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Viver é enfrentar desafios.

Quem nunca enfrentou desafios, apenas passou pela vida, néo viveu.

Sim, todo mundo quer uma vida tranquila e estavel, mas ndo se consegue isso sem luta, esforco
e muita coragem.

E ninguém quer uma vida mediocre, sem sal nem agucar. Definitivamente, isso ndo é coisa que
engradece a alma. Mas se quiseres seguir adiante com gloria, tenha ciéncia de que as vezes é
necessario mudar a estratégia do jogo radicalmente.

Vocé podera perder muitas pecas e muitas batalhas no caminho. E ndo importa o quanto vocé
sofra, o0 quanto vocé apanhe. Vocé precisa reunir suas forgas e seguir em frente.

Mesmo que tudo pareca perdido, ndo esqueca: na vida, assim como num jogo de Xadrez,
enquanto vocé estiver de pe e lutando, nada estara perdido. Basta que vocé mantenha o Espirito
e siga em frente.

Augusto Branco

“Vocé pode medir um lider pelo tamanho dos desafios que ele assume. Ele sempre procura algo
do proprio tamanho.”

John C. Maxwell
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RESuUMO

A presente tese avaliou os efeitos de dois distarbios de larga escala sobre estrutura das assembleias
de macrdfitas aquaticas em distintos ecossistemas neotropicais: uma grande deplecdo do nivel da
agua no reservatorio de Itaipu (Brasil/Paraguai) e os pulsos de cheia e seca na planicie do Alto Rio
Parana. O primeiro capitulo da tese avaliou o impacto imediato e de médio prazo da deplecéo no
nivel hidrométrico sobre os padr8es de co-ocorréncia das espécies e a estrutura espago-temporal
da assembleia de macrdéfitas aquéaticas em cinco bragos do reservatério de Itaipu. O segundo e
terceiro capitulos analisaram os padrdes de diversidade beta e a contribuicdo relativa dos seus
diferentes componentes (substituicdo de espécies e aninhamento) para a estruturacdo das
assembleias no reservatorio de Itaipu e na planicie de inundacdo do Alto Rio Parand,
respectivamente. Diferentemente do esperado, a assembleia de macréfitas do reservatério de Itaipu
revelou um padrdo de organizacdo das espécies diferente do acaso no ano em que ocorreu a
deplecdo, provavelmente devido a colonizagdo de novas espécies na margem exposta e a morte de
muitos individuos pertencentes a diversas espécies do grupo das submersas. Imediatamente apds o
disturbio, evidenciamos um padrdo tipicamente aleatorio de distribuicdo, devido ao
reestabelecimento das espécies submersas, concomitantemente a colonizacdo de espeécies
emergentes que haviam se estabelecido nas margens durante o distdrbio. Tanto no reservatorio de
Itaipu como na planicie de inundacdo do Alto Rio Parand, a substituicdo de espécies (turnover)
revelou-se como principal mecanismo responsavel pelos padrées de diversidade beta, o que
provavelmente esta diretamente associado com as diferencas de dindmica hidrologica e
limnologica entre cada ambiente dentro dos ecossistemas analisados (bracos do reservatorio e

lagoas da planicie).

Palavras-chave: cheia, co-ocorréncia de espécies, deplecao, disturbio, diversidade beta, seca.

15



ABSTRACT

The present thesis evaluated two large-scale disturbances upon the structure of aquatic
macrophytes assemblages in distinct Neotropical ecosystems: an historic drawdown occurred in
the Itaipu reservoir (Brazil/Paraguay) and the flood and drought pulses in the Upper Parana River
floodplain. The first chapter evaluated the immediate and long term impact of the drawdown over
the co-occurrence patterns and the spatio-temporal structure of the aquatic macrophytes
assemblage in five arms of the Itaipu reservoir. The second and third chapters analyzed the beta
diversity patterns and the relative contribution of its different components (species turnover and
nestedness) to the assemblage’s structure in the Itaipu reservoir and the Upper Parand River
floodplain, respectively. Contrary to expected, the macrophytes assemblage in the Itaipu reservoir
presented a non-random spatial organization pattern of the macrophyte species in the year of the
drawdown probably due to the colonization of the exposed area by new species and by the death
of many individuals of submersed species. Immediately after the disturbance, we evidenced a
random distribution guided by the reestablishment of the submersed species concomitantly with
the emergents, which occupied the shore since the disturbance. Both Itaipu reservoir and the
Upper Parand River floodplain, the species turnover revealed to be the main process reflecting
high values of beta diversity, which probably is directly linked with the distinct hydrological and
limnological dynamic within the environments in each analyzed environment (reservoir arms and

floodplains lagoons).

Key-words: beta diversity, co-occurrence, disturbance, drawdown, drought, flood, time lag.
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INTRODUCAO GERAL

Ao observarmos o ambiente, 0 fazemos numa limitada amplitude de escalas devido
as limitacbes de nossa propria percepcdo ou pelas impossibilidades tecnologicas e
logisticas (Levin 1992). Porém, a escala de observacdo tem um profundo efeito no
delineamento dos padrbes encontrados, e diferentes padrdes podem emergir a partir de
diferentes escalas (Wiens 1989). Por isso a importancia de estudar ecossistemas de ampla
escala, considerando amplas variabilidades espaciais. Cabe ressaltar a importancia da
escala temporal em analises ecoldgicas, a qual, quando analisada a partir de eventos
relativamente curtos de tempo, ndo nos permite dizer se determinados eventos sao raros ou

ocorrem com certa frequéncia no tempo.

Considerando uma escala temporal pequena, de dias a poucas semanas, 0s padrdes
encontrados sdo em sua maioria direcionados por efeitos de amostragem ou fatores
temporais que ndo tiveram tempo suficiente para moldar as assembleias. Numa escala de
tempo intermediaria, de meses a anos, os padrfes de substituicdo de espécies ja passam a
ser moldados por processos ecoldgicos, tais como colonizagcdo e extincdo e, esses
processos, sdo comumente direcionados por variagdes temporais no ambiente ou padrdes
de dispersdo através dos locais (Korhonen et al. 2010). Nesse contexto, Korhonen et al.
(2010) demonstraram que estudos de longa durac¢do sdo essenciais para o entendimento dos

mecanismos bésicos que direcionam as substituicdes temporais nos ecossistemas.

A presente tese tem como uma das principais metas a investigacdo de padrdes
ecoldgicos de ampla escala em dois ecossistemas extensos e com elevada heterogeneidade
espaco-temporal: um reservatorio dendritico profundo com bragos desenvolvidos e uma
planicie de inundacdo com elevada diversidade de habitats. Reservatorios experimentam
um processo de ontogenia semelhante ao observado nos ecossistemas lacustres e, portanto,
em algum estagio de desenvolvimento, geralmente serdo colonizados em menor ou maior
grau por macroéfitas aquéaticas. O ritmo de colonizacdo dependerda das caracteristicas
morfométricas do reservatorio, de fatores fisicos e quimicos associados a coluna de agua e
ao sedimento e de processos bioldgicos, tais como o “pool” regional de espécies,
mecanismos de dispersdo e de interacfes interespecificas. Por outro lado, as planicies de

inundacao se revelam ecossistemas megadiversos, sob influéncia direta dos ciclos de cheia
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e seca. Esses pulsos possibilitam o desenvolvimento dos ciclos biolégicos naturais de
diversos grupos de organismos, 0s quais se mostram adaptados aos disturbios regulares
promovidos pelos periodos de aguas altas e baixas. Esses ecossistemas tém sofrido amplo
espectro de impactos, tais como: poluicdo, assoreamento, canalizagcdo e represamento. A
planicie do Alto Rio Parand, por exemplo, sofre consequéncias indiretas da instalacdo de
hidrelétricas e seus reservatdrios a montante. A regulacdo do fluxo por essas represas tem
modificado a estrutura e funcionamento da planicie, impactando negativamente varios
organismos (Agostinho et al. 2000, 2003; Rodrigues et al. 2009). Mesmo sob efeito
constante do controle imposto pelo grande niamero de barragens, o regime hidroldgico da
planicie do Rio Parana ainda é o principal fator estruturador das comunidades aquaticas
(Thomaz et al. 2004; Agostinho et al. 2001, 2007a).

A assembleia de macrofitas aquaticas possui um papel determinante na integridade
dos ecossistemas aquaticos, contribuindo para a estrutura fisica do ambiente e aumentando
a complexidade dos hébitats aquaticos. As macrdfitas aumentam a heterogeneidade
espacial e promovem habitat para diversos organismos, como perifiton (Mormul et al.
2010), invertebrados (Thomaz e Cunha 2010) e peixes (Agostinho et al. 2007; Pelicice e
Agostinho 2006). Além disso, contribuem para aumentar a estrutura e a diversidade de
habitats, interferem na ciclagem de nutrientes e participam da base das teias alimentares
(Wetzel 2001). A assembleia de macrofitas aquaticas € composta por espécies que
pertencem a diferentes formas de vida e que exploram de varias formas 0s recursos
ambientais disponiveis ao longo da coluna d"agua (emergentes, flutuantes, enraizadas

submersas, enraizadas com folhas flutuantes, submersas livres, anfibias e epifitas).

As macrofitas aquaticas sdo 6timos organismos para testar padrdes espaciais e
temporais em assembleias de ambientes tropicais (e.g., Bini et al. 2001; Rolon e Maltchik
2006), devido as suas caracteristicas inerentes, tais como, altas taxas de crescimento (Riis
et al. 2009), altas taxas de dispersdo (Barrat-Segretain 1996), predominio de reproducao
assexuada e alta habilidade regenerativa (Barrat-Segretain 1996; Barrat-Segretain e
Bornette 2000; Silveira et al. 2009), além de uma variacdo sazonal menor de sua biomassa
(Camargo e Esteves 1996). Essa pouca variagdo € interessante para poder isolar o efeito
que queremos estudar do efeito que a temperatura e foto-periodo provocam na biomassa
(regides tropicais possuem menores variacbes do que em regibes temperadas). As

macroéfitas aquéticas sdo capazes de colonizar ambientes com diferentes caracteristicas
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fisicas e quimicas por apresentarem varias adaptac6es morfoldgicas e fisiologicas que as

tornam consideravelmente plasticas (Sculthorpe 1985).

Estudos ecologicos de assembleias frequentemente postulam pressupostos implicitos
de que as espécies possuem padrdes de distribuicdo espaco-temporais ndo aleatérios. Para
que uma assembleia tenha uma organizacao espacial ndo aleatéria é necessario que pelo
menos um fator estruturador esteja agindo, como por exemplo, interacdes bioticas e/ou
segregacdo de habitat. A maioria dos estudos que analisam tendéncias gerais nos padrdes
de co-ocorréncia nas assembleias infere que a competicdo, por exemplo, € um dos
principais fatores que influenciam a estrutura das comunidades (e.g. Diamond 1975,
Graves e Gotelli 1993). Outros mecanismos como requerimento de habitat, biogeografia e
historia evolutiva também sdo padrGes usados para explicar distribuicBes ndo aleatérias
como, por exemplo, checkboard (“tabuleiro de xadrez”, Gotelli e McCabe 2002). Por outro
lado, assembleias ditas aleatorias sdo geralmente interpretadas como resultado de maltiplos
fatores agindo simultaneamente, como gradientes ambientais, competicdo, predacdo e
facilitacdo, os quais podem ter efeitos contrarios, que entdo previnem a identificacdo e

formacdo de um padréo espaco-temporal (Gotelli e Graves 1996).

Entender quais mecanismos determinam os padr8es de diversidade estd entre 0s
principais objetivos da Ecologia (Cody e Diamond 1975, Hubbell 2001). O estudo destes
mecanismos avancou consideravelmente nas Ultimas décadas, incluindo a integracdo de
processos em diferentes escalas de espaco (e.g. interacfes ecoldgicas locais e a influéncia
do conjunto regional de espécies) e de tempo (escalas ecoldgicas / evolutivas) (Whittaker
1972, Koleff et al. 2003, Ricklefs 2004, Legendre et al. 2005). A diversidade bioldgica é
dividida em trés componentes de acordo com a amplitude da escala: diversidade alfa (a),
geralmente sendo medida através da riqueza de espécies local; diversidade beta (B),
medindo a diferenca na composi¢cdo de espécies entre duas ou mais areas e a diversidade
gama (y), que corresponde a diversidade total da regido (Whittaker 1970, Baselga 2010,
Tuomisto 2010). A diversidade beta é uma medida importante da biodiversidade regional,
constituindo uma ferramenta extremamente Util para a conservacdo e manejo dos recursos

naturais (Legendre et al. 2005, Baselga e Jiménez-Valverde 2007).

Os disturbios sdo eventos de ampla magnitude com potencial para influenciar os

padrdes de diversidade, pois modificam a estrutura e a dindmica dos ecossistemas, criando
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heterogeneidade espacial e temporal. Além disso, possui um papel importante na formacéo
de novos hébitats e na facilitagdo de espécies invasoras (Davis et al. 2000). Os distarbios
sdo considerados fonte de multiplos niveis de heterogeneidade ambiental e promotores de
uma base complexa de particdo de recursos entre as espéecies coexistentes (Denslow 1985).
Resh et al. (1988) estudando ecossistemas aquaticos, conceituou distlrbio como um evento
relativamente discreto no tempo, caracterizado pela frequéncia, intensidade e severidade
incomuns a amplitude previsivel, rompendo a estrutura de ecossistemas, populacGes e

comunidades, modificando recursos ou o ambiente fisico.

Distarbios frequentes tém sido amplamente estudados (como pulsos de inundacéo),
enquanto que aqueles distarbios que possuem como caracteristicas serem infrequentes e de
grande amplitude sdo ainda pouco entendidos. E dificil estudar esse tipo de evento, pois
eles sdo imprevisiveis e fatalmente ndo verdadeiramente replicados. Ainda, dados
disponiveis antes desses distrbios sdo normalmente escassos ou disponiveis apenas em
pequenas regides dentro da area afetada (Turner e Dale 1998). No presente estudo foram
analisados os efeitos de dois disturbios considerados severos para a assembleia de
macroéfitas aquaticas: a deplecdo do nivel da dgua e a consequente exposicao das margens
nos bracgos do reservatorio de Itaipu e, os pulsos de cheias e secas na planicie de inundacao
do Alto Rio Parana. Para avaliar esses efeitos, foram elaborados trés capitulos.

O primeiro capitulo intitulado “Immediate and long-term effects of water drawdown
on macrophytes assemblage in a large subtropical reservoir (Itaipu-Brazil)” o qual analisa
0s padrdes de co-ocorréncia da assembleia de macrofitas aquaticas em cinco bracos do
reservatorio de Itaipu entre 1999 a 2007. Em especial, este capitulo enfatizou o efeito de
uma deplegdo historica de 4,6m no nivel da barragem e como esse disturbio afetou a
estrutura da assembleia enquanto o nivel permanecia baixo e apds esse periodo. O
reservatorio de Itaipu é do tipo dendritico e possui baixa declividade em suas margens.
Espera-se que essa caracteristica aumente o efeito que a deplecdo de quase cinco metros na

barragem causou sobre 0s bragos do reservatorio.

