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Resumo

O objetivo desta Tese foi avaliar o papel da macréfitas submersas em relagdo a
qualidade da dgua, interacdes com o fitoplancton e ciclagem biogeoquimica na Lagoa
Mangueira, um grande lago raso subtropical, no sul do Brasil. Para alcancar estes objetivos,
este trabalho conta com uma série de abordagens, como: levantamentos de campo, etapas
experimentais € uso de modelos ecoldgicos para avaliar a influéncia de macréfitas sobre a
dindmica do ecossistema de estudo, cujas dguas sdo intensamente exploradas para suprir a
cultura de arroz em sua drea de entorno. Ao longo de seus 200km de perimetro litoraneo, a
Lagoa apresenta macigos estandes submersos de vegetacdo. A andlise de qualidade da 4dgua e
estrutura da comunidade fitoplanctonica ao longo de um gradiente de vegetacdo submersa,
partindo da zona litordnea para a zona peldgica (sem vegetacdo), revelou menor
disponilibidade de nutrientes como orto-fosfato (POs) e menor concentracdo de clorofila-a
(Clo-a), na drea com vegetacdo submersa. Na zona peldgica, os maiores valores de Clo-a
foram corroborados pela maior biomassa fitoplanctonica, sendo representada principalmente
por espécies de cianobactérias. Tais evidéncias sugerem o efeito antagdnico entre macrofitas e
fitoplancton, como a competicio por nutrientes e alelopatia. Em laboratdrio, estes
mecanismos puderam ser comprovados em experimentos de coexisténcia realizados em
microcosmos com 4 espécies de macrdfitas nativas e uma cepa da cianobactéria Microcystis
aeruginosa. Os testes envolveram niveis distintos de intensidade luminosa e concentragio de
PO, visando determinar limiares para a ocorréncia de alelopatia. As espécies Cabomba
caroliniana e Myriophyllum spicatum se demonstraram potencialmente alelopéticas enquanto
que as espécies Ceratophyllum demersum e Egeria densa apresentaram elevada capacidade de
absorcdo de PO, (20,35 mg.g'ld'l) reduzindo rapidamente a concentracdo deste nutriente a
valores abaixo de 0,05 mg.L’l. Outra abordadem experimental foi conduzida para
parametrizar a cinética da liberacdo de nutrientes e carbono de 5 espécies de macroéfitas
durante o processo de decomposi¢do. Com o auxilio de modelos ecoldgicos, foi simulado o
crescimento de macréfitas submersas em lagos subtropicais e temperados. Isto foi realizado
visando avaliar a possibilidade de aumento da resiléncia do estado de dominancia por
macréfitas em lagos de baixa latidude devido ao crescimento continuo da vegetacdo, ao

contrdrio de lagos temperados, onde as plantas morrem sazonalmente em fun¢do do inverno
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rigoroso. Além disso, foram simulados cendrios considerando a possibilidade de colapso da
vegetacao submersa na LLagoa Mangueira em funcio de intensa tomada da dgua da Lagoa para
irrigacdo. Com base na modelagem, foi possivel estimar limiares de eutrofizacdo para a
proliferacdo do fitoplancton. Em suma, os resultados comprovaram os mecanismos de retro-
alimentacdo positiva de macréfitas submersas sobre a qualidade da dgua e importancia de suas
funcdes ecoldgicas para o estado tréfico e gestdo da Lagoa Mangueira. Além disso, este
conjunto de informagdes constitui uma base tedrico-pritica para o manejo, restauracio e

conservacdo de lagos rasos subtropicais e tropicais.

Palavras-chave: lagos rasos, macrdéfitas submersas, estados alternativos estdveis, alelopatia,
competicdo por nutrietes, decompois¢do, eutrofizacdo, modelagem ecolégica, restauracdo e

conservacgdo de lagos.



Abstract

The aim of this Thesis was to evaluate the role of the submerged macrophytes with
respect to water quality and, interactions with phytoplankton and nutrient cycling in the large
shallow subtropical Lake Mangueira, southern Brazil. To achieve these goals, this work
counts with approaches in sifu, in laboratory and aplication of ecological modelling to verifify
the influence of the submerged vegetation over the dynamics of the ecosystem, whose water is
intensively explored to irrigate rice crops around its surrounding area. Over the 200km of the
lake littoral perimeter, several submerged macrophyte beds are established. The analysis of
water quality and phytoplankton structure along a macrophyte-pelagic gradient revealed lower
concentration of orto-phosphate (PO4) and chlorophyll-a (Chlo-a) in the vegetated area. At the
pelagic zone, the higher Chlo-a values were corroborated by the higher biomass of
phytoplankton, which was mostly composed by cyanobacteria species. Such evidences
suggest the antagonistic relantionship between macrophytes and phytoplankton as nutrient
competition and allelopathy. Experiments of coexistance, in microcosms, with 4 native
submerged macrophytes and a toxic strain of the cyanobacteria Microcystis aeruginosa
proved the occurrence of these mechanisms. The experiments included different levels of light
intensity and orto-phosphate concentration (PO,) in the medium aiming to identify thresholds
in which allelopathy is likely to occur. The macrophytes Cabomba caroliniana and
Myriophyllum spicatum showed allelopathic potential while the species Ceratophyllum
demersum and Egeria densa showed a high capacity for PO, absorption (+0.35 mg.g'd™),
being able to reduce this nutrient to lower levels than 0.05 mg.L"'. Another experimental
approach was carried out to parameterize the leaching of nutrients and carbon from 5
macrophytes under decaying process. Moreover, ecological modelling was utilized to
simulate the growth of submerged macrophytes in subtropical and temperate lakes. This was
done aiming to evaluate the possibility of resilience enhancement of the clear water state in
lakes of low latitude because the plants can grow continuously, in contrast with temperate
lakes, where they die seasonally due to rigorous winter. In addition, simulation of scenarios
considering the collapse of the vegetation in Lake Mangueira because of water uptake for rice
crops were carried out in oder to provide elements for the ecosystem management. Through

this approach, it was possible to forecast possible eutrophication thresholds for phytoplankton
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blomming. In conclusion, the results proved the the postive feed-back mechanisms exerted by
the submerged macrophytes on the water quality and the importance of their ecological
functions to the trophic state of Lake Mangueira. In addition, such information serve as
theoretical and practical basis for the management, restoration and conservation of subtropical

and tropical shallow lakes.

Keywords: shallow lakes, submerged macrophytes, alternative stable states, alellpathy,
nutrient competition, decomposition, eutrophication, ecological modelling, lake restoration

and conservation.
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Capitulo 1

Apresentacio

O presente trabalho foi desenvolvido junto ao Programa de Pés Graduagdo em
Recursos Hidricos e Saneamento Ambiental do Instituto de Pesquias Hidrdulicas da
Universidade Federal do Rio Grande do sul, sob orientacdo do Professor David da Motta

Marques.

O trabalho apresentado nesta Tese de Doutorado integra o Programa de Pesquisas
Ecolégicas de Longa Duracio (PELD) Sistema Hidrologico do Taim - Sito 7,
(www.peld.ufrgs.br) financiado pelo Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico (CNPq). O PELD é composto por uma rede de sitios selecionados dos principais
ecossistemas brasileiros e tem como foco a pesquisa integrada, contando com uma rede
internacional, International Long Term Ecological Research Program (ILTER), composta por

21 paises participando ativamente e trocando experiéncias.

O Estado do Rio Grande do Sul possui um sistema tnico de dgua doce. Paralelamente
ao Oceano Atlantico, a planicie costeira do Estado é composta pela seqiiéncia de lagoas em
uma faixa de aproximadamente 640 km de extensdo. Este sistema € basicamente
compreendido por lagunas, lagoas costeiras de dgua doce e grandes lagoas interiores,
apresentando canais e banhados de d4gua doce que atuam como intercomunicadores.

Este complexo sistema hidrico é peculiar, devido as suas caracteristicas
geomorfoldgicas, hidroldgicas, climdticas e ecoldgicas. Além disso, a associagdo entre as
varidveis fisicas como hidrodindmica e morfologia com as comunidades bioldgicas ainda é
amplamente desconhecida, ocorrendo o uso dos recursos hidricos sem uma gestdo baseada no
conhecimento destes processos. Neste contexto, se insere o Sistema Hidrolégico do Taim,
Sitio 7 do PELD/CNPq (Programa Ecolégicas de Longa Durag¢do do Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico), cujo objetivo é promover a manutengdo,
organizacdo e funcionamento dos ecossistemas brasileiros, gerando informacio e subsidios

para avaliacdo da sua diversidade fisica e bioldgica.
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O projeto do PELD/CNPq Sitio 7-Sistema Hidrolégico do Taim, inclui a Lagoa
Mangueira como um dos seus mais importantes sub-sistemas. Este projeto de longa duracio
tem como objetivo investigar aspectos limnnoldgicos através de estudos in situ e modelagem
ecolégica considerando processos fisicos como hidrodindmica e hidrologia no bindmio
Banhado do Taim-Lagoa Mangueira. Como a Lagoa Mangueira sofre impactos
antropogénicos devido a utilizacdo de suas 4guas para irrigacdo de uma extensa area de
lavouras de arroz e recebe o retorno destas dguas ricas em nutrientes, é necessario desenvolver
uma andlise integrada dos compartimentos bioldgicos e fisicos para a defini¢do de agdes de
gestdo do sistema em questdo. Para tanto, é essencial entender fungdes ecoldgicas,
principalmente, exercidas por produtores primdrios como macroéfitas aqudticas e fitoplancton
e suas interacdes com o meio fisico e estrutura tréfica, assim como a conseqiiéncia destas
interacOes para estados alternativos de qualidade da dgua e conservag@o do ecossistema Lagoa

Mangueira.

Este conhecimento é alcancado, neste trabalho, através de abordagens de campo,
experimentais e uso de modelagem ecoldgica. Como informacdes in situ, por vezes, ndo sdo
suficientes para entender processos inter especificos, trabalhos experimentais sdo utilizados
para elucidar relagdes antagdnicas entre macrofitas e fitoplancton, as quais podem ser
aplicadas para o manejo e restauracdo de lagos rasos eutrofizados. Concomitantemente, a
aplicacdo de modelos ecoldgicos € utilizada para modelar fun¢des ecoldgicas de macrdfitas no
seu ambiente como, efeitos de retro-alimentagdo positiva, decomposicdo e ciclagem de
nutrientes. Estas simulagdes permitem avaliar os efeitos destes processos para a estrutura
tréfica e qualidade da dgua. Informacgdes deste tipo sdo fundamentais para contemplar uma
gestdo adequada do uso do recurso hidrico sem comprometer a conservacdo do sistema,
possibilitando assim a tomada de decisdes frente a alteragdes causadas por influéncia de
estressores antropicos (rizicultura) e climdticos.

Com base no conhecimento empirico da limnologia de lagos rasos, esta proposta visa
também analisar conceitos reconhecidos em sistemas temperados para a dindmica de lagos
rasos subtropicais. Devido a diferenca de diversidade e fungdes ecoldgicas existentes entre
sistemas subtropicais e temperados, estas comparagdes trazem contribui¢des para a ecologia
aqudtica global. Conseqiientemente, sdo gerados elementos para o manejo, restauracdo e

conservagdo de corpos da dgua em clima subtropical e tropical.



Capitulo 1: Apresentacdo e FundamentacdoTeorica - 4

Fundamentacao tedrica e objetivos

O papel das macrofitas aquaticas submersas em lagos rasos

As macroéfitas aqudticas submersas possuem um papel chave na regulagdo de
processos em ecossistemas aqudticos, particularmente em lagos rasos (Wetzel, 1993;
Jeppensen et al., 1998). Conseqiientemente, isto t€ém conduzido a extensivas investigacoes
acerca da dindmica da vegetacdo submersa nestes ambientes (Scheffer, 1998). Pelo fato das
macrdfitas aqudticas submersas demonstrarem reacdes sensiveis a mudangas no sistema e a
qualidade da 4gua, elas sdo essenciais como indicadoras ambientais (Van Geest et al., 2003).
Além disso, o restabelecimento de comunidades de macréfitas pode propiciar a reabilitacdo da
qualidade de 4gua em ambientes aqudticos e promover algumas alternativas para o manejo de
lagos rasos (Moss, 1990; Sondergaard et al., 2000).

As macrofitas aqudticas submersas aumentam a qualidade e transparéncia da dgua
através de efeitos de retro-alimentagcao positiva. Estes mecanismos envolvem interagdes com
processos hidrodindmicos e organismos aquaticos (James & Barko, 1990; Scheffer, 1994).
Estes processos ocorrem em funcdo do estabelecimento e metabolismo das plantas, auxiliando
na manutencdo de A4guas relativamente oligotréficas, sem crescimento excessivo de
fitoplancton, de varias formas: (1) reduzindo forcas hidrodindmicas e consequentemente
diminuindo a ressuspensdo de particulas (Barko & James, 1998) e aporte de fésforo do
sedimento; (2) servindo de reftigio para grandes espécies de zooplancton (Jeppensen et al.,
1997) que predam algas fitoplanctonicas em altas taxas (Jeppessen et al., 2005); (3)
produzindo substancias alelopdticas que reduzem ou inibem o crescimento de fitoplancton
(Wium-Andersen, 1987; Gross et al., 2007); (4) reduzindo a concentracio de nutrientes
disponiveis na massa da dgua em funcdo de sua absor¢@o foliar (Van Donk et al., 1993,
Thomaz et al., 2007).

Esta estabilidade depende da ocorréncia das macréfitas e sua distribuicdo em lagos
rasos. Em ambientes, onde as condigdes sdo favordveis para o seu desenvolvimento, a
produgdo pode alcangar valores de biomassa superiores a Skg m3. Quanto maior a biomassa,
maior o potencial para reduzir a turbidez da dgua (Sondergaard & Moss, 1998). Além disso, é

importante salientar que o estabelecimento destas plantas influencia diretamente a cadeia
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alimentar podendo alterar toda a estrutura tréfica de um ecossistema aquético (Schriver et al.,
1995; Jeppensen et al., 1997; van Nes et al., 2003). Entretanto, varidveis abidticas podem
causar alteracdes na estabilidade da vegetacdo submersa. Por exemplo, flutua¢des no nivel da
dgua, cargas organicas antropogénicas ou decorrentes de tempestades ou ventos fortes podem
levar a deterioracdo e colapso desta vegetacdo, propiciando a proliferacdo de algas e inversao
do estado de 4guas claras, dominado por macrdfitas, para um tdrbido, dominado pelo

fitoplancton (Scheffer et al, 1993).

Distribuiciao de macroéfitas submersas em ambientes aquaticos

Diversos estudos enfatizam a profundidade da coluna da dgua e sua transparéncia
(Chambers & Kalff, 1985), acdo de ondas (Strand & Weisner, 1996), consumo por aves
(Laurindsen et al., 1983), perifiton e caracteristicas do sedimento (Chambers & Kalff, 1985)
como fatores preponderantes para o estabelecimento e equilibrio ecoldgico de comunidades
de macroéfitas aqudticas. Outras varidveis abidticas também podem influenciar fortemente a
vegetacdo aqudtica, como a idade de lagos, uso da terra circundante e infiltracdo de aquiferos
(Roozen et al., 2003). Todos esses fatores sdo considerados capazes de alterar os estigios
sucessionais de macréfitas em lagos rasos (van Geest et al., 2003). Dentre os fatores citados,
caracteristicas fisicas como profundidade, declive de fundo, velocidade da dgua e turbidez sdo
certamente os mais importantes para o estabelecimento das plantas (Duarte & Kalff, 1986;
Chambers, 1987; Kautsky, 1987; Barko & James, 1998; Schutten et al., 2004).

Em lagos rasos pequenos, onde o efeito de cisalhamento hidraulico sobre fundo tende
a ser menor, em fun¢do da menor pista de corrida para o vento “fecth” (James et al., 2004), o
estabelecimento de macréfitas é principalmente limitado pela auséncia de luz (Scheffer et al.,
1994). A profundidade é outra varidvel fundamental, pois em funcdo da turbidez, a luz
necessdria ao desenvolvimento das plantas pode ndao alcancar o fundo. Sendo assim, a
profundidade méxima a ser ocupada pelas plantas estd inversamente relacionada a turbidez
(Spence, 1982). Por outro lado, em lagos rasos onde o vento tenha efeito maior sobre a
hidrodindmica, as dreas mais rasas sdo freqiientenmete afetadas pela acdo das ondas

impedindo o estabelecimento de macroéfitas submersas (Spence, 1982; Schutten & Davy,
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2000). Nestes casos, o fecth, a velocidade do vento e o gradiente de profundidade determinam
o potencial gerador de ondas.

Considera-se que as forgas resultantes da acdo de ondas sdo importantes para explicar,
ao menos parcialmente, a auséncia de plantas submersas geralmente observada em d4reas
litoraneas abertas (Scheffer er al, 1992). Apesar das restri¢gdes hidrdulicas existentes, que
tendem a quebrar ou deslocar as plantas, € comum o estabelecimento de bancos de vegetacdo
submersas mesmo em grande lagos rasos. Isto se deve a possibilidade das plantas de se
estabelecerem em dreas mais protegidas da a¢do hidraulica devido a heterogeneidade espacial.
Esta heterogeneidade geralmente € derivada de recortes geogréificos que propiciam dreas com
velocidade da dgua reduzida ou derivada da movimentacdo de bancos de areia como resultado
da acdo hidrodinamica. Além disso, como vegetacdes submersas sdo compostas pelas mais
variadas espécies, as forcas hidraulicas geradas de ondas e correntes internas afetam
diferentemente as plantas em fung¢do de seu morfotipo, resisténcia e capacidade de fixacdo

(Schutten & Davy, 2000).

Metabolismo, decomposicao e ciclagem de nutrientes

Em corpos da dgua com baixa profundidade e 4rea de zona litoral extensa, a
comunidade de macrdfitas aquéticas tem um papel importante na estocagem e ciclagem de
nutrientes, servindo como fonte de matéria orginica autoctone (Grabowsky, 1973; Wetzel &
Hough, 1973; Godshalk & Wetzel, 1978% Menezes, 1984) e regulando a qualidade da dgua
no ecossistema (Moss, 1990; Scheffer, 1998). Aproximadamente 90% da matéria orgénica
que se acumula na zona litoral é proveniente da biomassa de plantas aqudticas tanto
emergentes como submersas (Wetzel, 1993).

As macrdfitas aqudticas, principalmente as enraizadas, t€m a habilidade de assimilar
os nutrientes do sedimento e, através do efeito de bombeamento do sedimento para a coluna
de 4dgua, podem prover grandes quantidades de matéria orgdnica e nutrientes para o
ecossistema (Mann & Wetzel, 1996). Uma pequena fragdo destes compostos ¢ liberada
continuamente através da excrecdo restultante do metabolismo vegetal (Wetzel & Manny,
1972a; Hough & Wetzel, 1975). Esses compostos sdo geralmente caracterizados por

moléculas de carbono com grande peso molecular que dao origem as substancias hiimicas. As
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substancias hdmicas compdem a maior parte do carbono orginico dissolvido em lagos
(Esteves, 1998) e sua formagdo se d4 basicamente a partir da condensacido de produtos da
excrecdo e decomposicdo de carboidratos, polifendis (lignina, taninos, etc.) e proteinas.
Portanto, elas ndo constituem uma classe definida de compostos, mas uma mistura de
substancias de natureza quimica diversa e em diferentes graus de polimerizacio, dependendo
de sua origem e idade (Toledo, 1973). Em fun¢do do seu alto peso molecular e baixa taxa de
degradacdo, as substincias himicas tendem a permanecer no ambiente por longos periodos
(Wetzel, 1993). Assim, assume-se que a matéria orginica dissolvida em lagos e banhados é
constituida em grande parte por material refratario oriundo do metabolismo e degradacdo das
mécrofitas aqudticas. Ha também outros compostos excretados por macréfitas aquaticas que
exercem influéncia sobre a micro-flora auto e heterotréfica perifitica, como: acido glicélico,
carboidratos, proteinas, peptideos, aminoicidos, enzimas, substincias volateis, aldeidos,
cetonas, aminas e outros compostos estimuladores ou inibidores de crescimento tais como,
vitaminas, antibidticos e toxinas. Em suma, a liberacdo dos diversos compostos organicos
pode beneficiar ou inibir a produtividade de comunidades epifiticas e a atividade microbiana
(Wetzel, 1992), influenciano niveis tréficos superiores (Sondergaard & Moss, 1998).

Além da excrecdo, o processo de decomposicio da biomassa vegetal aqudtica é
certamente a principal via de entrada de nutrientes e carbono no ecossistema aquético. No
processo de decomposicdo, ocorre a liberacdo de nutrientes soliveis e particulados para a
massa da dgua em fungdo da lixiviagdo rdpida de materiais poliméricos celulares (autdlise).
Esta contribuicdo de carbono orgénico e nutrientes provenientes das macrofitas aqudticas na
forma particulada e dissolvida influencia o metabolismo heterotréfico e fotossintético da zona
pelagica (Wetzel, 1992, Barko & James, 1998).

A degradacdo da matéria orginica particulada por ser muito mais lenta € menos
completa do que a degradacdo da matéria orginica dissolvida, constitui a fracdo restante da
energia a ser liberada no ecossistema. Esta liberagdo é conhecida como cadeia de detritos,
pois representa a udltima via de entrada de matéria organica e nutrientes acumulados pelas
macréfitas (Boyd & Goodyear, 1971; Keefe, 1972; Polisini & Boyd, 1972; Esteves, 1998).
Parte dessa matéria pode penetrar no sedimento anaerdébio e ficar enterrada. Quando isto

acontece, pode-se entdo definir o término da decomposicao.
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A decomposicdo pode ocorrer também de forma varidvel ao longo do tempo. Em
ecossistemas lacustres tropicais e subtropicais o processo de decomposi¢@o € continuo durante
todo o ano, pois ndo existe uma sazonalidade térmica muito acentuada (Finkler Ferreira et al.,
2003). Enquanto que em ambientes temperados, as taxas de decomposicdo aumentam com a
temperatura (Wetzel, 1993). Sendo assim, a temperatura é a varidvel ambiental mais
importante na determinacgdo das taxas de decomposi¢do. Assim, as taxas de perda de biomassa
podem apresentar comportamento sazonal em fun¢do da temperatura (Morris & Lajtha, 1986).
Além disso, outros fatores também afetam a decomposicido de macréfitas, como concentracio
de oxigénio, atividade de consumidores, acidez e regimes de nutrientes (Godshalk & Wetzel,
1978b, Brinson et al., 1981, Elwood et al., 1981, Polunin, 1984, Neely & Davis, 1985,
Webster & Benfield, 1986, Honmann & Neely, 1993). Dentre estes, o pH tem grande
influéncia sobre a decomposicdo no que se refere a perda de lignocelulose, a qual compde
uma fracdo majoritdria dos caules e folhas de macrofitas (Benner et al.,1985). Baixos pHs
reduzem a taxa de decomposicio da biomassa. Por outro lado, o préprio processo de
decomposicdo causa a queda no pH.

E possivel sumarizar a taxa relativa de decomposicdo, K, em unidades indefenidas de
tempo (Fig.1). Neste caso, K ¢ definida como a quantidade de carbono dissolvido e
particulado dos detritos que foi metabolizada por unidade de tempo. A taxa de decomposicdo,
por ser um processo continuo, varidvel de acordo com o tempo, pode ser conceitualmente

vista em trés fases distintas (Fig.1).
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Figura 1. Sequéncia geral das taxas de decomposicio de matéria organica dissolvida e
particulada. A curva logistica em S (linha a') corresponde ao inicio da decomposigdo:
lixiviacdo em fungdo da senescéncia das células e decaimento da biomassa (Figura adaptada
de Wetzel, 1993).

Fase A: corresponde a um periodo de perda crescente da biomassa por lixiviagao,
sendo liberadas rapidamente grandes quantidades de matéria organica dissolvida (MOD). A
qualidade e a quantidade da MOD sdo afetadas pela temperatura e pela disponibilidade de
oxigénio.

Fase B: Nesta fase, ocorre a taxa maxima de perda de peso e, posteriormente, uma
diminui¢do da taxa de decomposi¢do. Esta fase pode durar de vérios dias a muitos meses. Os
fatores que controlam a taxa de decomposi¢do exercem um efeito muito maior nesta fase. A
resisténcia relativa do restante da matéria orginica particulada aumenta constantemente, a
medida que mais compostos instaveis vao sendo metabolizados.

Fase C: a taxa de decomposi¢ao da matéria organica residual, resistente, aproxima-se
de zero com um limite assintotico, sendo limitada principalmente pela elevada

refractabilidade dos detritos particulados.

Estudos de taxas de decomposi¢do foram bastante comuns durante a década de 70 e
80, havendo principal interesse em quantificar apenas o tempo de decaimento do
remanescente de biomassa vegetal apds a sencéncia. Assim, a maior parte do conhecimento
acumulado € acerca da cadeia de detritos e sua importincia sobre a ciclagem de nutrientes e

carbono, em longo prazo. No entanto, € durante o processo de senes€ncia que ocorre a
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lixiviacdo de grandes quantidades de nutrientes e carbono dissolvidos para dgua (Carpenter,
1980), os quais se tornam prontamente disponiveis para o fitoplancton ou niveis tréficos
superiores (James & Barko, 1998). Em funcdo da lise celular, a lixiviagdo pode conter 63-
85% do carbono orgénico total da planta (Wetzel & Manny, 1972b) e, em condicdes
oxigenadas, costuma ser maior nos primeiros cinco dias (Otsuki & Wetzel, 1974). Barbieri et
al. (1984) relatam que a rdpida lixiviagdo da matéria organica prontamente degradédvel nos
primeiros dias de decomposicdo estd representada pela perda de carboidratos soldveis,
polifendis e lipidios. Os polifendis sdo geralmente citados como protecdo da planta contra
herbivoria pela sua capacidade de complexacdo com proteinas e enzimas. Os polifendis, além
de um mecanismo de prote¢do, contra herbivoria, podem atuar como defesa contra
microorganismos, influenciando no processo de decomposigao.

O processo de senescéncia exerce um impacto direto na qualidade da 4gua em curto
prazo (James & Barko, 1998). Apesar de Carpenter (1981) jd salientar a necessidade de
avaliar acuradamente a quantidade e qualidade dos nutrientes que sao liberados rapidamente
durante a fase inicial de decomposi¢do, ainda sdo escassos os trabalhos com esta abordagem.
Principalmente, abordagens que visem a aplicacdo da cinética de liberacdo de compostos, ao
longo do tempo, em modelos ecoldgicos. A parametrizagdao do processo de lixiviagdo em
modelos ecoldgicos pode ser uma importante ferramenta para simular e avaliar o potencial de
eutrofizacdo de um ambiente dominado por macréfitas submersas, no caso de colapso da

vegetacdo em fun¢do de impactos antropogénicos e/ou climaticos.

Efeitos alelopaticos de macrofitas aquaticas e competicao por nutrientes

O termo alelopatia foi definido por Molisch (1937) para incluir todas as interagdes
entre plantas superiores e organismos, tanto estimulantes quanto inibidoras do crescimento.
No meio aquético, estas interacdes ocorrem estritamente através da liberacdo de compostos na
dgua. E, atualmente, a maioria dos estudos de alelopatia estd focada em relagdes antagdnicas,
isto é, efeitos negativos exercidos por uma espécie sobre a outra.

Ha décadas, suspeita-se que macrofitas aqudticas possam suprimir o crescimento do
fitoplancton através da excrecdo de substincias quimicas que inibem o metabolismo do

fitoplancton (Hutchinson, 1975). A producdo e excrecdo de aleloquimicos por macrofitas
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pode ser uma defesa estratégica contra outros organismos fotossintéticos que competem por
luz e nutrientes, como epifition e fitoplancton (Gross et al., 2007). Os compostos identificados

pertencem as classes de sulftricos, poliactilenos, polifendis e &dcidos graxos oxigenados

(Gross, 1999; Gross, 2003).

Tanto macréfitas de dgua-doce como marinhas podem produzir compostos de
atividade algicida (Wium Andersen, 1987; Gross et al., 1996; Jeong et al., 2000; Gross,
2003). Atualmente, constam diversos indicios de inibi¢do do crescimento de cianobactérias
(Jasser, 1995) e algas verdes (Hootsmans & Blindow, 1994). Compostos sulftiricos isolados
de macrdfitas submersas como Chara globularis podem inibir a fotossintese do fitoplancton
(Anthoni et al., 1980). Planas et al., (1981) também descobriram efeitos inibitérios de
crescimento proveniente de compostos fendlicos isolados da macrdfita Myriophyllum
spicatum, espécie freqiientemente encontrada em muitos corpos da dgua brasileiros. Desta
espécie descobriu-se o composto fendlico tellimagrandin II como principal aleloquimico

(Gross, 1996).

Espécies de macroéfitas emergentes como Phragmites communis também foram
identificadas com potencial para inibir efetivamente o crescimento de cianobactérias como
Microcystis aeruginosa (Xian et al., 2005). Extratos aquosos de trés macroéfitas submersas
como, Ceratophylum demersum, Vallisneria spiralis e Hydrilla verticiliatta mostraram efeitos
inbitérios sobre o crescimento de M. aeruginosa ainda maiores e devido a presenca de etil-

acetato em fracdes das plantas (Muldeirj et al, 2003).

