position of sampling sites (calculated using

PCNM - Borcard & Legendre, 2002), and Asymmetric Eigenvector Maps (AEM —
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Blanchet et al., 2008, 2009) that takes into account the connectivity and directional
processes, as water currents in rivers. Water variables were log transformed (log [x+1]),
sediment variables were standardized (z-scores), and land use data were arcsine
transformed.

Land-Use Index (LUI) is a metric that determines the level of degraded lands in
catchment, measured by the sum of land use percentage weighted by impact values
(Ometto et al., 2000): natural areas — 0; pasture — 0.2; agriculture — 0.5; and urban areas
- 5. Relationship between LUI and water (Trans., CO,, DO, Cond., pH, NH4, NO3, TN,
PO,4, TP, SRSi, and chlor-a) and sediment variables (TOC, TN, TP, C/N, §'*C, and
8*°N) were explored from Pearson correlation.

For all the statistical analysis we used R program version 3.1.3 (R Core Team, 2015)
using packages ‘AEM’ (Blanchet, 2009), ‘PCNM’ (Legendre et al., 2009) and 'vegan'

(Oksanen et al., 2013).

3. Results

3.1. Land Use

Land use varied substantially among reservoirs and between scales (Figure 2 and Figure
3A). Watershed and buffer land use in Atibainha and Paiva Castro reservoirs were the
most preserved (with higher coverage of natural areas) in both scales. Pasture
dominated the area of others reservoirs in the CS (Jaguari, Jacarei and Cahoeira),
followed by natural areas. The basin of Jaguari Reservoir is the only covered by an
expressive agricultural area in the CS. The buffer zone of Salto Grande Reservoir was
mainly covered by urban area, and the buffer zone (and watershed) of Tatu Reservoir

was covered almost entirely by agricultural areas.
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Figure 3. Land use (A) and Land Use Index LUI (B) in buffer zone and watershed of
reservoirs. JA — Jaguari; JC — Jacarei; CA — Cachoeira; AT — Atibainha; PC — Paiva

Castro; SG — Salto Grande; TU — Tatu.

3.2. Characterization of water and surface sediment

Overall, we observed low values for conductivity, chlorophyll-a, and nutrients and high
values for water transparency in reservoirs from the CS, in summer and winter (Table 2
and 3). Tatu Reservoir presented similar characteristics except for total nitrogen (higher)

and water transparency (lower). Salto Grande Reservoir showed higher conductivity and

nutrients values than CS reservoirs.
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Table 2. Mean and standard deviation of limnological characteristics of the sampling station in each reservoir during summer.

Jaguari Jacarei Cachoeira Atibainha Paiva Castro Salto Grande Tatu
Temperature (°C) 220+26 220+14 23.3+14 224+10 23.6+09 275104 218+1.1
Transparency (m) 21+£0.8 3.0+£05 1.9+0.6 2607 0.7+£0.3 09+£0.6 06+0.1
Alkalinity (mEq L™ 0.316 £0.008  0.311+0.018  0.313+0.022 0.297 £ 0.020 0.407 £ 0.032 0.757 £ 0.023 0.340 £ 0.008
Conductivity (uS cm™) 39+2 36+5 41+5 284 296 212+ 15 63+2
pH 7.1+£03 72+0.2 6.1+0.2 59+0.3 59+0.1 72104 58104
CO, (mg L™ 42+19 25+1.0 86.4 + 45.6 79.6+45.1 64.3+19.0 25.1+5.0 108.3+71.6
HCO; (mg L™) 209+1.8 189+1.1 19.1+£13 18.1+1.2 249+19 444 +3.1 20.7+05
CO; (mg L™ 0.023+£0.018 0.022+0.009  0.003 £ 0.001 0.001 £ 0.001 0.001 £ 0.000 0.698 * 0.885 0.001 £ 0.001
DO (mg L™ 54+0.2 48+1.0 44+1.0 3.6+0.9 48+1.0 5209 59+0.3
N-NH, (ug L) 157.8 £ 39.4 46.3+£70.5 120.0 £ 83.3 122.9+59.8 102.8+142.4 2425+ 135.1 49.1+10.8
N-NO, (ug L) 119+7 59+23 52+0.3 5000 50+0.0 127.7 £ 38.6 8.0+04
N-NO; (ug L) 133.3+12.3 59.7 £51.3 112.3+£25.2 33.1+£40.9 51.5+18.9 937.9 £452.1 107.7 £ 16.3
NT (ug |_'1) 279.4£81.0 164.3 +70.1 451.7+115.9 284 + 34.6 259.9 £ 187.1 2723.8 £ 951.2 52791714
P-PO, (ug L™ 92+73 40+0.0 54+0.6 7.0+0.8 42+0.2 19.9+£9.6 102+1.6
TDP (ug LY 16.1+1.8 43+0.9 9.6+0.9 87+11 122+15 42.6+14.3 127+14
TP (ug L™ 325+27.2 9.6+6.2 17.3+5.8 99+21 142 £33 65.4 +28.0 242+26
SRSi (mg L) 45+0.1 3.1+04 3.8+0.3 3.6+£0.3 40+0.1 41101 42+0.2
Chlorophyll a (ug L™) 3.0+1.0 24+20 22+1.2 3.0+14 2009 55.2 +64.9 1.7+1.0




Table 3. Mean and standard deviation of limnological characteristics of the sampling station in each reservoir during winter.

Jaguari Jacarei Cachoeira Atibainha Paiva Castro Salto Grande Tatu
Temperature (°C) 169+1.3 19.1+0.1 142+0.5 142 +0.4 16.6 + 0.6 216+0.2 19+11
Transparency (m) 2704 4.0+0.7 20+0.2 21+0.7 22%05 1.0+04 09+0.2
Alkalinity (mEq L™) 0.290 £ 0.002 0.316 £ 0.01 0.305 £ 0.008 0.296 + 0.017 0.307 £ 0.003 0.974 £ 0.034 0.351 + 0.002
Conductivity (uS cm™) 34+0 34+1 39+2 40+1 59+5 388 +21 49+3
pH 65+0.1 6.6+0.1 6.6 +0.3 6.4+0.2 6.2+0.1 7.1+0.2 6.3+0.1
CO, (mg L™ 97+18 8.2+0.9 10.8+5.9 15.8+3.9 25.3+3.3 344+84 19.2+2.6
HCO; (mg L™) 17.8+0.3 19.2+0.6 18.6 £0.5 18.1+1.0 18.7+0.1 57.8+4.0 214+0.1
CO; (mg L™ 0.002+0.001  0.004 £0.001  0.003 £ 0.002 0.002 £ 0.001 0.001 + 0.000 0.685 + 0.909 0.002 + 0.000
DO (mg L™ 6.5+0.8 52+0.9 75+21 6.4+1.1 7.0+0.3 45+0.7 6.8+0.3
N-NH, (ug L™ 39.7+7.1 78 £ 23.4 49.1+21.9 161.1 + 88.8 123.2 275 946.5 + 273.7 37.1+117
N-NO, (ug L™ 50+0.1 50+0.0 5.%0.0 54+10 50+0.1 98.0+ 284 58104
N-NO; (ug L™ 140.2 £ 19.7 47.7£17.7 55.8 + 20.7 446 +17.3 134.7+7.4 906.2 + 283.7 139.8 £ 67.1
NT (ug L™ 4242 +85.3 276.4 £ 35 217.3+81.2 544.1 +135.4 278.7 £ 67 2453 + 388.5 543.8 £ 35.3
P-PO, (ug L) 8.6+4.9 45+1.4 40+0.1 40+0.0 40+0.0 50.7 + 15.8 71+0.6
TDP (ug L) 140+ 1.6 54+38 42+05 40+0.0 40+0.0 71.9+11.38 10.8+ 0.6
TP (ug L™ 19.1+0.5 129+3.2 128+5.2 89+21 11.3+1.0 158.8 + 54.2 183+1.2
SRSi (mg L™) 6.0+0.1 43+0.9 50+0.3 42+0.2 43+0.0 55+0.1 52+0.1
Chlorophyll a (ug L™) 20+04 44+32 1.9+05 1.9+0.6 1.1+1.0 87.2 £ 66.6 18+1.1

55
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The principal components analysis explained 60.8% of data variation in its first axis and
17.7% in its second axis. The reservoirs were ordered by phytoplanktonic biomass
(chlorophyll-a), nutrient availability and conductivity (Figure 4A). Only Salto Grande
was associated to higher values of these variables. A group was formed by the other
reservoirs during winter, indicating that there was less limnological variability during
this period. Other two groups formed by summer sampling were located in opposite

sides of axis two, mainly associated to carbon dioxide.

0.0 4

TOC o

-3 -2 -1 0 1 2 2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Figura 4. Principal components analysis of water variables (white points — summer;
black points — winter) and surface sediment. A: water variables; B: sediment variables.
(Cond — conductivity; DO — dissolved oxygen; Trans — water transparency; Temp —
temperature; TN — total nitrogen; TP — total phosphorus; SRSi — soluble reactive silica;
Chlo a — chlorophyll-a; TOC — total organic carbon; C:N — carbon nitrogen ratio; d*>N —
nitrogen stable isotopes; d*3C — carbon stable isotopes).

Regarding sediments, stable isotopes (8°C e 8™°N) and total phosphorus were the
variables that most distinguished the environments from each other, especially Salto
Grande (Table 4). Considering grain sized, Jacarei presented mostly larger grains (> 16

pum), whilst Tatu smaller grains (<16 pum — Figure 5). A higher relative quantity of clay
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occurred in reservoirs located in the Middle Piracicaba River Basin (Salto Grande and
Tatu).

100 4

80 1

Grain size (%)

JA. JC CA AT PC SG TU

B 125-250pym @ 31-63pm O 8-16um O 2-4um
@ 63-125pm @ 16-3lpm O 4-8pum O <2um

Figure 5. Grain size analysis of surface sediments.

Principal components analysis for surface sediment resumed 47.5% of total data
variability in its first axis and 29.5% in the second (Figure 4B). Salto Grande was
associated with higher values of TP and 8N, and Tatu with higher 53C and lower

TOC.
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Table 4. Mean and standard deviation of surface sediment characteristics of the sampling station in each reservoir (TOC — total organic carbon;
TN — total nitrogen; TP — total phosphorus; C:N — carbon nitrogen ratio; d"*C — carbon stable isotopes; d*>N — nitrogen stable isotopes;).

Jaguari Jacarefi Cachoeira Atibainha Paiva Castro Salto Grande Tatu
TOC (%) 3.3+04 3.6+0.7 28+0.3 3.9+£0.8 2505 43+14 24+0.1
TN (%) 0.3+0.0 04+01 0.3+0.04 04+01 0.3+£01 05+0.2 0.2+0.01
TP (mgP kgMS™) 361.4 +62.3 301.5+137.8 987.6 + 246.9 936.5 +145.9 1491.2 +40.5 5496.3 +£1134.8 993.1 +65.7
C/IN 102+1.3 84+0.3 104+04 9.7+0.3 10+1.2 8.6+0.4 102+£0.1
3"2C (%o) -23.9+0.7 -248+10 -24.4 +0.7 -27.1+0.7 -26.2+0.6 -23.6+0.2 -225+0.2

3N (%o) 5.1+0.1 55+0.5 71+0.8 6.1+0.3 55+0.3 12.3+1.8 7.2+0.3
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3.3. Land use and reservoir quality relationship
All results for pure land uses effects in water and surface sediment characteristics were
significant, with higher values for surface sediment in both spatial variables data set (Table 5).
Space variables were the most important component in the variance of the water and surface
sediment characteristics, except for surface sediment at buffer zone scale. The effect of pure
spatial variables was higher when we considered the AEM variables, as well as the residuals
were lower. Moreover, shared component (land use + spatial variables) were relatively high,
except for surface sediment at watershed scale, indicating that the land use effects can be

spatially-structured.

Table 5. Partial Redundancy Analyses (pRDA) of land use (LU) and spatial data set (Moran’s
Eigenvectors Maps - MEM - and Asymmetric Eigenvectors Maps - AEM) contribution to the
water and surface sediment characteristic variance.

Water - summer Water - winter Surface sediment

Buffer zone Watershed Buffer zone  Watershed Buffer zone Watershed

MEM
LU 0.13** 0.15** 0.24** 0.23** 0.25** 0.29**
LU + Space 0.25 0.26 0.27 0.19 0.21 -0.01
Space 0.27** 0.26** 0.28** 0.37** 0.04* 0.27**
Residuals 0.34 0.33 0.20 0.21 0.49 0.46
AEM
LU 0.08** 0.10** 0.03** 0.04** 0.15** 0.12**
LU + Space 0.30 0.32 0.49 0.39 0.31 0.15
Space 0.42** 0.40** 0.41** 0.52** 0.28** 0.44**
Residuals 0.20 0.18 0.07 0.05 0.26 0.29

*p<0.05 **p<0.01.

Watershed showed higher numbers of significant correlation when compared with buffer
zone, especially with water variables in summer (Figure 6). At watershed scale, agriculture
and urban areas were positively related with water TP. At buffer zone scale, natural areas
were related with lower values of conductivity, nutrients (TP and TN), and pH in water during
summer, and also related with TP and pH in winter. High values of stable isotopes of carbon

were mainly related to natural areas (negatively at buffer zone scale) and agriculture
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(positively at watershed scale). Moreover, C:N values were negatively related with agriculture

and urban areas at buffer zone, and positively related with natural areas at watershed scale.

Water — Summer Water — Winter Surface Sediment
Trans Cond TN TP SRSi pH Trans Cond TN TP SRSi pH roC TN CN dBC d°N TP
Past [ . @ o e O e o °
Type
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Urba o o @ o
Strength
*  0.00-0.25
® 025050
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@ 050075
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Figure 6. Spearman correlation of water (summer and winter) and surface sediment variables
with land use (Trans — water transparency; Cond — conductivity; TN — total nitrogen; TP —
total phosphorus; SRSi — soluble reactive silica; TOC — total organic carbon; C:N — carbon
nitrogen ratio; d*>N — nitrogen stable isotopes; d**C — carbon stable isotopes).
3.4. LUI and environmental variables relationship
We observe higher LUI values in Salto Grande and Paiva Castro buffer zones, and in
watershed of Tatu and Salto Grande (Figure 3B). Significant correlations between LUI and
water variables are observed especially in winter at buffer zone scale (Table 6). Nutrients
(phosphorus and nitrogen) are positively correlated with LUI, as well as conductivity, COg,

and chlorophyll-a. All surface sediment variables at buffer zone, except 5'°C, are significantly

correlated with LUI.
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Table 6. Correlation between Land Use Index (LUI) and environmental variables at buffer
zone and watershed scales.