O segundo capitulo intitula-se “Partitioning beta diversity of aquatic macrophytes
assemblage in a subtropical reservoir: turnover or nestedness prevalence?” e buscou-se
compreender qual o mecanismo predominante na particdo de diversidade beta nos bragos

do reservatdrio de Itaipu. Segundo o conceito proposto por Baselga (2010), a diversidade

20



beta pode ser particionada em dois fendmenos diferentes: a substituicdo espacial das
espécies e o0 aninhamento das comunidades (Harrison et al. 1992; Baselga 2007),
fornecendo uma estrutura unificada para distinguir a real contribuicdo da substituicdo e do
aninhamento para o padrdo de diversidade beta (Baselga 2010). Como o reservatorio
possui grandes dimensdes e um monitoramento temporal e espacial extensivo, com ampla
amostragem dentro dos bragos, o presente trabalho pretendeu avaliar os padrbes de
particdo de diversidade beta em substituicdo de especies e aninhamento na assembleia de
macréfitas aquéticas em cinco bragos de Itaipu, durante os anos de 1999 a 2007. Além
disso, procurou-se identificar quais variaveis ambientais, espaciais e temporais (anos de
coleta, bracos, condutividade, transparéncia da agua e fetch) contribuiram para os padrdes

de diversidade beta e seus componentes.

No terceiro capitulo da tese intitulado “Swing of waters: the effect of floodpulse on
aquatic macrophytes' beta diversity, species turnover and nestedness”, estudou-se o efeito
que o pulso de inundacao da planicie de inundacdo do Alto Rio Parana exerce sobre a
particdo de diversidade beta, substituicdo de espécies e aninhamento da assembleia de
macrofitas aquaticas entre os anos de 2005 e 2009. Nele destacam-se as variaveis
limnoldgicas que contribuem para a diversidade beta nos periodos de inundacao e de aguas
baixas. Nesse trabalho também avaliamos o “time lag” necessario para que o efeito do
pulso de inundacédo afete a assembleia de macrdfitas nas lagoas conectadas e desconectadas

dos trés subsistemas que compdem a planicie de inundagdo do Alto Rio Parana.
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PRIMEIRO CAPITULO

IMMEDIATE AND LONG-TERM EFFECTS OF WATER DRAWDOWN
ON MACROPHYTES ASSEMBLAGE IN A LARGE SUBTROPICAL
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ABSTRACT

Disturbances play central role in determining the spatial and temporal dynamics of a
variety of plant communities. Co-occurrence null models and spatiotemporal analyses
were used to verify the patterns in aquatic macrophytes assemblage before, during and
after an atypical water drawdown occurred in a subtropical reservoir (2000, Itaipu
reservoir, Brazil-Paraguay border). Macrophyte samples were obtained in 150 sites,
distributed in five arms of reservoir from 1999 to 2007. C-Score co-occurrence index
tested the null hypothesis of random structure of the aquatic macrophyte assemblages.
Detrended correspondence analysis and multi-response permutation procedure were
used to verify if species composition differed before, during and after the drawdown
disturbance. Differently of expected during the drawdown, the null models showed that
the aquatic macrophyte assemblages were spatially structured, however the species
composition was significantly different from previous year and also in the following
years. Significant species co-occurrence patterns were generated by the drawdown
disturbance, leading to death and new species colonization from propagules and seed
bank germination. The randomness expected in 2000 occurred surprisingly in 2001
probably due to the occurrence of the most frequent life forms at the same time in the
shore, since the reestablishment of water lever made possible submerged and free
floating leaves colonize again the shore where emergents inhabited since drawdown.
Along the years after the disturbance, biotic interactions seemed to increase and also the
reestablishment of the aquatic macrophytes habitat preferences. These factors promoted

an organized spatial distribution pattern and higher similarity in species composition.

KEY WORDS: co-occurrence patterns, C-Score index, MRPP, water depletion .
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INTRODUCTION

Disturbances are considered the major factors modifying structure and dynamic in
the ecosystems, creating temporal and spatial heterogeneity.  Disturbance plays an
important role forming new habitats and facilitating invasions (Burke & Grime, 1996;
Davis, Grime & Thompson, 2000). Therefore, disturbances are the source of multiple
levels of environmental heterogeneity, and thus potentially provide a complex basis for
resource partitioning among coexisting species (Denslow, 1985). Disturbances can be
defined as any relatively discrete event in time that is characterized by a frequency,
intensity and severity outside a predictable range, disrupting ecosystems, population or
community structure, and changing available resources or the physical environment
(Resh et al. 1988).  Frequent disturbances have been widely studied, while those
characterized as large and infrequent are not well understood. It is difficult to study
because they are unpredictable, frequently not truly replicated. Moreover,
predisturbance data may be lacking or available only from small regions within the
affected area (Turner & Dale, 1998).

Aguatic macrophytes are good models to test spatial and temporal patterns of
tropical environments (e.g. Bini, Thomaz & Souza, 2001; Rolon & Maltchik, 2006;
Boschilia, Oliveira & Thomaz, 2008), due to high growth (Pistori, Camargo & Henry-
Silva, 2004; Riis, Madsen & Sennels, 2009) and dispersion rates (Barrat-Segretain,
1996; Santamaria, 2002), asexual reproduction, regenerative ability and small seasonal
biomass variation (Barrat-Segretain, 1996; Barrat-Segretain & Bornette, 2000; Silveira
et al. 2009). The macrophyte assemblages are usually composed of several species
belonging to different life forms that explore different spatial niches in the water
column (e.g. free floating, epiphyte, submersed and emergent plants; Cook, 1990).
They are considered important for integrity and maintenance of the aquatic systems,
contributing to the structure of the physical space and increasing the habitat complexity.
Moreover, they influence the hydrology and sediment dynamics of freshwater
ecosystems through their effects on water flow (shifts in current velocity; Madsen et al.
1991) and particle trapping or re-suspension (Vermaat, Santamaria & Roos, 2000).
Macrophytes also provide substrate to macroinvertebrates and microbial communities’
colonization, and are used by many aquatic animals as refuge sites and food resources
(Lacoul & Freedman, 2006; Pelicice, Thomaz & Agostinho, 2008).
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Generally ecological studies assume that assemblages are organized presenting
non-random spatiotemporal distribution patterns. Such patterns are driven by, at least,
one structuring factor, as dispersion ability and/or biological interactions. The factors
affecting the colonization of reservoirs by macrophytes are generally related to spatial
structure, in which heterogeneity can be reduced by deteriorating environments or
increased by the formation of new habitats and microhabitats. This heterogeneity can
be mainly due to water level variation, and eventually drawdowns, imposed or not by
the reservoir, reduction of water velocity and more accentuated sedimentation process,
resulting in higher light penetration and loss of nutrients in the water column (Thomaz,
2002). Reservoir morphology, its sheltered and/or open areas, shallow waters and the
vegetation density, partially inundated, also contribute to the successful or unsuccessful
establishment of the aquatic assemblages (Mitchell, Pieterse & Murphy, 1990). For
instance, the depth of reservoir limits the growth of rooted submerged species, while the
free floating ones are subject to wind and waves in open areas (Keddy, 1982; Keddy &
Fraser, 2000; Lacoul & Freedman, 2006).

In this study we analyzed the structure of aquatic macrophyte assemblages in a
tropical reservoir (Itaipu reservoir, Brazil/Paraguay border) after an atypical depletion
of hydrometric levels (until 4.6m), between November 1999 and March 2000 (108 days;
Figure 1) caused by a long regional drought period. The historical rainfall recorded in
three cities around the Itaipu reservoir (Missal, Santa Terezinha de Itaipu and Santa
Eliza) showed that the year 1999 had the lowest annual rainfall record (annual mean=
3.5mm/day (0.0mm = 89.5mm)) compared to other years (1998-2007). As macrophytes
in this reservoir colonize mainly the shallow and sheltered areas of the arms (Thomaz et

al. 1999), the drawdown is expected to significantly affect macrophyte assemblages.

This study evaluated the co-occurrence patterns and the spatiotemporal structure
of the aquatic macrophyte assemblages in Itaipu reservoir, before, during the drawdown
and post disturbance.  Previously to the disturbance we believe that the aquatic
macrophyte assemblages were spatially organized, i.e., that species pairs were
segregated, promoting a co-occurrence structured pattern. We expected to find a
rupture in the co-occurrence patterns during the drawdown, with random distribution of

the species pairs in the whole reservoir and in the arms studied. Considering the aquatic
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macrophytes assemblage, it was expected the return of the previous co-occurrence
patterns after the water depletion period.

MATERIALS AND METHODS
STUDY AREA

The Itaipu reservoir is a large (1,350km?), deep (mean depth= 21.5m) and
dendritic impoundment located in the Parana River, along Brazilian-Paraguayan borders
(Figure 2; 24°05’S and 25 °33’S; 54 °00°’W and 54 °37°W). The reservoir was built in
1982 and presents a large number of shallow arms. They represent the areas flooded
lower valleys of tributaries that drain adjacent sub-catchments, having spatially and
seasonally varied characteristics. Five arms located along the Brazilian margin of the
Parana River were surveyed immediately before (1999; first year of sampling), during
(2000) and over seven years (2001-2007) after the major drawdown in the reservoir in
December 1999 (arms: S&o Francisco Verdadeiro —-SFV, Sao Francisco Falso —-SFF, S&o
Vicente —-SV, Ocoi —OC and Pago Cué —PC; Figure 2).
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S&o Francisco Verdadeiro arm presented the lowest values of Secchi and was
greatly colonized by algae, due in part to the high water phosphorus and nitrogen
concentrations originated from urban areas upstream (eutrophic arm). S&o Francisco
Falso was classified as mesotrophic, while Sdo Vicente was oligotrophic and had the
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highest fetch values. Ocoi and Paco Cué arms are located in the lacustrine zone of the
reservoir and presented high values of water transparency and fetch (oligo-mesotrophic

arms). For more detailed information see Bini et al. (1999) and Bini & Thomaz (2005).
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Figure 2. Location of the Itaipu reservoir and sampling sites (150). Arms codes used in the text are as follow: Séo
Francisco Verdadeiro (SFV), S&o Francisco Falso (SFF), S&o Vicente (SV), Ocoi (OC), and Pago Cué (PC).

SAMPLING

A total of 150 sites (30 per arm) were georeferenced. We recorded and collected
aquatic macrophytes in each sampling site during 8-12 minutes (~100m), from a boat in
constant velocity. A long-handled rake was used to collect submerged vegetation. The
samplings occurred twice a year; except in the two first years (1999 and 2000) which
had only one sampling. Samplings became sampled each six months to a better

monitoring.
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For this study amphibious and euhydrophytes were considered, i.e. plants that
depend on the water to complete their reproductive cycle (Sculthorpe, 1967; Pott &
Pott, 2000). The use of such criterion prevents problems caused by dubious ways to
distinguish aquatic from non-aquatic species (see also Rarslett, 1991). We used life
forms of aquatic macrophytes defined by Sculthorpe (1967) as: emergents, floating

leaved, free floating, rooted submerged and free submerged.

DATA ANALYSIS

We tested the null hypothesis of randomness in the aquatic macrophyte
assemblages in the arms of the reservoir with a co-occurrence null model. A presence-
absence matrix was used, presenting one (1) when species is present in a given site and
zero (0) when it is absent. The co-occurrence matrix was randomized following the
SIM9 algorithm (Gotelli, 2000), which preserves the columns (sites) and rows (species)
totals. Consequently, each species in the random matrix will be presenting the same
number of sites of the observed matrix. Similarly, sites will maintain their species
richness. We chose SIM9 algorithm because it is less prone to Type | error (Gotelli,
2000).  Absence of biological interactions and physical environment effects were
expected in the randomized matrix generated by null model (Gotelli & Graves, 1996).
The C-Score index (Stone & Roberts, 1990) was chosen as a metric to quantify the
pattern of co-occurrence.  This index detects species pairs that do not co-occur
frequently, but does not require a perfect checkerboard pattern. The index is obtained
with the average of number of checkerboard units among all species pairs; therefore
small changes on the data would not alter significantly the index. If communities are
structured by competitive/ facilitative interactions or segregated by habitat preferences,
the C-Score would be greater or lower than expected by chance, respectively (Gotelli,
2000). Random distributions could be interpreted as many contrasting factors acting

simultaneously.

We removed rare species from all analyses, defined here as species that occurred
until twice in the matrix observed, considering all years together in each arm of the
reservoir. Rare species were not considered because it is not possible to determine if the

rarity is due to a possible sampling failure and because rare species could inflate the
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estimates of co-occurrence patterns (Oliveira, Minte-Vera & Goulart, 2005). Co-
occurrence index was calculated using the C-score function at the bipartite package
(Dormann & Gruber, 2008) and the observed matrix was randomized 30,000 times
according with Lehsten & Harmand (2006) recommendations. All the analyses and the
randomization procedures using the SIM 9 algorithm were performed using the R

software (R development Core Team, 2008).

We used a detrended correspondence analysis (Hill & Gauch, 1980) to assess
changes in aquatic macrophyte assemblage life form before, during and one year after
the drawdown event (2001). A non-parametric analysis (Kruskal-Wallis) was
performed to evidence differences between these periods. The DCA was performed on
presence-absence matrix of the sampling sites in the studied arms. We tested for
differences in macrophyte species composition in each arm among the years 1999, 2000
and 2001 by means of pair-wise multi response permutation procedure (MRPP;
Biondini, Bonham & Redente, 1985), using Jaccard as a distance measure. MRPP is a
multivariate nonparametric technique for testing group differences (species
composition). MRPP provide a T and A statistics. The former describes the segregation
among groups (more negative T, stronger the segregation). The latter (Agreement)
describes within-group similarity, ranging from <0 to 1, where 1 means total similarity
within-groups. Even with significant segregation of groups, A statistics values less than
0.1 are common with community data (McCune and Grace 2002). Both DCA and
MRPP analysis were performed in PcOrd 5.15 (McCune & Mefford 2006).

RESULTS

We found 38 euhydrophyte taxa belonging to 24 families (Table 1). Of this total,
the most frequent taxa were Urochloa subquadripara, Ludwigia spp., Eleocharis
filiculmis, Nitella sp. Polygonum sp. and the less frequent were Eclipta sp., Pontederia
sp., Bacopa sp. and Hydrilla verticilata (first time registered in 2007). The frequency
of occurrence of many species drastically decreased (e.g. Egeria densa, Egeria najas,
Nymphea amazonum and Eleocharis filiculmis) and disappeared during the period of
water depletion (e.g. Eleocharis minima and Commelina sp.). On the other hand, some

species arose (Paspalum repens and Najas sp.) and increased their occurrence (e.g.
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Chara sp. and Polygonum spp.; Table 1).  The species Urochloa subquadripara
presented a continuous increase during the whole study. Furthermore, after the water
level returned to its normal, some species that disappeared during the drawdown
returned in 2001, followed with new species colonization (e.g. Caperonia castaneifolia,
Lemna valdiviana, Nymphoides indica, Rhynchospora carymbosa, Salvinia spp.; Table
1).
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Table 1. Species recorded during the whole study (1999-2007), their life forms, frequency of occurrence (%) in 1999 (99), 2000 (00) and 2001 (01), mean frequency between 2002 to 2007 (02-
07) and the occurrence of species in each arm studied in the Itaipu Reservoir. Arms: SFVV= S&o Francisco Verdadeiro, SFF= Sao Francisco Falso, SV= Sdo Vicente, OC= Ocoi, PC= Paco Cué.
Life forms: EM= emergent; EP= epiphyte; RS= rooted submersed; FS= free submersed; FL= floating leaved; FF= free floating.