Além do efeito alelopdtico sobre cianobactérias, as macroéfitas possuem efeito claro
sobre a estrutura e tamanho dos organismos pertencentes a comunidade fitoplanctdnica. Por
exemplo, individuos de Chlamydomonas foram constatados serem significativamente maiores
dentro dos estandes macréfitas do que fora (Sondergaard & Moss, 1998) em funcdo de
ambinete mais seletivo fisico e quimicamente para outras espécies. Da mesma forma,
flagelados, como Cryptomonas e Chlamydomonas também se mostram mais dominantes na
presenca de macrofitas, sendo substituidos por diatomiceas e algas verdes, como
Scenedesmus, na auséncia de plantas (Schriver et al., 1995; van Den Berg et al., 1998). Jasser

(1995) verificou a maior abundancia de Scendesmus entre algas, mas virtualmente ausentes na
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presenca da macrofita submersa Elodea canadensis. Extratos de E. canadensis demonstraram

capacidade de suprimir a fotossintese da diatomécea Nitzchia palea (Wium-Andersen, 1987).

Entretanto, a dindmica de substancias liberadas pela vegetacdo submersa em condigcdes
reais ainda € muito especulativa (Forsberg et al., 1990; Gross et al., 2007). Além disso, pouco
se conhece sobre tais interagdes entre macrofitas e cianobactérias em ecossistemas sul
americanos, tanto experimentalmente, em meios controlados, quanto em levantamentos in
situ. Portanto, estudos relacionados a interacdo de macroéfitas submersas e cianobactérias sdo
necessdrios para obter entendimento destes mecanismos no intuito de prover ferramentas de

controle natural de floracdes de cianobactérias em ambientes de baixa latitude.

Além da alelopatia, vale relembrar que mecanismos como competi¢do por nutrientes e
sedimentacdo de particulas e fosforo, exercidos pelas macréfitas, atuam indiretamente
reduzindo o desenvolvimento de algas (Liirling et al., 2006). Portanto, seja por meio direto,
através do efeito alelopdtico (algicida), ou indireto, através da manuten¢do do estado
oligotréfico do sistema, as macroéfitas tém o potencial para serem aplicadas na restauragéo de

ecossistemas aquaticos tropicais e subtropicais.

Para explorar os efeitos os alelopaticos de macréfitas sobre algas, muito utilizou-se o
teste de extratos das plantas sobre cepas de algas em placas de petry. No entanto, é mais
convincente conduzir experimentos de coexisténcia, isto €, através do contato real de plantas
inteiras e algas em meios de cultura enriquecidos para avaliar a interagdo sem restricdo de
nutrientes. Ou ainda, conduzir aproximagdes in situ para correlacionar com os resultados

encontrados em laboratério (Gross et al., 2007).

Estados alternativos em lagos rasos

Ha algumas décadas, a ecologia de ecossistemas tem abordado conceitos intrigantes
sobre a possibilidade de ecossistemas existirem em mais de um estado configurdvel de
equilibrio (Holling, 1973; May, 1977; Sutherland, 1990). Estes conceitos deram origem a
teoria dos estados alternativos estdveis de ecossistemas.

A teoria de estados alternativos estdveis foi inicialmente desenvolvida e alcancada

primeiramente através do uso de modelos, os quais demonstraram que equilibrios alternativos
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podem surgir de interacdes de processos ndo lineares (Jackson, 2003). Evidéncias de estados
alternativos estdveis foram obtidas tanto em experimentos laboratoriais com uso de
mesocosmos aquaticos constituidos por algas fitoplanctdnicas e zooplancton herbivoros como
Daphnia sp. (McCauley et al., 1999) entre outros estudos com microcosmos (Chase, 1999).
Porém, desde que Connel & Sousa (1983) desafiaram ecologistas a procurar por estados
alternativos estdveis em comunidades naturais, exemplos t€m sido encontrados na dindmica
de diversos sistemas, como: sucessdo de florestas (Frelich & Reich, 1999), savanas africanas
(Dublin et al., 1990), recifes de corais (Knowlton, 1992), desertos (van den Koppel et al.,
1997; Rietkerke et al., 1997), estoques pesqueiros no pacifico (Hare & Mantuaa, 2000),
incluindo até sistemas que tém seu clima regulado por correntes marinhas (Rahmstorf, 1997).

Além destes exemplos, um dos mais bem desenvolvidos sobre estados alternativos
estaveis provém de lagos rasos (Scheffer et al., 1993). Por serem, na sua maioria, polimiticos,
estes sistemas sdo relativamente faceis para amostrar e, portanto, sdo capazes de prover uma
oportunidade excelente de explorar e testar a teoria de estados alternativos de qualidade da
dgua.

A existéncia dos estados alternativos em lagos estd associada a transparéncia da dgua
ou turbidez e conseqiientemente aos niveis de interagdes tréficas em cascata no sistema
(Jeppensen et al., 1997). O estado de 4dgua tdrbida é decorrente da prolifera¢do do fitoplancton
e cria condicdes desfavordveis ao estabelecimento de plantas submersas, pois a turbidez
impede a penetracdo da luz nas camadas mais profundas inibindo o crescimento das mesmas
(Van den Berg et al., 1998). Porém, um estado claro de transparéncia da dgua permite o
desenvolvimento e sucessdo da vegetacdo submersa (Blindow et al., 1993; Scheffer et al.,
1994), favorecendo condi¢des meso a oligotréficas, maior equilibrio entre niveis tréficos
(equitabilidade e diversidade de organismos), promovendo também a valora¢do do ambiente
para fins paisagisticos e recreacionais (Van Nes et al, 2002).

Os processos que podem governar lagos entre dois estados alternativos distintos
operam em uma variedade de escalas temporais e freqiiéncias. Os mecanismos hipotéticos que
conduzem a mudanga destes estados podem ser separados em agentes internos € externos.
Quando os agentes atuantes sobre o sistema sdo externos de larga escala (e.g. clima regional
ou homogeneidade regional entre bacias hidrogréficas), a amostragem de um grande nimero

de lagos numa mesma regido resultaria num mesmo estado para todos os lagos.
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Alternativamente, se os agentes forem internos para cada lago (e.g.ciclagem de nutrientes), a
populagdo de lagos em uma drea limitada poderia existir em dois estados (Jackson, 2003).
Neste caso, os fatores internos relacionados a biogeoquimica do sistema afetam as taxas de
produgdo primdria de macrofitas aquéticas e fitoplancton, podendo conduzir o lago aos dois
estados. Além disso, impactos sobre a vegetacdo em funcdo da herbivoria por aves aqudticas
(van Donk & Gulatti, 1995), ou flutuacdes no nivel da dgua causadas tanto por estressores
naturais (clima) ou por estressores antrépicos (irrigacdo), juntamente com a eutrofizacio
podem causar a mudanca de um estado claro das dguas para um tirbido (Scheffer, 1998).

A troca de estado provocada pelo aumento dos niveis de nutrientes que causa
passagem do estado de dguas claras, dominado pela vegetacdo de macréfitas, para um estado
de dguas tdrbidas, dominado pelo fitoplancton, ocorre através de um processo ndo-linear (Fig.
2). Esta passagem é uma inversdo dréstica e relativamente rdpida no tempo assim que o nivel
critico de eutrofizag¢do do sistema € atingido (Scheffer, 1998). Este fendmeno é denominado
histerese e ocorre em fungdo da resiliéncia do ecossistema frente a alteragcdes ambientais. Por
exemplo, uma vez que um lago tenha passado para um estado eutrofizado de dguas tirbidas,
para retornar a condi¢do inicial representada pelo dominio da vegetacdo submersa, a
concentracdo de nutrientes deve ser reduzida a um nivel muito abaixo do limiar critico em que

a populacdo de macroéfitas colapsou (Van Nes et al. 2002, 2003).

ESTADO TUREIDO

TURBIDEZ
CRITICA

Turbidez (NTU)

ESTADO CLARD

macrofitas

Mutrientes {pg/L)

Figura 2. Modelo conceitual de condi¢des alternativas como clara e tirbida em lagos rasos.
Adaptado de Scheffer ef al. (1993). O modelo original assume que acima de um nivel critico
de turbidez, as macrofitas submersas se tornariam ausentes no sistema. As linhas solidas
representam estados estdveis alternativos. As flechas indicam o ponto de equilibrio para cada
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estado apds uma perturbacio no sistema. A linha pontilhada representa a turbidez critica que
separa os dois estados alternativos.

A mudanga entre os dois estados pode ser tamponada por mecanismos intrinsicos que
previnem a mudanca mesmo que as condi¢des sejam favordveis. Ou seja, existe uma
capacidade de amortecimento de impactos que permite que o sistema retorne ao estado
original de equilibrio, evitando assim que passe a outro estado configurdvel (Scheffer,1998).
Os mecanismos responsaveis pela capacidade de retorno (resili€ncia) sdo os efeitos de retro-
alimentacdo positiva exercidos tanto por macroéfitas quanto pelo fitoplancton para a
estabilidade do seu estado de equilibrio. No caso do estado alternativo de dguas claras, a
resiliéncia depende principalmente da magnitude e freqiiéncia de estressores, e.g., duragdo e
concentracdo de cargas de nutrientes. Outras varidveis também influenciam a resiliéncia,
como tempo de residéncia, taxa de produg@o primdria do fitoplancton, interacdes tréficas e
ciclagem interna de nutrientes (Scheffer er al., 1994; Jeppensen et al., 1997). Uma vez que a
vegetacdo submersa € afetada por estes fatores, os efeitos de retro-alimentacdo positiva que
sustentam o seu estado de equilibrio enfraquecem. Posteriormente, com o colapso da
vegetacdo, ocorre a liberacdo de nutrientes das plantas aumentando ainda mais o estado

tréfico do sistema (Blindow et al., 1993).
Modelagem ecologica de macrofitas aquaticas e estados alternativos

Conforme mencionado anteriormente, hd modelos que simulam a deriva de estados
alternativos em funcdo do efeito positivo de macréfitas para a qualidade da dgua. Neste caso,
estes efeitos podem ser abordados de forma simples através de emprego de modelos minimos
(van Nes et al., 2002, 2003) que incluem o crescimento das plantas e suas interacdes com o
fitoplancton de forma simplificada. Todos os efeitos de retro-alimentagdo positiva exercidos
pelas macrofitas podem ser simplificados através de uma funcdo de Monod inversa, que

descreve o efeito da vegetacdo sobre a turbidez (coeficiente de atenuagdo da luz, Eeg):

hv
Eeq =E0 hv +V Eq 0.1

onde V ¢ a fracdo de drea coberta com vegetacdo no lago, Eo € a turbidez na auséncia de

vegetacdo, e hy € o coeficiente de meia saturagdo da cobertura de vegetacdo. Portanto,
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aumentando a turbidez o crescimento da vegetacdo é comprometido. Além disso, o efeito da
atenuacdo na cobertura de vegetacdo (Veq) € descrito por uma funcio de Hill:
4
he

= Eq. 0.2
hi +E? d

eq

onde hg € o coeficiente de meia saturacio da turbidez, e p € o expoente da funcdo de Hill. Se
nds assumimos que a turbidez e a cobertura de vegetacdo podem atingir o equilibrio até uma
capacidade médxima de uma maneira logica, as equagdes acima podem ser introduzidas dentro

das seguintes equagdes diferencias:

dE E
& E1-— 0.
ar 'k { Eeq] Eq. 03
av \%
2 v 0.
7 ry { ng] Eq.04

onde rg € a taxa de aumento da turbidez e r, € a taxa de crescimento da cobertura da

vegetacdo. Considere os valores assinalados para os parametros, listados na tabela abaixo:

Tabela 0.1. Valores e unidades dos pardmetros utilizados no exemplo ilustrativo.

Parametro Valor padrio Unidade
Ey 6 m’!
hg 2 m’'
hy 0.2 -
4 -
IE 0,05 d!
ry 0.05 d!

Fonte: Fragoso Jr. (2009).

De acordo com o conjunto de valores assinalados para os pardmetros os estados
alternativos podem variar para entre (a) um estado dominado por vegetacdo aqudtica e baixa
turbidez (alta transparéncia da dgua) ou para (b) um estado tirbido dominado pelo
fitoplancton e auséncia de vegetagdo aquética. Por exemplo, se estabelecermos uma varia¢do
dos valores do pardmetro Eo de O a 10, ou seja, variando de uma condi¢do de alta

transparéncia para uma condi¢do de baixa transparéncia, podemos observar uma faixa bem
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definida onde ocorrem estados alternativos de estabilidade (Figura3) (Fragoso Jr. 2009).
Quando o ecossistema estd em um estado de dguas claras, ele ndo passa para o outro estado
através de uma transicdo suave. Ao contrdrio, quando as condicdes mudam suficientemente
para ultrapassar um limiar (F2), uma transi¢do brusca para outro estado ocorre. Entretanto,
para induzir o ecossistema a uma troca para o estado inicial de dguas claras dominado pela
vegetacdo ndo ¢é suficiente estabelecer condicdes semelhantes aquelas antes do colapso (F2).
Ao invés disso, € necessdrio ir além do ponto de troca (F1) anterior para o sistema se
recuperar, caracterizando a processo de histerese. O grau de histerese pode variar fortemente

mesmo para ecossistemas com caracteristicas semelhantes (Fragoso Jr. 2009).

1 ><£
F1
0.8 i

0.6 L

0.4 F

F2

N\
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Figura 3. O grifico mostra duas curvas de equilibrios para o modelo ecoldgico de vegetacio,
indicando o ponto de bifurcacdo (F1) onde acontece uma troca abrupta para outro ponto de
equilibrio (F2). Variando os valores do pardmetro Ej entre 0 e 10, observa-se uma faixa bem
definida onde ocorre dois estados alternativos de estabilidade. A trajetéria em preto indica o
sentido progressivo da passagem de um estado de dguas claras, dominado por vegetagdo, para
um estado de dguas tdrbidas. A trajetéria em azul indica o sentido retrégrado da passagem de
um estado de dguas tiurbidas dominado pelo fitoplancton para um estado de dguas claras.
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Area de Estudo: Lagoa Mangueira - Sistema Hidrolégico do

Taim, fun¢oes e uso da agua

O local de estudo desta Tese foi a Lagoa Mangueira, um corpo da dgua raso, com
condi¢des meso a oligotroficas, profundidade méxima de 6 m, e drea aproximada de 820 km®
(Fig.4). A Lagoa faz parte do Sistema Hidrolégico do Taim, localizado entre o Oceano
Atlantico e a Lagoa Mirim, ao sul do Estado do Rio Grande do Sul, entre os municipios de
Santa Vitéria do Palmar e Rio Grande (32°20' e 33°00' S e 52°20' e 52°45"). Todo o sistema

tem uma drea de 2254 km?, incluindo a Estacdo Ecoldgica do Taim (ESEC-Taim).

A regido de insercdo do Sistema Hidrolégico do Taim € parte de uma série de areas
alagdveis que se estendem dos arredores das cidades de Pelotas e Rio Grande até o Uruguai.
Esta série é caracterizada por seus banhados e lagoas associadas, de dgua doce, em uma
dindmica de baixo relevo marginal ao Oceano Atlantico. Esta regido do SHT é composta
essencialmente de quatro unidades ecodindmicas, a Planicie Marinho-Eélica, o alinhamento
dos Banhados Pds-Planicies Marinho-Edlica, o Platd de Santa Vitéria do Palmar/Formacio
Chui e o Mosaico do Sudeste da Lagoa Mirim (Gomes et al., 1987). A Lagoa Mangueira esté
contida na unidade dos Banhados Pds-Planicies Marinho-Edlica, entre uma estreita faixa de

dunas ao lado do Oceano Atlantico e a BR-417.

A Lagoa Mangueira e o Bando do Taim estdo hidroldgica e sinergeticamente
relacionados, pois o Banhado é uma extensdo da Lagoa, na sua parte norte. Na interface
Lagoa-Banhado ocorre o escoamento difuso e com transporte de massa nos dois sentidos,
conforme o regime sazonal. Assim, o nivel de 4gua em ambos ambientes oscila em conjunto,
havendo a ocorréncia do efeito de seiche nas extremidades norte e sul em fungdo da forte acio
de ventos que predominam nos sentidos NE e SO. O banhado do Taim se caracteriza por um
macico de vegetacdo aqudtica emergente. Portanto, além de servir como sumidouro ou
reservatorio para particulas inorgéanicas e nutrientes soliveis, serve também também como
fonte de compostos orgénicos dissolvidos e particulados (seston) que sdo exportados para a

Lagoa Mangueira, de acordo com a sentido do vento (Motta Marques et al., 1997).

Ao longo dos mais de 200 km de litoral da Lagoa Mangueira, hd grandes comunidades

de macroéfitas aqudticas emergentes e submersas estabelecidas. Estas tltimas ddo origem a
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imensos estandes de vegetecdo submersa, com enorme quantidade de biomassa vegetal, que
tendem a influenciar a qualidade da 4gua do sistema em funcdo de seu metabolismo e
possiveis efeitos de retro-alimentacdo positiva para a manutencdo do seu estado de

dominancia.
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Figura 4. Localizacdo do Sistema Hidrolégico do Taim e delimitacdo da Lagoa Mangueira e
Banhado do Taim sobre composicdo colorida RGB da imagem de satélite (Fonte: Google
Earth e Landsat 5 TM, WGS 84, UTM-225).

Devido a peculiaridade climética, edéfica e morfoldgica da planicie costeira, onde esta
inserido o SHT, os banhados e lagoas costeiras de dgua doce estdo associados a cultura do
arroz irrigado (Oriza sp.). A cultura de Oriza sp. nesta regido € altamente tecnificada, no que
tange as préticas agricolas em si, e usa quantidades substanciais de d4gua para manter a cultura.
Para o Sistema Hidrol6gico do Taim como um todo, o consumo de dgua na época de irrigacao
pode atingir o valor de 110m>.s™ (Tucci er al., 2002), sendo que o ecossistema mais afetado
devido ao intenso bombeamento de 4gua (estruturas com capacidade individual de até 11

m’.s’) éa Lagoa Mangueira. A intensa extracdo de dgua da Lagoa Mangueira ocorre durante
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o verdo, quando naturalmente o nivel da Lagoa tende a diminuir em func¢do dos baixos indices
de precipitacdo. Apds o plantio, a dgua utilizada retorna eutrofizada para a Lagoa (Motta
Marques et al., 1997). Isto representa um potencial aumento do grau de trofia do sistema,
capaz de promover alteracdes na comunidade de algas e outros compartimentos biolégicos em
curto prazo.

Atualmente, em funcdo da exigéncia do licenciamento da rizicultura, o IBAMA, em
associacdo com a Associagdo de Produtores de Arroz da Lagoa Mangueira, o Ministério
Publico Federal e pesquisadores do Instituto de Pesquisas Hidraulicas/UFRGS procuram
chegar a um entendimento para o uso do recurso da dgua sem promover alteracdes nao

recuperdveis dos sistemas hidricos do Sistema Hidrolégico do Taim.

Para alcangar uma gestdo acurada de uso da Lagoa, ¢ importante considerar o
hidroperiodo e hidrodindmica que s@o determinantes para a sinergia do bindmio Banhado-
Lagoa. Isto pode ser alcancado através da implementacdo de modelos ecoldgicos adaptados
para as condicdes de contorno deste ambiente, e para simular a dindmica de produtores,

responsdveis pela ciclagem de nutrientes e qualidade da dgua.
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Capitulo 2

Objetivo Geral

O objetivo principal desta Tese de Doutorado foi investigar o papel de macréfitas
submersas sobre a qualidade da 4dgua, interacdes com fitoplancton e potencial para restauracio
e conservacdo de lagos rasos, tendo como local de estudo a Lagoa Mangueira, RS. Para
atingir estes objetivos, diversas aproximagdes sdo apresentadas, como (i) levantamentos in
situ, (ii) trabalhos experimentais em laboratdrio; (iii) e uso da modelagm ecoldgica para
avaliar as fungOes ecoldgicas desempenhadas pela vegetagdo submersa no ecossistema de
estudo, e lagos rasos, em geral. A partir destas aproximacdes, visa-se gerar subsidios para a
gestdo da Lagoa Mangueira, cujas dguas sdo explaradas intensamente para irrigacdo, assim
como prover informa¢des para o manejo e restauracdo de ambientes aqudticos subtropicais e

tropicais.

Estrutura da tese: objetivos especificos e questoes

Os objetivos especificos estdo divididos em capitulos que constituem a Tese. Os
capitulos sdo apresentados na forma de manuscritos para facilitar a distingdo dos temas e sua
publicacdo em periddicos cientificos. Em cada artigo, estdo contidos os resultados e
discussdes referentes as questdes cientificas levantadas sobre a ecologia de macréfitas
submersas e sua importancia para qualidade de dgua, estrutura da cadeia tréfica e ciclagem de
nutrientes. Ao término da tese, sdo apresentadas as consideracOes finais a partir da andlise
integrada dos capitulos. Os objetivos e questdes respectivos de cada capitulo da Tese estdao

listados a seguir.
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Capitulo 3 - Efeito da vegetacao submersa sobre a qualidade da
agua e estruturacio da comunidade fitoplanctonica na Lagoa

Mangueira

Objetivos especificos:

® Analisar variagOes fisicos-quimicas na qualidade da 4gua e estrutura da comunidade
fitoplanctonica ao longo de um gradiente de vegetacdo submersa em dire¢do a zona

peldgica da Lagoa Mangueira.
Questoes:

e Macrdfitas submersas provocam alteracdes na qualidade da 4dgua em lagos rasos

subtropicais?
e (Qual a relacao entre sucessdo de macrofitas e fatores fisicos como luz e profundidade?

e Ha4 diferencas na estrutura da comunidade fitoplanctonica entre dreas com macroéfitas
submersas e zonas peldgicas, e qual espécies de algas sdo mais afetadas pela presenca

das macrofitas?

e Quais as implicacdes do efeito de macréfitas aquéticas sobre a comunidade

fitoplanctonica para o manejo e conservagao de lagos rasos?

Capitulo 4 - Parametrizacao da transferéncia de matéria organica
(carbono) e nutrientes de macrofitas para a massa da agua

durante a fase inicial de decomposicao

Objetivos especificos:
e (Quantificar a liberacdo de carbono e nutrientes da biomassa das principais espécies de
macroéfitas na Lagoa Mangueira, durante a fase inicial de decomposicdo.
®  Ajustar um modelo (parametrizar) para representar a cinética da libera¢do de carbono e
nutrientes.
e Avaliar o potencial de cada espécie para o enriquecimento do ambiente aqudtico em

funcdo da decomposicio.
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Questoes:

As macrofitas aqudticas submersas representam uma fonte interna importante de
nutrientes e carbono através de sua decomposicido para a ciclagem biogeoquimica de
lagos rasos dominados por estas plantas?

Qual a magnitude da liberacdo de nutrientes e carbono durante a primeira fase de
decomposicdo (lixiviacdo)?

Que funcdo melhor respresenta a cinética da lixiviacdo destes compostos e como
modela-la?

Que implicagdes o colpaso da vegetac@o causaria para a trofia de um ecossistema com

dominancia de macroéfitas submersas?

Capitulo 5 - Alelopatia e competicio por nutrientes: mecanismos

eficientes exercidos por macrofitas submeras para reduzir a

densidade de cianobactérias em lagos rasos.

Objetivos:

Avaliar experimentalmente o potencial alelopatico e de competicio por fosforo de
macréfitas submersas sobre uma cepa da cianobactéria toxica Microcystis aeruginosa
(NPLJ-4) através de experimentos de coexisténcia sob diferentes niveis de luz e

concentracao de orto-fosfato (PO4) no meio de cultura.

Distinguir alelopatia de competicdo através da leitura de orto-fosfato (PO4) nos
experimentos e analisar o efeito do filtrado das macréfitas submersas sobre o

crescimento da cianobactéria.

Questoes:

Quais espécies de macrdéfitas submersas nativas possuem a capacidade de reduzir o

crescimento de cianobactérias seja por alelopatia ou competi¢io?

Sob quais condi¢des de luz e concentracio de orto-fosfato, a inibicdo do crescimento da

cianobactérias é mais provavel?
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e O efeito alelopdtico das macroéfitas ocorre somente quando em contato direto com a

cianobactéria ou pode ser também verificado através do filtrado de culturas das plantas?

e Como estes mecanismos podem ser utilizados na restauracdo de ambientes aquéticos?

Capitulo 6 - Influéncia da vegetacao submersa sobre a resiliéncia

de estado de aguas claras em lagos subtropicais

Objetivos:

e  Simular, através de um modelo ecolégico complexo (Charisma 2.0), o efeito do
crescimento de macréfitas submersas sobre a transparéncia da dgua e, portanto, sobre a
estabilidade de estados alternativos em lagos subtropicais.

Questoes:

® O crescimento continuo da vegetacdo submersa pode influenciar positivamente o estado
de dguas claras em lagos subtropicais?

e Em funcdo do processo de crescimento continuo, as macréfitas tendem a aumentar a
resiliéncia do ecossistema contra a dominancia do fitoplancton?

® (Quais as varidveis bidticas determinantes para a modelagem de macrofitas e sua relagido

com o crescimento em climas temperados?

Capitulo 7- Efeito da liberacio de nutrientes por plantas aquaticas sobre
a dinamica de estados alternativos da comunidade fitoplanctonica em um

lago raso subtropical
Objetivos:

e Com base em dados de campo, experimentais e uso da modelagem ecoldgica, avaliar o
efeito da carga de nutrientes oriundos da decomposi¢do da vegetacdo submersa sobre
trofia da Lagoa Mangueira, no caso de colapso da vegetacdo em funcdo da deplecdo
drastica no nivel da d4gua na Lagoa para irrigacao da rizicultura.

e Prever cendrios de eutrofizacdo através da modelagem, simulando o crescimento de
algas ap6s o colapso de todo o compartimento de macrofitas submersas, para verificar a

possibilidade de inversdo do estado de equilibrio.
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Questoes

A deplecdo drastica no nivel da dgua do sistema pode promover o dominio do
fitoplancton?

Qual seria o limiar de eutrofiza¢do para causar a inversdo do estado de dguas claras
para o estado tirbido, dominado pelo fitoplancton?

As macrofitas aquéticas representam um fator importante para o equilibrio tréfico do
sistema, devendo ser consideradas no plano de gestio da Lagoa Mangueira para

assegurar o uso racional do recurso hidrico?
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PARTE II: Estudos in situ



Capitulo 3: Influence of submerged macrophytes on the water quality and phytoplankton
structure along a vegetation gradient in the subtropical Lake Mangueira, Brazil - 32
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Abstract

The influence of submerged vegetation gradient on the water chemistry and phytoplankton
structure was evaluated in the subtropical shallow Lake Mangueira, southern Brazil (32°20' &
33°30'S;52°20" & 52 °45"). The lake has an area of 1597 km? and maximum depth of 6m,
with litoral zones covered with dense beds of macrophytes. This investigation was done
seasonally over 1 year through the monitoring of a 3000m transect established along a
vegetation gradient (vegetated-unvegetaded), from the littoral to the pelagic zone of the lake.
Eight sampling points were evaluated. At each sampling point, submerged macrophytes
coverage was analyzed by the PVI method (Percent Volume Inhabited) and samples were
collected for water abiotic analysis and phytoplankton qualitative and quantitative evaluation.
Simultaneously, yellow substances were evaluated by a submergible spectro-fluorometer
(BBE-Moldaenke). Linear increase of nutrients (PO4), pH and bicarbonate were observed
towards the pelagic region. In contrast, yellow substances and dissolved organic carbon,
originated from the meatobolism and decaying organic matter of the macrophyte beds,
decreased in the pelagic waters. Concomitantly, a significant increase in the phytoplankton

biomass was observed outwards the submerged vegetation bed. Cyanobacteria were the main
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responsible for phytoplankton biomass increase. In the vegetated area, small species (C-R
strategists), unicellular flagellates were selected. In the pelagic zone, larger species (K-
selected) of blue green occurred, specially represented by the functional groups M, Lo, SN, S1
and K. The results clearly indicated that the high coverage and metabolism of submerged
macrophytes influenced the water chemistry and nutrient regime in Lake Mangueira.
Consequently, such changes affected negatively the phytoplankton community, which showed
significantly biomass reduction and structure variation in response to the macrophyte
presence. Therefore, we assume that submerged macrophyte beds may lead to the restructure of
the ecosystems food web. Such processes, although generally recognized in temperate lakes,
were still unxeploited in tropical and subtropical ecosytems and thus are important for the

management and conservation of low latitude shallow lakes.

Key-words: submerged macrophytes; phytoplankton structure; cyanobacteria; humic

substances; littoral-pelagic gradient;

Introduction

Submerged macrophyte communities promote physical and chemical changes in shallow
freshwater ecosystems. The formation of densely-packed submerged stands depend on the
underwater light regime (Moss, 1990, Scheffer et al.,, 1993) and hydrodynamics (Barko &
James, 1998). By their structuring effect, the macrophytes create an environment that is
different from that of the open water and that potentially may have different impact on water
quality and interactions between different trophic levels, especially on phytoplankton
(Sondergaard & Moss, 1998).