Water
Summer Winter
LUI LUI LUI LUI
Buffer Watershed Buffer Watershed
Transp. -0.21 -0.39** -0.27 -0.16
CO, -0.10 0.00 0.64** 0.02
DO 0.07 0.22 -0.30 0.67**
Cond. 0.50** -0.03 0.57** -0.04
pH 0.17 -0.09 0.31 -0.11
NH, 0.35 -0.04 0.43** -0.05
NO; 0.27 0.07 0.44** 0.01
TN 0.36** 0.02 0.52** -0.09
PO, 0.19 0.04 0.39** -0.01
TP 0.27 0.15 0.69** -0.06
SRSi 0.22 0.25 0.17 0.16
Chloro-a 0.41** -0.05 0.77** -0.12
Surface Sediment
LUI LUI
Buffer Watershed
TOC 0.50** -0.35
TN 0.55** -0.40**
TP 0.70** -0.04
CIN -0.42** 0.43**
38C -0.08 0.37
8N 0.60** 0.05
*p <0.05.
4. Discussion

We found that land use plays a similar role in water and surface sediment characteristics of

tropical reservoir at both buffer zone and watershed scales. Despite several studies show close

relationship between water and surface sediment quality and land use (e.g. Maberly et al.,

2003; Wagner et al., 2011; El-Khoury et al., 2015), spatial effects have been neglected.

Furthermore, our results show significant influence of connectivity among reservoirs in water

and surface sediment characteristics when effects of land use are removed.

Contrary to our expectations, the importance of land use in water-sediment characteristics is

quite similar in both spatial scales. There is no consensus in the literature about what is the



62
best scale to use in land use studies, since some works suggest that land use in buffer zone is
more important to water characteristics (e.g. Su et al., 2015), while others consider the
watershed scale more important (e.g. Sliva & Williams, 2001). Ding et al. (2016) found that
land use in watershed scale is better than riparian and local scales to explain water
characteristics variation. They suggest that these contrasting results are likely due to the
method used to determine the buffer zone, besides the differences in regional settings and
water quality parameters of interest. In addition, we suppose that each land use classes per se
have its own pattern of relationship with the water and surface sediment variables, revealing
differences between spatial scales.

Our results suggest that classes of land use in watershed scale have more important effects in
water variables than in buffer zone. Effects of agriculture and urban areas are stronger in
summer, likely due to runoff increases, which ultimately lead to decrease in water
transparency and increase in variables related to eutrophication (conductivity and nutrients).
Global meta-analysis, about the relationship between agriculture, depth and TP, shows that
agriculture explains a significant proportion of TP variation in lakes (28%), as well as the
increased summer TP concentration in temperate lakes (Taranu & Gregory-Eaves, 2008). Our
results show that this relationship may also occurs in tropical reservoirs, both in summer and
winter, but mostly at watershed scale. Moreover, water TN has a positive correlation with
agriculture in summer (rainy season). Surplus nutrients (TN and TP) applied in crops are
inputted in water bodies by runoff, which is higher in summer, and could lead to
eutrophication (Carpenter et al., 1998; Kalkhoff et al., 2016). Positive correlation with soluble
reactive silica in summer reinforces our assumption that the increase of the effects of land use
in water variables at watershed scale is likely due to runoff increasing, such as also observed
by Davis (1964). However, despite runoff in summer play an important role in the land use

effects in water characteristics, similar correlations of the water variables (mainly TP) with
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urban areas in summer and winter indicate that point sources, such as sewage and industrial
discharges, are probably the main cause of the nutrient increase (Carpenter et al., 1998).

As we expected, the effects of land use are higher in surface sediment but without substantial
difference between buffer zone and watershed scales. These results indicate that surface
sediment can retain a greater quantity of information about land use than water. Carbon stable
isotope (d™3C) in surface sediment was positively related to anthropic activities at watershed,
especially agriculture. At buffer zone, agriculture was negatively correlated with C:N ratio.
Our results suggest that agriculture areas are an important source of organic matter in tropical
reservoirs. High values of d**C can indicate sites with elevated organic matter growth rates
and productivity (Wu et al., 2006), but we suppose that higher values of d*3C in reservoirs are
related with some crops, such as sugar cane, likely due to plant C4 sources (Meyers, 1994).
Sediments can provide a large range of information about environmental changes in
paleolimnological approaches (Smol, 2008), and is very useful in studies about land use
changes and eutrophication (Keatley et al., 2011; Fontana et al., 2014).

Exceeding our expectations, connectivity among reservoirs shows a huge importance in these
processes, mainly when we consider connectivity (AEM variables). For this spatial data set,
pure spatial component have a higher contribution in variance of water-sediment quality.
Spatial patterns are more often investigated by ecologists to understand the mechanisms
controlling community distribution (Legendre & Legendre, 2012; Padial et al., 2014,
Soininen, 2015), however is often an overlooked issue when applied to land use and water
quality. We understand that spatial patterns are important factors that also need to be
considered in land use and water-sediment quality relationship studies, particularly when
sampling sites are connected, like in reservoirs.

Indexes that summarize many variables in a single number or classification are a useful tool
for decision-makers in watershed management, such as Carlson’s trophic state index for lakes

(Carlson, 1977). Land-Use Index (LUI) was proposed to summarize in a single number the



64
power of land use to impact the aquatic ecosystems. Our results show that the relationships
between LUI and water-sediment variables are more significant at buffer zone and,
surprisingly, more in winter than in summer. We suppose that the effects of land use, measure
by LUI, are more pronounced in winter when the noises of the analysis due to rainfall are
negligible. Besides, urban area has a higher weight in LUI and its main pollution source is

punctual and independent of runoff (Carpenter et al., 1998).

5. Conclusion

We concluded that there are no relevant differences between the land use and water-sediment
relationships at buffer zone and watershed scales, highlighting that is crucial to develop
strategies in both local level (especially in terms of dam operation) and watershed scale
(Lépez-Moreno et al., 2014). This becomes clear when we plan management strategies for a
specific land use, for example agriculture, which is mainly related to a watershed scale. On
the other hand, urban areas, which have is a potential point pollution source, should be mainly
observed at local scale (buffer zone). Surface sediment is a useful tool to monitoring land use
effects in reservoirs, as our results suggest, gathering information from buffer zone and
watershed in the same way. Moreover, connectivity, representing by AEM spatial variables, is
an important factor in water-sediment quality since rivers are the path of the land use effects
in watersheds (Martinez-Carreras et al., 2015), and we strongly recommend that it should be
considered in future land use analysis. Furthermore, our findings provide one of the last
limnological characterization of CS reservoirs before the catastrophic drought that drastically
reduced the reservoirs volume between 2013 and 2014 (Coutinho et al., 2015), thereby
bringing a reference for this important water supply system. Strategies executed without the
knowledge of land use changes may lead to inappropriate management actions to mitigate

impacts in the basin (EI-Khoury et al., 2015).
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Unravelling the key drivers of diatom species and trait
variation in tropical reservoirs



72

Title: Unravelling the key drivers of diatom species and trait variation in tropical

reservoirs

STEFANO ZORZAL-ALMEIDA', JANNE SOININEN?, LUIS MAURICIO BINI®

AND DENISE CAMPOS BICUDO".

YInstituto de Botanica, Department of Ecology. Av. Miguel Stéfano, 3687, Sdo Paulo,

SP, Brazil. CEP 04301-012. stefanozorzal@gmail.com

2Department of Geosciences and Geography, University of Helsinki, Helsinki, Finland

Universidade Federal de Goias, Instituto de Ciéncias Bioldgicas, Departamento de

Ecologia, Goiania, GO, Brazil.
Abbreviated title: Diatom communities in tropical reservoirs

Keywords: connectivity; environmental gradients; land use; phytoplankton; surface

sediment.


mailto:stefanozorzal@gmail.com

73

SUMMARY

1. A metacommunity is defined as a set of local communities that are connected by
species dispersal and are controlled by historical and environmental drivers operating at
different spatial and temporal scales. Several organisms have been reported to comply
with metacommunity processes, such as diatoms. There is an extensive literature about
diatom ecology in temperate and lotic ecosystems, but the knowledge about tropical
lentic systems is scarce.

2. We aimed to evaluate how diatom communities, including trait-based communities,
were structured by environmental, spatial and land-use variables in tropical reservoirs,
and to test whether planktonic and surface sediment diatoms respond similarly to these
drivers.

3. Diatoms were sampled in seven reservoirs (31 sites in total) in southeast Brazil from
the surface sediment and plankton in summer and winter.

4. Diatom communities responded primarily to a trophic gradient and, secondarily, to a
light-availability gradient. Connectivity was also a strong driver, especially in winter,
whereas land use had a weaker influence on community variation. Our results suggested
that surface sediment and planktonic diatoms were similarly related to the explanatory
variables. Growth morphology and trophic preference traits also responded to
environmental and spatial factors.

5. We conclude that (i) trophic gradient, light availability and connectivity are the main
drivers of the diatoms in tropical reservoirs resulting in spatially structured
communities; (ii) patterns for surface sediment diatoms resemble both summer and
winter diatom communities in plankton; and (iii) the importance of the drivers varies
among the different traits used in the analyses. We highlight that studies in tropical
reservoirs should take into account spatially structured environmental variation due to

likely connectivity.
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Introduction

A metacommunity is defined as a set of local communities that interact by species
dispersal (Leibold et al., 2004). Dispersal may involve active and passive processes,
such as flying in adult insects and dispersal by water or air in algae. Dispersal mode and
intensity are important factors in metacommunities and they hypothetically influence
the relationship between the community structure and environmental filtering (Cottenie,
2005). Actively dispersing species (e.g. adult insects, birds) are efficient dispersers and
thus track environmental heterogeneity (Gronroos et al., 2013), while passively
dispersed taxa (e.g. algae, plants) may be strongly influenced by spatial processes (Liu
et al., 2013). Furthermore, the relative roles of environmental filtering and spatial
processes depend on the spatial extent of the study, i.e. with increasing scale, spatial
structuring of communities is expected to be stronger (Soininen, 2007). In addition to
spatial extent, connectivity may affect the degree of spatial structure in communities
(Rouguette et al., 2013). For example, in freshwater diatoms, connectivity between
environments (e.g. connected streams) is likely to facilitate species dispersal between
sites (Verleyen et al., 2009).

Regional-scale processes, such as biogeographic barriers and land use, also affect
diatom communities (Mangadze, Bere & Mwedzi, 2015). For instance, land use may
affect diatoms by influencing water chemistry in lakes or streams (Pan et al., 2004). An
increase in agricultural activity is related to increasing runoff rates, turbidity and diffuse
nutrient loading, which may be detrimental to diatom communities (Cooper, 1995;
Zampella, Laidig & Lowe, 2007).

Tropical diatom distribution patterns have received relatively little attention, and
most of the studies have focused on lotic systems (Townsend & Gell, 2005; Wetzel et

al., 2012; Mangadze et al., 2015) and, in particular, on the use of periphytic diatoms for
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river biomonitoring (Wu & Kow, 2002; Bere, Mangadze & Mwedzi, 2014). Some
studies have also evaluated how the environment influences tropical diatom
communities in plankton. For example, Raupp, Torgan & Melo (2009) found that flood
pulses drive the planktonic diatoms in a lake in the Amazonian floodplain. They found
that during the low-water-level period, diatom richness was higher due to the
contribution of both benthic and periphytic species to the plankton. Furthermore,
paleolimnological approaches using surface sediment samples have been used to assess
patterns in diatom distribution in tropical ecosystems on contemporary time scales
(Faustino et al., 2016). Despite the increasing number of studies about planktonic and
surface sediment diatoms in tropical lentic ecosystems, our understanding about the
factors that drive these communities is still limited. In an applied context, our limited
knowledge of the factors underlying diatom distributions in lentic tropical ecosystems
hinders our ability to use these organisms in biomonitoring. From a conceptual
viewpoint, this also limits our capacity of generalisation (considering the type of
ecosystem and climate) of the main processes that structure biological communities.
Species identities have so far been the main tool to understand the relationship
between diatom communities and environmental variation (e.g. Townsend & Gell,
2005). However, functional traits can provide an interesting complementary approach
(Bayona et al., 2014). Traits have been successfully used in marine (Terseleer et al.,
2014) and freshwater environments (Gottschalk & Kahlert, 2012) to study diatom
community structures. This approach is useful because functional traits provide a quick
way to assess ecological patterns and improves the predictive power in
community/environment relationships (McGill et al., 2006). Passy (2007) described
three ecological guilds based on the diatom growth morphologies, their potential to use

nutrients and their resistance to physical disturbances: low-profile, high-profile and
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motile guilds. Passy’s classification has recently been modified by the inclusion of a
planktonic species guild and the rearrangement of the species among the guilds (Rimet
& Bouchez, 2012). In addition to the growth form, cell size and attachment-ability have
also been used in some diatom studies (e.g. Wetzel et al., 2012; Liu et al., 2013).
Moreover, diatom guilds with different trophic status requirements have been used in
paleoenvironmental reconstructions (e.g. Fontana et al., 2014). In short, despite its
simplicity, the functional trait-based approach seems to be a strong tool for investigating
patterns of diatom community (Stenger-Kovacs et al., 2013).

Here, we aim to (i) test how diatom communities in tropical reservoirs respond to
local environmental variables, connectivity and land use; (ii) test whether surface
sediment and plankton diatoms respond similarly to these drivers. Moreover, we also
investigate how the results from these analyses change when traits (growth morphology,
cell size and trophic preference) are used to organise the response matrices (instead of
species identities). We expected that the patterns for surface sediment diatoms would
resemble both summer and winter diatom communities in plankton as they have the
same key drivers. Our prediction was based on the idea that surface sediment
communities reflect the conditions at a longer timescale and thus integrate the patterns
from both seasons (Smol, 2008). We also expected that the traits would show a similar

response to local environmental variables, connectivity and land use.

Methods

Study area and sampling

The Piracicaba River basin, where this study was conducted, is located in a tropical
zone and covers 12,569 km? of the Medium Tieté River basin, Sdo Paulo State, Brazil

(SHS, 2006). Total annual precipitation ranges from 1200 to 1800 mm (CBH PCJ,
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2012). In this basin, there is one of the greatest water supply systems in the world, the
Cantareira System, which consists of five reservoirs connected via tunnels in the
following sequence: Jaguari, Jacarei, Cachoeira, Atibainha and Paiva Castro (Fig. 1;
Table 1). The Cantareira System can produce 33 m*/s of water of which 31 m*/s comes
from the Piracicaba River basin and 2 m*/s comes from the High Tieté River basin. A
tunnel that links Atibainha and Paiva Castro reservoirs connects Piracicaba River and
the High Tieté River basins. The Salto Grande and Tatu reservoirs (Fig. 1; Table 1) are
hydroelectric power plants and only the first is connected with the other reservoir of

Cantareira System by the Atibaia River.