Frequence (%0) Arms
Life forms Family Species
99 00 01  02-07 SFV SFF SV OC PC
Emergents Alismataceae Sagittaria montevidensis Cham. & Schltdl. 5.91 0 21 6.16 X X X X
Amarantaceae Alternanthera philoxeroides (Mart.) Griseb. 6.75 359 0.35 852 X X X X X
Araliaceae Hydrocotyle ranunculoides L.f. 1.66 0 0 1.47 X X
Asteraceae Eclipta sp. 0 0 0 0.43 X X
Commelinaceae Commelina sp. 7.42 0 8.79 5.82 X X X X X
Convolvulaceae Ipomoea sp. 0 0 0 4.8 X X X X X
Cyperaceae Rhynchospora corymbosa (L.) Britton 0 0 0 1.94 X X X X X
Eleocharis filiculmis Schur 57.24 266 251 211 X X X X X
Euphorbiaceae Caperonia castaneifolia (L.)A. St.-Hil. 0 0 117 484 X X X
Onagraceae Ludwigia spp. 68.9 40.6 28.1 187 X X X X X
Poaceae Panicum sp. 0 0 0 54.6 X X X X X
Paspalum repens P.J. Bergius 0 0.68 0.86 4.52 X X X X X
Urochloa subquadripara.(Trin.) R.D. Webster 56 347 66.6 703 X X X X X
Echinochloa sp. 1.11 0 117 0.76 X X X
Polygonaceae Polygonum spp. 168 279 252 335 X X X X X
Pontederiaceae Eichhornia azurea (Sw.) Kunth 6.78 114 2.89 5.1 X X
Pontederia sp. 0 0 0 0.44
Plantaginaceae Bacopa sp. 0 0 0 0.52
Typhaceae Typha domingensis Pers. 0 0 0 1.83
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Free floating leaves

Epiphyte

Rooted submersed

Free submersed

Floating leaved

Araceae

Hydrocharitaceae

Lemnaceae
Pontederiaceae
Salviniaceae
Cyperaceae
Characeae
Cyperaceae
Haloragaceae
Hydrocharitaceae
Najadaceae

Lentibulariaceae

Menyanthaceae
Nympheaceae

Pistia stratiotes L.

Limnobium laevigatum (Humb .& Bonpl. ex Willd.) Heine

Lemna valdiviana Phil.
Eichhornia crassipes (Mart.) Solms
Salvinia spp.

Oxycaryum cubense (Poepp. & Kunth) Palla

Chara spp.

Nitella sp.

Eleocharis minima.Kunth
Myriophyllum aquaticum (Vell.) Verdc.
Egeria densa Planch.

Egeria najas Planch.

Hydrilla verticillata (L.f.) Royle

Najas sp.

Utricularia sp.

Nymphoides indica (L.) Kuntze
Nymphea amazonum Mart. & Zucc.
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After the historic drawdown event in 1999-2000, which presented 108 days of
water depletion and the hydrometric level reached the lowest values, four other
depletions occurred (see Fig.1). However, analysis of variance (ANOVA) and a post

hoc test (Tukey) revealed that the first event was significantly different from the others
(Fig. 3).
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Figure 3.Analysis of variance among of five depletion periods identified in the hydrogram of water level fluctuation
of reservoir (Mean and standard error- Fig.1). The period 1 correspond to the historic depletion (Nov 18" 1999 to
Mar 04™ 2000); period 2 (Dec 5" to Dec 25" 2001), period 3 (Feb 18" to Mar 07" 2004), period 4 (Aug 04™ to Sep
03" 2006) and period 5 (Nov 27" to Dec 31 2007). Tukey test was performed and the symbols above the means (a
and b) indicate that period 1 differs from others (a), but the others (periods 2-5) did not differed significantly from
each other (b).

The periods 2, 3, 4 and 5 also differed significantly from the mean normal water
variation of the reservoir (F4 3173 = 304.10; p<0.001). When the entire dataset was used,
i.e. considering all arms together along period, the C-Score index was higher than
expected by chance, rejecting the hypothesis of absence of spatial organization (Table
2). This pattern was consistent throughout the study period, including the year of the
occurrence of drawdown (2000). However the effects of this event are reflected in the

second half of 2001, when species co-occurrence was random.

Our analyses of species co-occurrence patterns rejected our null hypothesis that
the drawdown did cause a disruption in the co-occurrence patterns on the macrophyte
assemblages in the arms of the reservoir in 2000 (Fig. 4). Most arms presented C-Score
index larger than expected by chance in 1999 and 2000. In the year after the drawdown

(2001), most arms had their aquatic macrophyte assemblages distributed randomly. The
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recovery of previous co-occurrence patterns occurred in 2003 and the following years
most arms presented C-score index higher than expected by chance (Fig. 4).
Table 2. Results of the C-Score index observed (obs.) and expected (exp.) for aquatic macrophyte assemblages,

considering the whole Itaipu reservoir (five arms together). The number in parenthesis means the first (1) or second
(2) semester of year sampled.

Year S N Obs. Exp. SD p (obs.>exp)
all 39 3428 71617.10 67188.79 72.96 <0.001
1999 21 146 220.11 212.78 1.87 <0.001
2000 16 97 113.44 108.60 1.20 <0.001
2001(1) 23 139 74.82 68.78 1.30 <0.001
2001(2) 19 131 133.11 131.05 1.61 0.11
2002(2) 25 143 168.70 163.70 1.30 <0.001
2002(2) 24 129 109.71 106.18 1.29 0.006
2003(1) 23 143 233.64 225.28 1.50 <0.001
2003(2) 23 131 172.27 164.66 1.42 <0.001
2004(12) 27 138 108.61 100.33 1.30 <0.001
2004(2) 30 142 166.22 156.61 1.32 <0.001
2005(1) 31 142 168.30 156.92 1.40 <0.001
2005(2) 27 142 126.35 118.39 1.45 <0.001
2006(1) 25 146 270.53 255.80 2.00 <0.001
2006(2) 26 149 201.72 189.65 1.43 <0.001
2007(1) 32 146 245.49 226.50 1.56 <0.001
2007(2) 32 146 228.87 217.88 1.31 <0.001

N number of sites; S species richness, SD standard deviation of the expected values

DCA also showed a disparity between species composition in 1999 and 2001
(Figure 5a), more affected by the presence of submersed and free floating, respectively
(Figure 5b).
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Figure 4. Number of arms of Itaipu reservoir (out of 5 possible) with the C-score larger than predicted by the null

models in the years sampled (p<0.05). In 2000, the arm SV did not run the null model (matrix with only with four
species).

A non-parametric analysis of variance (Kruskal-Wallis) showed significant
differences between 1999 to 2000 and 2001 (H=39.99 p<0.001) in relation to axis 1.
However, the year of the disturbance (2000) did not present differences to 2001. This

could be attributed to the emergents, which arrived in the new open areas and colonized
after the drawdown.
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Figure 5. Diagram of DCA (axis 1 eigenvalue: 0.503; axis 2 eigenvalue: 0.419) for presence/absence data of the
aquatic macrophytes assemblages in the Itaipu reservoir in the years 1999, 2000 and 2001, equivalent to before,

during and after the water drawdown periods (a) and aquatic macrophytes life forms during the same period (b).

The MRPP indicated that the composition of macrophyte species were

significantly different from one another (p<0.04; Table 3), considering all arms and the
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periods before (1999), during (2000) and after (2001) the drawdown. The greatest
differences were found comparing the periods “before” and “after” in all arms, for
example in SV (T= -13.605), SFF (T= -12.383) and PC arms (T= -11.623). It is
possible to infer that species composition was more strongly segregated between these
periods. To all arms and in all comparing periods, we observed that the within-group
similarity values (A) were really low, indicating a high species heterogeneity within

arms.

Table 3. Results of multi-response permutation procedure tests (MRPP) among before (1999), during (2000) and after
the drawdown period (2001) in the Itaipu reservoir. SFV= Séao Francisco Verdadeiro arm, SFF= S&o Francisco Falso
arm=SFV, SV= Sao Vicente arm, OC= Ocoi arm, PC= Paco Cué arm.

Arm Period pair wise comparison T-statistic A-value p value
before x during -2.832 0.01 0.01

SFV  before x after -8.172 0.04 <0.001
during x after -3.494 0.02 0.007

before x during -8.908 0.05 <0.001

SFF  before x after -12.383 0.04 <0.001

during x after -6.885 0.03 <0.001

before x during -3.36 0.04 0.006

SV  before x after -13.605 0.06 <0.001
during x after -2.662 0.02 0.02

before x during -5.121 0.03 <0.001

OC  before x after -8.86 0.03 <0.001
during x after -1.99 0.04 0.04

before x during -6.596 0.05 <0.001

PC  before x after -11.623 0.05 <0.001

during x after -8.537 0.05 <0.001

T describes the segregation among groups (more negative T, stronger the segregation) and A describes within-group
similarity (value 1 means total similarity within-groups)

An indicative of assemblage structure recovery after the water depletion was
observed in pairwise years’ comparisons. It was possible to note that in some arms,
specifically SFF and SFV, the species composition after 2003 was more similar than the
previous years (Table 4). This was also observed by Carvalho et al (submitted). This

revealed higher temporal similarity in species composition. In other words, after the
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reestablishment of water level, the promoted stability generated less stress and
consequently, the strengthening of biotic interactions that had been weakened by the

disturbance. These interactions, like competition and facilitation, together with other

factors, promoted the spatial co-occurrence patterns seen in this reservoir.

Table 4. Results of A- algorithm (Agreement- within group similarity) of multi-response permutation procedure tests
(MRPP) presenting the pairwise semesters which had no significant results and therefore, similarity in species
composition. The parenthesis after the years means which semester the arm was sampled: 1-first semester; 2- second
semester. SFV= S&o Francisco Verdadeiro arm, SFF= S8o Francisco Falso arm=SFV, SV= Sdo Vicente arm, OC=
Ocoi arm, PC= Pago Cué arm.

SFV

SFF

SV

ocC

PC

2002(1) = 2006(1)
2003(1) = 2003(2)
2003(2) = 2004(1)
2003(2) = 2005(1)
2003(2) = 2005(2)
2003(2) = 2006(1)
2004(1) = 2005(1)
2004(1) = 2005(2)
2004(1) = 2006(1)
2004(1) = 2006(2)
2004(2) = 2005(1)
2004(2) = 2005(2)
2004(2) = 2006(1)
2004(2) = 2006(2)
2004(2) = 2007(2)
2005(1) = 2005(2)
2005(1) = 2006(1)
2005(1) = 2006(2)
2005(2) = 2006(1)
2005(2) = 2006(2)
2006(1) = 2006(2)

2001(1) = 2001(2)
2002(2) = 2003(1)
2003(1) = 2003(2)
2003(1) = 2006(1)
2003(2) = 2004(1)
2003(2) = 2004(2)
2003(2) = 2005(2)
2003(2) = 2006(1)
2003(2) = 2006(2)
2004(1) = 2005(2)
2004(1) = 2006(2)
2004(2) = 2005(1)
2004(2) = 2005(2)
2004(2) = 2006(1)
2004(2) = 2006(2)
2005(2) = 2006(1)
2005(2) = 2006(2)
2006(1) = 2006(2)

2000 = 2001(1)
2003(2) = 2004(2)
2004(1) = 2004(2)
2006(1) = 2006(2)

2000 = 2001(2)
2001(2) = 2004(1)
2002(2) = 2003(1)
2002(2) = 2004(1)
2004(1) = 2005(1)
2004(2) = 2005(1)
2005(1) = 2006(1)
2005(1) = 2006(2)
2006(1) = 2006(2)

2002(1) = 2002(2)
2002(2) = 2003(1)
2002(2) = 2003(2)
2002(2) = 2004(1)
2002(2) = 2004(2)
2003(2) = 2004(1)
2003(2) = 2004(2)
2004(1) = 2004(2)
2004(1) = 2005(2)

DiscussION

Disturbance effects over ecosystems have been intensively discussed (Allison,
2004; Jiang & Patel, 2008), nevertheless the effect of intense and unpredictable events
are still not totally understood due to the absence of long-term ecological studies
(Turner & Dale, 1998).

conspicuously different from other water depletions occurring along the years in Itaipu

The atypical drawdown contemplated in this study was

reservoir, allowing us to consider it as a unique event.
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After damming, some rivers may experience relative stability of water levels,
which helps to form habitats suitable for growth and development of macrophytes. This
stability is also important for the colonization of certain life forms of macrophytes,
especially free floating species (Riis & Biggs, 2003; Lacoul & Freedman, 2006), which
had high regular presence in the arms of lacustrine zone of Itaipu reservoir.

As expected before the drawdown event, the species co-occurrences were less
frequent than expected by chance, i.e., aquatic macrophytes assemblage were spatially
organized in relation to the entire reservoir as well as most arms. Until 1999, the
reservoir had long term environmental stability in relation to water level (usually
fluctuates less than 1 m year’; Thomaz et al. 2006), which provided suitable
environmental conditions for macrophytes development.  According to Townsend
(1989), this type of environment is called “niche controlled”, and it has low temporal
heterogeneity, and the factors controlling populations consist in competition and the
coexistence of populations in the same habitat. Also important as competition, it is
worth to consider that macrophytes have an important aquatic-terrestrial transition zone,
segregating naturally different life forms according to their requirements.  As this
reservoir had long time water stability, the aquatic macrophyte assemblages had time to
segregate. This could be promoted by competition and/or also by habitat preference
(Boschilia et al. 2008). Beyond these factors, the dispersion of seeds, propagules and
stems should be considered. Most aquatic plants have hydrochory dispersion, which can
promote higher similarity between sites; even with this capability, some factors could be
limiting the species dispersion along the arms of the reservoir.