Once a submerged vegetation stand is established, water transparency is enhanced
through several positive feed-back mechanisms which, in turn, stimulate plant’s growth (Van
Nes et al, 2003). In temperate freshwaters, the mechanisms of macrophytes proposed to
stabilize the clear state are: protection for the grazers on the algae as larged-bodied
zooplankton (Jeppesen et al., 1997), attenuation of water currents and stabilization of
sediments (James & Barko, 1990), support of epiphyton that sequesters nutrients (Burkholder
& Wetzel, 1990) and reduction of inorganic macronutrients by uptake from the water column,
and through production of allelopathic compounds (Hootsmans & Blindow, 1994; Gross et al.,
1996; Nakai et al., 2002; Leu et al., 2006 ). The confirmation of allelopathy is still speculative
at the ecosystem level (Hilt et al., 2006; Lurling et al., 2006). Nevertheless, it is considered
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that submerged macrophyte beds prevent excessive phytoplankton growth (Blindow et al.,
1993; Ozimek et al., 1990; Van den Berg et al. 1998) causing the clear state to be self-
stabilizing (Moss, 1990; Scheffer ef al., 2001; Van Nes et al., 2003).

Although many of these processes have been well investigated in temperate ecosystems,
little is known for the reality of subtropical and tropical environments. One major contrast is
that in low latitude freshwaters, macrophytes grow continuously throughout the year,
differently from the seasonal die-off process observed in temperate ecosystems (Finkler
Ferreira et al., 2008). Moreover, because of the higher biodiversity of plants and aquatic
organisms, plus the overall dominance of omnivorous fishes and zooplankton (Meerhoff et al.,
2006), natural regulating mechanisms on phytoplankton biomass is still a major issue to be
investigated in situ and experimentally. Beyond assessing the effectiveness of the well known
mechanisms, such investigations are likely to perhaps reveal other intrinsic regulating
processes which might be associated to the higher complexity of tropical and subtropical
ecosystems (Jeppesen et al., 2005).

In complex systems comprised of shallow lakes, adjacent wetlands influence function
and nutrient economy of littoral and pelagic waters. The high productivity of emergent
macrophytes, at these interfaces, contributes with large amounts of soluble organic matter that
can be transported to open areas and affect major changes into the pelagic metabolism
(Carpenter, 1980; Jones, 1990, Wetzel, 1992). Therefore, the decomposition and metabolism of
both emergent and submerged macrophytes, within littoral zones, generate recalcitrant organic
compounds that complex chemically with many enzymes produced by phytoplankton and
bacteria (Stewert & Wetzel., 1982b). Therefore, it is expected that lake-wetland systems with
dense macrophyte coverage would have stronger effect on the dynamics and structure of
phytoplankton community along the gradient of macrophyte domination. Moreover, these
interactions become more intrinsic in shallow systems influenced by intense wind driven
hydronynamic regimes, which end up dictating spatial heterogenity of biotic components
(Cardoso & Motta Marques, 2003, 2009; Crossetti et al.2007; Fragoso et al., 2009).

Few studies have focused on phytoplankton in relation to the presence of submerged
macrophytes along a littoral-pelagic gradient (Sondergaard & Moss, 1998). Moreover, the
influence of humic compounds produced in adjacent wetlands to phytoplankton production is
poorly documented (Wetzel, 1992). Considering these gaps, the aiming of this work was to
evaluate the effects of a densely submerged macrophyte bed on water quality and

phytoplankton community structure along a littoral-pelagic gradient in a large shallow lake-
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wetland ecosystem, in southern Brazil. In this work, it is shown how macrophytes promote
significant changes in the nutrient pool and reduce the growth of phytoplankton, especially

cyanobacteria.

Material and Methods

Study site

The study was carried out in a large shallow (max. depth 6m) coastal lake, named
Mangueira. It is situated along the Atlantic Ocean, southern Brazil (33°31°22”S 53°07°48”W)
(Fig.1) and has 90 km in length and 3-10 km in width. This ecosystem was originated from the
last glaciation on the southeast coast of South America (during the Pleistocene ~5,000 years
ago). Due to the last ocean regression, large amounts of bicarbonate were burried by the sand,
but remain in the system. Turbulence from constant winds ensures a high concentration of
dissolved oxygen in the water column. These factors lead to high REDOX conditions in the
water and a neutral pH. Despite its proximity to the Atlantic coast (= 3 km), ocean salt spray

has only a slight effect on salinity in the lake.
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Figurel. Location of the Lake Mangueira and weather station (TAMAS), southern Brazil. The
study was conducted in the south part of the lake, nearby the meteorologic station (TAMAS).
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Along its shoreline, due to hydrodynamics, there is a continuous formation of several
sand benches, colinized by dense belts of emergent macrophytes which in turn reduce the water
currents, allowing the establismemnt of submerged macrophyte communities. Generally, the
emergent belts create shallow ponds (e.g. from 5 to >300 ha) that are only connected to the
lake through narrow drainage canals. Within the belts, the ponds are colonized by several
submerged species up to 2 m depth. Together, they form packed submerged communities with
high biomass, but not very resistant to breakdown by water currents, except the species
Potamogeton illinoensis that colonizes areas deeper pelagic areas (>5m) with higher water

velocity (>1 m s'l).

At its northeast and southwest extremes, the lake is hidrologically linked to two large
wetlands. Together, they constitute a synergetic system driven by intense winds, determinant
for the hydronamics of the lake. Because of the dominant wind’s orientation (SW-NE) large
amounts of organic matter, generated by the decomposition of macrophytes, flow from the

wetlands into the lake and influence the water color with yellow substances.

Sampling along the macrophyte-pelagic gradient

In order to asses the effect of the submerged macrophytes on the water quality and
phytoplankton community structure, sampling was undertaken along a transect, ranging from a
densely vegetated littoral area to an unvegetated, pelagic area, in the southern part of Lake
Mangueira. At the vegetated area, the margin was covered by emergent macrophytes being
surrounded by a large belt of wetland. The transect was approximately 3220m, comprising
eight sampling points (Fig. 2). The distribution of the points was not regular, but arbitrarily

chosen to cover the heterogeneity of the habitats along the macrophyte-pelagic gradient.



Parte II: Estudos in situ - 37

(;oogie"'

&

Ponteiro 22 H 30253582 m L 62888T71.50/m'S) v 4 pesEluxo |[||[|1|]] 100% Altitude do ponto de visdo 13107,

Figure. 2 Map of the southern part of Lake Mangueira, Southern Brazil. In evidence: the
sampling points along the transect (~3220m), from a densely vegetated littoral zone to a
unvegetated, pelagic zone.

Samplings were carried out seasonally. At total, five field campaigns were conducted
from may 2007 until march 2008. During the samplings, analysis of the submerged
macrophytes community and immediate measures of limnological variables were taken in field.
Concomitantly, water samples were collected for analysis of nutrients, phytoplankton and

zooplankton communities, in laboratory.

Submerged Macrophyte sampling

The abundance of submerged macrophytes was estimated as the percentage of volume
infestation (PVI) under water (Canfield et al., 1984). The calculus of PVI was done through the

following equation:

L
PVI(%)zMacCgMac "
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Where, MacC is the macrophyte coverage (%) of each species, MacL is the macrophyte length
from the sediment through the water column (m) and D is the depth (m). The macrophyte

coverage of each species was estimated visually in percentage within 1 m2.

Limnological variables

In field, variables as dissolved oxygen concentration and saturation, pH, temperature,
Oxi-Redox potential and salinity were taken with a multi-probe (YSI-6600, Yellow Springs,
Ltd.). Yellow substances were estimated using a submergible espectrofluometer (BBE-
Moldaenke). The vertical downward attenuation coefficient of light (K4) was measured using a
phostossynthetic active radiation sensor (LICOR). The measurements were made directly
below the water surface and, at least, 50 cm depth. At higher depths, measurements were taken
integrating each 50 cm interval (100, 150cm) of the water column. At the vegetated sites, the
samples were collected carefully to avoid ressuspension of periphyton.

Bicarbonate (HCO3") was assessed by the titration alkalinity method (Wetzel and
Likens 2000). Total solids (TS) were assessed gravimetrically by water evaporation in
porcelain dishes (APHA 1999), suspended solids were measured as the dried (105°C) fraction
remaining after filtering over a 0.45 pum membrane filter. Inorganic suspended solids were
measured as the remaining residue after ignition at 600°C. Detritus concentration was
calculated as total suspended solids minus inorganic suspended solids and phytoplankton
biomass.

Total carbon (TC), inorganic carbon (IC) and dissolved organic carbon (DOC) was
determined in a Total Organic Carbon Analyzer (Shimadzu 5000), DOC assumed to be the
fraction passing through a 450 °C pre-combusted glass fiber filter (Macherey-Nagel GF6 - 0.6
um average particle retention size).

With respect to nutrients analysis, total nitrogen (TN), nitrate (NO3-N), ammonium
(NH;*-N), total phosphorus (TP) and orthophosphate (PO4>-P) were colorimetrically
determined following Mackereth et al. (1989). Silicate (SiO,) was quantified using a
photometric method (Si Merck Spectroquant® kit for silicates -silicilic acid). Chlorophyll-a
was measured after cold ethanol extraction (Jespersen & Christoffersen, 1987) after filtration
over a 0.45 um membrane filter. Iron (Fe) was analysed after filtration in (0.45 pm membrane

fiter) according to APHA (1999).
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Phytoplankton

Phytoplankton was quantitatively estimated according to Utermohl (1958);
sedimentation time following Lund et al. (1958). Biomass (mg L'l) was estimated using the
biovolume obtained by multiplying each species’ density by the mean volume of its cells
considering, whenever possible, the mean dimension of 20 individuals. Diversity index
followed Shannon & Weaver (1963); evenness Lloyd & Ghelardi (1964). Phytoplanktonic
species were assigned into functional groups according to Reynolds et al. (2002) and Padisdk

et al., (2009). C-R-S strategies concept followed Reynolds (1997).

Zooplankton

In the laboratory, samples were concentrated in the sieve (20um mesh size) as 30mL
and counted integrally under an inverted microscope in sedimentation chambers. Total density
was reported as indm>. Also a qualitative analysis was carried out for major groups
(Cladocera, Copepoda, Nauplii, Rotifera and others) (Wetzel & Likens 2000). Due to problems
with the conservation of the samples, only two campaings accounted for the analysis of

zooplankton: spring (September/07) and summer (Mar/08).

Statistical treatment

In order to asses the variation in limnological and phytoplankton variables community
along the macrophyte-pelagic gradient, correlation tests were performed independently for
every variable against macrophyte PVI at each sampling date. Multiple linear regressions were
employed to the variables with the highest correlation power in order to predict the power of
macrophyte PVI over other variables. Mean values comparisons between treatments were made
by variance analysis (one-way ANOVA) using the program Sigmaplot (v.11). Correlation
measures were made through Spearman rank order.

Integrated analysis of abiotic and biological data were performed through Canonical
Correspondence Analysis (CCA), using abiotic data transformed by ‘ranging’ and biological
by log (x +1). To explore the hypothesis that limnological and phytoplankton variables
correspond linearly throughout the macrophyte-pelagic gradient, multivariate descriptive

analysis was processed by applying the principal component analysis (PCA) to the abiotic data,



Capitulo 3: Influence of submerged macrophytes on the water quality and phytoplankton
structure along a vegetation gradient in the subtropical Lake Mangueira, Brazil - 40

to a covariance matrix with data transformed by ranging. PC-ORD version 4.10 for Windows

(McCune & Mefford, 1999) was used for the analysis.

Results

Submerged macrophyte gradient

Along the transect, PVI decreased linearly with increasing depth (Figure 3 and 4).
Inside the macrophyte bed (sampling points P1 and P2), the plants reached the water surface in
all seasons, with PVI values varying between 94-100%. From the sampling point P3 towards
the pelagic zone, the vegetation became sparse and PVI values declined over a short distance to
around 5-15%. These values were found at the sampling point P5 and were considered as the
interface zone between the macrophyte dominated and pelagic areas (P5).

The dense vegetation bed was composed by seven most frequent species: Potamogeton
illinoensis, Cabomba caroliniana, Egeria densa, Myriophyllum spicatum, Nitella spp.,
Potamogeton pectinatus, Ceratophyllum demersum, Utricularia spp. Within the bed (P1-P3),
the species with higher mean PVI over the sampling dates were: E. densa (25.6%), M.
spicatum (22.3%), C. caroliniana (21.6%), and P. illinoensis (19.8%). The community
structure changed along the transect from stagnated waters, protected by emergent
macrophytes, to a more turbulent pelagic zone. The general succession of species from P1 to
P5 was observed as the following sequence (Fig.3): P. pectinautus - Utricularia spp. C.
caroliniana - M. spicatum - Egeria - P. illinoensis. At the interface zone, P. illinoensis was the

only species observed colonizing a deeper area.
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Table 1.Percentage of Volume Infested (PVI) by submerged macrophyte species along the transect in Lake Mangueira, Brazil.

Wetland

(area >5Km?) . | .

Macrophyte Bed

3500m

Pelagic zone

A

Percentage of Volume

Infested — PVI (%)

Submerged macrophytes

Potamogeton illinoensis 5.71 - - -
g Cabomba caroliniana 20.8 21.7 - - - - - -
%‘. Egeria densa 20.8 25.3 - - - - - -
S Myriophyllum 23.6 10.0 . - N B ) B
= Nitella spp. - 2.2 - - - - - -
5 Potamogeton pectinatus 10.0 3.5 - - - - - -
é’ Utricularia spp. - 2.3 - - - - - -

Total 86.8 100 36.67 19.23 5.71 - - -

Potamogeton illinoensis 10.0 2.6 20.7 18.3 16.1 - - -
g Cabomba caroliniana 325 9.3 - - - - - -
g Egeria densa 8.6 62.7 - - - - - -
E Myriophyllum 350 9.3 - - - - - -
% Nitella spp. - 0.5 - - - - - -
_‘QE: Potamogeton pectinatus 10.0 - - - - - - -
= Ceratophyllum demersum 13.9 - - - - - -

Total 96.1 98.3 20.7 18.3 16.1 - -

Potamogeton illinoensis 10.00 10.67 6.88 3.14 - - - -
& Cabomba caroliniana 32.50 16.67 - - - - - -
g Egeria densa 8.57 19.33 - - - - - -
g Myriophyllum 35.00 46.67 - - - - - -
Eﬂ Nitella spp. - 2.00 - - - - - -
E Potamogeton pectinatus 10.00 - - - - - - -
S Utricularia spp. - 2.30 - - - - - -

Total 96.07 99.63 6.88 3.14 - - - -
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Potamogeton illinoensis 9.4 - 20.8 2.4 133 - - -
g Cabomba caroliniana 20.8 24.1 - - - - - -
§ Egeria densa 19.4 50.0 . 4.8 . - - -
é Myriophyllum 23.6 14.8 - - - - - -
5 Nitella spp. - 5.2 - - _ - - -
E Potamogeton pectinatus 25.0 - - - - - - -
a Ceratophyllum demersum - 5.9 - - _ - - -

Total 98.3 100.0 20.8 7.2 13.3 - - -
g Potamogeton illinoensis 35.0 254 432 4.6 8.6 - - -
3 Cabomba caroliniana 15.0 229 - - - - - -
5‘ Egeria densa 32.7 24.7 6.4 9.2 2.1 - - -
L Myriophyllum 15 19.4 32 2.7 - - - -
% Nitella spp. - - 6.8 - - - - -
E Potamogeton pectinatus 1.6 - - - - - - -
é Utricularia spp. - 2.0 - - _ - - -
& Total 99.3 944 59.5 16.5 10.7 - - -

Figure 3. Schematic illustration of the submergent macrophytes composition gradient along the transect in Lake Mangueira, Brazil. Legend of
macrophyte species at the illustration: (1) Potamogeton illinoensis, (2) Cabomba caroliniana, (3) Egeria densa, (4) Myriophyllum spicatum, (5)
Nitella spp., (6) Potamogeton pectinatus, (7) Ceratophyllum demersum, (8) Utricularia spp. The illustration is out of scale. Above listed, the
percentage of volume infested (PVI) of each species at each sampling point throughout the gradient.
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Water quality gradient along the transect

Over all sampling seasons, clear differences in water quality variables were observed
between littoral-macrophyte beds and the pelagic zone. Among the main variables assessed,
Total phosphorous (TP), ortophosphate (PO4>-P), bicarbonate (HCO3), inorganic carbon
(IC), silicate and chlorophyll-a (Chlo-a) showed inverse correlation with PVI, increasing
outwards the vegetation bed (Fig. 4).

Along the transect, the concentration of Chlo-a varied significantly (F7,6 = 6.999;
p<0.001). The values remained relatively low at all seasons, ranging from 0.74 to 4.6 pg.L’l.
The peak of chlorophyll-a was registered during spring (September/07) (Fig. 4). This variable
also presented a significant negative correlation with yellow substances (R?=-0.41; p<0.01).

With respect to nutrients, the concentration of orthophosphate (PO4-P) was very low
during all seasons, varying between 0.010 - 0.038 mg.L’l. Although the mean concentration of
POy was little in water, its variation was statiscally significant (F7,16 = 3.689; p<0,01) along
the transect, considering all campaings. Nitrate (NO3-N) and ammonium (NH4*-N) were
observed varying at low concentrations (0.014-0.037 and 0.004-0.017 mg.L"', respectively)
and did not follow any particular trend during the study period. On the other hand,
bicarbonate (HCO;3;) showed a mean increase towards the pelagic zone, from 33.5 to 77.0
mg.L’l’ such gradient was consistently significant (F7,16 = 8.344; p<0.001). In contrast, the
variation of silicate (1.86- 3.62 mg.L’l) was not significantly at any sampling along the
macrophyte-pelagic gradient.

The variables related to the presence of organic matter such as dissolved organic
carbon (DOC) and yellow substances decreased linearly with the PVI towards the pelagic area

(R2:0.922; P<0.001) at all sampling dates (Fig. 4).
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Figure 4. Variables along the transect in Lake Mangueira (southern Brazil) and their
correlations (R?) with macrophyte PVI.

Vertical light attenuation coefficient (Kyq) was relatively low (1—3m'1) along the
transect at all samplings, being predicted by the concentration of yellow substances, dissolved
organic carbon (DOC) and chlorophyll-a (Equations 2, 3, 4). However, these variables were
better predictors to light extinction, independently, at distinct parts of the transect. Within the
macrophyte bed, K4 was significantly related to the concentration of yellow-substances and
dissolved organic carbon (DOC) (Eq. 4), whereas in the pelagic zone (P6-P8), Chlo-a was a
better predictor (Eq.5).

K ; =—0.946+(0.323xYS) +(0.0942x DOC) +(0.472* Chlo—a) N=39 Adj R* =0.32 P>0.001 Ste=0.67 2)
K, =-1.451+(0.846xYS)+(0.0578x DOC) N=20 AdjR*=0.43 P<0.001 Ster=0.72 3)

K, =0.0380+ (0.490% Clo — a) N=14 AdjR?=0.37P<0.05 Ster=0.54  (4)

Where YS is yellow substances, DOC is dissolved organic carbon and Chlo-a is
chlorophyll-a.

Comparing the mean values of the variables assessed at the two distinct areas of the
transect: sampling point P1 up to P4 (macrophyte bed) with sampling points P6 up to P8
(pelagic area), several limnological variables differed significantly (Tab. 1). The ions PO, -P
and HCO3 were significantly higher in the pelagic area (Tab.1). On the other hand, the
concentration of DOC was significatly lower, being followed by yellow substances. The pool
of total phosphorous (TP) was remarkebly higher in the pelagic area, wheras the pool of total
nitrogen (TN) and its forms (NO;N and NH;*-N did not show any clear relation to the
macrophyte-pelagic gradient.

Total solids (TS) varied significantly along the gradient (Tab.1), being much higher at
the pelagic area. Inorganic suspended solids (ISS) were found to a little higher in the pelagic

waters, but such difference was not significant.
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Table 1. Comparisons of the limnological variables mean values between the two distinct
zones of the transect: macrophyte bed (sampling point P1-P4) vs pelagic zone (P6 -P8).

Macrophyte bed Pelagic zone tukey fest ANOVA

Variables (P1-P4) (P6-P8) (HSD) (P1-P4 vs P6-P8)
Total- P¥* (mgL") 0.015 N=19 0.024 N=I5 <0.01 F=12.7; p=0.007
POsP*  (mgL") 0.010 N=19 0.014 N=I5 <0.05 F=6.07; p=0,003
HCO; **  (mgL") 39.87 N=19 70.55 N=15 <0.01 F=20.2; p=0.002
Chlo-a**  (ugL™) 1356  N=19 2792 N=15 <0.01 F= 18.6; p=0.003
Total-N  (mgL™") 0.144 N=19 0.132 N=15 - -
NH,*N (mgL") 0.031 N=19 0.043 N=15 - -
NO;N (mg L") 0.023 N=19 0.019 N=15 - -
Silicate  (mg L") 2.885 N=19 2.585  N=I15 - -
TS (mg L") 110.8  N=19 161.6 N=15 <0.05 F=5.46; p=0.048
ISS (mgL™) 8,308  N=9 11.83  N=9 - -
DOC* (mg L") 9.817 N=19 6.883  N=I5 <0.05 F=27.1; p=0.003
IC* (mg L") 9352 N=I2 1518  N=10 <0.05 F=3.64; p=0.019
TC (mg L") 1848  N=12 20.58  N=10 - F=19.1; p=0.002
OD (mg L™ 8293  N=19 10.65 N=15 - -
pH 7.252 N=19 8.102  N=15 <0.01 F=19.1 ;p=0.002
OXI-REDOX (Orp mV) 2102 N=I2 2080  N=9 - -

Phytoplankton structure

Total phytoplanktonic biomass was considered significantly different (F7,6 = 8.06; p <
0.01) among sampling points in the macrophyte-littoral and pelagic areas. Biomass values
increased along the transect, presenting higher values in the pelagic zone, (P6 - P8), reaching
159 mg L at P7 in June/07 (Fig. 5). Lower values of biomass were registered in the

macrophyte-littoral region, where the average value was 1.45 mg L™ (N= 18).
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Figure 5. Boxplot (median, interquartile ranges, n = 3 for P1, n = 5 for P2-P8) of Shannon —
Wiener diversity (bits mg™), richness (number of species), chlorophyll-a (mg.L™) and total
biomass of phytoplankton (mg.L'l) along the transect in Lake Mangueira.

Specific richness’ and diversity varied among sampling points and a slight increase
tendency was observed into the pelagic zone direction (Fig. 5). Highest specific richness was
found at P8 in April/08 (35 taxa) and the lowest ones were registered at P1 (July/07) and P2
(April/08), with 10 and 13 species, respectively. Higher diversity was found at P5 (April/O8
and September/07) and P8 (April/08), with values of 4.3, 3.9 and 3.9 bits mg'l, respectively.
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Table 2. Comparisons of the phytoplanctonic variables mean values between the two distinct
zones of the transect: macrophyte bed (from sampling point P1 up to P4) vs pelagic zone (P6
up to P8).

Macrophyte bed Pelagic zone ANOVA
Variables (P1-P4) (P6-P8) (P1-P4 vs P6-P8
Diversity (bits mg") 3.19N=18 326 N=15 -
Species Richness
(number of taxa) 21.8 N=18 26.0 N=15 -
Biomass (mg L) 1.45N=18 4.13N=15 F=8.06; p=0.01
Cyanobacteria (mg L) 0.37 N=18 1.96 N=15

F=16.40; p=0.00

Bacillariophyceae was the most representative algae class within the macrophyte beds,

contributing with 41% of mean biomass, whereas the Cyanobacteria class contributed more

(43%) in the pelagic region (P6 — P8). Blue green algae was responsible for the increase of

biomass values along the transect, presenting strong positive and significant correlations with

total biomass concentration (R? = 0.80; p <0.001). A significant five-fold increase of blue

greens mean biomass along the transect was registered (£, = 16.4; p <0.001) (Table 2, Fig.

6). At figure 6, it is shown the distribution of cyanobacteria and other algae groups throughout
the macrophyte-pelagic transect at each sampling date.

(mg (]

Cyanobacleriz biomass

-1
Other algae biomass (Mg L

[x]

Figure 6. Biomass (mg L") of cyanobacteria and other algae groups along the transect at all
sampling dates, in Lake Mangueira, Brazil.
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Twenty one functional groups of phytoplankton were identified in the present study.

Table 3 summarizes the contribution of the main functional group for each transect region.

Table 3. Main phytoplankton functional groups (FG), respective main species and relative
contribution (%) in macrophyte-littoral and pelagic region in Lake Mangueira.

Macrophyte-littoral region

Pelagic region

FG Species % FG Species %
C  Centrales 7 F  Oocystis lacustris Chodat 2.8
Cyclotella meneghiniana Kiitz. Oocystis parva West et West
Aulcoseira ambigua (Grun.) Simons. J Coelastrum reticulatum (Dang.) Senn. 9.1
D  Synedra acus Kiitz. 7 Treubaria sp.
Gomphonema  parvulum  (Kiitz.)
Kiitz. Scenedesmus obtusus Meyen
E  Synura uvellaEhr. 2 Pediastrum boryanum (Turp.) Meneg.
Dynobrion divergensImhof Scenedesmus ecornis (Ehr.) Chod.
N Tabellaria flocculosa (Roth) Kiitz. 9.4 K Aphanocapsa cf. kordesii Strgm 18.3
Cosmarium cf. moniliforme (Turpin) Aphanotece smithii  Kom.-Legn. et
Ralfs Cronb.
P Closterium kuetzingii Bréb. 1.9 Aphanocapsa conferta West et West
Aphanocapsa  delicatisima West et
MP  Navicula cryptocephala Kiitz. 1 West
T  Spondylosium sp. 0.2 Aphanocapsa elachista West et West
Mougeotia sp. Aphanotece stagnina (Spreng.) Braun
Snowella lacustris (Chod.) Kom. et
W1  Phacus pyrum(Ehr.) Stein 0.4 Lo Hind. 5.1
Euglena polymorpha Dang. Peridinium willei Huitf.-Kass
Strombomonas verrucosa (Daday)
W2 Defl. 3.6 Merismopedia tenuissima Lemm.
Strombomonas  gibberosa (Playf.)
Defl. Microcystis aeruginosa (Kiitz.) Kiitz. 5.7
X1 Chlorella vulgaris Beij. 1 N Tabellaria flocculosa (Roth) Kiitz. 16.2
Tetraedrom minimum (A. Braun) Cosmarium cf. moniliforme (Turp.)
Hansg. Ralfs
Cylindrospermopsis raciborskii
Dictyosphaerium pulchellum Wood Sn (Wolosz.) Seen. et Raj. 1
Monoraphidium  griffithii  (Berk.) Planktolyngbya limnetica (Lemm.)
Komarkova-Legn. S1 Kom.-Legn. et Cronb. 4.4
Planktolyngbya contorta (Lemm.)
X2  Chlamydomonas planctogloea Skuja 0.9 Anagn. et Kom.
Ketablepharis cf. ovalis X3  Chroococcus limneticus Lemm. 5.8
Chroococcus  dispersus  (Keissler)
Y  Cryptomonas erosa Ehr. 12.7 Lemm.
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Cryptomonas curvata FEhr. em.

Penard Chrysochromulina sp.
Synechococcus nidulans (Prings.)
y/ Kom. 133 Kephiron sp.

Synechocystis aquatilis Sauv.

In the macrophyte-littoral region, the biomass of thirteen assemblages contributed to
43% of total biomass registered for P1-P4. Z, Y, D and W2 were the most representatives,
being represented specially by Synechococcus nidulas (functional group Z), Cryptomonas
erosa (Y), C. curvata (Y), Strombomonas verrucosa (W2) and Fragilaria ulna var. acus (D)

(Fig. 7).

100%

80% -

60% A

40% 1

20%

0% -+

macrophyte beds pelagic zone

Figure 7. Relative contribution (%) of functional groups of phytoplankton along the transect
in Lake Mangueira. Legends: 21 D; Il J; T K; [l M; B N; L] Others; El s1; B x3; L1 v;

Z; black line represents PVI (%).

Within the macrophyte beds, species with lower maximum linear dimensions (MLD)
represented 65% of total biomass and unicellular flagellates and non-flagellates contributed
with more than 80%. In the pelagic area, functional groups composed by cyanobacteria and
green algae were dominant, such as Pediastrum boryanum and Coelastrum reticulatum (both
functional group J), Microcystis aeruginosa (M), Aphanocapsa kordesii, A. conferta and
Aphanotece smithii (K) and Chroococcus spp. (X3). Species with greater volume and MLD
and also colonial and unicellular non-flagellated species represented 73 and 90% of total
biomass found from P6 to P8. Tabellaria floculosa (Roth) Kiitzing (N) showed an important

contribution throughout the transect.
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Zooplankton structure

Along the transect, the zooplakton community showed a significant increase in the
mean density (F7,16= 8,374 P<0,01) towards the pelagic region. Concomitantly, there was
observed an increase in the number of taxa along the gradient. Both density and number of

taxa started to increase since the interface between the macrophyte bed and pelagic area.
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Figure 8. Density of zooplankton (n.m™) and number of taxa along the transect, in Lake
Mangueira, Brazil.