Table 1. Main characteristics of the studied reservoirs. Zm,x = maximum depth, tr; =
water residence time, and Vmax = maximum volume.

Jaguari-Jacarei Cachoeira Atibainha Paiva Castro  Tatu Salto Grande

Zomax (M) 46.0®) 23.07 24.7% 12.4%) 7.09 19.8¥
tret (days) 384,29 36.3% 99.6 10.3% 12.5® 30@
Area (km?) 42.49 6.99“ 20.179 4.22% 0.46¥ 13.25@
Vmax (10° m?3) 1082.5% 113.9% 303.2¢ 32.7% 1@ 106@
Catchment 1032.4 (Jaguari) @ o o o @ @
area (km?) 202.9 (Jacarei) 21) 391.7 314.8 337.7 2816.4 301.4

. . Public . . Power Power
Main use Public supply supply Public supply  Public supply generation generation
Sampling 2 (Jaguari)
stations 7 (Jacaref) 5 6 4 3 4

Dwhately & Cunha (2007); @PLeite, Espindola & Calijuri (2000); ®Mansor (2005); WANA (2013). ®Sabesp —
personal communication.
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Fig. 1. Location of the reservoirs in the Piracicaba River basin. Light grey areas
represent the watersheds of the reservoirs.

Sampling campaigns were carried out in 2010 (Jaguari and Jacarei) and 2013
(Cachoeira, Atibainha, Paiva Castro, Salto Grande and Tatu) in austral summer and
winter. Sampling sites in each reservoir (total n = 31 sites) were selected according to
the main water inputs (main rivers and tunnels), main water outputs (dams and tunnels),
and in the deepest region to consider its entire area. The water column was sampled
with a van Dorn bottle at the subsurface, the middle and 1 m above the bottom of the
water column in summer and winter (for limnological variables and diatoms). Diatoms
in the surface sediments (the top 2 cm sections) were collected using a UWITEC gravity

corer in winter.
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Diatom analysis and ecological traits

Plankton and surface sediment material for diatom analyses were cleaned by oxidation
using concentrated hydrogen peroxide (37%) and hydrochloric acid (Battarbee et al.,
2001). Oxidised subsamples were rinsed with deionized water and permanent slides
were prepared using Naphrax™ mounting medium. Quantitative analyses were
performed using an optical microscope (Zeiss, Axioscop2 Plus) at 1000x magnification
with an oil immersion objective. At least 400 valves were counted per slide (Battarbee
et al., 2001) and until reaching 90% counting efficiency, according to Pappas &
Stoermer (1996). Species abundances were calculated as the percentage of the total
counts. Only taxa with relative abundance equal to or higher than 2% were used in
further analyses (Winegardner et al. 2015). Codes for the diatoms names are in
accordance with the OMNIDIA software (Lecointe, Coste & Prygiel 1993).

Three groups of traits were used: growth morphology, cell size and trophic
preference. For growth morphology, species were classified as planktonic or benthic,
and the latter was subdivided into low-profile species (species of short stature, including
prostrate, adnate, erect, and solitary centrics, and slow-moving species), high-profile
species (species of tall stature, including erect, filamentous, branched, chain-forming,
tube-forming, stalked, and colonial centrics), and motile species (species that are able to
move; see Passy, 2007; Rimet & Bouchez, 2012). Size categories were based on
phytoplankton size classes, following an adaptation of the classes proposed by Reynolds
(1997): nano (2-20 pm), micro (20-200 pum) and macro (>200 pum). Additionally,
intermediate categories (nano-micro, and micro-macro size) were necessary because of
the broad size variation. Diatom maximum length was used to classify the species into
size categories and was measured for at least 20 specimens per species. Lastly, diatom

species were classified according to their trophic preferences into oligotrophic,
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mesotrophic and eutrophic groups. As for size category, intermediate categories (oligo-
mesotrophic, meso-eutrophic and oligo-eutrophic) were included because some species
have broad trophic tolerance. Ecological information about trophic diatom preferences
was taken from different sources, mainly Denys (1991), Hofmann (1994), van Dam,
Mertens & Sinkeldam (1994), Moro & Firstenberger (1997), and the AquaSed project
dataset (a local project that is identifying the ecological preferences of the tropical

diatom species).

Predictors of the diatom community

Water physicochemical variables (representing local factors) in each site comprised
water transparency, nutrient concentrations (total nitrogen and total phosphorus), water
acidity (pH), ionic content (conductivity) and total algal biomass (chlorophyll-a).
Conductivity, pH (U-53 Multiparameter) and water transparency (Secchi disk) were
measured in the field, while total nitrogen, total phosphorus (Valderrama, 1981) and
chlorophyll-a corrected for phaeophytin (Sartory & Grobellar, 1984) were analysed in
the laboratory. Except for water transparency, mean values of the variables in the water
column were used in the analyses described below.

Asymmetric Eigenvector Maps (AEM; Blanchet, Legendre & Borcard, 2008;
2009) were used to model the spatial variation in the diatom community. AEM takes
into account directional water flows, which could hypothetically explain the spatial
structuring of the diatom communities (Liu et al., 2013). To compute the AEM, we
applied a vector of weights (inverse of squared distance) to the edges of the
hydrological network (see Fig. S1 in Supporting Information), which represents the
level of connectivity between sites (Legendre & Legendre, 2012). Moran’s |

coefficients were used for the AEMs and those with a positive and significant (P < 0.05)



81

spatial autocorrelation were used in the analyses described below (see Fig. S2; Blanchet
etal., 2011; Bertolo et al., 2012).

Land use in the catchment of each reservoir was used as a landscape-level
component (or a regional factor) in our analyses and was divided into four categories:
natural areas (forests, reforested areas, riparian areas and water courses), pasture
(pasture and fields), agriculture (permanent and semi-permanent crops) and urban areas
(urban area and bare ground). The relative area covered by each category was
determined by (1) SPOT images interpretation (1:25,000; S&o Paulo, 2013), (2)
IKONOS images interpretation (1:25,000; S&o Paulo, 2015), and (3) IBGE (Instituto
Brasileiro de Geografia e Estatistica) information maps (1:5,000,000; IBGE, 2015)
using ArcGIS 10.2. Thereafter, the land use associated with each site was determined by
dividing the entire watershed land use by the distance (in kilometres) of the sites to the
fluvial region of the reservoir (Fig. 2, Fig. S3). By doing so, we considered that sites
located closer to the fluvial region of reservoirs are more likely to be affected by land

use than the more distant sites.
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Watershed

LU; = LUwatershed / di
d>
di

Reservoir .

Fig. 2. Diagram of land-use calculations for each sampling site based on the distance
from the main river (d), where d; is the geographic distance of the site s; from the main
river. Land use (LU) was calculated for each land-use class separately.

Data analysis
Before analyses, species abundances, local physicochemical variables (except pH) and
land-use data were Hellinger- (Legendre & Gallagher, 2001), log-, and arcsine-
transformed, respectively.

We tested the relationships between environmental gradients and traits using an
RLQ analysis (Dolédec et al., 1996). In this analysis, R is the environmental matrix
(local physicochemical variables and land use), L is the species abundance matrix
(species data from the surface sediment and plankton in summer or winter), and Q is a
species-by-traits matrix. Following Dray et al. (2014), we used a principal component
analysis, a correspondence analysis, and a multiple correspondence analysis to

characterise the main environmental gradients (using matrix R), to describe patterns of



83

species composition (using matrix L) and to identify trait syndromes (using matrix Q),
respectively. After that, the RLQ analysis was used to find the main relationships
between traits and environmental variables, weighted by species abundances.

We also quantified the relative importance of local environmental variables,
spatial eigenvectors and land use on diatom species and trait abundances by partial
redundancy analysis (pRDA; Borcard, Legendre & Drapeau, 1992), following the
recommendations by Peres-Neto et al. (2006) to estimate the adjusted coefficients of
determination. In this analysis, the total variation explained is partitioned into the shared
and pure contributions of the three explanatory variables (local environment,
connectivity, and land use). For trait-based analyses, abundances of traits for each site
were calculated by the sum of the species abundances belonging to the same trait group
(a flow diagram of the analysis is shown in Fig. S4).

Finally, the RV coefficient (Robert & Escoufier, 1976) was used to evaluate the
similarity between diatom communities in the surface sediment and the plankton in
summer and winter. All analyses were performed using R (version 3.1.3; R Core Team,
2015) packages ‘ade4’ (Dray, Dufour & Thioulouse, 2015), ‘AEM’ (Blanchet, 2009),
‘FactoMineR’ (Husson et al., 2016), ‘labdsv’ (Roberts, 2016), and ‘vegan’ (Oksanen et

al., 2013).

Results

The reservoirs showed similar values for water physicochemical variables, except for
Salto Grande Reservoir, which showed high ionic, total nitrogen (TN), total phosphorus
(TP) and chlorophyll-a concentrations (Table 2). Differences between reservoirs were
more evident in winter, especially for transparency, TN, TP and chlorophyll-a. Despite

these similarities, land-use coverage differed substantially between reservoirs (Table 3).
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For example, the Jaguari and Tatu reservoirs had a high amount of agriculture in their
watersheds while the Atibainha and Paiva Castro reservoirs had more natural

watersheds.

Table 2. Mean and standard deviation of physicochemical variables in each reservoir in

summer and winter. TN = total nitrogen; TP = total phosphorous.

Transparency Conductivity pH TN TP Chlorophyll-a
(m) (uS cm™) (ng L (hg L") (ng L)
Summer
Jaguari 21+0.8 39+2 7.1+0.3 279.4+81.0 325+27.2 30+1.0
Jacarei 3.0+£05 36+5 7.2+0.2 164.3+70.1 9.6+6.2 24+20
Cachoeira 19+0.6 415 6.1+0.2 451.7+1159 17.3+5.8 22+1.2
Atibainha 2.6+0.7 28+ 4 5.9+0.3 284 + 34.6 9.9+21 3.0+£14
Paiva Castro 0.7+£0.3 29+6 59+0.1 259.9+£187.1 142+3.3 20+£09
Salto Grande 0.9+0.6 212 £ 15 72+04 2723.8+951.2 65.4+28.0 55.2 £ 64.9
Tatu 0.6+0.1 63 +2 58+0.4 5279%171.4 242+ 2.6 1.7+1.0
Winter
Jaguari 27+04 34+£0 6.5+0.1 424.2 +85.3 19.1+05 2004
Jacarei 4.0+£0.7 34+1 6.6 +0.1 276.4 + 35 129+ 3.2 44+32
Cachoeira 2.0+0.2 39+2 6.6 +0.3 217.3+81.2 12.8+5.2 19+05
Atibainha 21+0.7 40+1 6.4+0.2 5441+1354 8.9+21 19+0.6
Paiva Castro 22+05 59+5 6.2+0.1 278.7 + 67 11.3+1.0 1.1+1.0
Salto Grande 1.0+04 388 + 21 7.1+0.2 2453 + 388.5 158.8+54.2 87.2+66.6
Tatu 0.9+0.2 49+3 6.3+0.1 543.8 + 35.3 18.3+1.2 1.8+1.1

Table 3. Percentages of land-use coverage in the watersheds of the reservoirs.

Pasture Agriculture  Natural areas  Urban areas

Jaguari 9.16 25.10 53.66 12.08
Jacarei 55.26 0.87 35.5 8.37
Cachoeira 40.42 0.48 55.85 3.25
Atibainha 25.11 0.04 68.49 6.36
Paiva Castro 9.38 0.24 74.55 15.83
Salto Grande 37.24 6.94 30.43 25.39
Tatu 11.48 52.6 9.06 26.86

We found 63 diatom taxa with abundances of >2% in the surface sediment and
plankton samples (Table S1). In the surface sediment samples, we identified 41 taxa, of

which 13 occurred exclusively in the sediment, and 50 taxa in the plankton, of which 22
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occurred only in the plankton. Discostella stelligera was the only species that was
present in all samples.

In the RLQ analysis, surface sediment and planktonic diatoms in summer and
winter showed similar ordination patterns (Fig. 3). The first axis for the surface
sediment and planktonic diatoms in the summer ordination reflected the distribution of
the sites along a trophic gradient (conductivity, pH, TN, TP and chlorophyll-a), while
the second axis ordinate shows the sites along a light-availability gradient. However, for
planktonic diatoms in winter, the sites were ordinated along a light-availability gradient
along the first axis. Similar species groups were associated with these main gradients for
the three ordinations. For example, Aulacoseira granulata var. granulata (AUGR), A.
granulata var. angustissima (AUGA), A. ambigua (AAMB) and Cyclotella
meneghiniana (CMEN) were associated with higher concentrations of nutrients and
chlorophyll-a, and with high values of conductivity, pH, and proportion of urban area.
In contrast, A. tenella and Eunotia sp. occurred mainly in oligotrophic, slightly acidic

and transparent waters.
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Fig. 3 Ordination plots of the RLQ analyses of the species/trait/environmental
relationship in surface sediment (A), plankton in summer (B), and plankton in winter
(C). Chlor = chlorophyll-a; Cond = conductivity; TN = total nitrogen; TP = total
phosphorous; Trans = water transparency; Agri = agriculture; Natu = natural areas; Past
= pasture areas; Urba = urban areas; LowP = low profile species; HighP = high profile
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species; Moti = motile species; Plank = planktonic species; Nano = nano size species;
NanoMi; nano-micro size species; Micr = micro size species; MiMacr = micro-macro
species; Oli = oligotrophic species; OliMes = oligo-mesotrophic species; Meso =
mesotrophic species; MesoEu = meso-eutrophic species; Eu = eutrophic species; OliEu
= oligo-eutrophic species. Species codes are showed in Supplementary Table 1.

The results of the variation partitioning clearly indicated that most of the variation
in our data, independently of how they were organised (i.e. either using a species data
table or data tables organised according to traits), was accounted for by the spatially
structured environmental component, encompassing the local environmental variables
and the spatial variables (Fig. 4). It is also worth noting that the changes in the adjusted
coefficients of determination depended on how the response matrices were organised.
For example, the variations explained by the spatially structured local variables were
32%, 21%, 42% and 37% for the dataset organised taxonomically, morphologically, in
terms of size, and trophic preference, respectively (considering surface sediment
samples; Fig. 4).