Contrary to what we supposed, during the drawdown event (2000), our results
showed that species co-occurrence differed from expected by chance (i.e., the
macrophyte assemblages were spatially organized), considering the whole Itaipu
reservoir and each arm separately.  The species composition presented statistical
differences among the year 2000 and the previous and the posterior years. Thus, the co-
occurrence pattern can be attributed to significant shift of species composition (see
Fig.5), the death of many species belonging to the submerged life form (Egeria densa,
p. ex.), the colonization of new emergent species (e.g. Paspalum repens) and the
increase in frequency of occurrence in tolerant species (Chara sp., Polygonum sp.).
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Drawdown disturbances affect the species composition, relative abundance,
distribution and successional dynamics of aquatic macrophytes (Keddy, 2000). They
directly affect aquatic macrophytes by exposing them to aerial conditions and indirectly
through the modification of substrate properties (Bornette & Puijalon, 2011).
Submerged species also colonized shallow areas and with the dewatering, for being
drought intolerant, they suffered from desiccation and died. Indeed, DCA analysis
showed that the most representative group in 1999 was the submerged species. Beyond
the death of submerged life form, the drying up thus favored regeneration of the bank of
seeds (Keddy & Reznicek, 1982, 1986; Brock & Rogers, 1998), unspecialized
fragments (Combroux & Bornette, 2004) and propagules (Riis & Biggs, 2003). It has
been shown that rare drawdowns favor ruderal species with abundant seed banks, such
as Charophytes, to the detriment of vascular species (Havens et al. 2004), due to long
lasting viability of their oospores (Wade, 1990). Indeed, the frequency of Chara sp.
increased together with some emergents (Alternanthera philoxeroides and Polygonum
spp.) and free floating leaves (E. crassipes and Salvinia auriculata). The last group
mentioned above was primarily responsible for the ordination after the water depletion,
in 2001.

The water level returned to normal in March 2000. Surprisingly, assemblage
disruption expected during the water depletion in 2000 actually occurred in 2001, which
showed no significant co-occurrence patterns in most arms and also considering the
whole reservoir. Studies suggest that new species could colonize the open niche from
buried seeds (Keddy & Fraser, 2000), and vegetative propagation after a disturbance
(Barrat-Segretain & Amoros, 1996; Barrat-Segretain, Bornette & Hering-Vilas-Boas,
1998). The absence of patterns found in 2001 could be attributed to the shore
occupancy by the three life forms at the same time. Species, in special emergents,
colonized the shores during the water depletion, co-occurred with the reestablishment of
the submerged and free floating species. Urochloa sp. almost doubled its frequency of
occurrence, showing its spread in the shores before occupied by submerged species.

The lowest T-values of the MRPP analyses were obtained when comparing the
periods before and after the drawdown. This can be attributed to the establishment of
new species colonizing firstly the open area in the shores and also to the death of many
submerged species, which promoted an increase of species heterogeneity. A reservoir
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drawdown disturbance can lead to loss of biomass and death of drought-intolerant
aquatic macrophyte species, as well as replacement by species emerging from
propagules, seed banks or buried seeds (e.g. Brock & Rogers, 1988; Combroux &
Bornette, 2004). Therefore, drying periods affect specific life forms of macrophytes,
reducing competition with other species and allowing a higher species diversity. Some
species that may become extinct by water depletion disturbance can return in a few
months after the water level has reestablished (e.g. submerged species; Thomaz et al.
2006) and recolonize the open area from seed bank and living propagules in the
sediment (Rarslett, 1989; Richardson, Hanson & Locke, 2002).

The aquatic macrophyte assemblages in the whole reservoir and most of arms
presented spatial organization patterns from 2002 to 2007. During the years post
drawdown, biotic interactions and habitat preferences may have become stronger and
promoted the exclusion or inclusion of species (e.g. Hydrilla verticilata; exotic firstly
found in 2007). Besides the ecological interactions we must consider that life forms of
the aquatic macrophytes have a conspicuous spatial segregation along the shore. This
segregation promoted spatial co-occurrence patterns in the years following drawdown.
This is consistent to pioneer interactions models, which predict that the importance of
biotic interactions and in particular, competition, increase with reduction of disturbance
(MacArthur & Wilson, 1967; Tilman, 1982). The underlying logic of competition
theory is that productivity will increase until one or more resources become limited; and
only the higher competitors will remain, eliminating the less able competitor from the
assemblage (Tilman, 1982; Keddy, 2001). However, according to Keddy & Fraser
(2000), generally, many kinds of natural disturbances promote a high biological
diversity of macrophytes and then the margins are able to support many types of
species, in particular, the emergents. Much of this co-occurrence in life forms reflects
shared habitat preferences (Gotelli, Buckley & Wiens, 1997).

After 2003 it was possible to verify that species composition in macrophyte
assemblages appeared to be more similar in relation to anterior years. According to
Menge & Sutherland (1987), when physical and physiological disturbances decrease,
species abundance tend to increase and, when the space is fully occupied, species
compete. After competition and the exclusion of the less tolerant species, the species

remained coexist. It has not occurred any disturbance like the drawdown occurred in
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2000 (until 2007) and then we can assume that the similarity found in species
composition in some arms of the reservoir can be attributed to the coexistence of many
species occupying different places along the shore, as also was evidenced by the null

model.

In summary, our study presented trends of co-occurrence patterns in aquatic
macrophytes assemblage after a historic water depletion in a large subtropical reservoir.
Distinctly of our expectations, in the drawdown year a pattern in co-occurrence
distribution occurred. Colonization of the new open area by new species and death of
many by desiccation promoted segregation of the life forms. Randomness was found
one year later, where species were coexisting in areas supposed to be exclusive to some
life forms. The aquatic macrophytes assemblage was spatially segregated in most arms
of the reservoir, presenting also, higher similarity in species composition in posterior

years after the return of normal level of the reservoir.
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ABSTRACT

Identification of factors promoting biodiversity and, more specifically, the causes that
contribute to beta diversity is a central and growing issue in ecology. In this study, long
term data were used to assess the beta diversity partitioning of aquatic macrophyte
assemblages in five arms of Itaipu reservoir, Brazil-Paraguay border. We partitioned
beta diversity (Bsor) in two components: nestedness (Bres) and species turnover (Bsim). TO
verify if some environmental variables (electrical conductivity, water transparency and
fetch) affected the components of beta diversity, we used a permutational multivariate
analysis of variance. For the study period (1999-2007) we observed high values of beta
diversity and a prevalence of spatial turnover of species occurred. They were affected
by all environmental factors studied, which demonstrated significant interaction.
Dendritic form of arms, high shore development, water physical and chemical local
conditions and biotic interactions could be factors determining prevalence of spatial
turnover of aquatic macrophyte assemblages. Although macrophytes are considered
highly dispersive, most species in the reservoir presented low frequency of occurrence
during the whole study. This indicates that species colonizing the arms had some
specific environmental requirements that prevented them from colonizing the whole

reservoir.
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INTRODUCTION

The identification of factors promoting biodiversity and, more specifically, the
causes that contribute to beta diversity is a central and growing issue in ecology.
Diversity in nature was first conceptualized by Whittaker (1960, 1972), which used the
term beta-diversity (B-diversity) as the difference in composition between habitats. The
last two decades had an increase of interest in studies about B-diversity (e.g. Whittaker
1972; Koleff et al 2003; Baselga 2010), which is considered crucial for the
identification of long-term processes and local factors that determine regional
biodiversity patterns (Ricklefs, 2004).

Beta diversity can be partitioned in two different processes: the spatial turnover of
species and the community nestedness (Baselga 2007). The study of B diversity
components, Baselga (2010) presented a unified structure that distinguishes the real
contribution of the turnover and nestedness for beta diversity pattern. Spatial turnover is
implied in the replacement of some species by others (Harrison et al 1992; Baselga
2007; Baselga 2010), while nestedness consists in species-poor sites being subsets of
species-rich sites (Patterson and Atmar 1986; Ulrich and Gotelli 2007).

The species turnover should be the outcome of environmental sorting and/or
spatial and historical constraints (Nekola and White 1999; Qian et al 2005), including
geographical isolation due to dispersal barriers (Gaston et al 2007). On the other hand,
nestedness reflects a non-random process of regional species loss as consequence of
local factors that promote constraints of assemblage development, such as: selective
colonization, differential extinction, environmental pressure on rare species, nestedness
of habitats and interspecific ecological variation in tolerance to environmental

conditions.

Attributing the different beta diversity patterns to their respective physical and/or
ecological phenomena is essential to analyze the causality of the processes underlying
biodiversity. Local and regional processes that influence beta diversity interact on a
continuum of space and time, which creates a regional effect on diversity (Ricklefs,
2004). Therefore, spatial variation in species assemblage structure is one important
aspect of beta diversity, because it predicts broad-scale environmental changes (Nekola

and White 1999; Tuomisto et al 2003; Soininen et al 2007a,b). On the other hand,
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because of the dispersal of individuals through populations, the interactions among
species coexisting occur over large, environmentally heterogeneous regions rather than

within local communities in relatively uniform habitats (Hubbell 2001; Cottenie 2005).

Large reservoirs became important water bodies in Brazil, especially after the
1970s, mainly for hydroelectric power generation, and secondarily for fisheries,
navigation, tourism and water supply (Agostinho et al. 1995). These ecosystems exhibit
similar ecological succession to that observed in lakes, although in shorter timescale
(Thornton 1990; Thomaz and Bini 1998). At some stage of their aging, usually since
filling with water, aquatic plants colonize reservoirs (Agostinho et al 1995; Thomaz and
Bini 1998). Although macrophytes are generally deemed as “weeds”, they are important
for the integrity and functioning of the aquatic ecosystem. Aquatic macrophytes
typically increase the complexity of environmental structure (Thomaz et al 2008),
provide habitats for a range of organisms such as phytoplankton, zooplankton and fish
(Biggs 1996; Pelicice and Agostinho 2006; Padial et al 2009; Mormul et al 2010). They
also influence the hydrology and sediments dynamics of the system, shifting the water
flow (Madsen et al 1991) and trapping, resuspending particles (Vermaat et al 2000).

Studies conducted with large-term data provide us the understanding of
phenomena that arise over time. The opportunity emerged when occurred a historic
water depletion (ca. 5m) at the dam level (between November 1999 and March 2000;
108 days) in one of the largest reservoirs in the world, Itaipu, allowing us to evaluate
the change in the aquatic macrophyte assemblages structure, before, during and after
this event. The water depletion that occurred in this reservoir was characterized as
spatially and temporally intense. Great disturbances like this one can promote death of
large amounts of vegetal biomass and also local species extinctions, mainly because the
reservoir is very dendritic and the shores were largely exposed during this period. These
factors increase the dissimilarity between sites, which increase per se, the beta diversity.
As the disturbance affects differently the depth gradient along the arms of the reservoir,

the turnover of species should be higher than nestedness.

Using this particular circumstance, we aimed to analyze the B-diversity spatial-
temporal patterns of aquatic macrophyte assemblages in the Itaipu reservoir, over eight
years. Therefore, considering five arms sampled along eight years (1999-2007) in the
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Itaipu reservoir, we: (i) analyzed general patterns of beta diversity and its components
(nestedness and turnover); (ii) tested whether environmental variables (electrical
conductivity, Secchi and fetch) had relation with the patterns aforementioned and (iii)
verified if the drawdown promoted shift in the beta diversity, mainly in the turnover and
nestedness patterns of the macrophyte assemblages, comparing with the year before and

after the event.

It is worth mentioning that Thomaz et al (2003) studied beta diversity patterns of
the aquatic plants assemblage in this reservoir in eight arms in 1999. The indexes used
were 1 and B, from Harrison et al (1992). According to the indexes, species turnover
was slightly higher among arms than among stands of a same arm and the sum of the

coefficients of variation of environmental variables on species turnover was significant.

Due to inherent differences of each arm (e.g. nutrients, shoreline length, and
physic-chemical characteristics; Bini et al 1999; Thomaz et al 2003) we expect high
values of beta diversity, with turnover demonstrating importance among arms, while
nestedness would be the prominent process within arms. Indeed, due to these
differences and because each species has its particular ecological and physiological
tolerances, we also expect an interaction between beta diversity with the environmental
factors. In 2000, during the water depletion, we expect extinction of many species,
especially submersed ones, increasing species composition dissimilarity and spatial
turnover between arms, while within arms we expect also species turnover instead of
nestedness (due to e.g. species extinction and colonization from new ones). The
following year is expected to have predominance of high beta diversity and also spatial
turnover between arms and within them due to physiologic constraints and biotic

interactions (e.g. competition).

STUDY AREA

The study was conducted in the Itaipu Reservoir, a dendritic impoundment,

located along Brazil-Paraguay border (24°05°S and 25 °33’S; 54 °00°W and 54 °37°W),
in the Parana River (Fig.1). It is characterized by being large (1,350 km?) and deep
(mean depth = 21.5m). The mean residence time is 40 days, but it reaches 29 days in the
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main water body (Thomaz et al 2003), being longer in the arms of the reservoir (which
are the drowned valleys of influent streams). Five arms in this reservoir were analyzed,
which are located in the Brazilian margin and surveyed from 1999 to 2007. These arms
were: S0 Francisco Verdadeiro (SFV), Séo Francisco Falso (SFF), S&o Vicente (SV),
Ocoi (OC) and Passo Cué (PC). Sdo Francisco Verdadeiro arm presented the lowest
values of Secchi and was greatly colonized by algae, due in part to the high water
phosphorus and nitrogen concentrations originate from agricultural areas, mainly cattle

raising, upstream (eutrophic arm).

TTAIPL HESERVIN )
e %— P VERFY e
0 FHANCRSCL FALSU AN (31

SAN FRASCISCO VERDARFIRE
Wby w | L a A
g Fa _’_,-'f T
L ¥ &

T L TSRO VICINTE B R

1125000 ; \"-, . 1

i "
| " I L., T AR OO

Figure 1. Location of the Itaipu reservoir and sampling sites (150). Arms codes used in the text are as follow: Séo
Francisco Verdadeiro (SFV), S&o Francisco Falso (SFF), S&o Vicente (SV), Ocoi (OC), and Pago Cué (PC).

S@o Francisco Falso was classified as mesotrophic, while S8o Vicente was
oligotrophic and had the highest fetch values. Ocoi and Pago Cué arms are located in the

lacustrine zone of the reservoir and presented high values of water transparency and
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fetch (oligo-mesotrophic arms). For more detailed information see Bini et al. (1999),
Thomaz et al. (1999).and Bini and Thomaz (2005).

MATERIAL AND METHODS
SAMPLING

A total of 150 sites (30 per arm) were georeferenced. From a boat in constant
velocity, during 8-12 minutes (~100m), we recorded and collected aquatic macrophytes
in each sampling site. In the Itaipu Reservoir, the maximum depth colonized by aquatic
macrophytes is approximately 4m, exceptionally reaching 8m (Thomaz et al. 1998).
Three meter long rake, with curved prongs were also used to collect submerged
vegetation. This method minimizes underestimating the submerged species richness.
Only euhydrophytes were included in this study, because they present body parts with
functional photosynthetic structures and/or rooting structures on the surface of the
hydrosoil or water column overlying the hydrosoil, for at least 50% of the time (Bini et
al 2001). Using this criterion circumvents problems caused by dubious ways to

distinguish aquatic from non-aquatic species (see more in Rgrslett 1991).