The community showed clear changes in its structure, being composed majorly by
rotifers, copepods and protists (Fig.8). Within the macrophyte bed (P1-P4), the most frequent
rotifers were cf. Proales (15%), ho wever at the pelagic regions, the community was
dominated mainly by Polyarthra (38%), being followed by Collotheca sp. and Conochilus sp
(6 and 7%), respectively. The prostist community was composed mainly by two species at
macrophyte area, Arcella hemisphaerica(10%) and Vorticella microstomato (5%), changing
to one dominant species, Codonella sp. (30%), from P4 to P8. The group of copepods was
dominated by nauplii. These changes were not statiscally significant, however the

zooplankton was only analysed in two field campaigns.
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Figure 9. Relative contribution (%) of zooplankton groups along the transect in Lake

Mangueira. Legends: H Rotifers; [] Nauplii; =] Cladocreans; M protists.
Integrated analysis

The pool of total phosphorous (TP) showed clear positive correlation with
chlorophyll-a (R?= 0,905; P<0,001; N=8) along the transect. Throughout the macrophyte-
pelagic gradient, the mean phytoplankton biomass was negative correlated with mean values
of humic substances (R?=-0.786; P=0,014; N= 8). In contrast, the increase of phytoplankton
biomass towards the pelagic region was related to the incrase in mean concentrations of TP
and HCOs;™ (Fig.10a). Cyanobacteria biomass was higher under lower values of yellow

substances (YS) and PVI (Fig. 10b).



Parte II: Estudos in situ - 53

Phyto = -1.906 + (212.499* TP) + (0.00386* HCO;) Cyano = 2.164 - (0.542 * YS) - (0.00449 * PVI)
N=39, adj. R2=0.164 (P<0.05) N=39, adj.R? = 0.287 (P<0.01)
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Figure 10. a) Phytoplankton biomass (mg L"), in relation to total phosphorus (TP) (mg.L’l),
and bicarbonate HCOj3 (mg.L'l) and; B) Cyanobacterial biomass (mg.L'l) in relation to
yellow substances (r.u) and PVI (%). In evidence: the lower biomass of cyanobacteria under
the presence of submerged macrophytes and higher concentration of yellow substances.

This was corroborated by the highly negative correlation of this algae group with PVI and YS
values (R?=-0.970 and R2=-0.881; P<0.001). On the other hand, there was a positive
relationship between the blue green biomass and the concentration of nutrients as PO4-P and

HCO;5; (R2=0.881 and R?=0.976, P< 0.001, N=8). These interactions showed to predict
accuratly the cyanobacteriua biomass (Eq.5)

log Cyano = 0.890 — (1.310x log ¥S) — (0.00682x PVI) — (0.700x log PO, ) — (1.251xlog HCO;")

(&)
N=39 adjR?=0,628 Ster=0,341 P<0.001

Where, Cyano is cyanobacteria biomass (mg.L’l), YS is yellow substances (r.u), POy is
orthophosphate (mg.L’l) and HCOj5 is bicarbonate (mg.L’l)

Canonical correspondence analysis (CCA) was used to ordinate the main abiotic

variables (DOC, silicate, TN, TP and HCO3") and phytoplankton features (21 functional
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groups) (Fig. 11). The eigenvalues for axes 1 and 2 were 0.355 and 0.201, respectively. The
Pearson correlation of environment-species was high for both axes (0.958 and 0.810),
indicating a strong correlation between abiotic variables and algal species distribution. The
Monte Carlo test (99 permutations; p< 0.05), used to determine the significance level of
canonical axis 1, demonstrated that the ordination of axes 1 and 2 was statistically significant
(p £0.01), and did not occur at random. Intra-set correlations, used to evaluate correlations
between the abiotic variables and their ordination with that axis, but retaining the dependence
relation between biological and abiotic variables, indicated that HCO;™ and DOC were the
most important variables to the first axis (0.71 and -0.59, respectively), whereas TP was the
most important variable to axis 2 ordination (-0.54).

Considering the ordination biplot, all sampling units of the pelagic area (P6-P8) were
disposed into the positive side of axis 1, ordinated to the higher concentrations of HCO3’, TN
and TP. To this picture, functional groups composed specially by cyanobacteria, such as Lo (r
=0.55), SN (0.32), S1 (0.54), M (0.12) and K (0.64) were associated. To the negative side of
the first axis, the other functional groups were associated with all the sampling units of the
macrophyte-littoral region and the higher concentrations of silicate and DOC.

To the ordination of axis two, TP was the most important variable presenting higher
negative correlation (R? = -0.438) and associated to this variable it was ordinated the sampling
units of the transect with higher concentrations of TP and the functional groups occurring
under this condition: W1 (R%=-0.53), Y (0.18), P (-0.32), and M (-0.30).

In summary, the CCA ordination graphic clearly demonstrated the gradient of
phytoplankton distribution along the transect macrophyte-littoral to pelagic region,

represented by the axis one (Fig. 11).
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Figure 11. Biplot of CCA of five abiotic variables and twenty one phytoplankton functional
groups. Main species of each functional group are given in table 3.

Discussion

Macrophyte gradient structure

It is well recognized that macrophyte distribution in lakes creates important habitat
patchiness (Wetzel, 1992; Lauster et al. 2006). In Lake Mangueira, such patchiness was
cleary dependent on the colonization of macrophytes in shallow (<2m) and protected areas of
the littoral. Along the littoral-pelagic gradient, the distribution of macrophytes species

followed a general sequence of species determined according with each plant’s hability of
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fixation and resistance against the engendered hydraulic forces promoted by hidrodynamics
(Shutten & Davy, 2000). In one hand, the plants without efficient anchoring structure (free-
floating submerged) as Utricularia sp. and Ceratophyllum demersum were found sparsely
within shallower and estagnated waters (P1), protected by the emergent belts and the
submerged beds already established. The plants with labile tissue and fragile rooting
structures such as Potamogeton pectinatus and Cabomba caroliniana were found at high
PVI up to P2, whereas Myriophyllum sp was found colonizing areas up to P3. Together, E.
densa and P. illinoensis, species with higher roughness, flexibility and shape to resist under
moderate current velocity (<1m.s’1) were observed at high PVI (100%) over large areas until
P3. The former, because of its long roots and thick shoots is less vulnerable to the breakdown
action offered by the water current and, hence, was found at moderate to low PVI until P5,

where the water velocity could reach over Im.s™.

Influence of macrophytes on water quality

The submerged macrophytes clearly influenced the pool of nutrients and other
limnological variables within and beyond the extent of the vegetation bed. In one hand,
nutrients as orthophosphate (POs’), bicarbonate (HCO3") and the pool of total phosphorous
increased significantly outwards the macrophyte bed. On the other hand, yellow substances
(YS) and dissolved organic carbon decreased in the pelagial zone. This is explained by the
fact that macrophytes affect the nutrient cycling in shallow lakes, acting as nutrient sinks in
several ways (Carpenter, 1981). First, due to the labile tissue of most submerged species,
nutrients are incorporated from the water column and turned into plant biomass (Duarte,
1992). The amount of nutrient trapped into biomass depends on the productivity rate and
uptake of nutrient ability of each species (Kufel & Kufel, 2002). Species with relatively
diminutive root systems are capable of significantly depleting N and P in the water (Ozimek
et al., 1990; Kufel & Kufel, 2002). Experimental analysis of PO, uptake with the
macrophytes from Lake Mangueira corroborated this idea. It was observed, under controled
conditions, that species such as Ceratophyllum and Egeria were able to reduce the

concentration of POy in rates between 0.03-0.04 mg.g™'.d™" (see chapter 5 in this Thesis).
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Moreover, the macrophytes are known to immobilize sediment P indirectly via
metabolical activities that alter pH and redox conditions in the surrounding water (James &
Barko, 1991b). Littoral sediments colonized by macrophytes are regarded as a net sink of
phosphorous because surface sediment layers are usually oxidized by macrophytes, inducing
the binding of phosphorous by iron. The classical theory indicates that iron oxide-hydroxides
(Fe™) contained in the surface microzone of littoral sediments should have a high binding
affinity for P (Lijklema, 1977; Barko & James, 1998), greatly reducing the potential for P flux
into the water column (Jensen et al., 1992). Though, this affinity is reduced by anoxia and by
higher pH values (8.0-9.0). In Lake Mangueira, the dense vegetation stands were already
observed to promote anoxic conditions at the bottom of the stands. However, no evidences of
increasing P release to the water column have been noticed at any sampling date. We assume
that due to the high production of the plants and attached epiphyton, plus the high activity of
the bacterioplankton, stimulated by the release of large amounts of carbon by the macrophytes
(Sondergaard & Moss, 1998), nutrients are maintained at very low levels within the stand.
Therefore, the vegetation beds act as phosphorous sinks during their active growth and only as
a potential P source during the relatively short periods of senescence (Carpenter & Lodge,
1986, Jones, 1990). Since in tropical and subtropical systems, their production is continuous
throughtout the year, and senecence rates are in fact characterized by a high turnover rate
(Finkler Ferreira et al., 2008) the P sinking by the macrophytes tends to have a perennial
effect, unless this compartiment is affected .

The concentration of total solids (TS) and inorganic suspended solids (ISS) were
higher at the pelagic zone. As Lake Mangueira is strongly influenced by wind, the
ressuspension of inorganic particles, caused by the shear stress on the bottom, is not
facilitated within the stand. Densely overgrown stands are known to promote accretion and to
prevent resuspension of parcticles in wind driven shallow lakes (James & Barko, 1990). Such
reduction of resuspension (or enhancement in sedimentation) is another positive feedback
associated to the ocurrence of clear water within macrophyte stands (Scheffer, 1994; Van den
Berg et al., 1998, Van Nes et al, 2003).

The mean transparency observed along the transect, expressed as light attenuation
coefficient (K4), was not higher within the macrophyte bed. In fact, it was similar to the

pelagic zone. This is explained by the contribution of either humic substances or chlorophyll-
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a to light extinction. In one hand, the concentration of yellow substances was strongly related
to the pattern of light attenuation in the vegetated region (R?= 0.56; p<0.05). In the other, the
chlorophyll- a was correlated to a similar K4 (R?= 0.55; p<0.05) in the pelagic waters.
Therefore, the light extinction in the vegetated area was due to refraction caused by the higher
concentration of yellow substances rather than by absorption by chlorophyll-a, which was
very low (<1.5 p g.L'l). While in the pelagic area, the opposite occurred, the Kgq was
determined by the light absorption by phytoplankton.

Influence of macrophytes on the phytoplankton community structure

Significant changes in the phytoplankton community structure were found along the
macrophyte-pelagic gradient. Many are the aspects related to the influence of submerged beds
on phytoplankton structure, as macrophytes are (1) competitors for many resources, such as
nutrients and light; (2) refuge for plant-associated organisms and small fishes, which may
predate phytoplankton; (3) promoters of water stability, reducing mixing and resuspension
and influencing on sinking process; and (4) producers of allelopathic substances, which may
poison phytoplankton.

Beyond those aspects, it is expected that the littoral zone under higher concentrations
of humic substances and or dissolved organic carbon may select different phytoplankton
species others than the ones to be found in the pelagic area (Wetzel, 2002). Some studies
relate the lower cyanobacteria development in those areas to the poor concentrations of Fe,
which is an essential element for photosynthetic activity, since it binds itself with the humic
substances, becoming unavailable to the algae (Sun et al., 2005; Kosakowska et al., 2007).
Analysis of dissolved Fe in the distinct parts of the transect showed that the concentration of
this nutrient in the vegetated area (<0.04 mg.L") was 14 folds lower than in the pelagic zone
(0.54 mg.L’l). Therefore, beyond the complexation with humic substances, the concentration
of Fe is also depleted by the submerged vegetation, attached epiphyton and bacterioplankton.
Other studies reported that humic substances may compete with phytoplankton for available
light underwater (Jones et al., 1992). However, the influence of yellow substances on the

phytoplankton growth is rather unclear (Steinberg et al., 2006).
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Some studies reported the reduced richness and low diversity in zooplankton,
zoobenthos and primary producer’s species in humic substances-rich waters (Prokhotskaya &
Steinberg, 2007; Steinberg et al., 2006). According to Prokhotskaya & Steinberg (2007), the
poor underwater light climate may be one explanation to that. In Lake Mangueira a slight
increase on specific richness and diversity of phytoplankton were observed at the pelagic zone
direction. However, it seems that the light influence could be excluded since K4 values did not
vary significantly among the transect extremes (ANOVA-one way, p> 0.05). This corroborate
the fact that the light was not the first driving force for the phytoplankton distribution along
the transect.

Nutritional concentration patterns were also observed following the humic substances
extinction gradient along the transect. No P limitation was identified throughout the horizontal
gradient and, although limitation of N was observed, any development of cyanobacteria
heterocyte-bearing trichomes were registered (Reynolds, 2006). In the vegetated area, lower
pH, inorganic carbon, P and N concentrations contributed to the lower biomass of blue
greens. According to Shapiro (1990), rises on CO; concentrations and decrease of pH values
do not favor cyanobacteria. In the pelagic area, higher availability of nutrients as well as the
higher values of pH and HCO5, at P6-P8, certainly favoured the phytoplanktonic biomass
increase, especially the cyanobacteria contribution.

In the littoral area, the dense population of submerged macrophytes created a selective
environment in which phytoplankton functional groups adapted to lower concentrations of
nutrients and a more stagnated water column. In this zone, diatoms, especially those
belonging to codon MP, i.e., metaphytic littoral diatoms (Padisak et al., 2009) and unicellular
flagellates, C-R strategists, capable of migrating through the best light and nutritional
conditions and avoid sinking (functional groups Y and W2) were selected. In this region, also
small species of cyanobacteria, diatoms, green algae and chrysophyceans (codons Z, N, C, D,
X2, X1 and E) were also benefited. Previous studies already reported the lower contributions
of cyanobacteria and green algae and the preference of flagellates (Cryptomonas sp. and
Rhodomonas sp.) in vegetated areas (van den Berg et al., 1998).

In the pelagic waters, species with higher surface/volume ratios, K-selected, S-

strategists were selected. Cyanobacteria functional groups K, Lo, M, Sy and S1 contributed
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more to the biomass increase in that area, followed especially by green algae groups J, F and
X3.

Cyanobacteria were already identified as being sensible organisms to humic
substances exposure (Sun et al., 2005; Sun et al., 2006; Steinberg et al., 2006; Prokhotskaya
& Steinberg, 2007; Steinberg et al., 2008). Their much simpler cellular ultrastructure may
justify their failure compared to coccal green algae success in humic substances enriched
ecosystems (Prokhotskaya & Steinberg, 2007). Several recent studies are exploring the effects
of allelopathic compounds of macrophyte as the main agent in the reduction of cyanobacteria
biomass (e.g. van Donk et al., 2002; Nakai et al., 1999; Hilt et al., 2006; Korner & Nicklisch,
2002; Liirling et al., 2006; Mulderij et al., 2007). Some chemical compounds as polyphenolic
acids such as tellimagrandin II, produced by the macrophyte Myriophyllum spicatum, were
already isolated and identified as having inhibitory effect on phytoplankton growth (Gross et
al., 1996; Leu et al., 2002). Although few studies have also demonstraded phytoplankton
growth inhibition in sifu, this theory still needs more investigation. The allelopathic activity
of the main submerged macrophytes from Lake Mangueira was tested, in microcosms,
against a toxic strain of the cyanobacteria Microcistys aeruginosa (see chapter 5 of this
Thesis). It was observed that Miriophylum aquaticum and Cabomba caroliniana reduced
significantly the cyanobacterial growth during direct contact, proving the occurrence of
allelopathic inhibition. However, the effect of possible exudates released by the plants has not
been proved yet.

It was also stressed that polyphenols, originated from lignin and cellulose
decomposition of vascular plants, are able to complex chemically with many enzimes,
particulary with alkaline phosphatases produced by phytoplankton and bacteria to hidrolize
dissolved organic phosphorous compounds (Stewert & Wetzel., 1982b). This complexation
occurs among free enzymes as well as those bound to cell surfaces. Because of the
inactivation of the phosphatase activity cells experience phosphorous limitation and
consequently are induced to expend greater amounts of energy to sinthetize more enzimes
(Wetzel, 1992). Finally, the high biomass and PVI of macrophytes may lead to shading efects
on phytoplankton (Ozimek, 1990).

The zooplankton density increased five folds outwards the macrophyte beds. This

suggests a higher grazing pressure at the pelagic area, where the abundance of phytoplanton
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was higher. Other evidences of higher zooplankton biomass in areas uncovered by
macrophytes have been found previously (Van den Berg et al., 1998). This observations
contrast with the fact macrophytes are used as refuge for zooplankton. Although this
mechanism has been widely stressed (Shriver et al., 1995) in temperate lakes, in subtropical
systems, where there is a lack of large cladocerans (Meerhoff, et al., 2006), such theory is still
speculative. Hence, the zooplankton community showed to be mainly composed by
herbivores, being more dense and diverse in the pelagic area, where the phytoplankton
diversity and biomass were also higher.

The distribution of phytoplankton and cyanobacteria biomass along the littoral-pelagic
gradient was clearly identified and corroborated by the ordination analysis in Lake
Mangueira. Submerged macrophyte stands in the littoral area created a selective environment
where stability, nutritional lower availability, humic substances and, hence dissolved organic
carbon in higher concentrations determined phytoplankton composition and its lower biomass.
The pelagic zone, with an unstable water column and continuous resuspension, greater
availability of nutrients, higher pH and HCOj; selected larger species and favored the
cyanobacteria development. Nevertheless, the concentration of POy, although higher in the
pelagic zone, was still limitant to the ocurrence of blommings as mean chlorophyll-a values

were still relatively low (<4 ug.L’l)

Ecosystem Management Implications

It became clear that the presence and high PVI of submerged macrophytes had a
tantamount effect on water quality, affecting the phytoplankton community structure and its
biomass production. Other changes in the food web structure of Lake Mangueira have been
reported along pelagic and littoral areas (Rodrigues et al., submitted) as diversity and richness
of the fish community were significantly different.

The influence of submerged macrophytes on planktonic food webs and antagonistic
relationships with phytoplankton were stressed in many previous studies (Jones, 1990;
Scheffer et al., 1994; Schriver et al., 1995; Blindow et al., Jasser, et al., 1995; Jeppesen et al.,
1997; Sondergaard & Moss, 1998; Van den Berg et al., 1999). An important aspect is whether

macrophyte density must attain a certain threshold before they have a significant effect on the
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phytoplankton community structure and biomass (Sondergaard & Moss, 1998). Schriver et al.
(1995) noted that a threshold level of 15-20% PVI above which a sudden decrease of 60% in
the biovolume of phytoplankton ocurred. Vand den Berg et al. (1998) found the water to be
more clear at a highly vegetated bed of Chara aspera (100%) compared with a non-vegetated
area of the same lake. In that study, it was found that the water contained less chlorophyll-a,
detritus and inorganic suspended solids within the beds of C. aspera. At macrophyte
coverages from 16-50%, there were already clear evidences of reduction in density and
biomass of algae, as well as shifts in the phytoplankton community. Morevorer, it was
observed that flagellates were likely to occur within the beds because they could escape from
sedimentation, while outside there was a higher density of cyanobacteria and green algae
(Van den Berg et al., 1998).

In our survey, we observed that the influence of the submerged vegetation was beyond
the limits of the vegetation stand. It depended on the wind intensity and direction, which
determined the distribution of humics substances and other chemical components. Thus, the
effects of macrophytes on water physical-chemical features and phytoplankton community
were perceived over the endings of the stand (~1000m), further than the interface zone.
Considering that along the 200 km of littoral in Lake Mangueira, there are hundreds of dense
macrophyte beds as the one assesed, the uptake of nutrients by the plants and carbon
exportation is presumably sensed in the whole lake. The high and continuous production of
these plants under subtropical climate reaches over 5 kg dry w. m" y"' (Finkler Ferreira,
2009). Thus, the large amonut of nutrients trapped into plant biomass have important

implications to the Lake Mangueira metabolism and conservation.
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Abstract

In this work, we show the magnitude of nutrients and carbon release from decaying biomass
of five species of submerged macrophytes. The species Ceratophyllum demersum,
Myriophyllum spicatum, Cabomba carolinana, Egeria densa and Potamogeton illinoensis
were monitored over 30 days under complete darkness to induce senescence by the lack of
light. The experimental design consisted of four replicates of negative control (distilled water)
and 10g (fresh weight) of each species put into 2L plastic bottles. The incubation water was
collected for water chemistry analysis of nutrients as orto-phosphate, ammonium, nitrate and
silicate, total phosphorous, total nitrogen, yellow substances and total carbon after 1, 5, 10,
20, 30 days of incubation. Among the macrophytes monitored, P. illinoensis released the
larger amounts of carbon, orto-phosphate and silicate, being followed by E. densa, C.
caroliniana. M. spicatum released more ammonium than the other species. C. demersum
showed a great resistance to decay due to the lack of light and, therefore, its decomposition
process was very slow resulting in nutrients and carbon leaching. Based on the leachate data

over time, kinetic models were established for nutrients and carbon for every macrophyte. As
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the leachate of variables monitored was characterized by a sigmoidal increase, we utilized the
Hill function to better adjust the leachate kinectics over time. In general, the models had a
high accuracy of 99% of correlation with the observed data. Given the capacity of ecosystem
nutrient enrichment due to leachate of decaying macrophytes, the parameterization of the
models is certainly a helpful tool in predicting environmental and trophic structure changes in

macrophye colonized lakes under anthropogenic or climate impacts.

Keywords: macrophyte decomposition, nutrient cycling, leaching kinectics, modelling

parameterization, eutrophication.

Introduction

Submerged macrophytes are often considered to be nutrient sinks (Carpenter, 1981;
Barko & James, 1998; Scheffer, 1998). Several species take nutrients up from the water
column and turn them into biomass (Kufel & Kufel, 2002). The amount of nutrients trapped
into biomass depends on the productivity rate and nutrient uptake ability of each species
(Duarte, 1992). Moreover, sediments colonized by macrophytes are regarded as a net sink of
phosphorous because surface sediment layers are usually oxidized by macrophytes, inducing
the binding of phosphorous by iron (Lijklema, 1977; Barko & James, 1998). Epiphytes that
often cover macrophytes may also contribute to the uptake of nutrients from the water
column. Moreover the coupled nitrification-denitrification may be enhanced by the oxidation
of sediments by macrophytes (Van Donk et al. 1993). Therefore, it is assumed that nutrients
are maintained at very low levels through direct and indirect mechahisms within a submerged
stand.

However, given the macrophytes capacity to mobilize nutrients from sediments
directly via root uptake followed by subsequent release during senescence and decomposition,
they are also a potential direct source of nutrients to the water column (Carpenter, 1980;
Carpenter & Lodge, 1986, Jones, 1990). In addition, they are an important source of
authoctnous carbon to the system either by exudation of phostosynthates (Bertilsson &
Hjones, 2003) or leachates of plant material through decomposition (Mann & Wetzel, 1996).

The final outcome of nutrients and carbon to the water due to metabolism and during
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decaying depends on both macrophyte species and density (Duarte, 1992). The leaching of
nutrients during the seasonal senescence of the vegetation in temperate systems can promote
the phytoplankton growth in spring. Theoretically, this leads to a cycle of periods of clear and
turbid water (Van Nes et al. 2007).

Few studies have quantified the amount of the nutrients released by decaying
macrophytes. These studies have identified two phases of decomposition of macrophytes
(Valiela, et al., 1985; Longhi et al., 2008): after a first phase of rapid leaching of nutrients
(less than a month), a much slower microbial decay takes over, lasting up to one year
depending on environmental conditions. Although several decomposition experiments have
been carried out in the last decades (Wetzel, 1993), the initial phase of leaching has been little
studied. This phase is important for the aquatic metabolism because it could lead to a high
peak in nutrients if large amounts of macrophyte senesce together. Furthermore, the rare
information available about these subjects was based on temperate macrophyte species
(Wetzel & Manny, 1972, Carpenter, 1980; Carpenter & Lodge, 1986; Mann & Wetzel, 1996),
therefore, little is known about tropical and subtropical species.

Considering the potential impact of decaying macrophytes on the biogeochemical
cycle of nutrients and carbon (Jeppesen et al., 1998), this study aims at quantifying the initial
leachate originated from decaying plant material of five dominant submerged macrophyte
species collected in a large subtropical Brazilian lake. In this work, we determined the rates

and kinetics of nutrients and carbon release from the macrophyte tissue during decomposition.

Material and methods

Study site for macrophye collection

The submerged macrophytes were collected in the large Lake Mangueira, southern
Brazil. It is a coastal oligo-meso trophic shallow lake (max. depth 6m) situated along the
Atlantic Ocean (33°31°22”S 53°07°48”W). The lake has 90 km in length and 3-10 km in
width, with a total area of 820 km’. The plants collected were Potamogeton illinoensis,

Cabomba caroliniana, Egeria densa, Ceratophyllum demersum and Myriophyllum spicatum.
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During summer this lake suffers from water depletion for rice crops. This is
considered a threat for the macrophytes as it may lead to the mortality of large beds of
submerged plants. The beds occupy a great part of the 200 km perimeter of Lake Mangueira.
The production of biomass reaches over 5 kg m™. Therefore, if the plants collapse, the large
amounts of nutrients relased might have a significant impact on the water quality and trophic

structure in Lake Mangueira.

Decaying experiment

Prior to the start of the experiment, the 5 species were cultivated for one month in
laboratory, with the water and sediment collected from Lake Mangueira. The experiment was
conducted under controlled conditions of temperature (24°C) for over 30 days. After this
period, 10 g (fresh wt) of living macrophyte tissue was put into plastic bottles with 2L of
distilled water (thus 5 g macrophyte L™). The bottles were kept in total darkness to induce
death due to the lack of light for photossysthesis. The bottles remained opened to avoid
complete anoxia, being carefully and slightly orbitally shaken every 2 days. These procedures
were done aiming to simulate real conditions of decomposition of a densely packed vegetation
under relatively anoxic condition.

We used four replicates for each macrophyte species (treatments) and control (only
distilled water). 180 ml of the incubation water was sampled from the bottles after 1, 5, 10, 20

and 30 days for nutrient and chemical analysis.

Water chemistry variables analysis

The incubation water was analysed for carbon, humic substances and nutrient
concentration. Total carbon (TC), inorganic carbon (IC) and dissolved organic carbon (DOC)
were determined in a Total Organic Carbon Analyzer (Shimadzu 5000), DOC assumed to be
the fraction passing through a 450 °C pre-combusted glass fiber filter (Macherey-Nagel GF6 -
0.6 um average particle retention size). Humic substances were determined through readings

at 250 using a 1cm quartz cuvette in a spectrophotometer (Varian Cary 1E).
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With respect to nutrients analysis, total nitrogen (TN), nitrate (NO3-N), ammonium
(NH;"-N), total phosphorus (TP) and orthophosphate (PO4>-P) were colorimetrically
determined following Mackereth er al. (1989). Silicate (SiO,) was quantified using a

photometric method (Si Merck Spectroquant® kit for silicates -silicilic acid).

Analysis of nutrients leaching

After each sampling, the volume of water collected for water chemical analysis was
subtracted from the previous volume before sampling. Thereby, the macrophyte biomass was
corrected for the remaining volume in each bottle. The treatment results were corrected
against the controls. Finally, the results were converted to 1 g (fresh wt) of macrophyte.

The kinetics of nutrient leaching was modelled through the sigmoidal Hill function.
Correlation measures were made through the Spearman rank order. The correlation measure
was utilized to verify the predictability accuracy of the models. Mean value comparisons
between treatments were made by variance analysis (one-way ANOVA) using the program

Sigmaplot (v.11).
Results
Monitoring of leaching

All chemical variables assessed showed a clear increase over the incubation period
(Fig.2). In general, the increase started only after 5 days of incubation, being noticed in the
10" day of sampling.

The release of nutrients as ortophosphate (PO4”) and nitrate (NO3) was not
significantly different among the macrophytes, showing a similar trend of leaching in time.
The concentrations of NO3 remained very low over the 30 days of incubation. The maximum
was observed in the bottles with Myriophyllum spicatum: 0.012 (+0,007) mg.g'1 NOs". The
highest concentration of PO4~ was found in the leachate of Potamogeton illinoensis, 0.165
(+0.028) mg.g™', being at least one fold higher than most of the macrophytes. The release of

PO, by the other species also reached high concentrations after 30 days of incubation, with
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the exception of Ceratophyllum demersum, which showed a very low release of this nutrient (
max. +0.005 mg.g"). The maximum release of PO~ from Cabomba caroliniana, Egeria

densa and Myriophyllum spicatum was achieved after 20 days of incubation: 0.078, 0.099 and
0.06 mg.g”', respectively.
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Figure 2. Release of chemical components (mg per gram) from macrophyte biomass under
decaying process over 30 days of incubation.

The increasing variance of silicate and ammonium (NH;") was significantly different
among the macrophyte species (Fy 19 = 5.183; P<0.01 and Fy4 0 = 3,032; P<0.05, respectively).
P. illinoensis released a total of 0.176 (+0.067) mg.g" of silicate, the highest value. The
releases of this nutrient were only noticed after 5 days, however they remained relatively low
for the other species, ranging from 0.005-0.040 mg.g”', with exception of P. illinoensis. On
the other hand, ammonium increased faster, reaching 0.035 (2£0.030) and 0.047 (£0.015)

mg.g'l, within 5 days of incubation for E. densa and M. spicatum, respectively (Fig.2). The
maximum concentrations observed were from E. densa and P .illinoensis on the 30" day,
0.109 (+0.074) and 0.101 (+0.050) mg.g”, respectively. Comparing the maximum values of
NH4" and NO;3 observed, ammonium was at least nine folds higher.
The release of total carbon (TC) varied significantly among the macrophyte species
(Fa.10 = 5.284; P<0.01), being found significantly higher (P<0.01) in the leachate of P.
illinoensis, at 13.30 (+2.082) mg.g"". No evident release of carbon has been observed from C.
demersum. Similarly, the release of humics substances followed the same pattern of TC, being

found in the highest concentration (P<0.01) in P. illinoenis, 1.865 (+0.477) nm, after 20 days
of incubation, remaining constant until the 30" day.
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Nutrient leachate and model kinectics

A considerable leaching of nutrients and carbon occurred during the first day of
incubation. Once the plants were not dead yet, this phase characterized the excretion process
derived from macrophyte’s metabolism. The excretion was high compared to the the leaching
rates observed among all macrophytes (Tab. 1).