The RV coefficient showed a strong concordance between diatom communities
from the surface sediment and plankton samples, both in summer (RV = 0.69, P < 0.01)

and winter (RV =0.77, P <0.01).
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Fig. 4. Variation partitioning of the diatom communities between environmental ([E]), connectivity ([C]) and land-use ([L]) variables for species
and trait abundance. Significant components are represented by bold numbers (P < 0.05).
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Discussion

Our results highlight three main aspects. First, diatom communities in the set of tropical
reservoirs were mainly controlled by the spatially structured environmental component.
Second, the result was consistent for both the surface sediment and planktonic diatom
communities. Third, the variance attributable to local variables, connectivity and land

use varied greatly depending on how the community data were organised.

The role of local environment

Our results suggest that nutrients, conductivity, pH and chlorophyll-a are important
environmental variables that drive the diatom community. Nutrients, especially nitrogen
and phosphorus, have been documented as the main environmental factors that structure
the diatom community in temperate lakes (Blanco et al., 2014) and in tropical streams
(Mangadze et al., 2015; Liu et al., 2016). Besides trophic conditions, our results suggest
that light availability also represents an important environmental gradient that structures
diatoms, especially in winter. High light availability, which is associated with oligo-
mesotrophic conditions, favoured some diatom species (e.g. Aulacoseira tenella and
Eunotia sp.), which is in line with previous studies on phytoplankton and diatom
communities (Domingues et al., 2015). Virtanen & Soininen (2012) similarly suggested
that water transparency is an important factor for stream diatoms. In general, several
studies have shown that benthic diatoms are strongly influenced by local environmental
factors (e.g. Soininen, 2007; Bottin et al., 2014). Therefore, salient similarities between
reservoirs (this study) and lakes and streams (previous studies; e.g. Soininen &
Weckstrém, 2009; Kahlert & Gottschalk, 2014) with regard to the main drivers of the

diatom community structure can be pointed out. This is an interesting finding given the
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conspicuous differences between these types of ecosystems (e.g. in terms of
morphology, hydrology, and level of anthropic influence), and our results suggest that
some level of generalisation can be achieved. Our results also highlight previous
assertions about the suitability of diatoms as ecological indicators (e.g. Bennett et al.,

2010).

The role of connectivity

In general, and particularly in South America, reservoirs are strongly connected by
hydrology and form reservoir cascades (Tundisi & Matsumara-Tundisi, 2008). Thus, the
water output of an upstream reservoir is the water input of a downstream reservoir. In
theory, the passive dispersal between hydrologically connected reservoirs would tend to
homogenise local communities, masking the effect of environmental structuring.
However, even with this homogenising force, we found a highly spatially structured
environmental component. Thus, if we assume that such a large component can be
attributable to the role of species-sorting mechanisms (Smith & Lundholm, 2010), our
results echo those found by Cottenie et al. (2003). Specifically, they found a strong
relationship between local environmental variables and the zooplankton community

structure in a set of highly connected ponds.

Land use

Our results revealed that diatoms are secondarily driven by light availability, probably
due to the expansion of agricultural areas and the associated increase in turbidity (Hill
1998). Recently, it has been suggested that diatom communities differ among forested,
urbanised and cultivated catchments mostly by indirect effects through the water

chemistry (Teittinen et al., 2015). Similarly, Bere & Tundisi (2010) found that diatom
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communities of tropical streams are affected by urbanisation. However, they found that
Aulacoseria granulata and A. ambigua were related to less-polluted streams, while our
results and those of other studies (e.g. Fontana et al. 2014) show that these species
typically occur in eutrophic reservoirs. Such different results reflect the fact that
diatom/land-use relationships may be strongly context-dependent. In general, despite
the growing number of studies evaluating the effects of land use on the structure of
aquatic communities (Lenat & Crawford, 1994; Carneiro et al., 2014; Mantyka-Pringle
et al., 2014), our results suggest a higher predictive power of local environmental
variables. For example, the adjusted coefficients of determination pertaining to the
shared fractions between local and spatial variables were equal to 32%, 20% and 23%,
for surface sediment, and planktonic samples in summer and winter, respectively (for
species data, see Fig 4). These figures were equal to 6%, 5% and 6% when the shared

fractions between land-use and spatial variables were considered.

Surface sediment vs. planktonic diatoms

The main drivers of diatoms were consistent for the sediment and planktonic
communities. Furthermore, similar species abundances and drivers of the communities
suggest that most surface sediment diatoms originated from the plankton environment in
reservoirs. As far as we know, only Winegardner et al. (2015) explicitly evaluated if the
same drivers act on the plankton and surface sediment communities and found that both
communities had similar relationships with environmental and spatial predictors.
Studies showing similarities between the plankton and surface sediment communities
and species/environment relationships are encouraging, especially for paleolimnological

studies examining surface sediment communities.
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Traits

Although trait-based groups of diatoms were also mainly controlled by the spatially
structured environmental component, the pure effects of local variables, land use and
connectivity also seem to be important drivers. However, our results suggest that the
degree of variance explained purely by each of these three components depends on
which traits were used in the analyses. Traits based on growth morphologies indicated
significant pure effects of local environment in all diatom communities and pure land-
use effects in planktonic diatom communities. On the other hand, cell size group did not
show any relationship with the pure fractions. Size variation has been recognised as an
important feature in diatom distribution (Passy 2012). High fractions of the variance
controlled by the spatially structured environmental component in our study suggest that
cell size is also important in tropical reservoirs. Finally, even in the same trait group, the
importance of the components can be different, such as in the trophic preference group,

where the main driver is probably dependent on seasonality.

Conclusions

We conclude that (i) trophic gradient, light availability (most likely associated with
land-use variation and associated runoff of inorganic material) and connectivity are the
main drivers of the diatom community in reservoirs, resulting in a spatially structured
environmental component; (ii) the patterns for surface sediment diatoms resemble both
summer and winter planktonic diatom communities because plankton and sediment
diatoms have the same key drivers and the community composition is relatively similar;
(iii) the studied traits show potential to be used for understanding the diatom
distribution in reservoirs, but patterns depend on how the species are grouped. Our

results reveal that the main drivers of the diatom communities (local environment and
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connectivity) are the same for the communities in plankton and in the surface sediment,
and — based on earlier literature — for lakes and rivers. However, our results also
highlight that the patterns in the diatom community should be carefully evaluated by
considering that the local environment can be spatially structured in tropical reservoirs

due to likely connectivity.
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SUPPORTING INFORMATION
Table S1. Species codes, frequency of occurrence (f, %), and minimum (min) and maximum (max) relative abundance (%) of the species with a

relative abundance of >2% in the 31 sampling sites. Diatom names were coded according to the OMNIDIA software.

Species Surface sediment Plankton - Summer Plankton - Winter

code f min  max f min  max f min  max

Achnanthidium catenatum (Bily & Marvan) Lange-Bertalot ADCT 80.6 00 184 67.7 00 464 581 0.0 136

Achnanthidium exiguum (Grunow) D.B.Czarnecki ADEG 00 00 00 67.7 00 268 484 0.0 256

Achnanthidium jackie Rabenhorst ADJK 516 00 57 71.0 00 247 484 0.0 10.0
Achnanthidium lineare W.Smith ACLI 65 00 65

Achnanthidium macrocephalum (Hustedt) Round & Bukhtiyarova ADMA 45.2 00 26 419 00 171

Achnanthidium minutissimum (Kutzing) Czarnecki ADMI 452 0.0 132 45.2 00 101 419 0.0 173
Asterionella formosa Hassall AFOR 65 00 20

Aulacoseira ambigua (Grunow) Simonsen AAMB 968 00 476 96.8 00 269 968 0.0 258

Aulacoseira granulata var. angustissima (O. Miller) Simonsen AUGA 968 0.0 637 96.8 00 339 742 00 85

Aulacoseira granulata var. granulata (Ehrenberg) Simonsen AUGR 871 00 138 90.3 00 249 839 0.0 204

Aulacoseira herzogii (Lemmermann) Simonsen AUHE 0.0 00 0.0 258 00 09 323 00 35

Aulacoseira tenella (Nygaard) Simonsen AUTL 90.3 0.0 547 96.8 0.0 384 1000 22 840

Brachysira microcephala (Grunow) Compere BMIC 90.3 00 38 774 00 33
Brachysira sp. BRSP1 323 00 53

Cyclotella meneghiniana Kiitzing CMEN 516 00 164 67.7 0.0 20.7 548 0.0 254

Diadesmis confervacea Kiitzing DCOF 194 00 32 16.1 00 85

Diploneis ovalis (Hilse) Cleve DOVA 12.9 00 0.7 12.9 00 29

Discostella pseudostelligera (Hustedt) Houk & Klee DPST 9.7 00 83 6.5 00 04

Discostella stelligera (Cleve & Grunow) Houk & Klee DSTE 1000 11 499 1000 15 400 1000 0.7 659

Encyonema silesiacum (Bleisch) D.G.Mann ESLE 613 00 9.6 67.7 00 24 419 00 37




Table S1. Cont.

Species Surface sediment Plankton - Summer Plankton - Winter
code f min  max f min  max f min  max
Encyonema sp. ENSP1 29.0 0.0 2.2 12.9 0.0 25 6.5 00 11
Eolimna minima (Grunow in VVan Heurck) H. Lange-Bertalot EOMI 6.5 00 25
Eunotia camelus Ehrenberg ECAM 129 00 25 129 00 188 161 00 37
Eunotia intricans H. Lange-Bertalot & D. Metzeltin EITC 323 00 44 194 00 15 194 00 33
Eunotia meridiana Metzeltin & Lange-Bertalot EMER 12.9 00 23 12.9 00 05
Eunotia sp. EUSP1 452 00 35 38.7 00 15 290 00 57
Fragilaria crotonensis Kitton FCRO 64.5 00 28 355 0.0 238
Fragilaria gracilis @strup FGRA 16.1 00 27 9.7 00 45
Fragilaria longifusiformis (Hains & Sebring) Siver et al. FLFU 97 00 38 9.7 00 90
Fragilaria pararumpens Lange-Bertalot, G. Hofmann & Werum FPRU 6.5 0.0 0.5 16.1 00 24
Fragilaria parva (Grunow) A.Tuji & D.M.Williams FPAV 226 00 90
Fragilaria pectinales (O.F. Muller) Lyngbye FPEC 194 00 12 29.0 00 32
Fragilaria sp. FRSP1 32 00 50 29.0 00 184 258 0.0 173
Fragilaria tenera var. nanana (Lange-Bertalot) Lange-Bertalot & S.Ulrich FTNA 19.4 00 58 32 00 03
Fragilaria tenuissima Lange-Bertalot & S.Ulrich FTNU 355 00 7.3 194 00 1.0
Fragilaria vaucheriae (Kutzing) Petersen FVAU 9.7 00 13 226 00 29
Frustulia crassinervia (Brébisson) Lange-Be_rtant & Krammer in Lange-Bertalot & FCRS 19.4 00 05 226 00 21
Metzeltin
Geissleira punctifera (Hustedt) Metzeltin, Lange-Bertalot and Garcia-Rodriguez GPTF 6.5 00 12 16.1 00 3.0
Geissleria lateropunctata (Wallace) Potapova and Winter GELA 355 00 33 323 00 19 22.6 00 77
Gomphonema hawaiiense E.Reichardt GHAW 45.2 00 13 355 00 20
Gomphonema lagenula Kiitzing GLGN 548 00 22 54.8 00 32 355 00 13
Gomphonema naviculoides W. Smith GNAVC 97 00 29 129 00 23 9.7 00 07
Gomphonema parvulum (Kitzing) Kiitzing GPAR 387 00 72 0.0 00 0.0
Hantzschia amphioxys (Ehrenberg) Grunow in Cleve & Grunow HAMP 129 00 35 0.0 00 0.0
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Table S1. Cont.

Species Surface sediment Plankton - Summer Plankton - Winter
code f min  max f min  max f min  max

Humidophila contenta (Grunow) Lowe, Kociolek, J.R.Johansen, Van de Vijver, Lange-
Bertalot & Kopalova

Luticola intermedia (Hustedt) Levkov, Metzeltin & Pavlov in Levkov et al. LINT 129 00 6.7
Navicula cryptocephala Kiitzing NCRY 355 00 81

Navicula neomundana (Lange-Bertalot & Rumrich) Lange-Bertalot, Jariman & van de
Vijver in van de Vijver & Lange-Bertalot NNMU 290 00 70 29.0 00 18 226 00 30

HUCO 581 00 79 64.5 00 84 64.5 00 33

Navicula notha Wallace NNOT 516 0.0 131 96.8 00 197 96.8 00 71
Navicula symmetrica Patrick NSYM 65 00 20
Naviculadicta sassiana Metzeltin & Lange-Bertalot NDSA 355 00 36 355 00 95 9.7 00 03
Nitzschia amphibia Grunow NAMP 12.9 00 22 12.9 00 27
Nitzschia amphibioides Hustedt NAMH 742 00 44 80.6 00 50 71.0 00 45
Nitzschia palea (Kitzing) W. Smith NPAL 32 00 32 45.2 00 30 48.4 00 09
Nitzschia palea var. debilis (Kitzing) Grunow in Cleve and Grunow NPAD 48.4 00 23 6.5 00 03
Nitzschia perminuta (Grunow) M.Peragallo NIPM 129 00 20
Nitzschia sp. NISP1 9.7 00 20.2 9.7 00 33
Pseudostaurosira brevistriata Williams and Round PSBR 290 00 23
Rimoneis sp. RISP1 9.7 00 26
Sellaphora rostrata (Hustedt) J.R.Johansen in J.R.Johansen et al. SRTR 161 00 54 9.7 00 0.2 194 00 27
Sellaphora sp. SESP1 3.2 00 0.7 3.2 00 20

Spicaticribra rudis (P.I.Tremarin, T.A.V.Ludwig, V.Becker & L.C.Torgan) A.Tuji,
P.Leelahakriengkrai & Y. Peerapornpisal

Ulnaria acus (Kitzing) Aboal in Aboal, Alvarez Cobelas, Cambra & Ector UACU 32.3 00 27 25.8 00 20

SPRU 806 00 67.2 935 00 433 903 00 64
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Fig. S1. Diagram of the links between the sampling sites in the study area. Red arrows
indicate the link and the direction of the water flow, blue boxes represent the reservoirs
and white boxes represent the sampling sites. The arrow lengths do not represent the

geographic distances.
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Fig. S2. Moran’s | for 30 asymmetric eigenvectors maps (AEM). Black points above the

red line represent the eigenvectors that have a positive spatial correlation that were used

as the spatial variables in variation partitioning analyses.
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CAPITULO 3

Beta diversity of diatoms is driven by environmental
heterogeneity, spatial extent and productivity
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Summary

1. Simultaneous effects of productivity, environmental heterogeneity (EH) and spatial
extent on beta diversity of microbial communities have seldom been investigated. Here, we
evaluated how these components are related to diatom beta diversity in tropical reservoirs. We
hypothesised positive relationships between beta diversity and EH, productivity and spatial
extent.