Beyond aquatic macrophytes sampling, some limnological data were also
collected. Electrical conductivity values were obtained by a digital potentiometer
Digimed®, while water column transparency was measured with a Secchi disc (in
meters). Fetch, the variable that indicates the free water surface for wind action,
revealing also its intensity (Azza et al 2007; Hakanson and Jansson 1983) was
calculated for each sampling site. For each site, a vertical line was projected in the
direction of the center of the arm (90°), while the distances (X, in km) from the
sampling site to land or an island were measured for every deviation angle (A;), where A;
= #10° #20°... #80° totaling 160°. The effective fetch (not corrected by wind
direction), L¢, was calculated from the formula (Hakanson and Jansson 1983): L= [(Z
Xi.cos)/(Z cosj)].s, where s is constant referent to the scale of the map. Fetch can be
considered as a surrogate variable indicating the wave disturbance by the wind, as
demonstrated by Thomaz et al (2003).
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DATA ANALYSES

Beta diversity was estimated for aquatic macrophytes in all sites in the five arms
in the ltaipu reservoir. Sgrensen dissimilarity index (Bso) formula is PBsor =
(b+c)/(2a+b+c), in which a is the number of species that occur in both sites; b is the
number of species that appears only in the first site and c is the number of species
occurring only in the second site. Bsr IS one of the most used measures due to its
dependence on the proportion of species shared between two communities and this
measure is well known to incorporate the true spatial turnover and differences in

richness along gradient (Koleff et al 2003).

Using the additive partitioning framework proposed by Baselga (2010), we also
provided the decomposition of the pairwise dissimilarity index (Bsor) in two additive
components: spatial turnover (Bsim) and nestedness (Bres). Therefore Bsor= PBsimtPnes. The
formula used for Bsim and Pres are as follows: Bsm= min(b,c)/[a+min(b,c)]; Pres=
{[max(b,c)—min(b,c)]/[2a+min(b,c)+ max(b,c)]}x{a/[a+min(b,c)]}, in which, variables
a, b and c were as described above.

It is important to highlight that dissimilarity due to nestedness (Bres) is related to,
but different from, nestedness per se (Baselga 2010). Many authors suggest that the
species turnover or decay of similarity is caused by at least two, not mutually excluding,
processes: the environmental filtering hypothesis (Keddy 1992) and the dispersal
limitation hypothesis (Hubble 2001). In an attempt to visualize better the components of
Sgrensen dissimilarity index, Bsim and Ppes results values were standardized (Pnes
stardardized=Prnes/Bsor aNd Psim standardized= Bsim /Psor), ranging from 0 to 1 and their sum equals
value one (1). The standardized values of Bsim and Pnes in all text, figures and tables are

named as Bsim and Pres.

To test whether the aquatic macrophytes beta diversity pattern, turnover and
nestedness dataset were affected by year, arms sampled, limnological variables (fetch,
Secchi and electrical conductivity) and their interactions we used a permutational
multivariate analysis of variance (PERMANOVA, Anderson 2001; McArdle and
Anderson 2001). Our data did not reach the assumptions of parametric statistical
analysis (normality Shapiro-Wilk test, p<0.001 and homogeneity of variance Levene
test p<0.001), so this analysis is well appropriate. PERMANOVA tests the simultaneous
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response of one or more variables to one or more factors in an ANOVA experimental
design on the basis of any distance measure, using permutation methods.
PERMANOVA is different from traditional ANOVA because it calculates the P-values
using permutations, rather than relying on tabled p-values which assume normality.
More details about PERMANOVA are found in Anderson (2001). We analyzed
untransformed, unstandardized data, using the Bray-Curtis measure of dissimilarity,

with 999 permutations per test.

Due to sampling issues, we could not measure electrical conductivity and Secchi
in 2000. When this year was not included in the analysis, Secchi and electrical
conductivity and fetch (beyond another years and arms) were included in the
PERMANOVA test. When 2000 ran with all years, only arms and years were

considered as predictive variables.

To assess if the drawdown of 2000 was capable to shift beta diversity, turnover or
nestedness, we ran PERMANOVA precisely in the years 1999, 2000 and 2001 and used
those years and arms as predictive variables. To evaluate if there were any significant
differences among arms and years in relation to beta diversity and its components, we
ran Kruskal-Wallis post hoc comparisons. This test was carried out in STATISTICA 7.0
(Statsoftinc, USA). The analyses (beta diversity partitioning and PERMANOVA) were
carried out through the statistical program R, version 2.14.0 (R development Core
Team, 2011), using the “beta.pairwise” function provided by Baselga (2010) and

function “adonis”, both from the vegan package (Oksanen et al 2012).

RESULTS

We found 37 euhydrophyte taxa belonging to 23 families (Table 1). Of this total,
the most frequent taxa were Urochloa subquadripara, Panicum sp., Egeria najas and
Polygonum sp. and the less frequent were Typha domingensis, Pontederia sp and

Bacopa sp. (Fig.2).
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Family Species LF
Alismataceae Sagittaria montevidensis Cham. & Schltdl. EM
Amarantaceae Alternanthera philoxeroides (Mart.) Griseb. EM
Araceae Pistia stratiotes L. FLU
Araliaceae Hydrocotyle ranunculoides L.f. EM
Characeae Chara spp. L. Emend C.Agardh emend R. Braun SE
Nitella sp. C. Agardh emend R. Braun emend Leonhard SE
Commelinaceae Commelina sp. L. EM
Convolvulaceae Ipomoea sp.L. EM
Cyperaceae Eleocharis minima. Kunth EM
Eleocharis filiculmis Schur EM
Oxycaryum cubense (Poepp. & Kunth) Palla EP
Rhynchospora corymbosa (L.) Britton EM
Euphorbiaceae Caperonia castaneifolia (L.) A. St.-Hil. EM
Haloragaceae Myriophyllum aquaticum (Vell.) Verdc. SE
Hydrocharitaceae  Egeria densa Planch. SE
Egeria najas Planch. SE
Hydrilla verticillata (L.f.) Royle SE
Limnobium laevigatum (Humb. & Bonpl. ex Willd.) Heine FLU
Lemnaceae Lemna valdiviana Phil. FLU
Lentibulariaceae Utricularia sp. L. SL
Menyanthaceae Nymphoides indica (L.) Kuntze FF
Najadaceae Najas sp. L. SE
Nympheaceae Nymphea amazonum Mart. & Zucc. FF
Onagraceae Ludwigia spp. L. EM
Poaceae Panicum sp. L. EM
Paspalum repens P.J. Bergius EM
Urochloa sp. P. Beauv. EM
Echinochloa sp. P. Beauv. EM
Polygonaceae Polygonum spp. L. EM
Pontederiaceae Eichhornia azurea (Sw.) Kunth EM
Eichhornia crassipes (Mart.) Solms FLU
Pontederia sp. L. EM
Salviniaceae Salvinia auriculata Aubl. FLU
Salvinia herzogii de la Sota FLU
Salvinia minima Baker FLU
Plantaginaceae Bacopa sp. Aubl. EM
Typhaceae Typha domingensis Pers. EM

Table 1. Families and species recorded during the whole study (1999-2007) in the Itaipu reservoir. Life forms: EM=
emergent; EP= epiphyte; RS= rooted submerged; FS= free submerged; FL= floating leaved; FF=free floating.
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Figure.2. Mean frequency of occurrence of aquatic macrophyte species, considering all years (1999-2007) and
reservoir arms. Species code: uroch-Urochloa subquadripara; ludwi-Ludwigia spp.; eleoc-Eleocharis filiculmis;
nitel-Nitella sp.; polyg-Polygonum spp.; egnaj-Egeria najas; chara-Chara spp.; eicra-Eichhornia crassipes; panic-
Panicum sp.; nyama-Nymphea amazonum; salv spp- Salvinia spp.; egden-Egeria densa; nymph-Nymphoides indica;
comel-Commelina sp.; alter-Alternanthera philoxeroides; eiazu-Eichhornia azurea; sagit-Sagittaria montevidensis;
mirio-Myriophyllum aquaticum; pistr-Pistia stratiotes; elemi-Eleocharis minima; lemna-Lemna valdiviana; utric-
Utricularia sp.; najas-Najas sp.; parep-Paspalum repens; caper-Caperonia castaneifolia; ipome- Ipomoea sp.; hydro-
Hydrocotyle ranunculoides; echin-Echinochloa sp.; rynch-Rhynchospora corymbosa; tydom-Typha domingensis;
limno- Limnobium laevigatum oxcub-Oxycaryum cubense; hyver-Hydrilla verticillata; bacop-Bacopa sp.; ponte-
Pontederia sp.; eclip-Eclipta sp.

Beta diversity (Bsor) presented high values (up to 0.7) along the eight years of the
study (Fig. 3b) and also in all arms of the reservoir (Fig. 3d). The nestedness pattern
expected within arms was not met. The predominant process within the arms and also
between arms was spatial turnover (Fig.3h). This also occurred temporally, all years
presented high spatial turnover (Fig. 3f). In the arms of Itaipu reservoir it was possible
to observe that in all years of the study, including before (1999), during (2000) and just
after (2001) the water depletion, the process responsible for the beta diversity was

spatial turnover of species.

In an attempt to assess if there are abiotic differences between the arms, the
Kruskal-Wallis showed no significant statistical differences in relation to fetch (H=2.98;
p=0.55). However, electrical conductivity (H=69.96; p<0.001) and Secchi (H=95.64;
p<0.001) had significant differences. When considering electrical conductivity, the last
arm, PC, was different from the others. Analyzing the multiple comparisons (post hoc
test), we noticed one gradient from upstream to downstream: in relation to Secchi, the
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first two arms (SFF, SFV) did not differ from each other and are different from the other
three (SV, OC and PC), which are downstream.

Both Sgrensen dissimilarity index (Bsor) and species turnover (Bsim) Were affected
by the interaction with all variables (fetch, Secchi, electrical conductivity, arm and year)
considered in the analysis (F=1.125; p=0.02 and F=1.613; p=0.002 respectively).
Nestedness pattern was affected by the interaction of year, arm and fetch, which
presented significant results (F=2.93; p=0.001).

Considering the first three years of the study and focusing on the possible
consequences caused by water depletion in 2000, the year before the event presented
significant increase in beta diversity in 2000 and 2001 (H(2, 375=57.95; p<0.001; Fig.
3a), while they did not differ from each other. Indeed, all arms also differed
significantly (H,375= 30.42; p<0.001; Fig. 3c).

We had a significant difference for species turnover and consequently nestedness
in 2000 (Hpa7s) =18.95; p<0.001; Fig.3e), comparing with 1999. Species turnover
values kept higher than nestedness values. The five arms in the reservoir (SFV, SFF,
SV, OC and PC) had predominance of spatial turnover before, during and after the
water depletion (Fig.3g). After the drawdown in 2000, the following years were
characterized by high values of beta diversity (Bsor; Fig. 3b) and by species turnover
(Bsim; Fig. 3f). This phenomenon prevailed in all years, inclusively in all arms (Fig 3f
and 3h).
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Figure 3. Mean and standard error for the first three years (before, during and after the drawdown) for (a) Bsor and (€)
Bsim: Pres Values. Along the whole study (b) Serensen dissimilarity index (Bs,) and (f) species turnover (Bsm) and
nestedness (Bnes)-When comparing arms in the three first years, () Bsor and (9) PBsim and Pres: Comparing the arms
along the study years (d) Bsor and (h) Bsim @nd Pres: Arms code: SFV- Séo Francisco Verdadeiro; SFF- S&o Francisco
Falso; SV- Sdo Vicente; OC- Ocoi and PC- Pago Cué. Values of B, and By are standardized.
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Relating the arms separately, we noticed that the two first arms in the reservoir,
SFV and SFF, did not differ in any year (1999-2001) for beta diversity and its
components Bsim and Bres (Fig 3¢ and 3g; Table 2). The other three arms (SV, OC, PC),
located downstream, presented significant differences, generally presenting increase in
in 2000 for Bsor and Psim Values (Fig 3c and 3g; Table 2).

Table 2. Nonparametric Kruskal-Wallis test. Differences in relation to B, and B, in the five arms of the reservoir
considering only the three first years of sampling. Values of B, were standardized.

Bsor psim
F p Differed years F p Differed years
SFV  0.05 0.97 0.19 0.90
SFF  3.18 0.20 118 0.55
SV 21.89 <0.001 99400 and 99401 10.09 0.006 99400
ocC 2449 <0.001 99400 and 99401 11.05 0.004 99401

PC 34.08 <0.001 all years differed 3.38  0.18

DISCUSSION

Beta diversity may be caused by environmental factors acting in the present time
(niche-difference model) and by spatial factors and historical events (model of temporal
and spatial constraint) as suggested by Nekola and White (1999). The former case of
decay of similarity results from a simple decrease in environmental similarity with
distance. The underlying reason is competitive sorting of species with different
physiological tolerances. The latter refers to temporal and spatial structures and their

influences on species across landscapes.

In Itaipu reservoir both processes could cause high beta diversity and species
turnover. Our analyses showed that beta diversity and species turnover prevailed in all
arms, during the whole study (1999-2007). For the aquatic macrophyte assemblages in
Itaipu reservoir, geographical and limnological diversification along longitudinal
gradient and their temporal variation demonstrated that these factors can explain the

spatial turnover within and between arms.

The studied arms are dendritic and present large shoreline length (Thomaz et al
2006). This is a favorable area for aquatic macrophytes colonization and development

(Rarslett 1991). Thomaz et al (2003) found a significant relationship between shore
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lengths predicting species richness in Itaipu reservoir. According to authors, the upper
portion of the Itaipu reservoir is richer and presented an increase of 0.16 species per km.
This could be due to higher nutrient concentrations (SFF and SFV present the highest
values for phosphorus and nitrogen, Bini et al 1999), shallower sites, with low exposure
to wind, and constant input of propagules upstream. These characteristics were found in
other dendritic tropical reservoirs (Esteves and Barbieri 1983; Bini et al 2005). The high
diversity found in the studied reservoir may be due spatial heterogeneity and this may
have promoted high beta diversity values. With the water depletion event, some life
forms, which inhabit the shores, were affected and could cause turnover predominance
instead nestedness. Previous study about the limnological characterization of the Itaipu
reservoir presented a longitudinal difference: the upper arms showed high conductivity,
an indication of high nutrient concentrations and suspension solid material that comes
from upstream stretches of reservoir. The same occurred with water transparency, which
presented higher values in arms located closer to the dam due to the sediment trapping
(Pagioro and Thomaz 2002). It was expected that limnological factors should have
interactions between them. It is known that in sites with low steep margins and shallow
waters, fetch can cause sediment resuspension and promote low water transparency.
This reduction in transparency is due to suspended materials in water, increasing ions
concentration and consequently, electrical conductivity. Some studies have assessed this
effect on aquatic plants (Rea et al 1998; Van der Berg et al 2003; Istvanovics et al
2008).