In general, the leaching rates of chemical compounds from all macrophytes were
higher between 6 and 10 days of incubation. The leaching rates of carbon and nutrients as
PO, and nitrate NO5™ did not occur during same interval among all species, indicating that
decaying varies from species to species. However, the highest leaching rate of NH;* happened
within 6 to 10 days of incubation for all macrophytes, except P. illlinoensis (Tab.1). The
excretion and highest rates of nutrients and carbon over a specific period of decaying in time
are shown in Table 1.

Table 1. Excretion of carbon and nutrients from the macrophytes during the first day of
incubation and the leaching rates of theses compounds over 30 days.

Excretion (first day) Leaching rates (over 30 days)

Variables assessed (mg g?) max rate (mg g’'d”) period
PO,*

Cabomba caroliniana 0.0013 0.0061 21-30d
Ceratophyllum demersum 0.0005 0.0004 11-20d
Egeria densa 0.0023 0.0061 6-10d
Mpyriophyllum spicatum 0.0017 0.0029 21-30d
Potamogeton illinoensis 0.0012 0.0267 6-10d
NH,*

Cabomba caroliniana 0.0003 0.0028 6-10d
Ceratophyllum demersum 0.0002 0.0008 6-10d
Egeria densa 0.0016 0.0132 6-10d
Mpyriophyllum spicatum 0.0009 0.0116 6-10d
Potamogeton illinoensis 0.0003 0.0058 21-30d
Silicate

Cabomba caroliniana 0.0025 0.0033 20-30d
Ceratophyllum demersum 0.0005 0.0007 2-5d
Egeria densa 0.0150 0.0016 6-10
Mpyriophyllum spicatum 0.0010 0.0019 6-10
Potamogeton illinoensis 0.0110 0.0208 6-10
Total C

Cabomba caroliniana 0.2184 0.2155 21-30 days
Ceratophyllum demersum 0.0974 0.0014 11-20 days

Egeria densa 0.1157 0.0976 6-10 days
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Mpyriophyllum spicatum 0.3931 0.0566 11-20 days
Potamogeton illinoensis 0.8106 1.9715 6-10 days
NOs’

Cabomba caroliniana 0.0000 0.00008 11-20d
Ceratophyllum demersum 0.0000 0.00023 11-20d
Egeria densa 0.0004 0.00029 11-20d
Mpyriophyllum spicatum 0.0009 0.00082 21-30d
Potamogeton illinoensis 0.0003 0.00082 6-10d

The leaching of chemical compounds from the plants’ tissue was not linear over time.
Such process was characterized as an increasing sigmoidal curve. In order to model properly
the leaching kinetics, we employed Hill functions (Eq.1). They offer a convenient way to
simulate the sigmoidal increasing in nutrients over the decomposition period. The Hill
function was set to two parameters: maximum leachate Ly, (mg g'l) and half-saturation of
leachate in time H;r (day). In the variable D is set the time for the leachate prediction.
Leachate (mg.g ') = L,,,. X b

' " H," +D"

The exponent p defines the steepness of the function and was fitted differently to each species
aiming a better adjustment according to the observed data. The parameters adjusted for the
nutrient and carbon prediction over time are listed in Table 3. For most cases, the correlation
between predicted and observed values was higher than 99%, indicating a high predictability

derived from the kinetic models.

Table 3. Parameters adjusted for prediction of nutrients and carbon release for each
macrophyte species using the Hill function. The parameters given are: maximum leachate
(Lmax), half-saturation of leachate in time (Lyr ) and the p exponent. The half-saturation of
leachate (Ly) in mg.g'1 is also given, however such information it is not required for the
models. The correlation coefficient represents the accuracy of the model predicatility against
the observed values.

Leaching Kinetic Model Lax Lyr Ly P

(Hill function) (mg.g) (day) (mg g) exponent R?
PO,”

Cabomba caroliniana 0.078 23.59 0.039 9 0.996
Ceratophyllum demersum 0.005 14.29 0.002 6 0.996

Egeria densa 0.099 13.21 0.049 4 0.993
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Mpyriophyllum spicatum 0.068 18.38 0.034 4 0.978
Potamogeton illinoensis 0.165 8.018 0.083 7 0.999
NH,*

Cabomba caroliniana 0.050 13.86 0.025 3 0.996
Ceratophyllum demersum 0.006 4.415 0.003 1 0.985
Egeria densa 0.109 6.482 0.054 4 0.994
Mpyriophyllum spicatum 0.077 4.633 0.043 4 0.991
Potamogeton illinoensis 0.101 21.30 0.050 6 0.994
Silicate

Cabomba caroliniana 0.040 23.87 0.020 11 0.975
Ceratophyllum demersum 0.010 3.997 0.005 2 0.957
Egeria densa 0.040 8.891 0.020 2 0.945
Mpyriophyllum spicatum 0.031 9.025 0.015 2 0.983
Potamogeton illinoensis 0.176 8.200 0.088 4 0.997
Total C

Cabomba caroliniana 4.0214 20.67 2.0107 6 0.995
Ceratophyllum demersum - - - - -
Egeria densa 1.5462 10.53 0.7731 4 0.994
Mpyriophyllum spicatum 1.0936 10.13 0.5468 5 0.913
Potamogeton illinoensis 13.308 7.707 6.6540 6 0.999
NO5

Cabomba caroliniana 0.0012 13.53 0.0006 5 0.998
Ceratophyllum demersum 0.0003 8.372 0.0002 3 0.673
Egeria densa 0.0034 14.02 0.0017 6 0.995
Mpyriophyllum spicatum 0.0123 22.53 0.0061 8 0.999
Potamogeton illinoensis 0.0054 8.107 0.0027 6 0.992

In figure 3, examples of nutrients leaching using the kinetic models (Tab. 3) may be

compared with observed values.
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Figure 3. Examples of observed and predicted values of nutrients leaching over 30 days
applying the adjusted parameters into the Hill function

Discussion

The leaching of most nutrients and carbon started to show evident increases after 5
days of incubation. The low leaching rate during the initial days represents a lag phase in
which the plants are not dead still, but under stress by the lack of light. Therefore, the higher

rates observed after 5 days mean that most of the plants started to actually decay. Among the
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nutrients assessed, ammonium was the only to show a fast increase in concentration within 5
days. Such increase indicates that the plants were starting to decay and, due to the relative
anaerobic conditions in the bottles, as the leaching of nitrogen (N) was in the form of NH4"
(Stumm, 1990). This was corroborated by the constant low concentration of NO3; over time

(max. 0.005 mg.g") compared with NH;* (max 0.829 mg.g™).

The fact that leaching of NH,", silicate and carbon increased mainly after 5 days of
incubation suggests that the major release of organic mater and nutrients from the plants’ cells
occurs within 5 to 10 days, after induced death. Otsuki and Wetzel (1974) have previoulsy
shown that such release is higher and faster during the first five days of biomass decay. As in
this study the plants were put for incubation alive, we are unsure to determine the exact time
for death of each species. In fact, it is very likely that the plants went through continuous
senescence process promoted by the lack of luminosity. Thus, senescence and release of
nutrients were dependent on each plant’s metabolism, adaptation to low light climate and
chemical tissue composition (Duarte, 1992, Kufel & Kufel, 2002). Although this period could
not be accurately determined, our results show that conversion of biomass to dissolved
nutrients occurred over 30 days, being possible to continue for a longer period for some
species. This is certainly the case of Ceratophyllum demersum. On the other hand,
Potamogeton illinoensis was the only species to present a decrease in both carbon and
nutrients leachate on the 30™ day. Thus, the maximum leachate could be underestimated for
some species as C. demersum, which due to its high endurance to darkness, took a a very
long period (over 20 days) to start senescing. With respect to other species, our estimatives
were very near to the maxium leachate of nutrients assumed to occur during their decay, once
over 95% the biomass of all macrophytes had senesced after the incubation period. For P.
illinoenis, the decay rate was fast and its initial biomass was totally converted to a very little
amount of detritus. Previous works assume that leaching may correspond to 28% of the initial
biomass (Battle & Mihuc, 2000). On the other hand, Wetzel & Manny (1972b) observed that
the lecahing may reach 63-85% of the total organic carbon. However, summing the
compounds released by P.illinoensis, the amount did not reach 3% g'l. Therefore, the
chemical composition needs to be evaluated in order to determine the percentage of nutrient

and carbon stock that is indeed being convereted as hydrolysed nutrients and detritus after
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complete senescence. Furthermore, the montoring should be longer than 30 days to follow

complete decay of C. demersum.

During the decay of the macrophytes, it was observed a non linear release of carbon
and nutrients, being better characterized as a sigmoidal increase. The leachate of chemical
compounds remained constant after its maxium release. Of course, these compounds in the
ecosystem would not perpetuate once they would be fast assimilated by phytoplankton,
epiphyton and bacterioplankton (James & Barko, 1991). It is weel known that the release of
carbon from the decomposition of the macrophytes stimulate the activity of bacterioplankton
(Sondergaard & Moss, 1998). Although there is relatively high utilization of DOC by
bacterioplankton in ecosystems with great production of macrophytes, as Lake Mangueira, the
amount of carbon released is nut fully up taken and much of the carbon remains in the system
in a recalcitrant form (Wetzel, 1992).

In Lake Mangueira, the mean biomass of the macrophytes Egeria densa and
Potamogeton illinoensis is often found over 5 kg per m3. Considering the release of nutrients
and carbon from such biomass of macrophytes (Tab. 3), it is possible to estimate a large
enrichment of their surronding water if they happen to senesce fastly due to water uptake from
the Lake Mangueira to irrigate extensive rice crops during summer. As such leachates would
be diluted and metabolized by other organisms, we cannot estimate their impact on the trophic

chain, in real scale, without using complex ecological modelling to simulate scenarios.

Table 3. Estimative of chemical compounds leachate after the decay of 5 kg (fresh wt m) of

the dominat species in Lake Manguiera: Egeria densa and Potamogeton illinoenis.
Leachate of chemical compounds after 30 days of decay

Macrophyte biomass Egeria densa Potamogeton illinoensis
5kg (fresh wt m™) mg.g” mg. L’ mg.g" mg.L"!
PO, 0.099 0.496 0.166 0.830
NH,* 0.109 0.546 0.102 0.509
Silicate 0.041 0.204 0.176 0.882
TC 1.546 7.731 13.30 66.54
N 0.669 3.347 1.567 7.834

TP 0.110 0.548 0.216 1.078
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As the submerged macrophyte beds are characterized by densely packed biomass, we
believe that the decay of the plants in situ would tend to proceed through anaerobic
decomposition. Anoxia is often observed at the bottom of such beds (Finkler Ferreira et al.,
2009).

Although submerged macrophytes may be regarded as nutrients sinks during their
active growth, we conclude that they could become a potential source of eutrophication, if
affected by antroponegic actions or climate changes (Fragoso, 2009). Hence, the
quantification of nutrient releases from the decaying plants are defenitely tantamount for the
managament and conservation of shallow ecosystems with high coverage of submerged

beds, such as Lake Mangueira.
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Abstract

In shallow lakes, submerged macrophytes exert positive feedbacks that enhance the water
transparency, stabilizing the clear water state against the domination of cyanobacetria. In this
work, we investigated the antatagonistic relationship between submerged macrophytes and a
toxic strain of the cyanobacteria Microcystis aeruginosa (NPLJ-4). The allelopathic and
competition potential of the macrophytes Egeria densa, Cabomba caroliniana, Ceratophyllum
demersum e Myriophyllum spicatum were tested in a two phase approach in microscale. In
phase I, coexistance experiments with living organisms were carried out, while in phase II,
macrophyte culture filtrates from phase I were tested on the cyanobacteria. Different factors
of light intensity (60, 120, 240 pumol PAR or quanta m?2" ) and orto-phosphate
concentrations POy (0.25, 05 e 1 mg.L’l) were included for both phases in order to elucidate
specific thresholds of growth inhibition of cyanobacteria in the presence of the macrophytes.
Moreover, measures of POs concentration were conducted, during phase I, to provide
additional evidences whether inhibition proceeded through allelopathy or competion for
phosphorous. In phase I, the macrophytes C. caroliniana and M. spicatum reduced

significantly (P<0.001 e P<0.01, respectively) the concentration of chlorophyll-a from 76 to
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96% and 75 to 95% the cells density of M. aeruginosa under 60 and 120 pmol PAR and at all
PO4 concentrations. On the other hand, the macrophytes C. demersum and E. densa did not
inhibit the growth of the bluee green algae. However, both macrophytes reduced drastically
the concentration of POy to values lower than 0.05 mg.L™" in all treatments. As the uptake of
PO,4 by C. caroliniana e M. spicatum was very low, we conclude that the former species
inhibited the growth of M. aeruginosa through allelopathy while C. demersum and E. densa
have the capacity to compete for phosphorous and, therefore, to stabilize oligotrophic
conditions. In phase II, the culture filtrates of macrophytes did not reduce th growth of M.
aeruginosa. Losses of allelochemicals during filtration may explain the difficulty in
confirming allelopathy through exudates. Our results confirm that allelopathy is likely to
occur in the presence of the macrophytes. In such situtation, the large amounts of
alleochemicals necessary to affect the cyanobacterial metabolism can be produced and
released in the surrounding water. Such mechanisms arise as a potential alternative to prevent

and control cyanobacetria blooms in eutrophied shallow lakes.

Keywords: allelochemical interactions, control of cyanobacteria, eutrophication, restoration

of eutrophied ecosystems, culture filtrate, exudation.

Introduction

Submerged macrophytes are known to increase the water transparency through
physical positive feedbacks and negative chemical interference with phytoplankton (Scheffer,
1998; Gross et al., 2007, Liirling et al., 2006). Several mechanisms are involved in the
antagonistic relationship between phytoplankton and macrophytes (Scheffer et al., 2001, van
Nes et al, 2002,2003). Amongst them, allelopathy has been evoked as one of the steering
mechanism behind mutual dominance of either submerged macrophytes or phytoplankton in
shallow lakes (Hootsmans & Blindow, 1994 Sondergaard & Moss, 1988; Gross et al., 2007).
During the last decades, allelopathy studies have only focused on analyzing the growth
inbihition caused by one species over another.

Since macrophyte’s allelopathy has been confirmed experimentally, it has become a

potential alternative to supress undesired algal growth, especially cyanobacteria in eutrophied
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ecosystems (Nakai, 2000). In addition, competition for nutrients has also been addressed as
an effective indirect way of controlling algal growth (van Donk et al., 1993, Kufel & Kufel,
2002). Together, both mechanisms are considered positive feedbacks exerted by macrophytes
to inhibit or reduce phytoplankton growth, contributing to the maintenance of low
phytoplankton biomass and stabilizing the clear oligotrophic water state within macrophyte
beds (Scheffer, 1998; Van den Berg et al., 1998).

The release of allelopathically active compounds as the algicidal polyphenol
tellimagrandin by Myriophyllum spicatum has been already confirmed experimentally (Gross
et al., 1996; Nakai, 2000; Leu et al., 2002). It exhibited a strong inhibitory effect action
against various cyanobacteria and to a lesser extent to chlorophytes and diatoms (Gross et al.,
1996; Korner & Nicklish, 2002). Other species of macrophytes as Chara globularis, Elodea
canadensis have shown to reduce growth of the chlorophyte Scenedesmus obliqguus (Liirling
et al., 2006). Alleloptahic activity of Ceratophyllum demersum (Korner & Nicklish, 2002;
Nakai et al.) and Stratiotes aloides (Mulderij et al., 2007) was also verified against
cyanobacteria.

Although several species of submerged macrophytes may contain allelochemicals that
suppress algal growth, the interference of nutrients and light is one of the main complications
to investigate allelopathic interactions (Hilt er al., 2006; Gross et al., 2007). Nutrient
availability might impact resource allocation of macrophytes to growth versus production of
alleochemicals, as well as the competition between macrophytes and phytoplankton (Gross,
2003b). Moreover, environmental variables such as light, temperature and eutrophication
levels influence the mode of interactions according to each species advantages under certain
ecosystem conditions (Gross et al., 2007).

Coexistance experiments in batch cultures are a convinient way to explore allelopathy
and resources competition and thereby to perceive in micro-scale possible negative effects of
macrophytes on phytoplankton or vice-versa (Liirling et al., 2006). The use of small aquaria
provide a opportunity for direct evaluation of donor-target species interactions and minimise
light competition. In addition, one may include different factors (e.g light and nutrients),
which are important variables for gathering evidences on the modes of action of allelopathy or
competition. With the evaluation of phosphorous in water in the short term (days), at which

alleolapthy experiments are often performed, the determination of net foliar uptake by the
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plants could (Lombardo & Cooke, 2003) contribute to the understand the magnitude and
importance of such mecahnism. As nutrient determinations (especially orto-phosphate) in
batch mediums are seldom adressed directly, these measurements coupled with the analysis of
growth inhibition of phytoplankton may bring light on the search for competitive or
alleopathic macrophyte species (Gross et al. 2007).

In this approach, the potential allelopathic effects of four macrophyte species,
inhabitants of subtropical and tropical ecosystems, were tested in a two phase experiment
against a toxic strain of the cyanobacteria Microcystis aeruginosa. In order to understand the
modes of action of allelopathy, coexistance experiments were carried out in small aquaria
testing the physical presence of the macrophytes under three levels of light intensity and
orthophosphate concentrations. In addition to standart monitoring of growth and
phostosynthesis, measurements of ortophosphate were carried out to address the ocurrence
and strengh of competitive like interspecific interactions. Based on the experimental outcome,
we aimed at verifying above which nutrient and light thresholds allelopathy or competition

are likely to inhibit the growth of this cyanobacteria.

Material and Methods

Cyanobacteria culture

The cyanobacterium Microcystis aeruginosa (NPLJ4) was obtained from the brazilian
collection available in the Laboratory of Ecophysiology and Toxicology of Cyanobacteria of
the Institut of Biophysics Carlos Chagas, Federal University of Rio de Janeiro. The strain
corresponds to the degree of acute toxicity with DL50,y, for total Microcistin (MC) of 24.2
ug kg corporal weight and concentration of MCs in the dry material higher than 1.0 ug mg’
dry wt (between 1.64 and 1.86 ug mg'1 dry wt) (Kuroda et al., 2007).

The cultures were kept in 1L cellulose plug stoppered Erlemeyer flasks on ASM-1
medium (Gorham ef al., 1964) under controled temperature (23-24°C), light 120 umol PAR
m2s" and 12:12h photoperiod.
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Macrophyte collection

The submerged macrophytes species utilized for the coexistance experiment with the
cyanobacteria were Cabomba caroliniana, Egeria densa, Ceratophyllum demersum and
Myriophyllum spicatum. The plants were collected from the large Lake Mangueira, located in
southern Brazil. Lake Mangueira is a coastal shallow lake (max. depth 6m) situated along the
Atlantic Ocean (33°31°22”S 53°07°48”°W). It has a length of 90 km and width of 3-10 km.
The macrophytes collected belonged to large beds of submerged vegetation that occupy a
great part of the lake’s littoral.

The plants were washed with tap water and cultivated in 2 L aquaria with modified
medium ASM-1, the same utilized for the maintainance of the cyanobacteria culture, for over

three months. The sediment used was collected from Lake Mangueira.

Allelopathy experiments

The experiments were divided in two phases: (I) one based on coexistance
experiments to examine the physical presence effect of macrophytes on the growth of the
cyanobacterium M. aeruginosa and; (II) a second to test the effect of the macrophyte filtrates
from the first phase on the cyanobacterial growth. Thereby, the modes of actions, either

allelopathy or competition, could be distinguished.

(D Coexistance experiments

At the first phase, we tested the physical presence effect of macrophytes on the growth
of the cyanobacteria under three levels (factors) of light and ortophosphate concentration in
the incubation medium. The three levels of light intensity were: 60, 120 and 240 umol PAR
(quanta m™s"), chosen to represent low, medium and high luminosity, respectively. The three
concentrations of ortophophate (PO4,-P) were 0.25, 0.5 and 1 mg L. The PO, -P
concentrations were chosen to verify the potential of allelopathy and/or competition

mechahisms within an eutrophic gradient.
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For the light factor experiment, the incubation medium had the intermediate PO,
concentration of 0.5 mg.L™"; while for the PO, -P factor experiment, we set the aquaria under
the medium light intensity of 120 umol PAR.

Prior to the start of the experiment, the plants and sediment were carefully washed
with distilled water in order to remove attached periphyton. Then, 10 g (fresh wt) of the
macrophytes were reintroduced in 450 g of sediment (wet weight) in the aquaria containing
2L of modified culture medium ASM 1 for the desired PO, concentrations, with pH correction
to 7.5.

The aquaria were innoculated with 50 p g.L'1 of chlorophyll-a (aprox. 3.0x10* particles
mL™") of exponentially growing M. aeruginosa. Three replicates aquaria were used for
controls and treatments. The positive controls were free-plant aquaria containing only the
modified ASM-1 medium and M. aeruginosa. In order to evaluate the possible shading effect,
plastic ceratophyllum-like plants were added in the same weight (10 g fresh wt) as real
macrophytes. At total, the experimental design comprised 54 aquaria with 2L medium each,

divided into plots with 18 aquaria for each factor (Fig.1).

— - —

Figure 1. Experimental design: aquaria containing submerged macrophytes and controls
(without macrophytes and plastic plants) after the innoculation of 30ug.L™"' of Microcystis
aeruginosa.

The aquaria were incubated for over a week (7-8 days) under controlled climate
conditions of temperature (23-24 °C) and photoperiod (12:12h). The cyanobacteria growth
was monitored daily analysing cholorophyll-a (Chol-a), photosystem II efficiency (®psy) and
algal density in each aquarium. The Chl-a content (ug.L’l) and the @pgy efficiency was
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determined using the PHYTO-PAM® phytoplankton analyser (Walz, Germany). The density
of cells was estimated using the CASY® cell counter (Innovatis, Germany) with cappilary of
100 pm orifice width. Daily, the incubation water was sighlty mixed to avoid sedimentation
of the cyanobacteria.

Analysis of ortophosphate concentration in the culture mediums were done before the
start of the experiments to confirm the PO, concentration. After that, we monitored the POy -
P in two aquaria of each treatment after 48 and 168 hs, after the start of the experiment. The
analyses of POs were done according to Mackereth er al. (1989), after filtration of the
incubation water (GF-5, @ 47mm)

Growth rates were calculated from the increase in Chlo-a data, transformed to natural
logarithm. Comparisions of growth rates, Chlo-a concentration, density and ®pgy; efficiency
between tretaments and control were performed using One-Way Repeated Measures ANOVA

followed by Tukey tests.

(Il) Macrophyte culture filtrates

At the end of the first phase (7-8 days), the incubation water from two aquaria per
treatment were filtrated in glass fibre filter (GF/F) to remove particles (cyanobacteria). The
plastic plant treatment was not included in the second phase. After determination of remaning
PO, concentration, the filtered was transferred to enrlenmeyers flasks to serve as medium
culture for the second phase. In general, circa of 80-120 mL of the filtrate were transferred to
the flasks being replenished by culture medium and destilled water until reaching 250 ml at
the desired PO, -P concentration. For the light factor, the mediums were set to 0.5 mg.L’1 in
the second phase. For the PO4-P factor, the medium was added to reach the same PO, -P
concentrations utilized in the first phase (0.25, 0.5 and 1 mg L™). The PO, concentration in the
innoculum was also considered in order to guarantee the final concentration in the medium.
The experimental design consited of two replicates for each factor. The flasks were
innoculated with 50 pug.L" of Chlorophyll-a (aprox. 3.0x10* particles mL™) of exponentially
growing M. aeruginosa.

The flasks were incubated for 3 days under controlled climate conditions of

temperature (23-24 °C), light of 120 umol PAR, photoperiod of 12:12h and orbital shaking of
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50 rpm. The cyanobacteria growth was monitored daily by analysis of cholorophyll-a (Chol-
a), photosystem II efficiency (®psn) and algal density in each aquarium. Growth rates were
calculated in the same way as described for the first phase. Comparisions of growth rates,
Chlo-a concentration, density and ®pgy efficiency between tretaments and control were

performed using One-Way Repeated Measures ANOVA followed by Tukey tests.

Results

Physical presence of macrophytes

Light Factor

Under the three different light regimes, the presence of macrophytes clearly affected
the growth of M.aeruginosa over the incubation period (Fig.1). Such effect was corroborated
by the significant variance in chlorophyll-a (Chlo-a) concentrations among the treatments
under 60 (Fg 4= 4.556; P=0.01), 120 (Fe14 =5.438; P<0.001) and 240 umol PAR (Fg 4
=6.647; P<0.001) (Fig.1). Similarly, the macrophytes caused a reduction in density compared
to the control, being statistically significant for the lowest and highest light intensity (Fg j4
=3.075, P<0.05; Fs14=5.387, P<0,001, respectively).

60 nmol PAR 60 pumol PAR

Chol-a (ug L™
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Figure 2. Cholorophyll-a concentration and density of Microcystis aeruginosa in the presence
of the macrophytes and in controls for each light intensity: 60, 120 and 240 pmol PAR.

In general, both control and plastic plant treatments reached high Chlo-a
concentrations in the aquaria (Fig. 2). On the other hand, under low to intermediate light,

there was a large reduction in Chlo-a and density promoted by the macrophytes (Tab.1).
Among the treatments, the macrophytes Myriophyllum spicatum and Cabomba
caroliniana reduced 87.8-96.3% and 95.3-96.3 % of Chlo-a under 60 and 120 umol PAR,
respectively. At 240 umol PAR, the Chol-a was most reduced by Ceratophyllum demersum (>

90%), being followed by 71% reduction in the presence of Myriophyllum spicatum (Tab.1).
Both reductions were significant (P<0.05) compared to the control.
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Table 1. Effects of the macrophyte treatments on chlorophyll-a and density values of
Microcystis aeruginosa after 7 days of incubation under three light levels.

Light factor Final values Reduction compared to Significance (Tukey-test)

(after 7 days) control (%) Control x Treatments
Chlo-a Density

60 pmol PAR (ugl) (n) Chlo-a Density Chlo-a Density

Control 106.1 18803.3

Plastic plant 62.5 13086.7 41.2 304 - -

Egeria 43 3070.3 95.9 83.7 P<0.01 P<0.05

eratophyllum 56.8 12416.7 46.5 34.0 - -

Cabomba 5.0 4655.7 95.3 75.2 P<0.01 -

Myriophyllum 3.9 4061.7 96.3 78.4 P<0.05 P<0.05

120 pmol PAR

Control 104.0 51240.0

Plastic plant 152.1 46786.7 0 8.7 - -

Egeria 46.7 13200.0 55.1 74.2 - -

Ceratophyllum 114.6 37000.0 0.0 27.8 - -

Cabomba 4.0 2093.0 96.2 95.9 P<0.05 -

Myriophyllum 12.7 3636.3 87.8 92.9 P<0.05 -

240 pmol PAR

Control 223.5 128670.0

Plastic plant 161.2 95810.0 279 25.5 - -

Egeria 68.6 30667.3 69.3 76.2 - P<0.01

Ceratophyllum 21.2 5497.7 90.5 95.7 P<0.05 P<0.01

Cabomba 210.3 58227.3 5.9 54.7 - -

Myriophyllum 63.0 21171.7 71.8 83.5 P<0.05 P<0.01

The average chlorophyll-a based growth rates of M. aeruginosa were higher in the
controls (Fig. 2). In the presence of macrophytes, the growth rates were attenuated and
reached negative values with C. caroliniana and M. spicatum under low and medium light
intensity. At 240 pmol PAR, the mean growth rate was only negative in the presence of C.
demersum, -0,05 In Chl-a d™.
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Figure 3. Left panels: mean growth rates based on the increase in chlorophyll-a concentration
of Microcystis aeruginosa in the treatments with macrophytes and controls. Right panel:
Photosystem II efficiency (®psir) of Microcystis aeruginosa in the treatments and controls
over the incubation period.

The photosystem II (Dpsn) efficiecy of the cyanobacteria varied significantly among
the treatments under 60 (Fg 14= 4.606; P<0.01), 120 (Fe,14 =6.110; P<0.001) and 240 pmol
PAR (Fe,14 = 3.520, P<0.05). The ®psy was significatly attenuated (P<0.05) by Cabomba
under 120 umol PAR and by Ceratophyllum (P<0.05) under 220 umol PAR.
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Orto-phosphate factor

The variation in concentration of POy in the incubation medium clearly influenced the
strenght of the macrophytes’ effect on the growth of M.aeruginosa (Fig. 4). The variances in
Chlo-a concentration among the treatments were statiscally significant at 0.25 (Fg 14= 6.531;
P<0.001), 0.5 (F14=9.895; P<0.001) and 1 mg.L"' of POy (Fs 14 =6.900; P<0.01). That was
corroborated by the significant variances in density at the lower concentrations of PO4 at 0.25,
0.5 and 1 mg L' (Feus =6.617, P<0.001, Fg,4 =4.018, P<0.01, Fe 14 =3.266, P<0.05,

respectively).