2. Our results suggest a strong relationship between beta diversity and EH, productivity
and spatial extent. However, contrary to our hypothesis, productivity was negatively related to
beta diversity.

3. We speculate that artificial eutrophication can lead to decreased beta diversity (biotic
homogenisation). In conclusion, EH and dispersal limitation were the main factors that
determined diatom beta diversity in tropical reservoirs.

4. Synthesis. Our study shows that beta diversity is ruled both by environment and spatial
components, but its relationships are dependent of the approach used to determine the

predictors.

Key-words: artificial eutrophication, biotic-abiotic interaction, determinants of plant
community diversity and structure, dispersal limitation, , generalized least squares, tropical

reservoirs, surface sediment.
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Introduction

Beta diversity can be defined as “the extent of species replacement or biotic change along
environmental gradient” (Whittaker 1972), and the search for correlates of beta diversity, a
subject that has attracted much attention in the past years (Anderson et. al 2011), is of
paramount importance in community ecology, both in theoretical and applied ways (Chase
2010; Socolar et al. 2016). However, despite the ever increasing number of studies, we still
lack a general consensus on the relative roles of deterministic and stochastic processes

underlying beta diversity variation (Powell et al. 2015).

Productivity has been described as one of the most important drivers of beta diversity. Higher
values of beta diversity have been associated with productive environments, both in terrestrial
(Harrison et al. 2006) and aquatic environments (Langenheder et al. 2012; Bini et al. 2014),
and for producers and animals (Chase 2010). According to Chase & Leibold (2002a), if
productivity is positively related to environmental heterogeneity, with the temporal variation
of species composition and the tendency of local communities to exhibit multiple stable
states, then, a positive relationship between beta diversity and productivity might arise.
However, rapid nutrient enrichment in ecosystems may be related to biotic homogenisation,
leading to a decrease in beta diversity (Donohue et al. 2009; Vilar et al. 2014). Furthermore,
the strength of the relationship between beta diversity and geographic distance (Vilar et al.
2014) and the importance of the stochastic processes (Chase 2010) vary as a function of

primary productivity.

Environmental heterogeneity (sensu Stein & Kreft 2014) is another correlate driver of beta
diversity that has been tested in recent years. A positive relationship between environmental
heterogeneity and beta diversity has been found for different biological groups, including
aquatic macroinvertebrates (Heino et al. 2013), phytoplankton (Santos et al. 2016),

macrophytes (Thomaz, Souza & Bini 2003), terrestrial insects (Kadowaki & Inouye 2015)
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and vertebrates (Lopez-Gonzales et al. 2014; Martin & Ferrer 2015). In the light of species
sorting and a niche-based framework, the high variability of environmental factors within an
area leads to the formation of niches with different resources, which are colonised by species
with different requirements, increasing beta diversity (Chase & Leibold 2002b; Leibold et al.

2004).

In addition to productivity, environmental heterogeneity and other niche-based mechanisms,
stochastic processes, particularly dispersion limitation, have also been invoked to explain beta
diversity variation (Dong et al. 2015). Geographic distance per se, after accounting for all
relevant environmental factors and assuming that biotic interactions are negligible (Vellend et
al. 2014), may explain variation in beta diversity due to the reduced rate of species exchange
with increasing distance between sampling units. This “separation by distance effect” has
been inferred even for microorganisms, which. until recently. were regarded as free from
spatial constraints (“the everything is everywhere” part of the Baas-Becking’s statement;
Green & Bohannan 2006; Martiny et al. 2006). An increase in beta diversity (dissimilarity
measure) with increasing geographic distance without increasing of environmental distance,
although not sufficient, is a necessary evidence for inferring dispersal limitation. In general,
examples of spatial structuring in microbial communities are ever increasing (Wetzel et al.

2012; Rouquette et al. 2013; Wang et al. 2016).

Little is known about the simultaneous effects of productivity, environmental heterogeneity
and dispersal limitation on microbial beta diversity variation. Furthermore, different
components of environmental heterogeneity (e.g. abiotic and biotic environmental
heterogeneity and morphological complexity of the system; see Stein, Gerstner & Kreft 2014)
and stability have rarely been included in the same study. Here, we test the hypothesis that
diatom beta diversity in reservoirs is positively correlated with productivity and different

components of environmental heterogeneity (Fig. 1). We also expected that the higher the
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stability of reservoirs (as proxied by water residence time) and the spatial extent of the

samples within reservoirs, the higher beta diversity.
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Figure 1. Schematic model of the components that control beta diversity. Inner boxes
represent the proxies used for each component to model beta diversity.

Materials and methods

Study area and sampling design

The study area is located in south-eastern Brazil within four watersheds, covering about
50,000 kmz (Fig. 2). Apart from forested and agricultural areas, the region is highly populated
and contains, besides other metropolitan regions, the Metropolitan Region of So Paulo (ca.

19 million people), one of the largest in the world. A total of 23 reservoirs, from oligotrophic
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to hypereutrophic, were sampled between 2009 and 2014. Sampling sites in each reservoir
(ranging from 3 to 14; total = 104; see Table S1 in Supporting Information) were chosen near
the main tributaries, outflows (e.g., dam) and at maximum depth, covering the entire
extension of the reservoir. Water samples (for abiotic analyses) were collected in summer and
winter, integrating three layers in the water column (sub-surface, middle and one meter above

bottom). Surface sediment samples (for diatom analyses) were collected in winter.
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Figure 2. Location of the 23 reservoirs evaluated in the study. Black lines are the boundaries
of the watersheds.
Diatom analysis

The first two centimetres of surface sediment were collected using a gravity core sampler. The

material for diatom analyses was cleaned by oxidation, using hydrogen peroxide and
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hydrochloric acid (Battarbee et al. 2001). Slides were mounted with Naphrax, and quantitative
analyses were performed at 1000x magnification, using valves as counting units. Counting
limit was determined by two criteria: at least 400 valves per slide in total count (Battarbee et

al. 2001) and at least 90% in counting efficiency (Pappas & Stoermer 1996).

Diatom beta diversity was measured as the average distance from sample site to the group
centroid within each reservoir (Anderson 2006; Anderson, Ellingsen & McArdle 2006). This
measure of beta diversity considers that both changes in abundance and in species
composition have the same order-of-magnitude. The distance matrix (Bray-Curtis method)
used in the beta diversity measurement was calculated using a standardised matrix of relative

abundance of diatoms (Hellinger-transformed; Legendre & Gallagher 2001).

Predictors of Beta Diversity

Environmental heterogeneity was represented by three components: abiotic environmental
heterogeneity, reservoir morphology and habitat heterogeneity (see Stein and Kreft 2014).
Two proxies were used to measure abiotic environmental heterogeneity based on water
characteristics and depth of the sampling sites: (a) sum of the coefficients of variation (CV) of
the variables and (b) average distance to group centroid using standardised Euclidian distance
(Anderson 2006), where high values of these quantities represent high environmental
heterogeneity. The following variables were used for the calculations: conductivity (U-53
Multiparameter), water transparency (Secchi disc), total nitrogen and total phosphorus
concentrations (which were determined according to methods described in APHA 2005).
Reservoir morphology was determined by two proxies: (a) the shoreline development factor
(Kalff 2001) and (b) fractal dimension of the shorelines surrounding the reservoirs, calculated
by the box-counting method (Sugihara & May 1990; Halley et al. 2004), using 2, 4, 6, 8, 12,

16, 32, 64, 128 and 256 for the boxes dimension. Habitat heterogeneity was determined by the
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presence/absence of macrophytes, assuming that a higher number of different niches were
available in the presence of macrophytes than in their absence (Kovalenko, Thomaz & Warfe
2012; Tokeshi & Arakaki 2012). Spatial extent was represented by the maximum distance, in
meters, between the outermost sampling sites within the reservoirs. Reservoir stability was
given by the water residence time (WRT; Kalff 2001). Two surrogates of productivity were
used: (a) total phosphorus (main limiting nutrient for algal growth) and (b) chlorophyll a
(algal biomass) concentrations, which were determined by standard methods (Golterman,
Clymo & Ohnstad 1978; Sartory & Grobbelaar 1984). We used the averaged values of these

variables (per reservoir). All the components (Fig. 1) were measured for each reservoir.

Data Analysis

Generalized least squares (GLS) was used to model beta diversity as a function of our
explanatory variables (i.e., different measures of abiotic environmental heterogeneity,
productivity, reservoir morphology, spatial extent, habitat heterogeneity). We tested 48
models, which varied according to explanatory variables entering the models and according to
the spatial autocorrelation structures (none, exponential, Gaussian, linear, rational quadratic
and spherical; Zuur et al. 2009). For example, for each model, we used only one variable
representing abiotic environmental heterogeneity (i.e., CV or distance to centroid based on
environmental variables), reservoir morphology (fractal dimension or shoreline development
factor) and productivity (total phosphorus or chlorophyll-a). Presence/absence of macrophytes
(habitat heterogeneity), spatial extent and water residence time (reservoir stability) were

entered in all 48 models.

Second-order Akaike information criterion (AIC;) was calculated for each candidate model,
and they were ordered from smallest to largest. Thus, the model with smallest AIC; (AIC. min)

was considered the best model. However, just the absolute sizes of the AIC values are not
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sufficient to conclude about the best model because they can reflect sample size and some
constants. Therefore, AIC, differences (Aj = AlIC. - AIC; min; Where AIC,; is the AIC. value of
the i-th model) were calculated because they are easy to interpret and allow a quick
comparison and ranking of candidate models. Models with A; > 2 have substantial level of
empirical support (i.e., probably they are similar), models with A; = 4 — 7 have considerably
less empirical support and models with A; > 10 have essentially no support (see Burnham &

Anderson 2002 for detailed description of the procedures in this paragraph).

Fractal dimension analyses were performed using the software ImageJ 1.47 (Rasband 2008)
and the other analyses with the R program version 3.1.3 (R Core Team 2015), using packages
AlCcmodavg (Mazerolle 2016), ncf (Bjornstad 2016), nime (Pinheiro et al. 2016) and vegan

(Oksanen et al. 2013).

Results

Trophic states of the reservoirs ranged from oligotrophic to hypereutrophic (see Table S1).
We found high concentrations of total phosphorus (TP), total nitrogen (TN) and ions
(conductivity) in Barra Bonita Reservoir; low values were found in the Ribeirdo do Campo
Reservoir (TP and conductivity) and Tanque Grande Reservoir (TN). Water transparency was
highest in Serraria Reservoir and lowest in Tatu Reservoir. The highest concentrations of
chlorophyll-a occurred in Salto Grande Reservoir and the lowest in Ribeirdo do Campo
Reservoir. We also found a wide variation in maximum distance among the sites (0.3-23.3
kilometres), residence time (3-3,400 days), shoreline development (1.9-13.9) and fractal

dimension (1.132-1.506). We observed the presence of aquatic macrophytes in 13 reservoirs.

Total species richness ranged from 16 to 139 diatom species per reservoir and mean species

richness from 8 (Barra Bonita Reservoir) to 68 (Salto do Iporanga Reservoir - see Table S1).
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The centric diatom Discostella stelligera was the species more frequent as the most abundant
species (six reservoirs), while Punctastriata cf. lancetula was the species with higher relative

abundance (81.8%).

Based in AlCc (absolute values, delta AICc and Akaike weights), two models without spatial
autocorrelation structures were selected as the best ones. The difference between these models
was due to the variables representing productivity, which was total phosphorus in the model
with the smallest AICc (-10.84) and chlorophyll-a for the second best model (-9.35). Thus,
the best models for beta diversity included the following explanatory variables: total
phosphorus (or chlorophyll-a), distance to centroid, maximum distance, fractal dimension,
water residence time and presence of macrophytes (Fig. 3; see Table S2 in Supporting
Information for details about multicollinearity). The model with total phosphorous as
productivity proxy accounted for a substantial proportion of the variance in beta diversity (r2
adjusted = 0.60; p < 0.001). We calculated r2 adjusted using a linear model, since the chosen

model did not show any spatial autocorrelation (see Fig. S1 in Supporting Information).
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Figure 3. Spatial variation of beta diversity and the explanatory variables (proxies of the
chosen model) across the four watersheds. Circle size represents the absolute value of the
factor, except for habitat heterogeneity that shows presence (gray points) and absence of
macrophytes (black point).

GLS regression coefficients indicated that abiotic environmental heterogeneity (distance to
centroid) and spatial extent were significantly and positively related to beta diversity. On the
other hand, beta diversity declined significantly with productivity and reservoir morphology,
whereas it was unrelated to reservoir stability (water residence time) and habitat heterogeneity

(presence/absence of aquatic macrophytes; Table 1; Fig. 4).
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Table 1. Coefficients and statistical significance of the controlling factors in beta diversity

model.
Explanatory variables Estimate  Std. Error  tvalue Pr(>It[)
Intercept 0.600 0.235 2.552 0.021
Productivity -0.036 0.016 -2.191 0.044
Reservoir stability -0.001 0.011 -0.061 0.952
Spatial extent 0.082 0.022 3.812 0.002
Abiotic environmental heterogeneity 0.207 0.049 4.263 0.001
Reservoir morphology -0.810 0.244 -3.320 0.004
Habitat heterogeneity -0.017 0.031 -0.562 0.582
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Figure 4. Partial regression plot showing the individual effect of the controlling factors in
beta diversity. Points represent the reservoirs used to model beta diversity.
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Discussion

Our results suggest that environmental heterogeneity (EH) was the main correlate of diatom
beta diversity within reservoirs. Species sorting (i.e., change in species composition due to
changes in environmental change) is believed to be the underlying reason for a positive
relationship between beta diversity and EH (Veech & Crist 2007). An increase in EH within a
unit of analysis (reservoir, in our case) provides an increase in niche opportunities, increasing

variation in species composition between sampling sites.