These environmental gradients tend to segregate some species according to their
physiological tolerances. Beta diversity is more a function of their niche breadths
combined with the temporal and spatial structures of the landscape. Thomaz et al (2003)
studied the Itaipu reservoir arms and detected, in 1999, that the sum of the coefficients
of variation of environmental variables (electrical conductivity, secchi disc, turbidity, k
and fetch) on species turnover was significant, i.e., such results may be accounted for by
peculiarities of the limnological and morphometric features of each arm. In a study with
macrophytes in Ireland, Heegaard (2004) concluded that the most important factors
determining the species turnover were the combined influence of chemical gradients
and the distance between lakes. For example, we observed in Itaipu more free floating

leaves species occupying the superior arms (riverine zone) while submerged ones
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generally occur in the inferior arms (lacustrine zone), which had more transparent
waters (Bini et al 1999). Heegaard et al (2001) showed that macrophyte species in lakes
were affected by conductivity gradient and suggests the presence of two species pools,
species preferring either high or low ionic concentrations. We observed a gradient of
ionic concentrations in the arms of the reservoir. Besides these factors, fetch is an
important environmental variable for macrophyte species distribution (Azza et al 2007)
and species richness (Thomaz et al (2003). Although our measurement of this variable
made it constant over time, its wide range within arms (from 0 to 30), can promote
different suitable habitats (sites with low values of fetch) for many macrophyte species
(Azza et al 2007; Boschilia et al submitted).

We expected a nestedness pattern within arms due to high dispersion rates
(Barrat-Segretain and Bornette 2000) and prevalence of asexual reproduction (Heegaard
et al 2001) in aquatic macrophytes (Barrat-Segretain 1996). Even with this ability, the
spatial species turnover were very high, providing us evidences that there are important
factors capable of limiting the species distribution. It has been hypothesized that
environmental conditions may filter species: species arriving from regional species pool
only colonize in local habitats if functional physiological, morphological, and/or life-
history traits are compatible with habitat characteristics (Keddy 1992). Beyond
environmental features, biotic interactions, (such as competition for more stable
habitats), and varying conditions of attenuation of solar radiation, are also important in
determining species distribution and composition (e.g., Barrat-Segretain 1996; Van der
Berg et al. 2003). As a result, quantifying the links between a habitat’s conditions and
the functional traits of its species represents a first, necessary step in determining the

processes governing species distributions.

A species considered specialized is confined to a relatively narrow limit of
environmental conditions. As we observed in our data, most species found in the arms
of the reservoir had less than 20% of frequency of occurrence, and these species can be
considered specialized to certain environments and this may account for their relative
rarity. Other reasons can be considered, for example, competitive exclusion, limited
dispersal ability or lack of a suitable substrate to anchorage within the arm. Species that
are strongly restricted to specific habitat conditions, therefore, automatically will be rare
in a dataset that covers a wide range of environmental characteristics.
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As the first two upper arms of the reservoir (SFF and SFV) did not differ in the
first three years for Bsor, Psim and Pres Values, these arms could be influenced by the
constant input of propagules from upstream (from the Upper Parana River floodplain).
Indeed, these arms are characterized by low water transparency and consequently low
frequency of submersed species inhabiting the water column. When drawdown
occurred, the death of these species promoted less impact in these arms than the other
three located more downstream (SV, OC and PC) which have more transparent water
and more submersed species. This panorama revealed higher values of By and Bsim in
2000 for these arms. The differences occurring in 2000 also continued in 2001, showing
that the effect of the water depletion upon the macrophyte assemblage in the Itaipu

reservoir was still driving changes in species composition in the downstream arms.

The drawdown promoted an enormous quantity of dead macrophyte biomass,
specifically the submerged species that colonized preferentially the shallow margins of
the arms. Consequently, large open areas were available for colonization of ruderal
species and of bank seed germination (Bonis and Grillas 2002; Havens et al. 2004).
New species have colonized in this area while several species had become extinct. The
following years remained with high values of beta diversity and species turnover. This
pattern remained until the end of studied period, characterizing the aquatic macrophytes
of Itaipu reservoir as an assemblage with high beta diversity and predominance of

species turnover above nestedness during the whole study, between and within the arms.

In sum, the Itaipu reservoir has some features that contributed to the prevalence of
species spatial turnover in all arms, in great spatio-temporal dimensions. Arms
morphology, limnological conditions of each arm and biotic interactions could be
factors determining the spatial turnover of macrophyte assemblages. Although
macrophytes are considered highly dispersive, most species in the reservoir presented
low frequency of occurrence during the whole study. This is indicative of many
environmental filters guiding the distribution of the aquatic macrophytes species in the
arms of the reservoir preventing them to inhabit the whole reservoir. It should
encourage future studies about how many other factors, not evaluated in this study,
contribute to the spatial turnover of macrophyte assemblages in large reservoirs.
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ABSTRACT

River-floodplain systems are disturbance-dominated environments characterized by
high levels of habitat diversity and biota adapted to exploit the spatio-temporal
heterogeneity promoted by flood and drought pulses. Our aim was to verify if beta
diversity and its components (species turnover and nestedness) are affected by
hydrological regime (flood-drought cycles), spatial structure of floodplain (sub-
systems), connectivity degree between lagoons and main channel and sampling period.
Samples were collected quarterly (March 2005 to December 2009) in six lakes of the
Upper Parand River floodplain with different degrees of connectivity (connected and
disconnected to the main river). In each lake, we analyzed macrophyte composition and
limnological variables. Sgrensen dissimilarity index presented significantly higher
values for disconnected lakes and also for Parana River sub-systems. Species turnover
and nestedness showed non-significant results within all periods analyzed. When
comparing whole periods, species turnover revealed to be the main process of beta
diversity in the systems of the Upper Parana River floodplain. Flood time lag period
presented higher values and then significant differences with flood period for Sgrensen
index and species turnover, confirming the flood homogenization hypothesis, which

postulates a decrease in beta diversity during flooding period.
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INTRODUCTION

River-floodplain systems are disturbance-dominated environments characterized
by high levels of habitat diversity and biota adapted to exploit the spatio-temporal
heterogeneity (Junk et al., 1989; Neiff, 1990; Agostinho et al., 2004; Thomaz et al.,
2007; Lansac-T6ha et al., 2009). The flood and drought pulses are considered by many
authors the most important environmental parameter in floodplain aquatic ecosystems.
Rivers and their surrounding floodplain channels and lakes can be considered integrated
components of a single dynamic system, linked by strong interactions between
hydrological and ecological processes (Junk et al., 1989; Neiff, 1990; Santos &
Thomaz, 2007; Boschilia et al., 2008; Lansac-Toha et al., 2009; Souza et al., 2011).

Despite their ecological importance, more than 50% of the wetlands in the world
were already lost in the last century due to human activities (MEA, 2005). The
regulation of flow by upstream dams has modified the structure and function of the
Upper Parand River floodplain and negatively impacted many organisms (Agostinho et
al., 1995, 2004; Bonecker et al., 2009; Souza et al., 2011). As a consequence, the
natural fluctuations in water level changed and the areas naturally flooded by rivers
decreased. Dam operation can generally cause a flattening of the floodplain pulses,
which reduces the connectivity between the main river channel and the floodplain
habitats (e.g. isolate lakes) (Agostinho et al., 2000). The degree of connectivity of
floodplain lakes to the main river has also gained attention as an important controlling
factor in structuring aquatic communities in floodplains systems (Ward et al., 1999;
Bini et al., 2003; Agostinho et al., 2004; Thomaz et al., 2007; Bonecker et al., 2009).
Despite the control imposed by the large number of upstream dams, the flood regime of
the Paranad River is still the main determinant of the structure of aquatic communities
(Gomes & Agostinho, 1997; Agostinho et al., 2001; Thomaz et al., 2007).

Water level fluctuation has a great influence on the environmental characteristics
of lotic and lentic ecosystems. It is one of a few environmental factors controlling the
wetlands (Keddy, 2000). Flooding and drought affect species composition, relative
abundance, distribution and succession dynamics of the aquatic macrophyte
assemblages (Van der Valk, 1987; Keddy, 2000; Boschilia et al., 2008; Thomaz et al.,
2007, Santos & Thomaz, 2007). Whether the water level keeps relatively constant, the
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assemblages of aquatic plants in the littoral zone tend to stabilize and present lower
species richness (Keddy & Reznicek, 1986; Van der Valk et al., 1994) than
environments with water levels that naturally fluctuate during rainy and dry seasons.
This occurs because great and frequent variations of water level make the littoral zone
unsuitable for species that are highly competitive under stable conditions, favoring
flood-drought pulse tolerant species (Keddy 2000, Keddy & Reznicek, 1986). Floods,
even of short duration, influence the dominance of aquatic macrophytes in shallow
wetland systems (Maltchik et al., 2005). This type of environment has natural
oscillation of water level and is generally dominated by amphibious and ruderal
helophytes (emergents) on the shore (Casanova & Brock, 2000; Lacoul & Freedman,
2006; Ferreira et al., 2011).

In floodplains such as the Upper Parand River floodplain, we observe a different
pattern of flood pulses than in large systems like the Amazon region. In the latter, a
pattern of long duration unimodal predictable flood pulses is observed. Contrary to large
systems, smaller floodplains, usually present a polynomial pattern (Agostinho et al.,
2000, Thomaz et al., 2004; Fernandes et al., 2009). The Upper Parana River floodplain
is composed of multiple aquatic habitats, such as connected and disconnected
(permanent or temporary) lakes, channels and backwaters. This habitat heterogeneity
plus the flood pulse variation promote high species diversity (Bornette et al., 1998;
Ward & Tockner, 2001; Agostinho et al., 2004; Santos & Thomaz, 2007; Ferreira et al.,
2011).

Understanding the patterns and processes related to beta diversity is a central issue
to applied and theoretical ecology (Gaston et al., 2007; Anderson et al., 2011). Beta
diversity may reflect two different components: spatial turnover of species and
assemblage nestedness (Baselga, 2010). The former implies the substitution of some
species over others as a consequence of environmental gradient or geographical and
historical constraints (Qian et al., 2005); while the latter occurs when species
composition from depauperate samples are largely proper subsets of those from

progressively species richer regional samples.

Thomaz et al. (2007) proposed the flood homogenization hypothesis, when flood

events promote the increase of similarity in ecological processes and biological
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communities in different habitats within the river-floodplain system. It is also expected
a time lag until the effects of the homogenization become apparent. Assuming the wide
range of habitats in the floodplain, its high species richness and the flood-drought
cycles, we assumed that this system should present high beta diversity. We evaluated
the spatial and temporal patterns of beta diversity and its components (turnover and
nestedness) in the Upper Parand River floodplain within its sub-systems and lakes
(connected and disconnected) along five years of study. Specifically, we aimed to verify
if the beta diversity and its components are affected by hydrological regime (flood-
drought cycles), spatial structure of floodplain (sub-systems), connectivity degree
between lakes and main channel and sampling period. We expect: a well-defined beta
diversity pattern (Sgrensen dissimilarity index) due to the high environmental
heterogeneity promoted by the flood-drought cycles; higher values of species turnover
as the main processes driving changing species composition in the Upper Parana River
floodplain; and we expect high species nestedness within lakes, especially disconnected

lakes, because of their isolation with the main river is higher than connected lakes.

STUDY AREA

The Parana River Basin covers a large area in Brazil (ca. 802,150 km?). It is the
tenth longest river in the world (4,695 km), with a watershed area of 2.8 x 10° km? that
includes most of south-central South America from the Andes to the Serra do Mar, near
the Atlantic Ocean. In its upper portion, the Upper Paranad River is associated with a
wide floodplain (the Upper Parand River floodplain, 5-20 km width), the last
undammed stretch of this river in Brazil. The braided floodplain is located between 22°
40°S and 23° 40°S latitude and between 53° 10°W and 53° 40°W longitude (Fig.1), in
which are inserted three Conservation Units: Ilha Grande National Park, Ivinheima
State Park and Environmental Protection Area of “llhas e Varzeas do Rio Parana”. For
being the only stretch not dammed in this river, it is important for the conservation of

several threatened aquatic and terrestrial species (Agostinho et al., 2004).
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Figure 1. Study area and sampling stations in the Upper Parana River floodplain.

This present study was undertaken in this floodplain (Fig.1), which encompasses a

variety of aquatic, transitional and terrestrial habitats (Agostinho et al., 2007). The

samples were taken in six lakes associated with Parana River and with two of its main

tributaries (lvinheima and Baia Rivers; Fig. 1). For each river, two lakes were studied,

one directly connected to the river (CL) and another disconnected, in direct contact with

the river only during the major floods (IL), when occurs bank overflow (above 450mm

water level; Fig.2).
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Figure 2. Daily water level of the Upper Parana River floodplain from 2005 to 2009, at Porto Sao José city. Arrows
indicate the sampling periods considered in this study.

MATERIAL AND METHODS
SAMPLING

Aquatic macrophytes were surveyed quarterly, from March 2005 to December
2009 (totaling 18 sample series). In each lake, data on macrophyte species were
recorded from a boat moving at a constant slow speed along of the shoreline.
Submerged species plants were sampled from the boat with a rake, for 10 minutes.
Taxonomic identification followed the specialized literature (Hoehne, 1948; Cook,
1996; Pott & Pott, 2000; Lorenzi, 2000; Amaral et al., 2008). The list of taxa contains
families and genera according to the “Angiosperm Phylogeny Group-APG II” (2003)
for Magnoliophyta (Angiospermae), Willis (1973) for Pteridophyta and Crandall-Stotler
(1980) for Hepatophyta.

In each sampling, water was collected with a Van Dorn bottle from the sub-
surface layer in one point situated in the pelagic zone of all lakes. The water was
immediately analyzed for pH, conductivity (Digimed portable meters) and total
alkalinity (Gran titration: Carmouze, 1994). Water transparency was measured with
Secchi disk and the water temperature and dissolved oxygen with an YSI meter. Water
was also frozen (-20 °C) for further nutrient analyses. Total-N was analyzed according
to Bergamin et al., (1978) methods and Total-P to Golterman et al., (1978). For more

analytical details see Roberto et al., (2009).
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FLOOD AND DROUGHT PERIODS SELECTION

Daily measurements of water level of Parana River (at Sdo José station) were used to
select periods of flood and drought in the Upper Parand River floodplain (Fig.2). We
established river level of 450cm as the reference intensity (threshold) level that
characterizes flooding (when water overflows and invade disconnected lakes; Fernandes
et al., 2009). Exceptional floods occur when water levels are above 600cm (Fernandes
et al., 2009) and all the systems are connected (islands become immersed). The
selection criterion for the sampled periods for the beta diversity and posterior analyses
were: (i) flood, (ii) flood time lag, (iii) drought, (iv) drought time lag (Table 1). As our
sampling was made every three months, the time lag considered in this study has a
length of three months after the flood and drought periods.

Table 1. Criteria used to characterize the periods considered in this study. SP=number of sampling periods.

Coincidentally one sampling, June 2007, was considered two times, once in drought period and another in flood time
lag period.