0.25 mg PO, L™ 0.25 mg PO, L™
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Figure 4. Chlorophyll-a concentration (left panel) and density (right panel) of Microcystis
aeruginosa in the presence of macrophytes and in the controls at three PO, concnetrations:
0.25,0.5and 1 mg L™

At the lowest PO4 concentration, the density of the cyanobacteria was significantly

attenuated by the four macrophyte species (Tab.2). However, only Myriophyllum and

Cabomba reduced Chlo-a and density values significantly at all PO4 concentrations (Fig.5.
Tab. 2.).
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Figure 5. Evidences of allelopathy after 7 days of incubation: Chlo-a reduction in the
treatments with the macrophytes Cabomba caroliniana (Fig.5a) and Myriophyllum spicatum
(Fig.5b) compared to the controls. In contrast, Ceratophyllum demersum (Figs. 5b and 5d) and

Egeria densa (Figs. a and d) did not promote the same effect.

Table 2. Effects of the macrophyte treatments on chlorophyll-a and density of Microcystis
aeruginosa after 7 days of incubation at three levels of PO..

PO, factor Final values Reduction compared to Significance (tukey-test)

(after 7 days) control (%) Control x Treatments
Chlo-a Density

0.25 mg.L"! (ugL) (n) Chlo-a Density Chlo-a Density

Control 179 52223

Plastic plant 182 45000 - 13.8

Egeria 88.0 18357 51.0 64.8 P<0.01

Ceratophyllum 64.8 16895 64.0 67.6 P<0.01

Cabomba 8.65 17740 95.2 66.0 P<0.01 P<0.01

Myriophyllum 3.69 3269 97.9 93.7 P<0.001 P<0.001

0.5 mg.L™"

Control 216 96380

Plastic plant 210 67600 2.8 29.9 - -

Egeria 319 85463 0.0 11.3 - -
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Ceratophyllum 191 49755 11.3 48.4 - -
Cabomba 38.9 24313 82.0 74.8 P <0.01 -
Myriophyllum 6.11 5494 97.2 94.3 P<0.001 P<0.05
1.0 mg.L!

Control 282 75000 - -
Plastic plant 274 76130 0.0 0.0 - -
Egeria 263 98406 0.0 0.0 - -
Ceratophyllum 275 76260 0.0 0.0 - -
Cabomba 13.5 14867 92.5 80.2 P<0.01 -
Myriophyllum 18.4 11747 89.8 84.3 P<0.01 -

The average chlorophyll-a based growth rates of M. aeruginosa were negative in the
presence of the macrophytes C. caroliniana and M. spicatum at all PO4 concentrations, while

the other macrophytes did not promote the same effect (Fig.6).
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Figure 6. Left panels: mean growth rates based on the increase in chlorophyll-a concentration
of Microcystis aeruginosa in the treatmnets with macrophytes (Egeria densa, Ceratophyllum
demersum, Cabomba caroliniana, Myriophyllum spicatum) and controls (absence of plants
and plastic plants). Right panel: Photosystem II efficiency (®psyy) of Microcystis aeruginosa
in the treatments and controls over the incubation period.

The photosystem II (®pgy) varied significantly among the treatments at 0.25 and 0.5
mg.L'1 of PO4 (Fe,14= 4.388; P<0.01 and Fs14=4.707; P<0.01, respectively). Myriophyllum
was the only species to reduce the ®psi signifigantly (P<0.05) at 0.25 mg.L'1 POy,

Orto-phosphate Consumption by Macrophytes

The cyanobacterium M. aeruginosa consumed large amounts of POy at both light and
PO4 levels. In general, the macrophytes Ceratophyllum and Egeria assimilated at least 2 folds
more PO, than Cabomba and Myriophyllum within 48 h under low light. Such consumption
was even higher under higher light intensities (Fig.7a). With similar mean uptake of this
nutrient (~0.03 mg g'1 d', Tab.3), Ceratophyllum and Egeria depleted approximately 0.15 mg
L'd" of PO, in their aquaria eithin 48hs. Because of their high PO, absorbtion hability, plus
the cyanobacteria uptake, the PO4 pool was depleted to less than 0.06 mgL'1 after 48h of
incubation even under low light. After 7 days of incubation, the concentration was depleted to
0.027 and 0.047 mg.L" in the Ceratophyllum and Egeria treatments, respectively. However,
during the 2™ and 7™ day, the mean uptake rates decreased (Tab. 3) because most of the PO,
was already consumed.

At medium and high light intensities, the PO, consumption by the macrophytes

followed the same pattern, with Ceratophyllum and Egeria having a much higher PO, uptake
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rate than Cabomba and Myriophyllum (Tab.3). Although, the PO4 concentration in the aquaria
with Myriophyllum and Cabomba was depleted to less than 0.1 mgL'1 under 240pmol PAR
(Fig. 7¢) after 7 days, the depletion was mainly exerted by the cyanobacteria that grew much
better under high luminosity (Fig.3). Because of its great PO, uptake, the cyanobacterium
showed a the decay in Chlo-a (Fig.2) in the aquaria with Ceratophyllum under higher
luminosity. As the POs was also consumed by the plant, the nutrient in this tretament was
first extinguished leading M. aeruginosa to suffer first. The attenuation in the ®@pgyy efficinecy

(Fig. 3) of the cyanobacetria corroborated such hyposthesis.
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Figure 7. Left pannel: mean PO, concentrations in the aquaria after 48 and 128hs under 60,
120 and 240 umol PAR (figures a, b and c, respectively).

concentrations in the aquaria after 48 and 128 hs at 0.25, 0.5 and 1.0 mg PO4L'1 in the culture
mediums (figures d,e,f, respectively).

Table 3. Orto-phospahte (PO4) uptake by the macrophytes under the three light and POy

levelsI.Jight factors Mean PO, uptake in 2 days Mean POy uptake in 7 days
(umol PAR) 40-60 120-140 220-240 40-60 120-140 220-240
Treatments Uptake by plants (mg g ' d) Uptake by plants (mg g d)
C. demersum 0.0304 0.0236 0.0240 0.0043 0.0024 0.0006
E. densa 0.0284 0.0224 0.0242 0.0038 0.0026 0.0002
M. spicatum 0.0020 0 0 0.0014 0 0
C.caroliniana 0.0017 0.0006 0.0170 0.0007 0 0
PO, factors Mean PO, uptake in 2 days Mean PO, uptake in 7 days
(mgL™) 0.25 0.5 1.0 0.25 0.5 1.0
Treatments Uptake by plants (mg g ' d ) Uptake by plants (mg g d)
C. demersum 0.0175 0.0394 0.0367 0 0.0070 0.0166
E. densa 0.0149 0.0291 0.0231 0 0.0085 0.0120
M. spicatum 0.0008 0.0104 0.0069 0 0.0025 0.0037
C.caroliniana 0 0.0076 0 0.0032 0.0013 0

Righ pannel: mean POy

In the PO, factor experiment, Ceratophyllum and Egeria showed the higher uptake

rate of this nutrient, being higher with higher availiality of PO4 (Tab.3). It became clear that

these macrophytes are able to consume PO, within the range of 0.2 to 0.4 (mg g"' d) under
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eutrophication conditions. Consequently, such hability allows them reduce large amonuts of

phosphorous from the water column within short periods.

Filtrate Cultures- Phase 11

Over the the second phase, the filtrates from the aquaria with macrophytes (phase I)

did not reduce the Chlo-a concentration, density and ®pgy efficiency of M. aeruginosa either

under different light intensities or PO4 concentrations (Fig.7). The filtrate of Myriophyllum

was the only one to reduce slightly chlorophyll-a values at 0.5 and 1 mg POy L', however it

was not significant (Fig.7).
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Figure 7. Mean chlorophyll-a values of Microcystis aeruginosa in the treatments with filtrates
from macrophytes and control after phase I (with PO4 replenishment) under different factors
of light (left pannel) and PO, concentrations (right pannel).

Discussion

The coexistance experiments (phase I) provided clear evidences that, in the presence
of the submerged macrophytes, the growth of the M. aeruginosa was inhibited. The
monitoring of POy in the aquaria over the incubaction period allowed us to determine wether
the reduction in growth was provoked by allelopathy or competition mechanisms.

In phase I, among the macrophytes tested, the presence of both Myriophyllum and
Cabomba showed to reduce strongly the chlorophyll-a (82 to 98%), affecting the ®@pgy; of M.
aeruginosa, under low and intermediate light intensity and under all concentrations of PO,.
The density of cyanobacteria was also strongly reduced by these plants (66-96%) at all
factors, except at 240 pmol PAR, corroborating the Chlo-a values. Although Chlo-a was
reduced 71% by Myriophyllum under 240 pmol PAR m2s’, it was not significant. For the
same light factor, Cabomba reduced only 6% of chlorophyll-a, while Ceratophyllum showed
the highest and significant reduction (P<0.05) of 90.5% of Chlo-a and 91.7% of density of M.
aeruginosa. Similarly, Egeria reduced 69.3 of Chlo-a and 76.6% of the cyanobacteria density

under high luminosity.

Orto-phosphate competition
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The mode of action of controling cyanobacteria by the macrophyte species could be
addressed by analysing the PO4 pool in the aquaria. Several authors (Van Donk et al., 1993;
Kufel & Ozimek, 1994; Sondergaard & Moss, 1998) hypothezised that macrophytes may
limit phytoplankton growth by nutrient uptake from the water. Ceratophyllum and Egeria
indicated such hability, reducing 0.04 and 0.03 mg g'1 d” of PO, from the incubation water,
respectively.

Because of Ceratophyllum higher hability for PO4 uptake, plus the assimilation by the
cyanobacteria, the PO4 concentration under 240 umol PAR m?2s" was depleted to <0.03 mgL"
' within 7 days. Although the same reduction in PO, was observed at 60 umol PAR, the
metabolism of the cyanobacteria was unaffected under low light, as it maintained a low mean
growth rate of 0.180 In Chlo-a d”! over the 7 days. However, at higher luminosity, the growth
rates enhanced to 0.285 LogChol-a d’, leading the cyanobacteria to replicate faster. As M.
aeruginosa utilizes large amounts of phosphorous for replication (Reynolds, 2006) the higher
light intensity induced a greater growth which could not be sustained by the cyanobacteria at
lower PO, concentration. The fact that M aeruginosa had utilized its phosphorous reserves
was corroborated by the significant decrease (P<0.05) in the efficiency of ®psy (see Fig.3),
which resulted in a negative mean growth rate (-0.04 In Chlo-a), and a signficant drop in
Chlo-a (P<0.05) in the presence of Ceratophyllum, under high light intensity. Egeria also
reduced significantly (P<0.05) Chlo-a values under 60 umol PAR, suggesting that it might
also inhibit the algae indirectly under low light. As both species did not affect significantly
the growth of M. aeruginosa at any PO, factor, competition would be the main mode of action
involved in controlling cyanobacteria by these plants, which could be determinant in natural
conditions if PO, incomings were excluded. Such hypothesis was previously observed in field
by Mjelde & Faafeng (1997), illustraded the high hability of C. demersum in reducing nutrient
concentrations and hampering phytoplankton development in some small Norwegian lakes
over a wide range of phosphorous concentrations and geographical latitude. Considering that
the PO, concentration utilized in the incubation mediums are representative of very
eutrophicated conditions, it is likely that Ceratophyllum would have a stronger effect in
stabilizing oligotrophic conditions, especially in subtropical and tropical ecosystems where

they grow continoulsy throughout the year (Finkler Ferreira et al., 2009).
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On the other hand, the macrophytes Cabomba and Myriophyllum showed very low
mean uptake of phosphorous (0.01 mg g'1 d™). The explanation for such contrast among these
species remain on the fact that Ceratophyllum and Egeria may live in free floating forms,
without anchoring in the sediment (Irgang & Gastal, 1998). This enabled them, evolutionary,
to better absorb nutrients by foliar uptake from the water column. In contrast, Myriophyllum
and Cabomba count with developed rhizomes through where they obtain most of their
nutrients from the sediment. Therefore, their development and strengh against competitors

depend on their previous establishment in the system.
Allelopathy

The significant reduction in growth of M. aeruginosa in the presence of Myriophyllum
and Cabomba (see Tab.1l and 2) indicated the allelopathic potential of theses macrophytes.
About Cabomba, there is only one previous documentation of its allelopathy on
phytoplankton growth (Nakai et al., 1999). In such study, C. caroliniana affected negatively
two species of cyanobacteria: Microcystis aeruginosa and Anabaena flos-aquae In this same
study, Egeria densa was also found as having significant negative effect on both
cyanobacteria. However, in our study, despite the fact that Egeria consumed large amounts of
phosphorous from the water, it even enhanced the growth of M. aeruginosa more than in the
controls in some cases (Fig.4). Our findings may differ from the previous ones probably
because the first study was carried out by applying plant extracts on algae cultures in vitro.
This type of approach, although useful for preliminar tests, not always represent accurately
what the effects might be in real interactions (Gross et al, 2007). Therefore, our data suggests
that, at least against M. aeruginosa, Egeria would not have direct effects on controling the
blue-green algae. In the case of Cabomba, our results showed strong evidences of allelopathy,
hence this species is interesting for further isolation of possible allelochemical compounds.

With respect to Ceratophyllum, it has been extensively evoked as having allelopathic
effects against phytoplankton and epiphyton (Van donk & Gullati, 1995). Wium-Andersen et
al.(1983) isolated from Ceratophyllum demersum, a sulphur compound with allelopathic
properties. Jasser (1995) concluded that the release of organic compounds contributed to a

decline of cyanobacteria by changing the phytoplankton structure. However our results did
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not corroborate such expectations. It is likely that the possible allelochemicals produced by
this species are not sufficiently effective against M. aeruginosa. Perhaps further experiments
testing other cyanobacteria species with Ceratophyllum might lead to similar endpoints as
found in previous works.

The allelopathic effects of Myriophyllum has been well described by other studies
(Gross et al., 1996; Leu et al., 2002 Nakai et al., 1999; Hilt ef al., 2006; Korner & Nicklisch,
2002), including the isolation and identification of the polyphenolic acid tellimagrandin II,
which has confirmed inhibitory effects on cyanobacterial growth (Gross et al., 1996; Leu et
al., 2002; Hilt et al., 2006). These compounds had a much smaller effect on green algae and
diatoms. Such difference in sensivity of taxonomic groups to allelopathic substances is likely
to influence the competitive balance between cyanobacetria and other algae (Van donk &
vand den Bund, 2002). It was also stressed that polyphenols, originated from lignin and
cellulose decomposition of vascular plants, are able to complex chemically with many
enzimes, particularly alkaline phosphatases produced by phytoplankton and bacteria to
hidrolyze dissolved organic phosphorous compounds (Stewert & Wetzel, 1982b). This
complexation occurs among free enzymes as well as those bound to cell surfaces. Because of
the inactivation of the phosphatase activity the cells experience phosphorous limitation and
consequently are induced to expend greater amounts of energy to sinthetize more enzimes
(Wetzel, 1992).

At the end of the experiment, Myriophyllum and Cabomba released large amounts of
humic substances (>10 mg.L'1 of dissolved carbon) which were accumulated turning the
incubation water brownish. The release of humics substances is an evidence that chemicals
are being released in the water by the plants. However, if allelochemicals are released through
continuous metabolic excretion or only after contact with phytoplankton is still an important
subject to be evaluated (Hilt et al., 2006). Furthermore, the effect of humic substances, in
general, on phytoplankton is an aspect rather contradictory. Some studies observed
cyanobacteria to be sensible to exposure to humic acids (Sun et al., 2005; Sun et al., 2006;
Steinberg et al., 2006; Prokhotskaya & Steinberg, 2007; Steinberg et al., 2008). Their much
simpler cellular ultrastructure would justify their failure compared to coccal green algae

success in humic substances enriched ecosystems (Prokhotskaya & Steinberg, 2007). In
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contrast, Kosakowska et al. (2007) found that filtered humic substances could enhance the

growth of Microcistys sp. even under lower iron concentrations.
Macrophyte filtrates

The allelopathic activity of Myriophyllum and Cabomba was not clearly observed
during phase II, as the chlorophyll-a and density values of M. aeruginosa were not reduced
significantly. In the same way, the strength of allelochemicals on the ®psyy efficiency could
not be noticed in the treatments with Cabomba and Myriophyllum.

The difficulty in confirming allelopathy in filtrates has been previously documented
(Liirling et al., 2006). In such work, the growth inhibition of Scenedesmus oliquous in contact
with macrophyte filtrates could not be reproduced in the same proportion as observed while in
the presence of the macrophytes. Possible factors that could explain the abscence of growth
inhibition are (i) the degradation of bioactive allelochemicals by bacteria (ii) chemical
changes in the structure of allelochemicals by photolysis or oxidation (Groos et al., 2007),
(iii) adsorption to filters or (iv) evaporation during filtration (Liirling et al., 2006). Moreover,
Nakai et al. (1999) suggests that the inhibition effect depends on continuous secretion of these

unstable allelopathic compounds.

Field observation of macrophyte’s influence on phytoplankton

In the subtropical shallow lake Mangueira, the dense macrophyte beds from where
these macrophytes were collected affected significantly the phytoplankton community
structure in comparision with pelagic waters free of macrophytes. Within the beds, a large
amount of humic substances was present and low chlorophyll-a values were observed (<3
ug.L’l). In addition, lower concentrations of nutrients as orto-phosphate and iron were found
within the beds (see chapter 3 of this Thesis). Because of such conditions, a significant
increase in the phytoplankton biomass was observed outwards the submerged vegetation
stand, having cyanobacteria as the main responsible for the phytoplankton biomass increase.
In the vegetated area, small species (C-R strategists), unicellular flagellates were selected,

whereas in the pelagic zone, larger species of blue green occurred (Finkler Ferreira et al.,
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2009). The results clearly indicated that the high coverage and metabolism of submerged
macrophytes influenced the water chemistry and nutrient regime in Lake Mangueira.
Consequently, such changes affected negatively the phytoplankton community, which showed
signifitcatly biomass reduction and structure variation in response to the macrophyte
presence. Therefore, our experimental results clearly corroborated the antagonistic

relationship between macrophyte and phytoplankton, especially cyanobacetria.
Conclusions for ecosystem management

Based on the coexistance experiments in micro real scale, the evidences of growth
inhibition of the cyanobacteria Microcystis aeruginosa either through allelopathy or
competition could be elucidated. Such understanding was only possible by monitoring the
PO, concentration in the aquaria during the experiments.

In conclusion, we may sumerize two groups of macrophytes exerting distinct types of
mechanisms to inhibit cyanobacterial growth: (1) allelopathy, by Myriophyllum and
Cabomba; and (2) PO4 competition, by Egeria and Ceratophyllum. Although Egeria densa
showed a similar uptake of PO, from the water column, Ceratophyllum is certainly more
effective in sequestering phosphorous. Furthermore, this species has been previously
confirmed as an allelopathic species against phytoplankton (Nakai et al., 1999). These results
contributed to the understanding of the occurrence, strength and factors involved in such
complex intercations, and therefore have a high applicability to the management, restoration
and conservation of shallow lakes. For instance, at natural occurrences of blue green algae
blooms, the introduction of macrophytes such Cabomba and Myriophyllum could be applied
to reduce cyanobacetria density even at chlorophyll concentration of 30-50 ug.L’l. After such
reduction, the implementation of Ceratophyllum would serve as an opportunity to reduce and
stabilize phosphorous availability in the water. Consequently, phytoplankton richness and
diversity would increase (Reynolds, 2006, Crossetii & Bicudo, 2005), being supported by the

clear water vegetated state (Scheffer er al., 1998).
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Abstract

Submerged macrophytes have positive feedbacks with water quality. They reduce nutrients in
the water column, promoting particles sedimentation and inhibiting growth of algae through
allelopathy. Because of those positive aspects they enhance the resilience of oligo to
mesotrophic conditions, promoting a clear water state within the context of alternative stable
states in lakes. However, all concepts related to the role of submerged vegetation regarding
alternative equilibrium are developed for temperate systems and therefore there is still a gap
in knowledge regarding the dynamics of tropical and subtropical shallow lakes. One of the
most important differences is that vegetation grows continuously throughout the year due to
subtropical mild climate changes, instead of limited-specific growing seasons observed in
temperate lakes. The aim of this study was to evaluate submerged vegetation growth in
subtropical lakes in order to verify its effects on ecosystem resilience. We utilized the
ecological model Charisma which simulates macrophytes’ growth, taking into account its
effects on nutrients uptake and turbidy, and also to predict alternative equilibria. Simulating

continuous growth of the submerged vegetation under subtropical conditions in comparison to



PartelV: Modelagem Ecologica -113

temperate ones, we suggest that resilience of the clear-water state is larger in subtropical lakes

because of the perennial positive effects of plants on water quality.

Key words: water quality, submerged macrophytes; submerged vegetation growth

modeling; ecosystem resilience, alternative stable sates

Introduction

Shallow lakes form one of the most fragile ecosystem types on earth, and they are
generally the first to perish under development activities (Barbier et al., 1997). Because of
their complex ecological structures and high rate of productivity, they support the bulk of
diversity associated with freshwaters (Jeppensen et al., 1997a). Eutrophication of shallow
lakes is often associated with abundant phytoplankton biomass, increasing turbidity, and
resulting in rapid decline of submerged macrophytes (Scheffer, 1998; Hootsmans & Blindow,
1994). Evidence of such changes and theory of ecosystem stability gave rise to the well
developed theory of alternative states in shallow lakes (Scheffer et al., 1993). This concept is
based on the shifts between alternative equilibria in lakes. It represents one of the most
studied and dramatic changes in aquatic ecosystems, being characterized by the sudden loss of
water transparency and vegetation due to phytoplankton proliferation (Moss et al, 1997).
Turbid waters create light conditions that are unsuitable for the establishment of submerged
plants, yet if the water becomes clear the improved light conditions allow the development

and persistence of abundant vegetation (Blindow et al., 1993).

Submerged aquatic plants are known to increase water clarity, thereby enhancing their
own growing conditions. This causes the clear state to be self-stabilizing alternative to the
turbid situation and therefore influences resilience of the system against environmental
changing conditions (Scheffer et al., 1998). The positive feed back mechanisms of submerged
macrophytes over water transparency actuate reducing the concentration of nutrients
(Blindow et al., 1993), stabilizing sediments (James & Barko, 1990), supporting epiphyton
that sequesters nutrients (Wetzel, 1993) and producing allelopathic compounds that inhibit the
growth of the algae (Gross et al., 2007).

There is increasing evidence that clear and turbid water are alternative stable states at

moderately high nutrient loading (Scheffer, 1998). However, despite of the well developed
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concepts concerning alternative states of equilibria and their use for biomanipulation of lakes,
there is still a lack of information of such process in tropical and subtropical ecosystems
because most of the formulated concepts are based on temperate systems. For instance,
growth dynamics of primary producers in subtropical lakes differ since their photosynthetic
activity is permanent during the whole year (Finkler Ferreira et al., 2009). Thus, differently
from temperate climate, the lack of marked seasonality does not promote specific growing
seasons, but only influences senescence of vegetation during winter and additionally affect

emergence of new shoots (Finkler Ferreira et al., 2009).

Evidences of clear water due to the presence of extensive submerged macrophyte beds
were found in the shallow lake Mangueira, in southern Brazil. This indicates the possibility of
alternative equilibria in this system. In sifu monitoring revealed that among the macrophyte
beds, there is less nutrients, chlorophyll-a and phytoplankton biomass (see chapter 2 of this
Thesis). Therefore, this confirmed the positive feedbacks of submerged macrophytes to water
quality and antagonistic relationship with phytoplankton, specially cyanobacteria.

Considering the potentially of these plants to reduce the chlorophyll-a and
phytoplankton, thereby enhancing the water transparency , this work aimed to evaluate the
influence of the aquatic vegetation on alternative states in the subtropical lake Mangueira in
comparision with temperate lakes. As the submerged vegetation grows continuously along the
year in low latitude system, we aimed at verifying if that would the have different effects on
the subtropical ecosystems’ resilience compared to temperate ones where the vegetaion dies

every winter.

Methodology
Research Area

The study site is a large shallow lake in South Brazil named Mangueira. The lake has a
total area of. 1597 km? situated at 32°20' and 33°30' S; 52°20' and 52°45'. The lake has 90km
and 3-10 km wide following the Atlantic Ocean. Along its shoreline, the lake is characterized
by the formation of several sand benches These structures are suitable of periodic changes
promoted by wind and waves over a 90 km fetch and are broad populated by submerged

macrophytes communities.



PartelV: Modelagem Ecologica -115

Ecological Modelling

The ecological modelling of submerged macrophytes growth was made using the
simulation model Charisma 2.0 (Van Nes et al. 2003), a spatial explicit model for submerged
macrophytes. Charisma describes the seasonal cycle of macrophytes. Much of the
formulations of this model are based on an earlier model (Scheffer et al. 1993). It uses a fixed
integration step of 1 day, but the photosynthetical rate for each day is determined by a three
point Gaussian integration (Goudriann, 1986) both over depth profile and time. The
physiological rules of the model as growth of plants depend on photosynthesis and
respiration. Respiration is formulated as a fixed maintenance respiration, only dependent on
temperature by a ;¢ formulation (the default value of Q¢ is 2). The extra respiration needed
for the plants to grow, is accounted for in the maximum gross photosynthesis rate (Pmax).
The gross photosynthesis (g AFDW sprout d") on a certain spot on the sprout of the plants is
affected by in situ light (I), temperature (T), bicarbonate (C) and the distance (D) between the

top of the plant and the considered location.
P = Pmax f(LT,C,T) (1.1)

The effect of each factor is formulated as a simple Monod saturation function with the
exception of the saturation function used (Scheffer et al., 1993a). Three mortality causes are
explicitly included in the model: wave damage, mortality due to competition at high plant
densities and seasonal die off. Optionally, an additional background mortality can be used.
Respiration exceeding production also leads to a loss of biomass (Hootsmans, 1994).
Mortality due to competition at high densities is modeled using the thinning law, which
relates spatial density of plants to their individual weight (Westoby, 1984). Thus, it is
assumed that the losses in numbers are compensated by a faster growth of the remaining
plants. This is done in the model by adjusting the individual weight of the remaining plants in
such a way that there is no loss in overall biomass. Photosynthesis depends on the biomass
distribution of the growing plant over the vertical gradient of light in the water column.
Population regulation results from self-shading and competition for inorganic carbon. A

positive feedback of plants on their own growth is included by allowing vegetation to reduce
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water turbidity. Due to this effect, the model has alternative stable states over a certain range
of vertical light attenuation coefficients and nutrient concentrations (Van Nes et al., 2003).
Thus, if a system has potential to have alternative equilibria, this model can show the response
of the ecosystem to all changes in conditions, leading to hysteresis (Van Nes et al., 2003).
Chara sp. was the macrophyte selected for the simulations, it can be found in either
subtropical and temperate ecosystems. Once, this model simulation is based on the seasonal
cycle of individual aquatic plants, the life cycle processes applied in the simulations were
representative of temperate and subtropical climate conditions. Under temperate seasonality,
in autumn the vegetation dies off to survive the winter as underground structures. In spring,
growth is initiated and the overwintering structures are transformed into vegetation. In
subtropical conditions, the simulation of plants did not go through the seasonal die-off, for
that the the temperature was adjusted for the subtropical condition observed in Lake
Mangueira (10-26°C). This allowed the vegetation to grow continuously during the year,
being only attenuated by the lower temperature in winter. The light intensity was also
enhanced according to the seasonal variation observed for the subtropical latitude. The trophic

condition was set to eutrophic (0.1 mg.L" P) for both scenarios

Results and Discussion

Simulations using Charisma were tested in order to compare the ecosystems resilience
between temperate and subtropical lakes. The analysis considered different growth periods of
macrophytes, which includes the longevity of plants, differences in temperature and higher
photosynthetic active radiation (PAR) because the of solar angle declination according to the
latitude. The simulation environment consisted of a shallow lake with 1m depth.

In temperate systems, where plants have a limited life cycle (175 days), modelled as a
seasonal die-off, the macrophytes showed a positive effect clearing the water, with a initial
light attenuation coefficient (K4) of 5. However, the positive effect was not strong enough to
maintain the water clear (Fig 1.a). That happened because the vegetation collapsed due to
lower temperatures every winter. Therefore, the positive feedback of the macrophytes to the
water transparency is cyclic and only effetive during their lifespan, which was short (~9-10

months). In this sense, when the system has a high initial Kq as 5, the submerged macrophyte
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had lower chances to promote the equilibrium of the clear water state in temperate systems,

under eutrophic conditions.
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Figure 1. (a) Simulation of macrophyte growth effect on light coefficient attenuation (Ky)
within temperate boundary conditions; (b) Simulation of macrophyte growth effect on light
coefficient attenuation within subtropical boundary conditions.