How often has EH successfully predicted beta diversity variation? Considering studies with
designs similar to ours, the evidences are mixed. For example, studies in freshwater and
marine systems have found a positive relationship between beta diversity and EH (Ellingsen
& Gray 2002; Anderson, Ellingsen & McArdle 2006; Astorga et al. 2014). Other studies,
however, failed to demonstrate that EH drives beta diversity (Heino et al. 2013; Bini et al.
2014; Heino, Melo & Bini 2015). These contrasting results point to the need of a meta-
analysis to evaluate the generality of the beta diversity-environmental heterogeneity
relationship and, mainly, to disentangle the factors influencing the strength of this relationship
(e.g., methodological choices and spatial scales; Heino et al. 2015). To exemplify the
potential of this suggestion, we can consider the results of a meta-analysis conducted by Stein,
Gerstner & Kreft 2014. Their results indicated that EH was a consistent predictor of species
richness. In addition, they showed that the strength of the relationship depended on, for
instance, spatial scale (grain and extent) and on how EH was measured. To some extent, our
results also indicate that the predictive power of EH depends on how it is measured. For
example, we did not find a significant relationship between beta diversity and our measure of
“biotic EH” (following Stein, Gerstner & Kreft 2014), as proxied by the presence/absence of
aquatic macrophytes. Studies on fishes and aquatic macrophytes have suggested that shoreline

complexity (represented here as reservoir morphology) may be an important biodiversity
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correlate (Olden 2003; Hansson et al. 2005) because more dendritic aquatic systems are
supposed to have higher diversity of habitats and flow variation, which in turn control a
number of key variables (e.g., nutrient concentrations) related to aquatic biodiversity.
However, surprisingly, and contrary to abiotic EH, reservoir morphology was negatively
related to diatom beta diversity. This result, along with those described above, suggests that

the role of reservoir morphology on biodiversity patterns may be assemblage-dependent.

Until recently, compositional variation of microorganisms was believed to be spatially
independent owing to their high dispersal capabilities and abundance (Finlay 2002). However,
we found that spatial extent was also positively correlated with diatom beta diversity. The
interpretation of this positive relationship is, nevertheless, far from being trivial, because EH
is also likely to increase with spatial extent. If EH is accurately proxied by spatial extent, then
one can, as above, invoke the role of niche-based, deterministic processes to explain a positive
relationship between beta diversity and spatial extent. As we accounted for different variables
related to environmental heterogeneity, a likely explanation has to do with the role of limited
exchange of diatom species between sites situated farthest from each other. This is a
remarkable result in the context of microorganisms, given the debate surrounding the idea that
“everything is everywhere” (de Wit & Bouvier 2006; Martiny et al. 2006; Telford, Vandvik &

Birks 2006; O’Malley 2007; Heino et al. 2010; Martiny et al. 2011).

Our results should be put in the context of reservoirs. Within these systems, owing to the
unidirectional flow (from riverine to lacustrine areas), it is expected that high-flow dwelling
species from the riverine areas of reservoirs are likely to reach the lacustrine zone (due to
passive dispersal). However, the opposite (i.e., low-flow dwelling species from the lacustrine

are reaching the riverine areas of the reservoirs) may be less frequent.

Our prediction that beta diversity increases with increasing productivity was not supported.

Instead, we detected a negative relationship. This is surprising, as previous studies have
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shown the opposite for different biological groups and ecosystem types, including terrestrial
plants (Harrison et al. 2006), animal and producers in experimental ponds (Chase 2010),
bacteria in rock pools (Langenheder et al. 2012) and stream invertebrates (Bini et al. 2014).
However, non-significant (Lopes et al. 2014; Johnson & Angeler 2014 for macrophytes and
benthic diatoms) and negative relationships (Johnson & Angeler 2014 for fish and
invertebrates) have also been reported. This variety of results indicates that it is premature to
draw generalised conclusions about how productivity generates and maintains beta diversity.
Although contrary to our prediction, the negative relationship between productivity and beta
diversity is not insubstantial. Natural and gradual enrichment can increase beta diversity, but
rapid increases in productivity, such as anthropogenic enrichment, can lead to unfavourable
conditions and, consequently, to a decrease in beta diversity (Donohue et al. 2009). In view of
this finding, we speculate that an increase in productivity due to cultural eutrophication (a
major water quality problem in the reservoirs of Sdo Paulo State) and the increase in the
dominance/distribution of eutrophic-tolerant species (e.g. Aulacoseira granulata — Bicudo et
al., in press) may actually lead to a decrease in beta diversity (see McGoff et al. 2013 and
Vilar et al. 2014). Therefore, cultural eutrophication may be one of the processes underlining

global trends of biotic homogenisation (Dornelas et al. 2014).

Our results suggest that the way in which HE (sensu Stein & Kreft 2014) and productivity
drive beta diversity is dependent of the approach used to determine the environmental
variability (e.g. see the contrasting relationships between beta diversity and our metrics of
environmental heterogeneity). Furthermore, some components (e.g., reservoir stability) could
be more important at temporal scales. Temporal variation in stability, which can be
determined by natural (e.g., precipitation) or anthropogenic factors (e.g., water residence time
regulation in reservoirs) should be examined in future studies. Furthermore, we highlight that

the components evaluated have independent effects on beta diversity. Our findings strongly
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suggest that abiotic environmental heterogeneity and spatial extent were the two main
components modelling beta diversity. Understanding what are the main factors and how they

act in diversity is essential for aquatic ecosystem conservation actions and management.
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Supplementary information

Table S1. Description of diatom structure and environmental characteristics of the 23 reservoir studied.

N° of Maximum

RESErvoirs sampling Most abundant species TP TN Conductivity  Transparency depth Chlorophyll a
sites Relative abundance pg Lt pg L? us cm? m m ug Lt
Atibainha 5 Spicaticribra rudis (67.2%) 8.5 (0.8) 334.3 (48.4) 33.6 (2.0) 2.4 (0.4) 18.6 (4.7) 2.6 (0.6)
Barra Bonita 5 Aulacoseira granulata (51.6%) 283.5(149.5) 5334.5(2451.3) 354.2 (34) 1.1(0.2) 15.3 (2.0) 82.9 (31.4)
Billings 8 Aulacoseira ambigua (47.9%) 46.4 (32.8) 1683.9 (1476.0)  131.2 (61.4) 1.1(0.2) 7.8(3.9) 37.8 (12.8)
Cabucu 3 Aulacoseira tenella (68.9%) 143 (1.2) 265.9 (61.9) 37.3(1.0) 2.4(0.2) 7.3(2.9) 5.9(1.3)
Cachoeira 5 Discostella stelligera (49.9%) 13.1 (2.6) 286.6 (82.7) 39.0(1.9) 2.0(0.4) 14.2 (5.4) 2.4 (0.5)
Cachoeira da Fumaga 3 Discostella stelligera (57.5%) 6.5(1.7) 195.1 (29.1) 26.2 (0.3) 2.5(0.3) 28.1(8.3) 2.8(1.0)
Cachoeira do Franca 4 Discostella stelligera (72.8%) 7.3(1.9) 213.6 (54.9) 24.1 (0.5) 1.8(0.1) 27.4 (4.7) 13.1(9.7)
Guarapiranga 14 Aulacoseira ambigua (37.1%) 57.1 (43.0) 1231.3 (472.5) 97.4 (30.2) 1.3(0.2) 6.6 (2.7) 27.3 (13.0)
Itupararanga 5 Aulacoseira ambigua (63.6%) 26.2 (12.1) 765.5 (107.4) 98.3 (7.0) 1.0(0.3) 9.6 (3.5) 18.2 (14.7)
Jacarei 7 Aulacoseira tenella (52.6%) 10.0 (3.7) 202.8 (63.0) 35.1(1.2) 3.5(0.6) 28.4 (10.6) 25(2.3)
Jundiai 3 Aulacoseira ambigua (48.8%) 33.6(0.8) 432.4 (34.8) 40.0 (0.2) 1.5(0.1) 8.0 (2.6) 18.7 (2.8)
Jurupard 4 Discostella stelligera (76.5%) 15.7 (2.9) 425.8 (51.1) 23.8(0.3) 1.9(0.3) 12.1 (3.0) 10.1 (4.7)
Paiva Castro 4 Aulacoseira tenella (34.2%) 13.0 (1.6) 216.6 (54.9) 42.0 (3.4) 1.5(0.4) 10.6 (4.1) 2.1(1.1)
Pedro Beicht 5 Aulacoseira tenella (18.2%) 14.4 (1.8) 194.1 (48.4) 14.1 (0.1) 1.3(0.3) 41(3.2) 10.9 (6.1)
Ponte Nova 3 Aulacoseira tenella (66.9%) 7.2(0.7) 510.2 (34.6) 14.4 (0.5) 2.6 (0.4) 15.5 (4.5) 3.7(1.2)
Ribeirdo do Campo 3 Kobayasiella cf. pseudosubtilissima (17.8%) 4.4 (0.7) 361.0 (60.3) 10.5 (0.2) 1.5(0.9) 7.7 (6.7) 1.8(0.4)
Rio Grande 4 Achnanthidium catenatum (42.9%) 38.9 (34.2) 844.8 (655.8) 121.5 (18.0) 1.7 (0.5) 8.0 (3.7) 20.8 (8.0)
Salto do Iporanga 3 Discostella stelligera (56.5%) 26.9 (4.7) 345.4 (61.3) 455 (3.9) 1.7 (0.2) 23.1(9.5) 30.3(11.2)
Salto Grande 4 Aulacoseira gra(”eus'a?t;) ;’ar'a”QUS“SSima 180.8 (81.8)  2337.7(723.1)  313.1(23.2) 0.9 (0.1) 11.0(34)  180.1(130.3)
Santa Helena 3 Punctastriata cf. lancettula (81.8%) 13.9(1.3) 544.5 (66.2) 100.0 (4.0) 1.4(0.1) 7.1(2.7) 45 (2.9)
Serraria 3 Discostella stelligera (44.6%) 8.2 (0.3) 190.4 (22.4) 24.8 (3.8) 4.0(0.2) 28.5 (6.0) 4.6 (2.9)
Tanque Grande 3 Staurosira construens (66.9%) 129 (2.9) 180.7 (31.4) 57.0 (0.9) 1.3(0.1) 2.6 (0.5) 4.8 (0.7)
Tatu 3 Nitzschia sp. (20.2%) 22.1(1.1) 596.6 (158.6) 56.8 (2.0) 0.8 (0.1) 4.5(1.0) 2.5(1.6)




Table S2. Variance inflation factor (VIF) and correlation of the variables used in the selected model.

Correlation
VIF .. Reservoir  Spatial  Environmental Morphological Habitat
Productivity stability extent heterogeneity complexity heterogeneity
Productivity 1.98 1.00
Reservoir stability 242 0.07 1.00
Spatial extent 3.85 0.38 0.63 1.00
Environmental heterogeneity ~ 1.53 0.27 0.48 0.49 1.00
Morphological complexity — 4.72 -0.09 0.66 0.72 0.44 1.00

Habitat heterogeneity 191 0.45 0.05 -0.03 0.12 -0.40 1.00
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Figure S1. Spatial correlogram of the residuals of the chosen beta diversity model



133

CONCLUSOES E CONSIDERACOES FINAIS

O presente estudo, dividido em trés capitulos, onde foram apresentadas evidéncias sobre
os efeitos do uso do solo na qualidade da agua (Capitulo 1) e de diversos fatores
estruturadores da comunidade de diatomaceas em represas tropicais, como
conectividade (Capitulo 2), além daqueles relacionados com a alteracdo da
biodiversidade, como heterogeneidade ambiental e produtividade (Capitulo 3). As
principais conclusdes de cada capitulo serdo tratadas separadamente, seguido das

conclusoes finais da tese como um todo.

No Capitulo 1, que trata das relagcbes do uso do solo com as caracteristicas da agua e
sedimento superficial, foi possivel observar em uma avaliacdo conjunta das varidveis
que ndo existem diferencas relevantes entre as relacdes do uso do solo com as
caracteristicas da agua e sedimento superficial avaliadas em escala do entorno e de
bacia. Contudo, uma andlise individual das relagGes das classes do uso do solo com as
variaveis da dgua e do sedimento superficial indica diferencas entre as escalas avaliadas,
mostrando a correlacdo positiva de atividades potencialmente degradadoras dos corpos
d’4gua (agricultura e areas urbanas) com variaveis indicadoras dessa degradagdo (e.g.
fésforo total). Esses resultados sugerem a necessidade de abordagens em diferentes
escalas de acordo com o uso do solo em questédo (e.g. uma abordagem mais focada em
escala de bacia para agricultura). Destaca-se neste capitulo a importancia da
conectividade nas relacGes do uso do solo. Muitas vezes negligenciada, a conectividade
deveria ser uma varidvel recorrente no gerenciamento de represas e de suas bacias
hidrogréaficas, uma vez que esses ecossistemas estdo inseridos dentro de uma malha
fluvial interconectada. Ainda, o estudo faz um dos ultimos registros das caracteristicas
ambientais do Sistema Cantareira antes de uma seca catastréfica que reduziu o nivel das

represas para o volume morto entre 2013 e 2014.

No Capitulo 2, que trata dos fatores direcionadores da comunidade de diatomaceas do
plancton e do sedimento superficial das represas da bacia do Rio Piracicaba e do
Sistema Cantareira, foi possivel concluir que o gradiente tréfico, a disponibilidade de
luz (provavelmente relacionado com a variacdo do uso do solo e com o escoamento
superficial de material particulado inorganico) e a conectividade s@o 0s principais
estruturadores da comunidade de diatoméceas, resultando em um componente ambiental

espacialmente estruturado. Essa relacdo dos direcionadores avaliados foi similar para o
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plancton (verdo e inverno) e para o sedimento superficial, sugerindo que ha uma
congruéncia na estrutura e resposta da comunidade de diatomaceas nesses
compartimentos. Esses resultados reafirmam o uso potencial das diatoméceas do
sedimento superficial nas reconstrucdes paleolimnolégicas e em estudos de
biomonitoramento. Contudo, os resultados do uso de tracos ecoldgicos na determinacao
das relagbes diatomécea-ambiente sugerem que estes devem ser avaliados com mais
cautela, uma vez que foi observado incongruéncias na importancia dos fatores
direcionadores na comunidade de diatoméaceas, dependendo da forma como esta foi

organizada.

No Capitulo 3, que trata dos efeitos dos direcionadores da diversidade beta de
diatomaceas em represa, observou-se que a diferenca entre comunidade de diatoméceas
de diferentes locais em uma mesma represa estd relacionada positivamente com a
diferenca das caracteristicas ambientais locais (heterogeneidade abidtica) e com a
distancia geografica das estacBes amostrais (extensdo espacial). Contrariando as
expectativas, a produtividade priméaria apresentou um efeito negativo na diversidade
beta da represa. Este fato pode estar relacionado com a eutrofizacéo cultural, que ocorre
nas represas com produtividade mais alta, e que pode levar a uma homogeneizacdo das
espécies presentes na represa €, consequentemente, a uma diminuicao e simplificacdo da
diversidade de diatoméceas. Ainda, foi possivel concluir que a heterogeneidade
ambiental, que possui um conceito amplo e engloba uma série de componentes
(heterogeneidade abidtica, complexidade da morfologia da represa e heterogeneidade de
habitat), apresenta diferentes respostas de acordo com o componente preditor avaliado.
Assim, os resultados sugerem que ndo € possivel generalizar a relacdo da diversidade
beta com a heterogeneidade ambiental. De forma geral, pode-se concluir que a
heterogeneidade abiotica das estagdes amostrais, extensdo espacial da represa, assim

como sua produtividade, foram os principais preditores da diversidade beta.