Period Definitions SP

Flood Sampling period occurred exactly in the period of flood, i.e., 2

when water level is above 450cm (Fernandes et al., 2009).

Flood time lag Sampling period occurred immediately after a flood period. 7

(Flood TL)

Drawdown Sampling period occurred in the lowest water levels in the 5
year.

Drawdown time lag  Sampling period occurred immediately after the sampling of 5

(Drawdown TL) the drawdown.

BETA DIVERSITY ANALYSIS

Beta diversity was estimated for aquatic macrophytes in all habitats of the Upper
Parana River floodplain, i.e., connected and disconnected lakes in the three sub-systems
(Ivinheima, Baia and Parana rivers) from 2005 to 2009. Thomaz et al. (2007) suggested
a time lag to evaluate the effects of the homogenization effect until it becomes apparent.
We agree with these authors that the increase of environmental dissimilarity after
isolation is not immediate, mainly for aquatic macrophyte assemblages. We evaluate
beta diversity, turnover and nestedness of the aquatic macrophyte assemblages in four
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periods (Flood, Flood TL, Drought and Drought TL) during the five years of the study
described in the Table 1.

Sgrensen dissimilarity index (Bsor) formula is Bsor = (b+c)/(2a+b+c), in which a is
the number of species that occur in both sites; b is the number of species that appears
only in the first site and c is the number of species occurring only in the second site. Bsor
is one of the most used measures due to its dependence on the proportion of species
shared between two communities and this measure is well known to incorporate the true
spatial turnover and differences in richness along a gradient (Koleff et al., 2003). Using
the additive partitioning framework proposed by Baselga (2010), we also provided the
decomposition of the pairwise dissimilarity index (Bsor) in two additive components:
spatial turnover (Bsim) and nestedness (Bnes). Therefore, Bsor= (BsimtPnes). The formula
used for Bsim and Pnes are as follows: Bsin= min(b,c)/[a+min(b,c)]; Pnes= {[mMax(b,c)-
min(b,c)]/[2a+min(b,c) + max(b,c)]}x {a/[a+min(b,c)]}, in which, variables a,b and c
were already described above. It is important to highlight that dissimilarity due to
nestedness is related to, but different, from nestedness per se (Baselga 2010).
Nestedness proposed by Baselga (2010) reflects the increasing dissimilarity between
nested communities produced by the increasing differences in the number of species.
Many authors suggest that the species turnover or decay of similarity is caused by at
least two, not mutually exclusive, processes: the environmental filtering hypothesis
(Keddy, 1992) and the dispersal limitation hypothesis (Hubble, 2001). In an attempt to
visualize better the components of Sgrensen dissimilarity index, Bsim and Bres results
values were standardized (Bnes stardardized=Pnes/ Bsor 8Nd Psim standardized= Psim /Bsor), ranging
from 0 to 1 and their sum equals value one (1). The standardized values of Bsm and Pres

along this paper are named as Bsim and Pres.

STATISTICAL ANALYSIS

We used analyses of variance (ANOVA) to verify if the values of Bss, Bsim and
Bres Were statistically different in different sub-systems (Parana, lvinheima and Baia
lakes), degree of connectivity (connected and disconnected lakes) and the sampled years
(2005-2009) during the periods Flood, Flood TL, Drought and Drought TL. Non-
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parametric analyses of variance (Kruskal-Wallis) were performed when the variables
did not reach assumptions of normality and homoscedasticity.

In order to reduce the dimensionality of physical and chemical data (pH, electrical
conductivity, alkalinity, Secchi, water temperature and dissolved oxygen, Total nitrogen
and phosphorus), we used a Principal Components Analysis (PCA) in the four periods
analyzed (Flood and Flood TL, Drought and Drought TL). The scores were selected
according to Broken-stick criterion (Jackson 1993). With the aim of verify if the PCA
scores of environmental data influence the patterns of Serensen dissimilarity index,
species turnover and nestedness in the periods analyzed, we used a permutational
multivariate analysis of variance (PERMANOVA; Anderson, 2001; McArdle &
Anderson, 2001). PERMANOVA tests the simultaneous response of one or more
variables to one or more factors in an ANOVA experimental design on the basis of any
distance measure, using permutation methods. PERMANOVA is different from
traditional ANOVA because it calculates the P-values using permutations, rather than
relying on tabled P-values which assume normality. More details about PERMANOVA
are found in Anderson (2001). We analyzed untransformed, unstandardized data, using

the Bray-Curtis measure of dissimilarity, with 999 permutations per test.

The analyses of variance (both parametric and non-parametric data) were carried
out in STATISTICA 7.0 (Statsoft Inc, USA). The Principal Component Analysis (PCA)
was performed in PC-ORD v. 5.15 (McCune & Mefford, 2006). The analyses beta
diversity partitioning and PERMANOVA were carried out through the statistical
program R, version 2.14.0 (R development Core Team, 2011), using the “beta.pair”
function provided by Baselga (2010) and function “adonis” respectively, from betapart
and vegan packages (Oksanen et al., 2012).

RESULTS

Eighty three species belonging to 37 families were found in the whole floodplain
considering all years of sampling (Appendix 1). The most specious families were
Cyperaceae (10 species), Poaceae (9 species) and Polygonaceae (6 species). The most

frequent species were Polygonum stelligerum (87.9%), Oxycaryum cubense (79.63%),
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Eichhornia azurea (70.4%), Eichhornia crassipes (68.5%), Polygonum ferrugineum
(65.7%) and Paspalum repens (63.8%). The less frequent species with 0.93% were
Cyperus cf. sesquiflorus, Panicum hylaeicum, Setaria pauciflora, cf. Rhynchanthera
and Hyptis sp., while Chara guairensis, Nitella furcata, Azolla microphylla,
Oxypetalum sp., Eupatorium squalidum and Rhabdanenia pohlii had 1.95% of relative

frequency of occurrence.

Considering the whole Upper Parana River floodplain in five years of sampling,
beta Serensen mean value was 0.54 (SD= 0.08) and higher values were found for
species turnover (mean= 0.75; SD=0.10) than to nestedness (mean=0.24; SD=0.10).
Only Sarensen dissimilarity index presented significant effects of connectivity and sub-
systems (Table 2). The ANOVA presented significant differences in Bs; within all
periods for lakes connectivity and sub-systems in the floodplain; except for sub-systems
in the Flood period (Table 2). Disconnected lakes and Parana sub-system presented
higher values of Bsy, confirming our hypothesis. Non-significant results were obtained
for the years of the study, i.e., the years studied presented similar values of B, in each
period analyzed. Species turnover and nestedness did not differ statistically in relation
to connectivity, sub-systems and the years of the study in the Upper Parana River
floodplain.

Table 2. Results of analysis of variance for differences of beta diversity (Bs,) in relation to periods and levels. No
period presented significantdifferenceswithinoflevelsconsideredforspeciesturnover(Bsm)and nestedness (Bpes)-

fs
Periods Levels E p
sub-systems 2.46 0.14
Flood connectivity 8.12 0.017 Disc.>Connec.
years 0.31 0.58
sub-systems 3.61 0.03 PR>BA
Flood TL connectivity 23.02 <0.001 Disc.>Connec.
years 1.57 0.18
sub-systems 4.24 0.025 PR >BA and IVI
Drawdown connectivity 12.67 0.001 Disc.>Connec.
years 1.57 0.127
sub-systems 6.62 0.004 PR>BA and IVI
Drawdown TL  connectivity 9.46 0.004 Disc.>Connec.
years 2.09 0.11

No period present significant differences within of levels considered for species turnover (8sm) and nestedness (Bnes)-
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Furthermore, we tested if the values of Bsyr, Psim and Pnes Were different when
comparing the periods of Flood, Flood TL, Drought and Drought TL. When evaluating
the Sgrensen dissimilarity index, the Flood period presented lower values and differed
from the others (F,110=5.56; p=0.001; Fig.3a). The species turnover and nestedness
also presented significant differences in relation to periods. Flood also differed from the
Flood TL, but not from the others (Fig. 3b).
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Figure 3. Mean and standard error for (a) Serensen dissimilarity index (Bs:), (b) species turnover (Bsin) and
nestedness (Bnes) in the periods studied. The letters above the spreads are differences according to Tukey (a) and multi

comparisons Kruskal-Wallis tests (b).

Bsim Was significantly different from Bnes and the former prevailed in all periods
analyzed, confirming our hypothesis (Fig.4). We did not find any significant difference
between Bsim vValues within each period, considering connectivity and sub-systems. The
same occurred to Ppes, What means that comparing Bsim With Bres We found differences in
all periods but, within lakes, the BsimOr Bnes Values were not statistically different.
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Figure 4. Mean and stardard error values and analyses of variance (ANOVA and Kruskal -Wallis) comparing values

of Bsim and PByes in different periods (Flood, Flood TL, Drought and Drought TL) in relation to connectivity (a, c, e and

g) and sub-system (b, d, fand h).

Principal Component Analyses summarized the abiotic variables that most
influenced the four periods analyzed (Table 3). PCA revealed the formation of
significant axes according to the broken stick model, which were selected for

interpretation. Flood and Flood TL periods present three significant axes (total variance
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explained 85% and 81.39%, respectively), while Drought period present only a
significant axis (36.45% of explained variance) and Drought TL period revealed two

significant axes (66.85% of explication).

Table 3. Principal Component Analysis (PCA) of the abiotic variables sampled in the periods of Flood, Flood TL,
Drought and Drought TL. Between parentheses are the eigenvalues of the variables selected for each axis.
PERMANOVA analyzed which axis affected beta diversity in each period. Asterisks show which axis had significant
results this analysis. Cond.= Electrical conductivity, TP= Total phosphorus, Alc.= Alkalinity, OD= Dissolved
oxygen, TN= total nitrogen, Temp.= water temperature, Secchi= water transparency.

Periods Axisl AXxis 2 Axis 3
Secchi (0.88) * pH (-0.94) OD (0.64)

Flood Cond. (0.83) *  Alc. (-0.73) TN (-0.62)
TP (-0.88) *

Secchi (0.73) * OD (0.71) * pH (-0.63) *
Alc. (0.69) * Temp. (-0.81) *

Flood TL TN (-0.62) *
TP (-0.71) *

Alc. (0.83)
Secchi (0.70)
Drawdown Cond. (0.68)
TN (-0.62)
TP (-0.73)

Alc. (0.83) * Temp. (-0.6)
Drawdown TL  Cond. (0.71) *  OD (-0.75)

TN (-0.72) *

TP (-0.8*)

PERMANOVA tested which axis contributed significantly for beta diversity (Bssr)
in all periods analyzed. Species turnover and nestedness were not evaluated because
there is no significance in analyses of variance within the periods, connectivity and
years analyzed. The Flood period had only the first axis significant (F=3.78; R2= 0.33;
p=0.04). The variables contributing to this first axis were Secchi and electrical
conductivity (positive eigenvalues) and phosphorus (negative eigenvalues; Table 3).
When evaluating the Flood TL period, the three axes were significant by the
PERMANOVA (axis 1 - F=2.56; R2=0.05; p=0.01; axis 2 - F=5.84; R2=0.11; p=0.001;
and axis 3 - F=3.40; R2=0.06; p=0.003). The Drought period did not have any
significant axis for the analysis. Finally, Drought TL had only its first axis significant
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(F=2.37; R2=0.07; p=0.03). The variables most contributing to this first axis were
alkalinity and electrical conductivity (positive eigenvalues) and nitrogen and

phosphorus (negative eigenvalues; Table 3).

DISCUSSION

In this study, the null hypothesis of absence of effect of spatial structure of
floodplain (connectivity degree of lakes and sub-systems) on beta diversity patterns was
rejected. This implies that connection dynamic of lakes with the main river, as well as
the spatial distribution of different sub-systems formed from of tributaries of Parana
River, are good predictors of the beta diversity patterns in the floodplain. Severe
disturbances usually cause drastic effects on biotic communities. However, when
natural disturbances are recurrent, such as flood and drought pulses in floodplains, an
increase of environmental heterogeneity and biological diversity can be promoted.
Alternation of flooding and drought periods affect plant establishment from seed bank
and propagules by stimulating or inhibiting germination. Therefore, the water level
determines the oxygen availability in the soil and subsequent concentrations of nutrients
and toxic substances, by desiccating aquatic plants in drought or inundating terrestrial
plants in flood, changing the water transparency with depth changes (Casanova &

Brock, 2000). Here we will discuss each period separately.
FLooD

During the flood, while amphibious species can propagate vegetatively under
water, emergent species will die out under deeper water conditions (Keddy & Reznicek,
1986). In the Upper Parand River floodplain disconnected lakes present water depth
stability (Santos & Thomaz, 2007), independent of the water level fluctuations of the
main river due to water seepage. Therefore, when the flood connected all lakes with the
main river, species that inhabit disconnected lakes are less habituated to water level
oscillation (more emergent than amphibious species; mean 27.5 and 9.75 respectively),
leading to loss of local diversity in this period.

Lake-edge species tolerant to water level oscillations are typically amphibious,
ruderal helophytes, whose seeds require low water levels and oxygenated conditions to
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germinate and grow in low-competition habitats (Hutchinson, 1975). Also longer-lived
species with broader environmental tolerances may have phenotypically plastic
responses to the water variation and associated environmental conditions (Sand-Jensen

& Frost-Christensen, 1999). This dynamic was reflected in Sgrensen dissimilarity index,
showing higher values for disconnected lakes than in the connected ones. When
comparing periods, flood period presented the lowest values of Bs;r and species turnover
(Bsim)- This could be due to the increase of similarity between the rivers, channels and
lakes of floodplain with the homogenization effect (Bini et al., 2001; Thomaz et al.,

2007). According to these authors, this similarity is first found in the limnological
parameters of the floodplain, and consequently promoted an increase of similarity in
aquatic macrophytes composition leading to a reduction of beta diversity and species

turnover values.

During the Flood period it was possible to detect high values of water
transparency and low values of total phosphorus in this floodplain (Thomaz et al., 2007;
Roberto et al., 2009) and high values of electrical conductivity probably due to biomass
decomposition and the release of dissolved ions on the water (Junk et al., 1989). The
dilution effect in the floodplain waters promoted a decrease of beta diversity values for
the aquatic macrophytes assemblage and also the reduction of species turnover in the

habitats within the Parané River floodplain.
FLOOD TIME LAG

The same trend occurred in flood time lag period in relation to connectivity, when
the flood pulse had already occurred and the isolation of disconnected lakes was
reestablished. After the return of the water level each environment (connected and
disconnected lakes) initiates their own succession, which depends upon the propagules
input and seed bank success in colonization and establishment. Beyond propagule
production, there are more important traits for recolonization success, such as
germination and survival rates and dispersal ability, establishment, rooting and growth
rate when established (Grime, 1979). In this period is expected change in species
composition due to high seasonal losses for most euhydrophytes during high waters and
the recovery by quick growth, early maturity, high reproduction rates from r-strategists

and fast dispersal species (Junk et al., 1989).
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The increase of spatial heterogeneity in this period (comparing with the previous
period) eases the species coexistence and avoids the dominant species establishment
(Maltchik et al., 2005). This difference in Sgrensen dissimilarity index during Flood TL
period may be due to the constant propagules input, seed bank germination,
reestablishment of species that were washed way during flooding. In this period, the
sub-systems began to return to their peculiar abiotic characteristics. These initial
differences provide also an increase of beta diversity and higher values of species
turnover. Differences in Bg,r between Parana and Baia lakes may be due to species
composition and inherent limnological differences. Parana sub-system has the highest
values of Secchi, electrical conductivity and alkalinity and Baia has lowest, but highest
values in total nitrogen (Roberto et al., 2009). Indeed, as suggested by Thomaz et al.
(2009), these limnological differences promote distinct species composition and
therefore, highest Bs, in Parana lakes due to the species turnover process. An example
could be the dominance of submersed species inhabiting Parand River lakes, while Baia

are habitat preferable for free floating leaves.