On the other hand, within the same short term growth simulation (10 years) under
subtropical conditions, there is a clear positive effect of the vegetation on the water
transparency (Fig 1.b). At this time, starting the simulation with a high initial Kd of 7, the

clear positive effect is stronger than in temperate systems, contrasting with the observations in
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the temperate system. Hence, because of the macrophyte continuous growth, the systems’
resilience against eutrophication tend to be greater. That evidence is remarkable and still not
deeply investigated. Clear states are not frequently found in the tropics, where because of
higher temperatures and lack of phytoplanktivorous fishes, blue-green- algae are able to grow
faster. However, once the vegetation is already established, internal production of humic
substances by the plants could enhance the control of cyanobacteria due to light shortage
(Mazzeo et al., 2003) and allelochemicals (Liirling et al., 2006) and phosphorous competition
(see chapter 5 of this Thesis).

A parameter analysis using Charisma provided a dendrogram in order to evaluate the
sensivity of selected parameters in relation to the simulation outcome (Fig.3). Each parameter
was set to vary 10% from its initial value. Particular parameteres such as temperature and
light intensity varied between maximum and minimum values respective to their extremes
encountered in sub-tropical and temperate conditions. Parameters which were found to have

the higher sensivity are considered the ones most important for the simulation’s outcome.

Dendrogram using Average linkage

0.215 Chara aspera: hPhotoDist
0.261 Chara aspera: sPhotoTemp

2.033 Chara aspera: hPhotoLight
3.007 Chara aspera: hPhotoTemp :'—’7
0.442 Chara aspera: MaxAge
0.108 Environment: Kd
1

0.035 Environment: IDev

0.000 Chara aspera: pMax

0.043 Environment: MaxTemp
0.048 Chara aspera: pPhotoTemp
0.044 Environment: Latitude

0.045 Environment: MinTemp
0.038 Environment: PARFactor

0.0 0.2 0.4 0.6 0.8 1.0
Abs. sine distance

Figure 3. Dendrogram of the parameter analysis. The values before each parameter represent
its sensivity for the simulation outcome. (C.aspera hPhotoDist = distance from plant top at
which the photosynthesis is reduced; C. aspera: sPhotoTemp = scaling of tempearture effect
for photosynthesis; C.aspera: hPhotoLight= half-saturation of light intensity (PAR) for
photosynthsesis; C. aspera: hPhotoTemp = half-saturation of temperature for photosynthesis;
C. aspera: MaxAge = maximum age of plants; Environment: Kd= light attenuation
coefficient; Environment: Idev= Factor of deviation of irradiance; C. aspera: pMAx =maximal
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gross photosynthesis; Environment: MaxTemp= maximal temperature; C. aspera:
pPhotoTemp=  half-saturation =~ temperature = for  photosynthesis; Environment:
Latitude(degrees); Environment: MinTemp= Minimal temperature; Environment: PAR
Factor= conversion from total irradiance to PAR (0.5).

Light and temperature showed to regulate the main mechanisms of the plant
production, being clearly represented by the sensivity of the parameters as half-saturation of
light intensity for photosynthsesis (hPhotoLight) and half-saturation of temperature for
photosynthesis (hPhotoTemp). They showed the highest sensivity values as 2.033 and 3.007,
respectively. Those are therefore essential parameters for primary production, hence
variations in maximum and minimum light/tempearture values have direct effects on plants’
metabolism efecciency. Also, the maximum age (MaxAge) resulted to have a high importance
(0.442) to the scenarios simulated. That corroborated the idea that the higher longevity and
continuous growth, allowed only by mild temperature changes, tends to have great
implications for the dynamics of alternative stable states in subtropical ecosystems.

In this way, the management of submerged macrophytes in lakes and reservoirs
aiming the improvement of the clear water state are mainly dependent on the principal
latitudinal climate variables as temperature and light intensity which influence plant’s
turnover, primary production and consequently maintenance of positive effect on the water

quality.

Conclusions

Latitunal variances in temperature and irradiance due to solar angle declination clearly
influence growth dynamics of submerged macrophytes. That has direct consequences to the
stability of these biological compartments in the water systems and their contribution to
oligotrophication. Therefore, under an holistic point of view, subtropical plants have a
stronger effect in reducing turbidity because of continuous growth. Furthermore, when clear
conditions are reached, it is then assumed that the ecosystem’s resilience may be increased
against eutrophication. However, other aspects regarding the complexity of trophic cascading
interactions in the tropics and subtropics are still not well understood. Consequently, there is a
common sense that the higher diversity of organisms and net interactions presumably difficult

techniques of biomanipulation and could hide or confuse managers about the direct effects
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that the plants would have on the environment. Thereby, further investigations about the role
of submerged macrophytes, their interactions with all trophic levels and particular effect on
internal nutrient cycling are fundamental for the application of these plants in restoration of
aquatic ecosystems.

To achieve both understanding and application of the submerged vegetation in
restoration, it is necessary to parameterize models with specific ecophysiological aspects of
subtropical macrophyte species. Once a model is parameterized, it can provide a useful

management tool and thinking pad for decision making in lakes and reservoirs.
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Resumo

Flutuacdes no regime hidrico de lagos rasos tendem a gerar distirbios na qualidade da dgua.
O rebaixamento do nivel da dgua pode afetar fungdes ecoldgicas de compartimentos
bioldgicos como plantas aquaticas e fitoplancton. Isto causa alteracdes na ciclagem interna de
nutrientes, que podem induzir um lago de 4guas oligotrdficas a eutréficas dominadas por
cianobactérias. Este estudo investiga a possibilidade de estados alternativos de qualidade da
dgua na Lagoa Mangueira (RS), um sistema raso subtropical, onde a retirada intensiva de
dgua para irrigacido pode eventualmente causar a mortalidade da vegetacdo submersa, € com
isso liberar grandes quantidades de nutrientes soliveis oriundas da biomassa vegetal em
decomposicdo. Para alcancar uma aproximacgao integrada do sistema, dados experimentais e
levantados em campo foram implementados num modelo ecoldgico complexo. Simulacdes da
lixiviacdo de orto-fosfato de macréfitas indicaram a possibilidade de transformagdo do
sistema a dois tipos de estados eutrofizados: um dominado por cianobactérias e outro pela
cobertura de plantas flutuantes. A andlise da estruturacdo dos grupos de fitoplancton ao longo

do gradiente crescente de orto-P, sugeriu um limiar critico de resili€éncia em torno de 0.05 mg
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L' a partir do qual lagos rasos subtropicais podem passar para um estado de dominancia de

cianobactérias.

Abstract

Water fluctuations may affect severely ecological functions within submerged macrophyte
and phytoplankton communities in shallow lakes. This may cause changes in internal nutrient
cycling inducing a shift from clear water state (oligotrophic) to turbid eutrophicated state
dominated by cyanobacteria. Such shifts in the water quality have been investigated by the
theory of alternative stable in shallow lakes. This study evaluates the possibility of alternative
states in Lake Mangueira (RS), a shallow subtropical system which suffers of intensive water
uptake for irrigation. A drastic depletion in the water level of the system may cause the
mortality of submerged vegetation and leaching of large amounts of dissolved nutrients from
decaying biomass. To achieve the comprehension of such effects in the system, experimental
analysis of nutrient leaching and biomass data obtained from field survey were applied in an
complex ecological model to predict possible shifts in the water state. Simulations of orto-
phosphate leaching from macrophytes indicated possible shifts either to a cyanobacterial
dominated state or a floating plant dominate coverage. Both representing eutrophicated
conditions. Analysis of phytoplankton community structure within an increasing orto-P
concentration suggested a critical resilience threshold of 0.05 mg L' for a cyanobacterial

dominated state in subtropical lakes.

Palavras-chave: ciclagem de nutrientes, modelagem ecolégica, estados de qualidade da

agua.

Introducao

Lagos rasos constituem um dos tipos mais fridgeis de ecossistemas do planeta e
geralmente sdo os primeiros a perecer sob o impacto de atividades antrépicas (Barbier et al,
1997). Populagdes ribeirinhas dependem das condi¢des destes lagos e principalmente de sua
produtividade, a qual € determinada pela biodiversidade e complexidade da rede de interagdes
troficas (Jeppensen et al., 1997). Entretanto, existe um nimero incontidvel de atividades
humanas que tém causado a deterioracdo destes sistemas nas ultimas décadas (Sondergaard et

al., 2000). Dentre os possiveis tipos de deterioracdo, destacam-se os efeitos de flutuagcdes no
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nivel da dgua e eutrofizacio, os quais podem induzir um estado de 4guas claras, oligotréficas
(dominado pela vegetacdo aqudtica submersa) para um estado tirbido, eutrofizado (dominado
pelo fitoplancton) (Moss, 1990; Scheffer, 1998). Esta transformacdo na qualidade da dgua tem
sido abordada pela limnologia nas dltimas décadas, e assim como em outros ecossistemas
terrestres, a possibilidade de ambientes existirem em mais de um estado configurdvel de

equilibrio tem sido investigada (Sutherland, 1990), dando origem a teoria dos estados

alternativos estaveis (Jackson, 2003).

Os estudos com lagos rasos proveram uma oportunidade excelente de explorar e testar
a teoria de estados alternativos de qualidade da dgua, pois estes sdo, na sua maioria,
polimiticos e relativamente faceis para amostrar. No entanto, pelo fato de lagos rasos estarem
situados geralmente em terras planas adequadas a agricultura, eles tendem a ser afetados por
tal atividade (Gunerlap & Barlas, 2003). Os impactos mais comuns ocorrem em fungdo do
retorno difuso de fertilizantes ou devido a tomada da dgua para irrigagdo que pode causar o
comprometimento de fungdes ecoldgicas, tais como da vegetacdo aquética submersa e outros
organismos, decorrente da drastica deplecdo no nivel da d4gua. Uma vez que compartimentos
biolégicos dependentes do nivel da dgua no sistema sdo afetados, a ciclagem interna de
nutrientes € também alterada. Tal alteracdo pode afetar drasticamente a estrutura funcional do
corpo hidrico como a qualidade da &4gua influenciando compartimentos bidticos como
desenvolvimento do fitoplancton (cianobactérias) e estoques pesqueiros. Sob esta perspectiva,
0 objetivo deste estudo consistiu em explorar este tema emergente para a Lagoa Mangueira
(RS), um ecossistema subtropical situado ao sul do Brasil, onde foram detectados indicios da
existéncia de estados alternativos em fun¢do da presenca de densos estandes de vegetacdo
submersa. Atualmente, este sistema vem sendo investigado pelo Ministério Pablico Federal e
pesquisadores do Instituto de Pesquisas Hidrdulicass/UFRGS em parceria com IBAMA e
Associacdo de Produtores de Arroz da Lagoa Mangueira, em fung¢do da exigéncia do
licenciamento para rizicultura. Assim, procura-se chegar a um entendimento para o uso do
recurso 4dgua sem promover alteracdes ndo recuperdveis do sistema hidrico da Lagoa

Mangueira.

Para alcangar a compreensdo da dindmica da ciclagem de nutrientes e seus potenciais

impactos, promovidos pela variacdo no regime hidrico, sobre estados alternativos de
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qualidade da &dgua, este estudo se baseou em experimentos e levantamentos de varidveis
bidticas e abidticas in situ em associagdo ao uso da modelagem ecolégica como ferramenta de
gestdo. Neste contexto, a andlise do compartimento de macréfitas aquéticas ¢ fundamental
para o estudo de alteracdes na qualidade da dgua do sistema, pois € responsdvel por toda
regulacdo do metabolismo no ambiente lacustre e manutencdo da cadeia tréfica (Wetzel,
1993; Scheffer, 1998; Sondergaard et al., 2000). Sendo assim, grande parte da ciclagem

depende da producdo primdria e decomposi¢ao destas plantas.

A decomposi¢do destas plantas ocorre inicialmente através lixiviagdo de compostos
organicos que se tornam prontamente disponiveis para a massa da dgua na forma dissolvida
(Finkler Ferreira et al., 2003). Por outro lado, os restos de tecidos lignificados das plantas
aqudticas contribuem para a cadeia de detritos, disponibilizando carbono na forma
particulada, o qual conseqiientemente vem a se tornar disponivel para niveis tréficos
primérios e superiores apds o processo mais lento de degradacdo do carbono detrital e
mineralizacdo (Esteves, 1998). Portanto, assume-se que a sustentabilidade ecolégica da Lagoa
Mangueira depende em grande parte da ciclagem de nutrientes oriunda das comunidades de
macroéfitas aqudticas nela estabelecidas, em enormes quantidades de biomassa, nas
extremidades sul e norte (Motta Marques et al., 1997). Uma vez que a estabilidade e
oligotrofia da lagoa depende destes produtores primdrios, objetivou-se analisar a influéncia

deste compartimento, quando impactado, sobre a dindmica tréfica do sistema .

Considerando a drea coberta por tais plantas na Lagoa Mangueira, utilizou-se a
modelacdo ecoldgica para investigar possiveis efeitos internos da lixiviacdo de nutrientes,
oriundos da decomposi¢do da biomassa vegetal, no sentido de prever uma mudanca para um
estado eutrofizado, representado pela domindncia do fitoplancton. Assim, este artigo
apresenta o efeito trofico ascendente decorrente do aporte de nutrientes oriundos da
decomposicdo de produtores primérios, ocasionado por um possivel rebaixamento drédstico do
nivel da dgua do ecossistema. Esta aproximagdo através do uso da modelagdo ecoldgica
embasada no levantamento de dados de campo e laboratoriais demonstra a possibilidade de
juncdo de disciplinas biologicas e matemadticas visando a gestdo lagos tropicais e subtropicais.
Além disso, este estudo visa contemplar diretrizes para a exploracdo adequada e conservagdo
da qualidade da dgua da Lagoa Mangueira, e suas mdltiplas fungdes para a populagcdo do

entorno.
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Estados Alternativos Estdveis em Lagos Rasos

A teoria de estados alternativos estdveis foi inicialmente desenvolvida e alcangada
através do uso de modelos, os quais demonstraram que equilibrios alternativos podem surgir
de interacdes de processos ndo lineares (Jackson, 2003). Evidéncias de estados alternativos
estdveis foram obtidas tanto em experimentos laboratoriais com uso de mesocosmos aqudticos
constituidos por algas fitoplanctonicas e zooplancton herbivoros como Daphnia sp.
(McCauley et al., 1999) entre outros estudos com microcosmos (Chase, 1999). Porém, desde
que Connel & Sousa (1983) desafiaram ecologistas a procurar por estados alternativos
estaveis em comunidades naturais, exemplos t€m sido encontrados na dindmica de diversos
sistemas, como: sucessao de florestas (Frelich & Reich, 1999), savanas africanas (Dublin et
al., 1990), recifes de corais, desertos e estoques pesqueiros no pacifico (Hare & Mantuaa,
2000), incluindo até sistemas que tém seu clima regulado por correntes marinhas (Rahmsfort,
1997).

A existéncia dos estados alternativos em lagos estd associada a transparéncia da dgua
ou turbidez e conseqiientemente aos niveis de interagdes tréficas em cascata no sistema
(Jeppensen et al., 1997). O estado de 4gua tdrbida € decorrente da proliferacdo de algas
fitoplanctonicas e cria condi¢des desfavordveis ao estabelecimento de plantas submersas, pois
a turbidez impede a penetragdo da luz nas camadas mais profundas inibindo o crescimento das
mesmas (Van den Berg ef al., 1998). Porém, um estado claro de transparéncia da d4gua permite
o desenvolvimento e sucessdo da vegetagdo submersa (Blindow et al., 1993; Scheffer et al.,
1994). Isto favorece condigdes meso a oligotroficas, maior equilibrio entre niveis tréficos
(equitabilidade e diversidade de organismos), prevenindo a dominéncia do fitoplancton e,
portanto, promovendo a valoracdo do ambiente para fins paisagisticos e recreacionais (Van
Nes et al, 2002).

Portanto, tais conceitos possuem implicacdes muito importantes para o manejo de
lagos e reservatorios, pois possibilitam prever mudangas tréficas no sistema em resposta a
alteracdes antrdpicas ou até mesmo estressores naturais como agentes externos de larga escala
(e.g. alteracdes climaticas) (Van Nes ef al., 2003).

Os processos que podem governar lagos entre dois estados alternativos distintos
operam em uma variedade de escalas temporais e freqiiéncias. Os mecanismos hipotéticos que

conduzem a mudanga destes estados podem ser separados em agentes internos e externos.
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Quando os agentes atuantes sobre o sistema sdo externos de larga escala (e.g. clima regional
ou homogeneidade regional entre bacias hidrogréficas), a amostragem de um grande ndmero
de lagos numa mesma regido resultaria num mesmo estado para todos os lagos.
Alternativamente, se os agentes forem internos para cada lago (e.g. ciclagem de nutrientes), a

populagdo de lagos em uma érea limitada poderia existir em dois estados (Jackson, 2003).

A mudanca entre os dois estados pode ser tamponada por mecanismos intrinsicos que
previnem a mudanca mesmo que as condigdes sejam favordveis. Esta resisténcia derivada da
complexidade de interagdes tréficas expressa a resiliéncia do sistema frente a distdrbios, ou
seja, sua capacidade de amortecer impactos evitando assim que este passe a outro estado
configurdvel de equilibrio (Jeppensen er al. 1997; Scheffer,1998). A resisténcia dos
mecanismos de amortecimento depende de fatores como a liberacdo de nutrientes do
sedimento, magnitude e duracdo da entrada de cargas externas de nutrientes, taxas de
escoamento hidrdulico, tempo de residéncia, rede tréfica e sua ligagdo com ciclagem interna
de nutrientes (Scheffer et al., 1994; Jeppensen et al., 1997). Todos estes fatores possuem
implicacdes importantes para a gestdo de lagos e reservatdrios (Van Nes et al., 2003),
entretanto, dentre estes, a diminui¢do na cobertura da vegetacdo submersa exerce o maior

efeito para concentracdo de nutrientes no sistema (Blindow et al., 1993).

Na atualidade, a teoria de estados alternativos tem sido abordada através de modelos
ecoldgicos desenvolvidos por Van Nes et al. (2002). Estes modelos tém como base a
produgdo primdria de macrdéfitas aqudticas submersas e os fendmenos de retro-alimentacio
positiva decorrentes de sua interacdo com processos hidrodindmicos e organismos aqudticos
(James & Barko, 1990; Scheffer, 1994). Estes fendmenos ocorrem em funcdo do
estabelecimento e crescimento da vegetagdo submersa e auxiliam na manutencdo de dguas
relativamente claras e oligotréficas de vdrias formas: (1) reduzindo forgas hidrodinamicas e
consequentemente diminuindo a ressuspensio de sedimentos (James & Barko, 1990), o que
termina assim por abafar uma das principais fontes de fésforo para o sistema; (2) servindo de
refigio para grandes espécies zooplancton (Jeppensen et al., 1997) que predam algas
fitoplanctonicas em altas taxas (Jeppessen et al., 2005); (3) produzindo substincias
alelopdticas que reduzem ou inibem o crescimento de fitoplancton (Wium-Andersen, 1987);

(4) reduzindo a concentragdo de nutrientes disponiveis na massa da dgua a partir da producdo



Capitulo 7: Efeitos da liberacdo de nutrientes por plantas aqudticas na dindmica de estados
alternativos da comunidade fitoplanctonica em um lago raso subtropical - 128

primdria (Van Donk et al., 1993). Portanto, a presenca de vegetacdo aqudtica promove
alteracdes radicais no funcionamento de lagos rasos.

A passagem de um estado de dguas claras dominadas pela vegetacdo de macréfitas
para um estado de dguas tirbidas dominado pelo fitoplancton ocorre através de um processo
ndo-linear, caracterizado por uma inversao drastica dos estados, uma vez que o nivel critico

de eutrofizacdo do sistema € atingido (Fig.1) (Scheffer et al., 1998).
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Figural. Modelo conceitual de condi¢des alternativas como clara e tdrbida em lagos rasos.
Adaptado de Scheffer et al. (1993). O modelo original assume que acima de um nivel critico
de turbidez, as macrofitas submersas se tornariam ausentes no sistema. As linhas soélidas
representam estados estdveis alternativos. As flechas indicam o ponto de equilibrio para cada

estado apds uma perturbacio no sistema. A linha pontilhada representa a turbidez critica que
separa os dois estados alternativos.

Este fendmeno é denominado histerese e expressa a resiliéncia do ecossistema a
alteracdes ambientais. Por exemplo, uma vez que um lago tenha passado para um estado
eutrofizado de 4guas tirbidas, para retornar a condicdo inicial representada pelo dominio da
vegetacdo submersa, a concentracido de nutrientes deve ser reduzida a um nivel muito abaixo

do limiar critico em que a populacdo de macréfitas colapsou (Van Nes et al. 2002, 2003).

Materiais E Métodos
Area de Estudo

A Lagoa Mangueira € um sistema raso (profundidade maxima de 6 metros) e possui

uma 4rea aproximada de 820 km? ao longo do Oceano Atlantico no sul do Estado do Rio
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Grande do Sul (Fig 2). Este ecossistema é caracterizado como um bindmio Lagoa-Banhado, o
qual faz parte do Sistema Hidrolégico do Taim (SHT). Esta regido é representativa de
ambientes lacustres costeiros de dgua doce tipicamente complexos no que diz respeito a

biodiversidade e dindmica de interagdes tréficas (Finkler Ferreira et al., 2007).

agoa Mangueira

- . y\ L

| P
| { L |
2 _::E-\ Fronteira Brasil-Uruguai

Figura 2. Regido Hidrogréfica da Lagoa Mirim-Inser¢do do Sistema Hidrol6gico do Taim-
Lagoa Mangueira, CNPq/PELD-Sitio 7.

O alto indice de biodiversidade caracteristico de regides de baixa latitude como nos
subtropicos difere amplamente dos sistemas aquéticos de climas temperados onde a teoria dos
estados alternativos foi concebida (Sondeergard et al., 2000; Jeppensen et al., 1997). Estas
variacOes estdo presentes tanto por parte de produtores primarios e consumidores secundarios
e tercidrios que possuem hdbitos alimentares, na sua maioria, ndo restritos (onivoria) e
acabam aumentando a complexidade de interagdes tréficas, o que por sua vez torna a

biomanipulacdo destes ambientes aqudticos ainda um desafio (Jeppensen et al.,1997) .

Devido a peculiaridade climética, edafica e morfolégica da planicie costeira do Rio
Grande do Sul, as lagoas de dgua doce estdo associadas a cultura do arroz irrigado (Oriza sp.).
A cultura de Oriza sp. nesta regido € altamente tecnificada, no que tange as praticas agricolas

em si, e usa quantidades substanciais de 4gua para manter a cultura. Para o Sistema
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Hidrol6gico do Taim como um todo, o consumo de dgua na época de irrigacdo pode atingir o
valor de 100m>.s™ (Motta Marques & Villanueva, 2000), sendo que o ecossistema mais
afetado devido ao intenso bombeamento de dgua (estruturas com capacidade individual de até
11m’s") éa Lagoa Mangueira. A intensa extracdo de dgua da Lagoa Mangueira mesmo
durante o verdo, quando naturalmente o nivel da Lagoa tende a diminuir em funcdo dos
baixos indices de precipitacdo sazonal, promove a concentracdo de nutrientes na massa da

dgua (Motta Marques & Villanueva, 2000).
Experimentagdo e Levantamentos in situ

Em laboratério, foram realizados experimentos para verificar a lixiviagdo de nutrientes
da biomassa de plantas aqudticas submersas. Este processo ocorre nos primeiros dias de
decomposicdo da biomassa em fung¢@o da lise celular, liberando para dgua nutrientes soltveis.
Para esta andlise foi considerada entio a decomposi¢cdo inicial de macrdfitas aqudticas
coletadas na Lagoa Mangueira e subseqiiente lixiviacdo de nutrientes. Através da incubacio
da biomassa vegetal (~10g peso fresco) em garrafas ambar, a 20°C e com 432mL de dgua
pura (tipo 1), obtiveram-se amostras da 4gua para quantifica¢do da lixiviacdo apds cinco dias.
Para cada amostra foram quantificados concentracdes de fosforo total, orto-fosfato (orto-P)
solivel, nitrogé€nio total, amonia e silica de acordo com Mackereth et al.(1989). Estas andlises
permitiram estimar a lixiviagdo de nutrientes relacionada a quantidade de biomassa vegetal

através do ajuste de equagdes de regressdo entre estas varidveis.

Com base na relacdo biomassa vegetal versus concentra¢do de nutrientes encontrada
na dgua da amostra, pdde-se estimar a lixiviacdo de nutrientes relativa a drea coberta por
macrdfitas submersas na Lagoa Mangueira. Para tanto, a biomassa existente na drea coberta
por plantas foi interpolada para determinar a biomassa média por m?, sendo esta convertida

para nutrientes lixiviados para a massa da dgua por ajuste de regressao.

In situ, a avaliacdo da cobertura e biomassa foi realizada através de grades com pontos
amostrais aleatoriamente distribuidos em dreas litordneas e peldgicas. Em cada ponto
amostral, a cobertura de plantas submersas foi estimada pelo método de PVI (Porcentagem de
volume infestado), o qual é dado por uma amostragem visual de classes de cobertura ( 1, 1-5;

6-15; 16-25; 26-50; 51-75; 76-100%) e medida de comprimento de cada planta.
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Concomitantemente, a biomassa de plantas foi pesada e depois seu peso fresco convertido a

peso seco.
Modelagem Ecologica da Ciclagem de Nutrientes e Estados Alternativos

A modelagem ecolégica dos efeitos da lixiviacdo de nutrientes sobre estados
alternativos de qualidade da 4dgua da Lagoa Mangueira foi realizada através de um modelo
computacional, IPH-ECO (Fragoso et al., 2007) voltado especialmente para entendimento dos
processos fisicos, quimicos e bioldgicos de corpos d’4gua rasos e profundos, tais como, lagos,
reservatorios e estudrios de uma maneira integradora. Este modelo possui um mddulo
hidrodindmico acoplado com médulos de qualidade da dgua e biolégico, com a finalidade de
auxiliar o entendimento comportamental de um determinado ecossistema aqudtico.
Matematicamente, o modelo é composto por um grande nimero de equacdes diferenciais
acopladas a varidveis de estado. Fatores ambientais, tais como, luz, temperatura, radiacio
solar, vento, precipitacdo e evaporacdo também podem ser levados em consideracdo no
modelo. Especifica¢des detalhadas do modelo estdo contidas em Fragoso Jr. et al., (2007).

Para as simulacdes realizadas neste estudo ndo foram utilizados todos os médulos
bidticos disponiveis pelo software, apenas os modulos de qualidade da dgua, fitoplancton e
macrdfitas aqudticas. Processos biogequimicos e abidticos inerentes ao ecossistema aqudtico
estiveram efetivos durante todas as simulacdes. Os componentes na dgua sdo sujeitos a
processos de transporte por adveccdo e difusdo. O mddulo de fitoplancton descreve o
crescimento e perdas de trés grupos funcionais (i.e. cianobactérias, diatomdceas e cloroficeas).
Foi assumida uma razao constante entre clorofila-a e peso seco de fitoplancton de acordo com
Janse (2005). A producdo depende da taxa de crescimento, temperatura, luz e nutrientes (para
diatomdceas a silica é outro fator). Os processos de perda por manutencido da respiragdo e
mortalidade sdo descritos como processos de primeira ordem dependentes da temperatura. As
macroéfitas aquaticas foram simuladas divididas em trés grupos (e.g. submersas, emergentes e
flutuantes). A produgdo de biomassa, respiracdo e excrecao sdo modeladas semelhantemente
ao fitoplancton. A presencga de vegetacdo submersa produz impactos em alguns componentes
do sistema, tais como, atenuagao da ressuspensio, e, portanto exerce uma influéncia positiva
na transparéncia da dgua.

No que tange a simulagdo da lixiviacdo de nutrientes, foi considerado apenas o

incremento na concentracdo de orto-fosfato soldvel (PO4”) oriundo da decomposicdo da



Capitulo 7: Efeitos da liberacdo de nutrientes por plantas aqudticas na dindmica de estados
alternativos da comunidade fitoplanctonica em um lago raso subtropical - 132

biomassa de trés espécies de macréfitas predominates no sistema (Potamogeton illinoensis,
Egeria densa e Cabomba carolineana). Para avaliar o efeito do orto-fosfato sobre o
crescimento do fitoplancton e possiveis estados alternativos foram simuladas diferentes
concentracdes deste nutriente dentro do espectro de valores observados experimentalmente

referentes a lixiviagdo média de PO, por 1g (peso seco) de biomassa vegetal.

Resultados

Com base nas andlises experimentais da relacdo entre lixiviagdo de orto-P e biomassa
vegetal obtidas com as trés espécies de macrodfitas incubadas foi estabelecido a seguinte

equacdo de regressao (3.1).

Orto-P (mg/L) = 0,0345* biomassa vegetal (mg peso seco) (3.1)
(p<0.05; R?=0.958)

Posteriormente, esta relag@o foi atribuida a estimativa de biomassa vegetal existente na
drea amostrada ao sul da Lagoa Mangueira. A drea coberta por macrdéfitas nesta regido estd
apresentada segundo o indice de PVI (porcentagem de volume infestado). A maior
porcentagem de cobertura foi encontrada nas regides mais rasas e litoraneas (Fig 3.b). Estas
regides com densa cobertura estdo de acordo com o gradiente de profundidade da area (Fig

3.c) ao sul da Lagoa (Fig 3.a).
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Figura 3. (a) Lagoa Mangueira, em destaque a extremidade sul do sistema; (b) Valores de
cobertura (PVI) interpolados (c¢) Gradiente de profundidade.