O presente trabalho destacou de forma pioneira a importancia de se incluir a
conectividade tanto em abordagens de relagdo uso do solo-qualidade da agua, quanto
em estudos da relacdo das diatoméceas em represas tropicais com as caracteristicas
ambientais, uma vez que, além da probabilidade de dispersdo entre os ambientes, ha
também a probabilidade de homogeneizacdo de certas caracteristicas ambientais, como
concentracdo de nutrientes, o que influencia a organizacdo da comunidade. Os

resultados dessa interrelagdo entre o uso do solo, conectividade, qualidade da agua e
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diatoméaceas sdo de extrema importancia para a tomada de decisGes dos gestores de
modo a conciliar os maltiplos usos para os quais as represas foram construidas e a
manutencdo da biodiversidade aquatica desses ecossistemas. Estudos com essa
abordagem exploratéria tornam-se cada vez mais importantes dentro do cenario mundial
de constantes e rapidas alteracbes antropicas dos ecossistemas, dos quais o0
funcionamento muitas vezes é desconhecido, dificultando assim ac¢@es de recuperacéo,

preservacéo e conservacao.



ANEXOS

llustracdo, medidas e distribuicdo das espécies de
diatomaceas com abundancia > 2% no fitoplancton e
sedimento superficial das represas da bacia do rio
Piracicaba e do Sistema Produtor Cantareira.
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Prancha 1
Escala: 10 um

Figuras 1-5. Aulacoseira ambigua (Grunow) Simonsen

Figura 6-9. Aulacoseira granulata var. angustissima (Otto Miller) Simonsen
Figura 10-11. Aulacoseira herzogii (Lemmermann) Simonsen

Figura 12-16. Aulacoseira granulata var. granulata (Ehrenberg) Simonsen
Figuras 17-21. Aulacoseira tenella (Nygaard) Simonsen

Figuras 22-24. Discostella pseudostelligera (Hustedt) Houk & Klee

Figuras 25-28. Discostella stelligera (Cleve & Grunow) Houk & Klee
Figuras 29-31. Cyclotella meneghiniana Kitzing

Figuras 32-33. Spicaticribra rudis (P.1.Tremarin, T.A.V.Ludwig, V.Becker & L.C.Torgan)
A.Tuji, P.Leelahakriengkrai & Y. Peerapornpisal

Figuras 1-2. Forma japonica, exemplares do sedimento superficial da represa Salto Grande (SG3).
Figuras 3-5. Exemplares do sedimento superficial da represa Atibainha (AT2).

Figura 6. Exemplar com espinho do sedimento superficial da represa Salto Grande (SG2).

Figuras 7-9. Exemplares do sedimento superficial da represa Cachoeira (CA4).

Figuras 10-11. Exemplares do sedimento superficial da represa Salto Grande (SG3).

Figuras 12-14. Exemplares do sedimento superficial da represa Salto Grande (SG1).

Figuras 15-16. Exemplares do sedimento superficial da represa Atibainha (AT1).

Figuras 17-19. Exemplares na vista conectival do sedimento superficial da represa Cachoeira (CA3).
Figuras 20-21. Exemplares na vista valvar do sedimento superficial da represa Cachoeira (CA3).
Figuras 22-24. Exemplares do fitoplancton (verdo) da represa Atibainha (AT6).

Figuras 25-28. Exemplares do sedimento superficial da represa Cachoeira (CA2).

Figuras 29-31. Exemplares do sedimento superficial da represa Salto Grande (SG1).

Figuras 32-33. Exemplares do sedimento superficial da represa Atibainha (AT2).
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Prancha 2
Escala: 10 um

Figura 1. Asterionella formosa Hassall
Figuras 2-4. Fragilaria crotonensis Kitton
Figuras 5-7. Fragilaria gracilis @strup

Figura 8. Fragilaria longifusiformis (Hains & Sebring) Siver, Morales, Van de Vijver, Smits,
Hamilton, Lange-Bertalot & Hains

Figuras 9-10. Fragilaria pararupens Lange-Bertalot, Hofmann & Werum in Hofmann & et
al.

Figuras 11-13. Fragilaria parva (Grunow) A.Tuji & D.M.Williams

Figuras 14-15. Ulnaria acus (Kitzing) Aboal

Figuras 16-18. Fragilaria tenuissima Lange-Bertalot & S.Ulrich

Figuras 19-20. Fragilaria pectinales (O. F. Mdiller) Gray

Figuras 21-24. Fragilaria sp.

Figura 25. Fragilaria tenera var. nanana (Lange-Bertalot) Lange-Bertalot & S.Ulrich
Figuras 26-29. Pseudostaurosira brevistriata (Grunow) Williams and Round

Figuras 30-34. Rimoneis sp.

Figura 1. Ndo foram encontrados exemplares completos. Exemplar do sedimento superficial da represa Salto
Grande (SG3).

Figuras 2-4. Exemplares do sedimento superficial da represa Paiva Castro (PC3).

Figuras 5-7. Exemplares do fitoplancton no verdo da represa do Tatu (TU2).

Figura 8. N&o foram encontrados exemplares completos. Exemplar do sedimento superficial da represa Paiva
Castro (PC4).

Figuras 9-10. Exemplares do fitoplancton no inverno da represa Salto Grande (SG1).

Figuras 11-13. Exemplares do fitoplancton no verdo da represa do Tatu (TU3).

Figuras 14-15. Exemplares do sedimento superficial da represa Salto Grande (SG1).

Figuras 16-18. Exemplares do sedimento superficial da represa Atibainha (AT5).

Figuras 19-20. Exemplares do fitoplancton no inverno da represa Jaguari (JA1).

Figuras 21-24. Exemplares do sedimento superficial da represa do Tatu (TU3).

Figura 25. Exemplar do fitoplancton no verdo da represa Paiva Castro (PC3).

Figuras 26-29. Exemplares do sedimento superficial da represa Paiva Castro (PC4).

Figuras 30-34. Exemplares do sedimento superficial da represa Paiva Castro (PC4).
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Prancha 3
Escala: 10 um

Figuras 1-4. Eunotia cf. camelus Ehrenberg

Figuras 5-7. Eunotia intricans H. Lange-Bertalot & D. Metzeltin
Figuras 8-11. Eunotia meridiana Metzeltin & Lange-Bertalot
Figuras 12-15. Eunotia sp. nov. 8

Figuras 16-20. Achnanthidium catenatum (Bily & Marvan) Lange-Bertalot in Lange-Bertalot
& Genkal

Figuras 21-24. Achnanthidium exiguum (Grunow) Czarnecki

Figuras 25-26. Achnanthidium jackie Rabenhorst

Figuras 27-29. Achnanthidium lineare W.Smith

Figuras 30-31. Achnanthidium macrocephalum (Hustedt) Round & Bukhtiyarova
Figuras 32-34. Achnanthidium minutissimum (Kitzing) Czarnecki

Figuras 35-37. Brachisyra microcephala (Grunow) Compere

Figuras 38-41. Brachisyra sp.

Figuras 1-4. Exemplares do sedimento superficial da represa do Tatu (TU3).

Figuras 5-7. Exemplares do sedimento superficial da represa Paiva Castro (PC1).

Figuras 8-11. Exemplares do sedimento superficial da represa do Tatu (TU3).

Figuras 12-15. Exemplares do sedimento superficial da represa Atibainha (AT2).

Figuras 16-17. Exemplares na vista conectival do sedimento superficial da represa Atibainha (AT2).
Figuras 18-20. Exemplares na vista valvar do sedimento superficial da represa Cachoeira (CA4).
Figuras 21-24. Exemplares do sedimento superficial da represa Atibainha (AT5).

Figuras 25-26. Exemplares do sedimento superficial da represa Paiva Castro (PC4).

Figuras 27-29. Exemplares do sedimento superficial da represa do Tatu (TU3).

Figuras 30-31. Exemplares do fitoplancton no inverno da represa Salto Grande (SG1).

Figuras 32-34. Exemplares do sedimento superficial da represa Paiva Castro (PC4).

Figuras 35-37. Exemplares do sedimento superficial da represa Cachoeira (CA3).

Figuras 38-41. Exemplares do sedimento superficial da represa Atibainha (AT3).
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Prancha 4
Escala: 10 um

Figuras 1-2. Frustulia crassinervia (Brébisson ex W.Smith) Lange-Bertalot & Krammer in
Lange-Bertalot & Metzeltin

Figuras 3-4. Diadesmis confervacea Kutzing
Figuras 5-6. Diploneis ovalis (Hilse) Cleve

Figuras 7-10. Eolimna minima (Grunow) Lange-Bertalot & W.Schiller in W.Schiller &
Lange-Bertalot

Figuras 11-12. Humidophila contenta (Grunow) Lowe, Kociolek, J.R.Johansen, Van de
Vijver, Lange-Bertalot & Kopalova

Figuras 13-14. Geissleria punctifera (Hustedt) Metzeltin, Lange-Bertalot &Garcia-Rodriguez
Figuras 15-16. Geissleria lateropunctata (Wallace) Potapova & Winter

Figuras 17-19. Luticola intermedia (Hustedt) Levkov, Metzeltin & Pavlov in Levkov et al.
Figuras 20-21. Navicula cryptocephala Kiitzing

Figuras 22-23. Navicula neomundana (Lange-Bertalot & Rumrich) Lange-Bertalot, Jarlman
& van de Vijver in van de Vijver & Lange-Bertalot

Figuras 24-27. Navicula notha J.H.Wallace

Figuras 28-29. Navicula symmetrica R.M.Patrick

Figuras 1-2. Exemplares do sedimento superficial da represa Atibainha (AT6).
Figuras 3-4. Exemplares do sedimento superficial da represa Salto Grande (SG2).
Figuras 5-6. Exemplares do sedimento superficial da represa Atibainha (AT3).
Figuras 7-10. Exemplares do sedimento superficial da represa Paiva Castro (PC4).
Figuras 11-12. Exemplares do sedimento superficial da represa do Tatu (TU3).
Figuras 13-14. Exemplares do fitoplancton no verdo da represa Paiva Castro (PC1).
Figuras 15-16. Exemplares do sedimento da represa Paiva Castro (PC4).

Figuras 17-19. Exemplares do sedimento da represa Jaguari (JAL).

Figuras 20-21. Exemplares do sedimento da represa Salto Grande (SG2).

Figuras 22-23. Exemplares do sedimento da represa Paiva Castro (PC4).

Figuras 24-27. Exemplares do sedimento da represa Cachoeira (CA3).

Figuras 28-29. Exemplares do sedimento da represa do Tatu (TU1).
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Prancha5
Escala: 10 um

Figuras 1-3. Naviculadicta sassiana Metzeltin & Lange-Bertalot
Figuras 4-5. Sellaphora rostrata (Hustedt) J.R.Johansen in J.R.Johansen et al.
Figura 6. Sellaphora sp.

Figuras 7-9. Encyonema silesiacum (Bleisch) D.G.Mann in Round, R.M.Crawford &
D.G.Mann

Figuras 10-11. Encyonema sp.

Figuras 12-13. Gomphonema hawaiiense E.Reichardt

Figuras 14-16. Gomphonema lagenula Kitzing

Figuras 17-19. Gomphonema naviculoides Skabitschevsky [Skabichevskii, Skabichevskij]
Figuras 20-22. Gomphonema parvulum (Kutzing) Kitzing

Figuras 1-3. Exemplares do sedimento superficial da represa Atibainha (AT2).
Figuras 4-5. Exemplares do sedimento superficial da represa do Tatu (TU2).

Figura 6. Exemplar do fitoplancton no verao da represa do Tatu (TU2).

Figuras 7-9. Exemplares do sedimento superficial da represa Atibainha (AT3).
Figuras 10-11. Exemplares do sedimento superficial da represa Paiva Castro (PC3).
Figuras 12-13. Exemplares do sedimento superficial da represa Atibainha (AT1).
Figuras 14-16. Exemplares do sedimento superficial da represa Cachoeira (CA1).
Figuras 17-19. Exemplares do sedimento superficial da represa Atibainha (AT6).
Figuras 20-22. Exemplares do sedimento superficial da represa Cachoeira (CA1).
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Prancha 6
Escala: 10 um

Figuras 1-3. Hantzschia amphioxys (Ehrenberg) Grunow in Cleve & Grunow
Figuras 4-7. Nitzschia amphibia Grunow

Figuras 8-13. Nitzschia amphibioides Hustedt

Figura 14. Nitzschia palea var. palea (Kutzing) W.Smith

Figura 15. Nitzschia palea var. debilis (Kutzing) Grunow in Cleve & Grunow
Figuras 16-18. Nitzschia perminuta (Grunow) M.Peragallo

Figuras 19-21. Nitzschia sp.

Figuras 1-3. Exemplares do sedimento superficial da represa do Tatu (TU1).
Figuras 4-7. Exemplares do sedimento superficial da represa Salto Grande (SG3).
Figuras 8-13. Exemplares do sedimento superficial da represa Cachoeira (CA4).
Figura 14. Exemplar do sedimento superficial da represa Atibainha (AT3).

Figura 15. Exemplar do fitoplancton no verdo da represa Atibainha (AT4).

Figuras 16-18. Exemplares do sedimento superficial da represa Paiva Castro (PC4).
Figuras 19-21. Exemplares do sedimento superficial da represa do Tatu (TU2).
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Tabela Al. Medidas dos taxons de diatomaceas do sedimento superficial e fitoplancton (com abundéncia relativa >2%) encontrados nas represas
da Bacia do rio Piracicaba e do Sistema Cantareira.

Cédigo do Comprimento/ Largura/

Téxon OMNIDIA Altura manto  Diametro Estrias Auréolas Fibulas Espinhos
um pm n°/10pm n°/10pm n°/10pum um
Achnanthidium catenatum ADCT 9-19 2,1-3,2 - - - -
Achnanthidium exiguum ADEG 11,5-16 6-8 21-23 - - -
Achnanthidium jackie ADJK 8-15 2-3,5 - - - -
Achnanthidium macrocephalum ADMA 9-14 2-3 - - - -
Achnanthidium minutissimum ADMI 11,5-19 2-3,5 - - - -
Achnanthidium lineare ACLI 11,5-12 2-2,8 12-12 - - -
Asterionella formosa AFOR 2- - - - - -
Aulacoseira ambigua AAMB 5-13,5 4,5-8,5 14-21 14-24 - -
Aulacoseira granulata var. angustissima AUGA 10-20,5 2,5-5,2 12-18 12-18 - 12,5-16
Aulacoseira granulata var. granulata AUGR 14-24 6-18 8-12 8-10 - 13-19
Aulacoseira herzogii AUHE 12-18 4,5-5 - - - 9
Aulacoseira tenella AUTL 1,3-2 4,5-6 12-18 2-3 - -
Brachysira microcephala BMIC 12-24 4-5 - - - -
Brachysira sp. BRSP1 13,5-27 3,2-5 32-35 - - -
Cyclotella meneghiniana CMEN - 8-29 7-9 - - -
Diadesmis converfacea DCOF 16-20 6-8 19-20 - - -
Diploneis ovalis DOVA 17,5-28,5 11-14 11-13 - - -
Discostella pseudostelligera DPST - 6-8,5 - - - -
Discostella stelligera DSTE - 6-18,2 10-15 - - -
Encyonema sp. ENSP1 11-22,2 4-5,8 10-13 - - -
Encyonema silesiacum ESLE 24-48 6-11,5 9-12 16-20 - -
Eunaotia cf. camelus ECAM 13-63 4-8 9-13 24-30 - -
Eunotia intricans EITC 18-40,5 3-5 9-14 - - -

Eunotia meridiana EMER 21-35 4-5 14-15 - - -




Tabela Al. Continuagéo.

Taxon g'c\)/? lllgloD(IjZ %;ﬂ?;'mggtgl Sg%g{% Estrias Auréolas Fibulas Espinhos
ym pm n°/10pum n°/10pm n°/10pm um

Eunotia sp. nov. 8 EUSP1 10,7-20 2,5-3,5 13-21 - - -
Fragilaria tenuissima FTNU 68,5-141 2-2,5 15-16 - - -
Fragilaria longifusiformis FLFU 52 3 - - - -
Fragilaria pectinales FPEC 17-25 2-2,5 16-17 - - -
Fragilaria crotonensis FCRO 50-63 1-15 - - - -
Fragilaria tenera var. nanana FTNA 71-96 1-15 - - - -
Fragilaria pararupens FPRU 25-52,5 3-4 14-15 - - -
Fragilaria parva FPAV 29,5-65,5 2-3,2 14-17 - - -
Fragilaria sp. FRSP1 27-59 2-4 14-16 - - -
Fragilaria gracilis FGRA 18-36 2-3 20 - - -
Frustulia crassinervia FCRS 38-59 8-12,5 - - - -
Geissleira puctifera GPTF 21-26 6-7,5 16-17 - - -
Geissleria lateropunctata GELA 18,5-25 7-8,8 17-19 - - -
Gomphonema naviculoides GNAVC 22-55 5-8,2 10-15 - - -
Gomphonema hawaiiense GHAW 29-45 6,5-8 16-17 - - -
Gomphonema lagenula GLGN 13-24,3 4,2-8 12-17 - - -
Gomphonema parvulum GPAR 11-22,5 4-6 13-17 - - -
Hantzschia amphoxys HAMP 14,5-44 3,5-6,8 24-30 - - -
Humidophila contenta HUCO 7,8-11 2-3,7 - - - -
Luticola intermedia LINT 12-30 6-7 21-24 - - -
Navicula cryptocephala NCRY 24,5-31 5,5-6,5 15-17 - - -
Navicula neomundana NNMU 53-75 9,5-11,5 9-9 24-27 - -
Navicula notha NNOT 21-31,7 4-55 15-18 - - -
Navicula symmetrica NSYM 33,5-40 6-7 14-16 - - -
Naviculadicta sassiana NDSA 12,8-15,5 4-4.8 21-27 - - -
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Tabela Al. Continuagéo.

Taxon g'c\)/? lllgloD(IjZ C,:A()I;E[r):m:?]:g/ Sg%g{% Estrias Auréolas Fibulas Espinhos
ym pm n°/10pum n°/10pm n°/10pm um

Nitzschia palea var. debilis NPAD 39,5-46 3,5-4 - - 13-14 -
Nitzschia amphibia NAMP 10-31 4,5-5 17-18 - 7-9 -
Nitzschia amphibioides NAMH 8-29 3,5-4,5 16-17 - 7-8 -
Nitzschia palea NPAL 25,5-30,5 3,3-4,3 23-25 - 10-12 -
Nitzschia sp. NISP1 19-20,5 3,5-4,5 23-26 - 10-13 -
Nitzschia perminuta NIPM 17-26 2,1-4 25-26 - 10-17 -
Eolimna minima EOMI 6-11,5 2,5-4,5 12-24 - - -
Pseudostaurosira brevistriata PSBR 8,8-19,8 3-4 16-18 - - -
Rimoneis sp. RISP1 9,2-15,5 1,5-3 - - - -
Sellaphora sp. SESP1 22-25 6,5-7 22-23 - - -
Sellaphora rostrata SRTR 19-29 6,5-8 19-24 - - -
Spicaticribra rudis SPRU - 8,7-20,5 - - - -
Ulnaria acus UACU 153-267 5-6,5 10-11 - - -
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Tabela A2. Ocorréncia dos taxons de diatomaceas no fitoplancton com abundéancia > 2%, no periodo de inverno. Represas: AT = Atibainha; CA
= Cachoeira; PC = Paiva Castro; SG = Salto Grande; TU = Represa do Tatu; JA = Jaguari; JC = Jacarei. Os nimeros abaixo do cddigo das
represas sao referentes as estagdes amostrais.

Téxons AT CA PC
2 3 4 5 6 1 2 3 4 5 1 2 3 4 1

[72)
()

TU JA JC
3 4 1 2 3 1 2 1 2 3 4 5 6 7

Achnanthidium catenatum

Achnanthidium exiguum

X

Achnanthidium jackie

Achnanthidium
macrocephalum
Achnanthidium
minutissimum
Aulacoseira ambigua
Aulacoseira granulata var.
angustissima
Aulacoseira granulata var.
granulata

Aulacoseira herzogii
Aulacoseira tenella X X X X X X X X X X X X X X X
Brachysira microcephala X X X X X X

X X X X X X X X|r
X X X X
X
X X X X X
X X X X X X
X X X X X X X X|n
X X X X X X
X X X X X

X X X X X X X
X X X X

X
X X X X X
X X X X X

X
X
X
X

X
X X X X X X X

X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X

X

Cyclotella meneghiniana X X X

X X X X X X X X X X X X

X X X X
X X X X
X X X X

Diadesmis converfacea

X
X
X
X

Diploneis ovalis

X
X

Discostella pseudostelligera
Discostella stelligera X X X X X X X X X X X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Encyonema sp.10 X X
Encyonema silesiacum X X X X X X X X X X X X X
Eunotia cf. camelus X X X X X
Eunotia intricans X X X X X X
Eunotia meridiana X X X X
Eunotia sp. nov. 8 X X X X X X X X X
Fragilaria tenuissima X X X X X X




Tabela A2. Continuagéo.

Téxons AT

CA

JA

JC

Fragilaria pectinales

Fragilaria crotonensis X

Fragilaria tenera var.
nanana

Fragilaria pararupens X X
Fragilaria sp.
Fragilaria gracilis
Fragilaria vauchaeriae
Frustulia crassinervia
Geissleira puctifera
Geissleria lateropunctata
Gomphonema naviculoides
Gomphonema hawaiiense
Gomphonema lagenula
Humidophila contenta X
Navicula neomundana X X
Navicula notha X X X X X X
Naviculadicta sassiana
Nitzschia palea var. debilis X
Nitzschia amphibia
Nitzschia amphibioides X X X X
Nitzschia palea X X X
Nitzschia sp.
Sellaphora sp.
Sellaphora rostrata
Spicaticribra rudis X X X X
Ulnaria acus

X X

X X X X

X X

X

X

X X X X

X

X X X X X X

X X X X X X X

X

X

X

X

X

X

X

X X

X

X

X
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Tabela A3. Ocorréncia dos taxons de diatoméaceas no fitoplancton com abundéancia > 2%, no periodo de verdo. Represas: AT = Atibainha; CA =
Cachoeira; PC = Paiva Castro; SG = Salto Grande; TU = Represa do Tatu; JA = Jaguari; JC = Jacarei. Os nimeros abaixo do codigo das represas
sdo referentes as estacdes amostrais.

Téxons AT CA PC SG TU JA JC
1 2 3 4 1 2 3 4 1 2 3 1 2 1 2 3 4 5 6 7

Achnanthidium catenatum X X X X X X X X X X

Achnanthidium exiguum

X X X~
X X X|w
X X X|+
X X X|o
X X X|o

Achnanthidium jackie

Achnanthidium

macrocephalum

Achnanthidium
minutissimum

Aulacoseira ambigua

Aulacoseira granulata var.
angustissima
Aulacoseira granulata var.
granulata

Aulacoseira herzogii X

X X X X|¥
X X X X|w
X X X X|+&

X X X X X X X X|r
X X X X X X X X|n
X X X X X X X X|u
X X X X X
X X X X X X
X X X X X X

X X X X

X X X X

X X X X

X X X X

X X X X X X X
X

X

X

X

X X X X X X X
X

X X X X X
X

X
X

Aulacoseira tenella X X X X X X X X X X
Brachysira microcephala X X X X X X X X X X X X
Cyclotella meneghiniana X X

X

X X X X X X X X X X X
X
X

X X X X X X X X X X X

X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X

X X X X
X X X X
X X X X
X X X X

Diadesmis converfacea
Diploneis ovalis X X X X
Discostella pseudostelligera X X X
Discostella stelligera X X X X X X X X X X X
Encyonema sp.
Encyonema silesiacum X X X X X X X X X X
Eunotia camelus

X
X
X
X
X X
X
X
X
X
X
X
X X
X X X X X
X
X
X
X
X
X
X

Eunotia intricans X

Eunotia meridiana X

X
X
X
X
X
X

Eunotia sp. nov. 8 X
Fragilaria tenuissima X X X X X X

X X X X X X
X
X




Tabela A3. Continuagéo.

Taxons AT CA PC SG TU JA JC
1 2 3 4 2 3 4 5 1 2 3 4 2 3 4 1 2 3 1 2 1 2 3 4 7
Fragilaria longifusiformis X X X
Fragilaria pectinales X X X X X
Fragilaria crotonensis X X X X X X X X X X X X
Fragilaria tenera var. X X X X X
nanana
Fragilaria pararupens X X
Fragilaria sp. X X X X X X X X X
Fragilaria gracilis X X X X X
Fragilaria vauchaeriae X X X
Frustulia crassinervia X X X X X
Geissleira puctifera X X
Geissleria lateropunctata X X X X X X X X X
Gomphonema naviculoides X X X X
Gomphonema hawaiiense X X X X X X X X X X X X X
Gomphonema lagenula X X X X X X X X X X X X X X
Humidophila contenta X X X X X X X X X X X X X X X X X
Navicula neomundana X X X X X X X X X
Navicula notha X X X X X X X X X X X X X X X X X X X X X X X X
Naviculadicta sassiana X X X X X X X X X X
Nitzschia palea var. debilis X X X X X X X X X X X X
Nitzschia amphibia X X X
Nitzschia amphibioides X X X X X X X X X X X X X X X X X X X X
Nitzschia palea X X X X X X X X X X X
Sellaphora sp. X
Sellaphora rostrata X X
Spicaticribra rudis X X X X X X X X X X X X X X X X X X X X X X X
Ulnaria acus X X X X X X X X
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Tabela A4. Ocorréncia dos taxons de diatoméaceas no sedimento superficial com abundancia > 2%. Represas: AT = Atibainha; CA = Cachoeira;
PC = Paiva Castro; SG = Salto Grande; TU = Represa do Tatu; JA = Jaguari; JC = Jacarei. Os nUmeros abaixo do cddigo das represas sao
referentes as estacfes amostrais.

Téaxons AT CA PC SG TU JA JC

1 2 3 45 6 1 2 3 45 1 2 3 4 1 2 3 4 1 2 3 1 2 1 2 3 4 5 6 7
Achnanthidium catenatum X X X X X X X X X X X X X X X X X X X X X X X X X
Achnanthidium jackie X X X X X X X X X X X X X X X X
Arf“hn”u"’;?stshim“n:“ X X X X X X X X X X X X X
Achnanthidium lineare X X
Asterionella formosa X X
Aulacoseira ambigua X X X X X X X X X X X X X X X X X X X X X X X X X X X
A“'acogfgﬁsfirsi?r‘r‘]fta Va x X X X X X X X X X X X X X X X X X X X X X X X X
A“'acoseg:zngurlzrt‘:'ata Val x o x x X X X X X X X X X X X X X X X X X X X X X X
Aulacoseira tenella X X X X X X X X X X X X X X X X X X X X X X X X X X
Brachysira sp. X X X X X X X X X X
Cyclotella meneghiniana X X X X X X X X X X X X X X X X
Discostella stelligera X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Encyonema sp. X X X X X X X X X
Encyonema silesiacum X X X X X X X X X X X X X X X X X X X
Eunotia cf. camelus X X X X
Eunotia intricans X X X X X X X X X X
Eunotia sp. nov. 8 X X X X X X X X X X X X X X
Fragilaria longifusiformis X X X
Fragilaria parva X X X X X X X
Fragilaria sp. X
Geissleria lateropunctata X X X X X X X X X X X
Gomphonema naviculoides X X X
Gomphonema lagenula X X X X X X X X X X X X X X X X X
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Tabela A4. Continuagéo.

Téaxons AT CA PC SG TU JA JC

1 2 3 45 6 1 2 3 4 5 1 2 3 4 1 2 3 4 1 2 3 1 2 1 2 3 4 5 6 7
Gomphonema parvulum X X X X X X X X X X X X
Hantzschia amphoxys X X X X
Humidophila contenta X X X X X X X X X X X X X X X X X X
Luticola intermedia X X X X
Navicula cryptocephala X X X X X X X X X X X
Navicula neomundana X X X X X X X X X
Navicula notha X X X X X X X X X X X X X X X X
Navicula symmetrica X X
Naviculadicta sassiana X X X X X X X X X X X
Nitzschia amphibioides X X X X X X X X X X X X X X X X X X X X X X X
Nitzschia palea X
Nitzschia sp. X X X
Nitzschia perminuta X X X X
Eolimna minima X X
A X X x XX x XXX
Rimoneis sp. X X X
Sellaphora rostrata X X X X X
Spicaticribra rudis X X X X X X X X X X X X X X X X X X X X X X X X X