A partir da biomassa média por m?, estimou-se a lixiviacdo de orto-P referente 1g de
biomassa (peso seco). Em fun¢do da variagdo de biomassa dentro da drea amostrada foi
estimada uma variacio na lixiviagio da ordem de 20-60 mg orto P m™. Essa variacdo foi
implementada nas simulacdes e com isso se verificou o efeito de diferentes concentragdes
deste nutriente sobre a cadeia tréfica.

As simulacdes ecoldgicas para estados alternativos foram realizadas considerando a
possibilidade de dois cendrios. O primeiro cendrio considera o efeito do aporte crescente de

orto-P e sua assimilacdo através da producdo primdria pelo fitoplancton. Portanto, neste
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cendrio, o sistema ndo teria mais a presenca de vegetacdo submersa nem a possibilidade de
assimilacdo destes nutrientes por outros grupos de macrdfitas. Sendo determinado o
florescimento do fitoplancton sem competi¢do pelo recurso. Com o incremento de orto-P na
ordem de 0.01 a 0.5 mg L'l, no sistema, evidenciaram-se alteragdes na estrutura da comuniade
fitoplanctonica representada por trés classes principais: diatomdcea, cloroficeas e
cianobactérias (Fig 4 a). No inicio da simulagd@o, ja é possivel observar o decaimento da
biomassa e desaparecimento da classe de cloroficeas, seguida por diatomdaceas no decorrer da
simulacdo. Com o continuado incremento de orto-P e mortalidade destas classes de algas,
ocorre o aumento substancial de cianobactérias, as quais dominam a coluna da &gua,
aumentando conseqiientemente o coeficiente de atenuacdo da luz (Kd). Este coeficiente
representa a penetracdo de luz na coluna da dgua e valores acima da ordem de 4 ja sdo

considerados altos e, portanto representativos de dguas tirbidas (Scheffer, 1998).
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Figura 4. (a) Simulagd@o do crescimento do fitoplancton e seu efeito sobre o Kd em fun¢do do
incremento de orto-P oriundo da biomassa vegetal submersa: evidéncia de estado alternativo
eutrofizado-tirbido dominado por cianobactérias; (b) Espectro dos possiveis valores de
biomassa do fitoplancton ao longo do gradiente de orto-P.

A domindncia de cianobactérias e aumento do Kd em funcdo da biomassa destas algas
constituiriam um estado alternativo tirbido (eutrofizado) para o sistema, no qual uma série de
interacdes tréficas viriam a sucumbir uma vez que a diversidade de produtores primadrios seria
alterada. Isto levaria presumivelmente a uma diminuicdo na produgdo pesqueira.

O espectro de possiveis valores de produgdo do fitoplancton em fungdo do aporte de
orto-P (Fig. 4.b) mostra que incrementos acima de 0.025 mg L' j& sdo suficientes para
prejudicar a classe de diatoméaceas, sendo que a classe de cloroficeas € ainda mais suscestivel,

decaindo com valores acima de 0.01 mg L™
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Dentro da variacdo 0.01-0.05 mg L, diferentes valores de biomassa podem ser
encontrados para as classes de diatomdceas e cianobactérias. Entretanto, acima deste valor, ha
somente a proliferacdo de cianobactérias. Isto sugere que o limiar critico para inversdo do
sistema a um estado tirbido seja acima deste intervalo.

Como estes resultados refletem simulagdes matemadticas, existe a necessidade de
comparar valores de biomassa simulados com os observados in sifu. Na Lagoa Mangueira, a
concentracdo média anual de clorofila-a (representativa da concentragdo total de fitoplancton)
varia entre aproximadamente 9.0 e 14.5 mg m™ (Fragoso et al., 2008). Os valores de clorofila-
a no inicio da simulac¢do estdo na mesma ordem de grandeza dos valores registrados in situ.
Porém, apds a liberacdo de orto-P, a variagdo anual de clorofila-a aumenta substancialmente
para 30-165 mg m>, equivalente (apds conversdo) a 0 -11 mg peso seco L' (Fig. 4.a). Sendo
assim, os resultados simulados demonstram que a concentra¢do de fitoplancton na Lagoa
certamente excederia bastante as variagdes anuais de clorofila-a observadas no ecossistema.

Num segundo cendrio, considerando as mesmas condicdes de contorno do primeiro
cendrio, foram incluidos os grupos de macrdéfitas aqudticas. A resultante da simulagdo, neste
caso, em funcdo do aumento na concentracdo de orto-P, foi a dominancia de macréfitas
aquaticas flutuantes, alcancando aproximadamente 500 mg.L'1 (Fig. 5a).

Este tipo de planta, por criar uma densa cobertura na superficie da coluna da &4gua,
impede a passagem total de luz, portanto os valores de Kd sdo ainda mais altos. O estado
alternativo dominado por este tipo de vegetacdo também € deletério ao sistema, causando o
comprometimento dos usos multiplos da 4gua. Isto sugere que no caso de um sistema
fechado, pequenos incrementos de orto-P sdo capazes de alterar a estruturacdo do sistema, e
desta forma a dindmica de interacdes troficas. Pois, uma vez que esta camada de plantas
flutuantes inibe a passagem da luz, a producdo primdria na coluna da &4gua decai
acentuadamente prejudicando a respiracdo dos organismos aqudticos. Avaliando a biomassa
de flutuantes e fitoplancton ao longo do gradiente de concentragdes de orto-P (Fig. 5.b), é
visivel o predominio da biomassa das plantas frente ao decaimento abrupto do fitoplancton.
Neste sentido, assume-se a forte competicdo entre estes compartimentos por recursos,

impossibilitando a ocorréncia de ambos grupos no mesmo habitat.
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Figura 5. (a) Simula¢do do biomassa de macréfitas aqudticas de acordo com o incremento de
orto-P no sistema: estado alternativo eutrofizado por macrdfitas flutuantes; (b) Espectro dos
possiveis valores de biomassa de macrdfitas flutuantes e fitoplancton ao longo do gradiente
crescente de orto-P: evidéncia de competi¢do e dominincia de macréfitas.

Discussao

Foi evidenciado que uma alteracio na ciclagem interna de nutrientes da Lagoa
Mangueira, decorrente da decomposicdo da vegetacdo submersa ocasionada por um
rebaixamento drdstico no nivel do sistema, pode induzir o sistema a dois estados alternativos
distintos. Um deles seria a eutrofizacgdo resultante da prolifera¢do do fitoplancton, tendo como
estdgio final o dominio total por cianobactérias e, conseqiientemente um estado de turbidez. O
outro estado seria a dominancia exercida por macréfitas flutuantes, as quais tenderiam a afetar

a estrutura tréfica e qualidade da dgua do sistema, uma vez que sdo capazes de impedir
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qualquer penetracdo de luz, podendo causar grandes mortalidades de peixes. Portanto, ambos
estados induzidos pelo aumento de orto-P implicariam comprometimento das fungdes
ecoldgicas. Entretanto, a dominancia de determinados compartimentos biolégicos €, via de
regra, dependente de varidveis abidticas de contorno no sistema, as quais devem ser

consideradas no intuito de prever reais altera¢cdes no ambiente.

No caso da Lagoa Mangueira, condi¢des de vento devem ser consideradas em
proximas simulagdes, pois s@o essenciais para hidrodindmica e determinantes para a
estruturacdo das comunidades de produtores primdrios (Fragoso Jr. 2005). A discretizagdo
espacial associada ao conhecimento da dindmica de fatores abidticos condicionantes do
sistema € importante para o a avaliacdo do transporte da biomassa seja de fitoplancton ou
plantas flutuantes. Por causa do regime severo de ventos da Lagoa, existe uma grande
restricdo ao estabelecimento de plantas flutuantes, as quais no caso, no inicio de proliferacdo
seriam certamente arrastadas para uma das extremidades da lagoa em fun¢do da orientagdo
SO-NE dos ventos predominantes (Motta Marques, com. pessoal). O estado alternativo
representado pela presenca de macrofitas flutuantes seria apenas passivel de ocorréncia sob a
auséncia de ventos em ambientes leénticos relativamente estagnados. Portanto, a hipdtese de
floracdes de cianobactérias seria mais plausivel de ocorréncia, embora ventos também sejam

prejudiciais a estabilizacdo de suas populagdes (Moss, 1990).

Considerando as limitacdes das simulagdes preliminares, visa-se a incorporagdo dos
condicionantes de larga escala, tais como regime de ventos e hidrodindmica para o melhor
entendimento da distribuicdo das comunidades bioldgicas no sistema e possiveis alteragdes
das mesmas em funcdo da atuagdo destes agentes. Além disso, a ciclagem interna de
nutrientes também € regida pelo fator vento, capaz de ressuspender particulas e com elas o
fosforo reativo ao sistema. Porém, no caso de estabelecimento de plantas aqudticas submersas
ou emergentes, hd uma reducio potencial das taxas de ressuspensdo de particulas (James &
Barko, 1999). Estas comunidades atuam como tampdes, aumentando a resiliéncia do sistema
contra inversdes drésticas pela a¢do de ventos e eutrofizacdo (Scheffer, 1994). Porém uma vez
que estes compartimentos sdo atingidos, como pela deplecdo no nivel da dgua, o ambiente se
torna mais suscetivel a alteracdes na qualidade da dgua (Van Nes et al, 1999, 2002). Assim, o

conhecimento global das funcdes e distribuicdo espacial de produtores primdrios dentro do
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corpo aqudtico sdo importantes para a previsdo dos efeitos de forcas externas e internas

atuantes.

Apesar de preliminar, as simulagdes sugerem um limiar critico para inversdo de
estados em torno de 0.05 (mg L") de orto-P. Este nutriente é geralmente o principal limitante
para floracdes de cianobactérias, sendo o responsdvel por processos acelerados de
eutrofizacdo (Sondergaard et al., 2000). No entanto, assume-se que o nivel critico de
resiliéncia em lagos rasos subtropicais tende a ser maior do que lagos temperados, uma vez
que a complexidade de interacdes troficas é maior (Jeppesen, et al., 2005) e o crescimento e
efeito positivo da vegetacdo aqudtica € continuo durante todo o ano, diferentemente de
ambientes temperados (Finkler Ferreira et al., 2007). Como os valores criticos de mudanca do
sistema foram obtidos através de uma simulagcdo computacional, experimentos sob condigdes
controladas sdo necessdrios e estdo previstos para a parametrizagdo do modelo e confirmagdo
dos limiares de resili€éncia estimados para lagos subtropicais.

Estudos similares utilizando a modelagem ecoldgica de compartimentos bioldgicos
para predicdo de qualidade da dgua s@o ainda incipientes também para ecossistemas
temperados. Isto ocorre porque cada ecossistema necessita de calibragcdes e parametrizagdes
especificas em fun¢do da sua diversidade e complexidade de interagdes tréficas. E, a obtencdo
de um banco de dados consistente para parametrizacdo demanda estudos de longa durag@o.
Apenas, recentemente, modelos ecoldgicos complexos vém sendo parametrizados para
previsdo de mudanga de estados alternativos em ecossistemas temperados (Fragoso Jr. et al.,
submetido). Porém, a calibracio de modelos nestes ambientes ¢ facilitada em funcdo do
monitoramento limnoldgico de séries historicas extensas (> 30 anos), o que torna plausivel

comparar efetivamente varidveis bioquimicas simuladas e observadas.

Em resumo, este estudo demonstrou que em ecossistemas aquéticos subtropicais
submetidos a carga de nutrientes estdo sujeitos a uma troca de estado caso o distirbio
ultrapasse um limiar critico (como visto também em ecossistemas temperados). Em futuros
estudos, pretende-se intensificar as simulacdes ecoldgicas e estender nosso banco de
informagdes para ecossistemas subtropicais com a finalidade de aperfeigoar a predicdo deste

modelo ecoldgico.
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Capitulo 8

Consideracoes Finais

Com base nas informacdes obtidas nos capitulos constituintes desta Tese, foi
possivel alcancar um entedimento sobre o papel das macréfitas aquéticas submersas em
lagos rasos subtropicais quanto a sua importincia para a (i) qualidade da 4gua (ii)
estruturacdo da comunidade fitoplanctonica (iii) estabilidade do estado alternativo de
dguas claras (iv) decomposicdo e ciclagem de nutrientes (v) conservacgdo e restauragao.
Somente através da unido de disciplinas como limnologia, ecologia aplicada e
modelagem-matemadtica essas questdes puderam ser elucidadas. Para tanto, o trabalho
contou uma série de abordagens, como levantamentos de campo, etapas experimentais e
uso de modelos ecolégicos para avaliar a influéncia de macréfitas sobre a dindmica do

ecossistema de estudo, a Lagoa Mangueira (RS).

A partir do levantamento de campo na Lagoa Mangueira foram descobertos os
efeitos da vegetagdo submersa sobre a regulacdo biogeoquimica do meio aqudtico e
comunidade fitoplanctonica. Estas observagdes reforcaram a expectativa de investigar
interagcdes como alelopatia e competi¢ao por fosforo em escala experimental. Da mesma
forma, surgiu a necessidade de investigar o possivel efeito inverso das plantas no
ambiente, no caso de haver um colapso da vegetacdo submersa em fungdo de impactos
antropogénicos, como uma deple¢do dréstica do nivel da dgua na Lagoa Mangueira para
irrigacdo da rizicultura. Para isto, tornou-se necessdrio quantificar as taxas da lixiviagao
de compostos das principais espécies de macrdfitas do sistema durante sua
decomposicdo visando parametrizar um modelo que representasse a cinética de
liberag@o de nutrientes e carbono para a massa da dgua do tecido vegetal. Esta etapa de
parametrizacdo possibilitou levar a cabo estudos de modelagem ecoldgica com uma
maior aproximacdo da realidade. Com base nos modelos ecoldgicos utilizados, os quais
consideram o efeito positivo de macréfitas submersas sobre a qualidade da dgua, foram
simulados cendrios hipotéticos estimando o potencial das plantas para a estabilidade de
do estado de 4dguas claras em lagos rasos subtropicais comparativamente a lagos
temperados. E, por fim, visando gerar subsidios para uma gestdo do uso de recurso
hidrico da Lagoa Mangueira, foram obtidos insights sobre o crescimento do fitoplancton
em funcdo do colpaso da vegetacdo submersa e possibilidade de deriva de estados

alternativos. Para concluir, esses topicos sdo analisados de forma integrada a seguir.
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Efeitos de retro-alimentacio positiva e relacio antagonica com o fitoplancton:

conceitos para restauracio e conservacao de lagos rasos subtropicais

A dnalise de campo, em conjunto com experimentos em laboratério, permitiu
concluir que as macréfitas submersas nativas estudadas exercem mecanismos de retro-
alimentacdo positiva, os quais influenciam caracteristicas fisico-quimicas da dgua
afetando também a estrutura da comunidade fitoplanctonica. Através de mecanismos
como alelopatia e competicio por nutrientes, comprovados experimentalmente, as
macroéfitas sdo capazes de inibir direta e indiretamente o crescimento excessivo do

fitoplancton, principalmente de cianobactérias.

A grande producdo de dcidos himicos, seja pela excre¢cdo ou decomposi¢do, é
um fator determinante para a estuturacdo da comunidade fitoplanctonica (Steinberg et
al., 2007). Acidos himicos contém uma diversidade de compostos, incluindo polifendis
potencialmente alelopdticos que sdo secretados pelas macréfitas ou originados da
decomposicdo de seu tecido (Hilt et al., 2006; Sun et al., 2005; Sun et al., 2006). Ha
trabalhos que citam a suscetibilidade de cianobactérias a dcidos himicos devido a sua
simples estrutura celular comparada a cloroficeas, mais adaptadas a se desenvolver sob
tais condi¢des (Prokhotskaya & Steinberg, 2007). Outro suposto efeito dos dcidos
himicos para inibir o crescimento do fitoplancton seria de forma indireta, em funcdo da
sua capacidade de complexacdo com a enzima fosfatase alcalina. Esta enzima € liberada
por certas espécies de fitoplancton para hidrolizar o fésforo orginico dissolvido no meio
aquatico (Stewert & Wetzel, 1982b). A complexacdo ocorre tanto com enzimas livres na
dgua como com aquelas atachadas a superficie das algas. Devido a inativacdo da enzima
pela complexacdo com o dcido himico, a alga sofre limitacdo de fosforo e
conseqiientemente é induzida a gastar energia para sintetizar mais enzimas (Wetzel,
1992). Além disso, fatores fisicos como absor¢@o da luz pela presenca elevada de dcidos
himicos e estagnacdo da 4dgua, em funcdo da densa vegetacdo submersa, criam um
ambiente altamente seletivo. Em 4dreas com vegetacdo submersa, sdo selecionados
grupos funcionais de fitoplacton adaptados a estas condi¢des, sendo basicamente
representados por espécies de diatomdceas metafiticas litoraneas e flagelados
unicelulares, estrategistas C-R, capazes de migrar buscando melhores condicdes de luz e
nutrientes, evitando a sedimentacdo (Padisdk er al., 2009). Outras pequenas espécies de
diatomaceas, cloroficeas, crisoficeas e cianobactérias sdo também encontradas. Estudos
anteriores reforcam a preferéncia de flagelados (Cryptomonas sp. € Rhodomonas sp.) e

baixa contribuicdo de cianobactérias e cloroficeas em dreas com vegetacdo submersa



Parte V: Conclusoes -146

(van den Berg et al., 1998). Por outro lado, na zona peldgica da Lagoa Mangueira,
espécies com maior propor¢do drea/volume (K, S-estrategistas), como grandes
cianobactérias e cloroficeas foram responsdveis pelos maiores valores de biomassa e

clorofila-a observados em comparac¢io com a drea vegetada.

Os testes experimentais para investigar o mecanismo de alelopatia revelaram
quais espécies sdo potencialmente alelopdticas ou competidoras por nutrientes. As
macréfitas Myriophyllum spicatum e Cabomba caroliniana demonstram capacidade
para reduzir diretamente o crescimento de cianobactérias por contato. Por outro lado,
espécies como Ceratophyllum demersum e Egeria densa exerceram alta capaciade de
absorcdo de PO, da 4gua. Desta forma, o manejo dessas macroéfitas em ambientes
eutrofizados pode ser conduzido de forma alternada. Enquanto as espécies alelopéticas
sdo introduzidas no sistema para reduzir diretamente a densidade de cianobactérias, as
seqiiestradoras de fésforo podem ser aplicadas, posteriormente, para reduzir a
concentracdo de nutrientes disponiveis na massa da 4gua, estabilizando condigdes
oligotréficas, mesmo tendo em vista futuros inluxos de fésforo no sistema. Esta forma
de manejo possibilitaria uma aproximacio a condicdes reais em lagos naturais, onde
estandes monoespecificos coexistem de forma aglomerada na mesma dera, como na
Lagoa Mangueira. Pelo fato das plantas se desenvolverem em conjunto com grande
quantidade de biomassa, € natural que os mecanismos de inibi¢do sejam amplificados,

aumentando ainda mais o efeito contra a dominancia de cianobactérias.

Conforme os resultados obtidos com a modelagem ecolégica (Modelo Charisma
2.0, Van nes et al., 2003), os efeitos de retro-alimentacdo positiva sobre a transparéncia
da 4gua tende a ser maior em ecossistemas de baixa latitude, onde o crescimento da
vegetacdo € continuo ao longo do ano. Em lagos temperados com presenca de vegetagio
submersa, a sazonalidade acentuada provoca um ciclo de crescimento que se caracteriza
pela senescéncia e morte da vegetacdo, no outono/inverno, devido as baixas
temperaturas. Em funcdo disto, lagos temperados relativamente eutrofizados tendem a
apresentar floracdes no inicio da primavera, pois como as plantas necessitam rebrotar,
elas ndo conseguem competir com o fitoplancton (Van Nes et al., 2002). Havendo
disponibilidade de nutrientes, o sistema é dominado pelas algas caracterizando o estado
de dguas turvas (Scheffer et al., 1998). Eventualmente, este quadro pode ser revertido
apés o crescimento da vegetacdo, se as condicdes ndo forem demasiadamente
eutroficas. Assim, € comum verificar-se dois estados alternativos dentro de um ciclo

anual (Van nes et al., 2003). Por outro lado, em ambientes subtropicais e tropicais, as
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plantas crescem continuamente e, consequentemente, o estado de dguas claras tende a
perpetuar, a ndo ser que ocorram alteragdes, e.g., deple¢do no nivel da dgua, mudangas
climéticas e, principalmente, aportes excessivos de nutrientes. Se a ocorréncia destas
alteracdes execeder ferquentemente a resisténcia do estado de dguas claras, a resiliéncia

€ diminuida e o sistema pode sofrer uma inversao de estados (Scheffer et al., 2001).

O alto indice de biodiversidade caracteristico de regides de baixa latitude, como
no caso da Lagoa Mangueira, difere amplamente dos sistemas aqudticos de climas
temperados onde foi concebida a maioria das teorias atuais em limnologia, como a
teoria de estados alternativos (Moss, 1990; Sondeergard et al., 2000; Angeler et al.,
2003; Jeppesen et al., 1997). Sendo assim, embora estes conceitos tenham
reconhecimento em lagos temperados, foram pouco explorados em ambientes
subtropicais e tropicais (Mazzeo et al., 2003; Meerhoff et al., 2006). As diferencas entre
estes dois tipos de ambientes, além da riqueza e ciclo de vida de macréfitas, reside
também na diversidade de nichos dos organismos aquéticos. Por exemplo,
consumidores secundarios e tercidrios possuem habitos alimentares, na sua maioria, nao
restritos (onivoria) e acabam aumentando a complexidade de interagGes tréficas. Além
de tornar o entendimento dos processos de interagdes mais dificil (Jeppesen et al.,1997),
isto dificulta também qualquer possibilidade de biomanipulacdo para se obter um estado
de 4guas claras. Além disso, o controle de algas por grandes espécies de zooplancton
(Daphnia sp.) ndo é representativo, pois hd uma relativa auséncia destes organismos em
ambientes tropicais e subtropicais (Meerhof et al., 2006). Tampouco hd uma relagdo
significativa entre o zooplancton e sua predacdo por peixes, em fungdo da onivoria. Isto
consitui outro fator restritivo ao emprego de técnicas de controle de algas por
mecanismos de fop- down (Jeppensen et al., 2007), isto é, alterando a comunidade de
peixes para se obter, através de um efeito em cascata, reducdo na densidade de algas.
Portanto, o fato de comprovar a influéncia de macroéfitas sobre o pool de nutrientes,
disponibilidade de luz, e relagdo antagbénica com o fitoplancton, especialmente com
cianobactérias, demonstra que o manejo de macréfitas € uma alternativa mais vidvel
para estabilizar e alcangar um estado de dguas claras em lagos subtropicais e tropicais.
Além disso, a confirmacdo dos efeitos de retro-alimentagdo positiva por parte das
macréfitas € um indicio de que estados alternativos podem ocorrer também em

ecossistemas de baixa latitute.

Gestao da Lagoa Mangueira
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A partir dos levantamentos de campo na Lagoa Mangueira, concluiu-se que as
macréfitas submersas se estabelecem em fun¢do de um gradiente de profundidade e,
principalmente, em funcdo da velocidade da 4gua. A Lagoa Mangueira originou-se a
partir do dltimo evento de transgressdo-regressdo, ocorrido hd 5.000 anos e, portanto,
sua litiologia consite basicamente de areia e restos calcarios de conchas. Como a
velocidade da 4gua determina também o padrao de tranporte de sedimentos, formam-se
bancos de areia ao longo da costa que acabam gerando pontais, recortes e zonas rasas.
Estas deras facilitam o estabelecimento de macrdfitas emergentes, que por sua vez,
atenuam a velocidade da dgua, permitindo o estabelecimento da vegetacdo submersa. Os
estandes de macréfitas emergentes, compostos principalmente por Scirpus californicus e
Zizaniopsis bonariensis, possuem a capacidade de atenuar em até 70 % os ventos
predominates da regido (Paz et al., 2005), criando de fato um local abrigado, com dguas
relativamente estagnadas. Somente assim, as macréfitas susbmersas conseguem se
estabelecer, uma vez que a composicdo de seu tecido extramente 14bil, para facilitar a
troca gasosa, € muito menos resistente comparado as emergentes, que sio compostas
basimente por fibras e grandes lacunas de tecido aerenquimatoso (Finkler Ferreira,
2005). Da mesma forma, a estrutura de ancoragem de submersas também tende a ser
muito mais fragil do que a das emergentes, as quais conseguem se estabelecer mesmo
sob intensa forca de cisalhamento. Por outro lado, apds o estabelecimento de um banco
de vegetacdo submersa, sua propria biomassa reforca a atenuacio das ondas e correntes.
Isto sugere outro efeito de retro-alimentacdo positiva necessdrio para sua distribui¢do

dentro do corpo hidrico.

A Lagoa Mangueira possui dguas com condi¢des oligo a mesotréficas e se
localiza numa regido subtropical, cuja variacdo térmica é mais t€nue do que em
ambientes temperados. Estas variacOes climdticas afetam relativamente pouco a
produg@o primdria durante o inverno e verdao. Ha apenas um leve aumento na producio
do fitoplancton no verdo, deixando as 4guas peldgicas relativamente mais tdirbidas
(Fragoso et al., 2009). No entanto, ao longo das campanhas de campo, observou-se que
as dreas ocupadas por vegetacdo de macréfitas submersas apresentam dguas com
baixissima clorofila-a ao longo de todo ano, sugerindo a influéncia positiva sobre a

qualidade da 4gua.
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Embora as macréfitas submersas tenham a capacidade de aumentar a
transparéncia da dgua através de seus diversos mecanismos de retro-laimentacdo
positiva, estas plantas podem também prover grandes quantidades de nutrientes e
carbono para a coluna da dgua através da decomposicio de sua biomassa. A
decomposicao de restos de tecidos lignificados de macréfitas aqudticas contribui para a
cadeia de detritos, disponibilizando carbono na forma particulada de forma lenta para
niveis tréficos primdrios e superiores (Wetzel, 1993). Porém, conforme visto
experimentalmente, durante a primeira fase de decomposicdo ocorre a lixiviagdo de
grandes quantidades de compostos orginicos que se tornam prontamente disponiveis
para a massa da dgua na forma dissolvida. A lixivia¢do destes compostos foi maior apds
cinco dias de incubacdo, ou seja, em funcdo da lise celular durante a sensescéncia,
seguindo uma fun¢do sigmoidal. Esta fragdo dissolvida € resposdvel pela maior parte do
seston presente na Lagoa Mangueira (Schutz & Motta Marques, 2004). Assim, assume-
se que o metabolismo da Lagoa depende em boa parte da ciclagem de nutrientes oriunda
das comunidades de macroéfitas aquaticas. Em lagos rasos com dominancia de vegetacao
submersa em zonas litordneas, como a Lagoa Mangueira, é reconhecido que este
compartimento exerce enorme influéncia sobre o metabolismo de 4guas peldgicas
(Wetzel, 1992). Portanto, alteragcdes no nivel da dgua exacerbadas tanto por uso do
recurso (retirada da dgual/estressor antropico) como condi¢des extremas de clima
(estressor natural) podem efetivamente afetar o compartimento de plantas aquaticas
causando alteragdes sobre a estrutura tréfica do corpo hidrico (Sondergaard et al., 2000)
afetando, em dultima instincia, estoques pesqueiros. A probabilidade de estressores
climéaticos provocarem danos neste sentido estaria vinculada a um evento de seca
associado ao uso da dgua para rizcultura. Portanto, o impacto mais provavel é de fato a
deplecdo no nivel da dgua no sistema.

Com base na aplicacdo da modelagem ecoldgica na Lagoa Mangueira, foram
vislumbrados cendrios de eutrofizacdo, em fun¢do do colapso da vegetacdo submersa,
devido a tomada da dgua do sistema para rizicultura. Como as macréfitas submersas se
encontram nas dreas mais rasas, elas seriam certamente afetadas pela redu¢@o do nivel
da dgua. Os resultados desta modelagem indicaram uma diminui¢do da transparéncia da
dgua e inversdo de estados, em funcio da concentragdo de orto-P no sistema, decorrente
da lixiviagdo das macrofitas em decomposi¢do. Considerando a composi¢do de grupos
funcionais do fitoplancton, ao longo de um gradiente crescente de orto-P na Lagoa

Mangueira, as simulacdes sugeriram um limiar critico para a floragdo de cianoabctérias
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em torno de 0.05 mg L. A partir deste limiar o sistema poderia passar para um estado
dominado por cianobactérias. Embora essas respostas tenham sido obtidas apds a
calibragdo prévia do modelo para a dera de estudo, os resultados servem apenas para
especular cendrios visando a gestdo do ecossistema. Portanto, vale salientar a
importancia de aliar a modelagem ecoldgica ao levantamento de dados de campo e
laboratoriais para verificar a real possibilidade de ocorréncia de cendrios simulados.
Linhas de pesquisa neste sentido sdo inovadoras, pois sdo o resultado da jungdo de
disciplinas bioldgicas e matemdticas em prol do entendimento global de um
ecossistema. Somente desta forma, torna-se exeqiiivel gerar elementos para uma gestao
abrangente de usos da dgua e conservacao de lagos, como no caso da Lagoa Mangueira.

No contexto de grande escala, o Sistema Hidrolégico do Taim.
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