Many limnological variables were responsible, in part, to this pattern. Nutrients as
nitrogen and phosphorus reestablish their usual concentrations in connected and
disconnected lakes, increasing even more the differences between sub-systems.
Correlated with nutrients were water transparency and alkalinity. In this period, while
nutrients were not so diluted anymore, water transparency decreased because lakes
depth diminished leading to an increase in alkalinity values (e.g. ions release from
sediment; Carvalho et al.,, 2001). The reduction of pH can be attributed to
decomposition of organic matter and high inputs of humic compound from surroundings
areas (Thomaz et al., 1992).

DROUGHT

Drought strongly affects aquatic macrophytes composition because it is a
prerequisite for successful germination and survival of many species (Bonis & Grillas,
2002). The floodplain aquatic habitats are isolated from each other and subject to local
driving forces during low water periods (Carvalho et al., 2001; Thomaz et al., 2007).
We observed higher Bs;r values for disconnected lakes than connected ones. According

to the study of Santos and Thomaz (2007) in this floodplain, differences in species
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composition and consequently in beta diversity should be due to connectivity, i.e., the
permanent connection with the main river makes connected lakes allow constant input
of propagules and insertion of new species in this habitat. During the drought occurs a
habitat contraction, where the aquatic habitat becomes exposed, promoting new area for
colonization of emergent, amphibious and exotic terrestrial species (Casanova & Brock,
2000; Santos & Thomaz, 2007). Due to drought features, some species will change their
growth form to adapt to drier conditions, but some species intolerant will die and be
replaced by species from buried seeds or propagules that came with the last flooding
(Keddy & Reznicek, 1986).

The disconnected lakes had more stable conditions in relation to water level than
the previous period and some species were locally extinct from flooding period,
allowing coexistence of many other species with similar habitat requirements (Junk et
al., 1989). That may be a factor contributing to higher Bs;r and Bsim Vvalues for
disconnected lakes. Parana River lakes had higher Bs, than other sub-systems during the
drought probably due to limnological differences. Roberto et al., (2009) concluded that,
due to upstream reservoirs, the Parana River suffered an enormous increase of water
transparency and decrease of total phosphorus (reservoirs trap sediments; Thornton,
1990). These factors are not shared with Baia and lvinheima sub-systems during
drought, when they have a high load of nutrients and low water transparency. The
limnological peculiarities could drive the successional trajectory of each lake promoting

high values of species turnover in this period.
DROUGHT TIME LAG

This period was characterized by long term of dry period (more than 6 months
after the last flood). This time is expected to be enough to promote biotic interactions
between organisms (Boschilia et al., 2008) since the disturbance of flooding leaded to
isolation from the main river (for disconnected lakes) and lower variation of water
(connected lakes). Roberto et al. (2009) suggested that habitats become more dissimilar
in this period due to limnological features. This pattern was also discussed elsewhere
(Tockner & Ward, 1999; Amoros & Bornette, 2002; Thomaz et al., 2007). Long periods
of drought may lead to maximization of competitive exclusion by space, luminosity and

nutrients, consequently, promoting local extinctions (Thomaz et al., 2007).

87



Long dry phases give opportunity for terrestrial species to establish in the exposed
area. This dynamic of drought eliminate intolerant species and allow the establishment
of ruderal species (pioneers), generating a pattern of species substitution in the lakes of
the Upper Parana River floodplain. As cited before, the Parand lakes possess
limnological features which differ from the others sub-systems generating higher values
of beta diversity (Bsr) evidencing the species turnover (Bsim) as the main process driving
the beta diversity. The inherent ecological succession of each lake may also generate
high values of species turnover in this period. These differences were in part due to
higher values of nutrients (total nitrogen and phosphorus) and lower values of Secchi
and conductivity in the disconnected lakes. Three main forces could also be inducing
heterogeneity and, therefore, beta diversity and species turnover pointed out from
Thomaz et al., (2007): water inputs from lateral tributaries and water seepage, wind,
fetch and animal disturbance inducing sediment re-suspension and differences in local

ecological succession.

GENERAL COMMENTS

Lakes are important functional environments in floodplain landscapes. They differ
in origin, hydrology, connectivity, morphology, limnology and biotic features. Due to
this high heterogeneity of environments within floodplains, it is expected that all
habitats have high values of beta diversity (Ward et al., 1999). High beta diversity
contributes in part, to high biodiversity of floodplain ecosystems (Agostinho et al.,
2000). Species turnover among lakes in the Upper Parand River floodplain was the
major process driving beta diversity. The establishment and death of macrophytes
species, propagules transportation, biotic interactions, limnological features guided by
the flood and drought pulses are some factors promoting high species turnover in the

sub-systems within Upper Parana River floodplain.

During the Flood period we confirmed the hypothesis of floodplain
homogenization proposed by Thomaz et al., (2007), when we observed higher
limnological and biotic similarities and lower beta diversity values among all
environments within the floodplain. This was also observed when comparing the
periods studied, because the lowest values of Bs,r and Bsim Were found during the floods.

Limnological variables become more similar and consequently, biotic responses were
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also expected as shift in species composition, spatial patterns and beta diversity (Santos
& Thomaz, 2007; Boschilia et al., 2008; Padial et al., 2009). When the connection
between isolated systems is reestablished, the homogenization caused the death of
submersed species, transported propagules, and promoted, depending of the flood
degree, a “reset” in the aquatic vegetation. The beginning of a new succession of the
aquatic macrophytes assemblage in each lake of the Parand floodplain during the
drought periods may promote environmental heterogeneity and thus species turnover

among the lakes.

In this study we observed real differences related to time lag, especially after the
flood pulse. As aquatic macrophytes have the peculiarity of high rates of reproduction
and propagation, this time lag considered in this study maybe could be shorter. We
encourage future studies in determining the precise time lag for aquatic macrophyte
assemblages in relation to the effects of flood and drought pulses on beta diversity

patterns in floodplains.
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APPENDIX 1

List of taxa recorded in the Parana River floodplain and their frequency of occurrence (FO%) between the years 2004
to 2009. Life forms (LF): EM= emergent; AM= amphibious; EP= epiphyte; RS= rooted submerged; FS= free
submerged; FL= floating leaved; FF= free floating.

Taxa FO% LF
Characeae — Charophyta

Chara guairensis R. Bicudo 1.85 RS

Nitella furcata (Roxb. ex Bruz.) Ag. emend. R.D. Wood 1.85 RS
Ricciaceae - Hepatophyta (Bryophyta)

Ricciocarpus natans L. (Corda) 2.78 FF
Azollaceae - Pteridophyta

Azolla microphylla Kaulf. 1.85 FF
Pteridaceae — Pteridophyta

Pityrogramma calomelanos (L.) Link var. calomelanus 2.78 EM
Salviniaceae — Pteridophyta

Salvinia auriculata Aubl. 56.4 FF

Salvinia biloba Raddi emend de la Sota 23.1 FF

Salvinia minima Baker 52.7 FF
Thelypteridaceae - Pteridophyta

Thelypteris interrupta (Willd.) K. lwats. 4.63 EM
Nymphaeaceae — Basal Angiospermae

Nymphaea amazonum Mart. ex Zucc. subsp. amazonum 57.4 FL

Cabomba furcata Schult. & Schult. f. 13.0 RS
Alismatales - Monocots
Araceae

Lemna valdiviana Phil. 17.6 FF

Pistia stratiotes L. 46.3 FF

Wolffiella lingulata (Hegelm.) Hegelm 111 FF

Wolffiella oblonga (Phil.) Hegelm. 14.8 FF
Hydrocharitaceae

Egeria densa Planch. 4.63 RS

Egeria najas Planch. 12.0 RS

Hydrilla verticillata (L.f.) Royle 4.63 RS

Limnobium laevigatum (Humb. & Blonpl. ex Willd.) Heine 29.6 FF
Alismataceae

Echinodorus grandiflorus (Cham. & Schltdl) Micheli 9.25 EM

Asparagales
Orchidaceae

Habenaria repens Nutt. 4.62 EP

Poales

Cyperaceae
Cyperus cf. sesquiflorus (Torr.) Mattf. & Kk. 0.92 EM
Cyperus luzulae (L.) Retz 2.77 EM
Cyperus giganteus Vahl 10.2 EM
Cyperus sp. 17.6 EM
Eleocharis filiculmis Kunth 25.0 EM
Eleocharis geniculata (L.) Roem. & Schult 3.70 EM
Fuirena Rottb. 1.90 EM
Oxycaryum cubense (Poepp. & Kunth) Palla 79.6 EP
Rhynchospora corymbosa (L.) Britton 21.3 AM
Scleria melaleuca Rchb. ex Schltr. & Cham. 4.63 AM

Poaceae
Echinochloa polystachya (Kunth) Hitchc 4.63 AM
Hymenachne amplexicaulis (Rudge) Nees 10.2 EM
Panicum hylaeicum Mez 0.92 EM
Panicum pernambuncense (Spreng.) Mez ex Pilg. 12.9 EM
Panicum prionitis Nees 3.70 AM
Panicum sp. 6.48 EM
Paspalum repens P.J. Bergius 63.9 EM
Setaria pauciflora Linden ex Herrm 0.93 AM
Urochloa subquadripara (Trin) R.D.Webster 2.77 EM

Comme inales
Commelinaceae



Commelina diffusa Burm. f.
Pontederiaceae
Eichhornia azurea (Sw.) Kunth
Eichhornia crassipes (Mart.) Solms
Pontederia cordata L.
Zingiberales
Maranthaceae
Thalia geniculata L.
Caryophyllales - Core Eudicotyledoneae
Polygonaceae
Polygonum acuminatum Kunth
Polygonum ferrugineum Wedd.
Polygonum hydropiperoides Michx.

Polygonum meisnerianum Cham. & Schitdl.

Polygonum punctatum Elliot
Polygonum stelligerum Cham.
Amaranthaceae

Alternanthera philoxeroides (Mart.) Griseb.

Pfaffia glomerata (Spreng.) Pedersen
Haloragaceae
Myriophyllum aquaticum (Vell.) Verdc.
Vitales
Vitaceae
Cissus erosa Rich.
Myrtales — Rosidea
Onagraceae
Ludwigia helminthorrhiza (Mart.) H. Hara
Ludwigia lagunae (Morong) H. Hara
Ludwigia leptocarpa (Nutt.) H. Hara
Ludwigia peruviana (L.) H. Hara
Lythraceae
Cuphea melvilla Lindl.
Cuphea sessiliflora A. St.-Hil.
Melastomataceae
Rhynchanthera cf. DC.
Urticales
Urticaceae
Boehmeria sp.
Malpighiales — Eurosideae |
Euphorbiaceae
Caperonia castaneifolia (L.) A. St.-Hil.
Fabales
Fabaceae
Aeschynomene montevidensis Vogel
Vigna sp.
Cucurbitales
Cucurbitaceae
Cyclanthera hystrix (Gillies) Arn.
Malvales - Eurosideae 11
Malvaceae
Hibiscus sororius L.
Melochia arenosa Benth.
Gentianales - Euasterideae |
Rubiaceae
Diodia brasiliensis Spreng.
Diodia sp.
Apocynaceae
Oxypetalum sp.
Rhabdanenia pohlii Mull. Arg.
Lamiales
Plantaginaceae
Bacopa sp.
Acanthaceae
Hygrophila costata Nees
Lentibulariaceae
Utricularia foliosa L.

38.9
70.4

68.5
27.8

5.55

57.4
65.7
19.4
10.2
20.4
87.9

231
5.56

3.70

8.33

15.7
13.0
19.4
50.9

5.55

4.63

0.92

3.70

15.7

22.2
12.0

13.0

111
13.9

5.55
7.41
1.85
1.85

7.41

AM
EM

FF
EM

EM

EM
EM
EM
EM
EM
EM

AM
AM

RS

EM

FF
EM
EM
EM

EM

AM

EM

EM

EM

EM
EM

AM

EM
AM

AM

AM
EM

EM

EM

ES
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Utricularia gibba L.
Lamiaceae

Hyptis sp.
Solanales
Solanaceae

Solanum glaucophyllum Desf.
Apiales - Euasterideae 11
Apiaceae

Hydrocotyle ranunculoides L.f.
Asterales
Asteraceae

Eclipta prostata (L.) L. (= alba ) (L.) Hassk.

Eupatorium squalidum DC.
Mikania cordifolia (L. f.) Willd.

18.5

0.93

5.55

54.6

5.56
1.85
3.70

FS

EM

AM

FF

AM
EM
AM
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CONSIDERACOES FINAIS

As assembleias de macroéfitas aquaticas do reservatorio de Itaipu e da planicie de
inundacdo do Alto Rio Parand apresentaram respostas similares frente a distdrbios de
elevada magnitude. A deplecdo do reservatorio de Itaipu e os ciclos de cheia e seca da
planicie do Alto Rio Parand promoveram, em maior ou menor grau, a morte de muitas
espécies de macrofitas aquaticas, em especial das espécies submersas. Com a abertura
de uma nova &rea para colonizacdo, novas espécies se estabeleceram ou mesmo espécies
que ja ocupavam as margens do ambiente se dispersaram, ampliando sua distribuicdo. A
mudanca de composicdo de espécies, tanto apds a deplecdo na barragem de Itaipu,
guanto ao longo dos pulsos de cheia e seca, se refletiu diretamente nos padrdes de co-
ocorréncia encontrados durante o distlrbio no reservatorio. Da mesma forma, a
mudanca na composicdo especifica implicou na predominéncia do processo de
substituicdo de espécies em detrimento do aninhamento para a diversidade beta no

préprio reservatdrio de Itaipu, bem como na planicie de inunda¢do do Alto Rio Parana.

O reservatorio de Itaipu demonstrou uma recuperagdo répida da estrutura da
assembleia de macrofitas apds o maior distarbio, com evidéncia de ocorréncia de um
“time lag” até o0 momento em que o0 ecossistema foi recomposto e voltou a sua flutuacao
normal de nivel. Na planicie de inundagdo, o distirbio promovido pelos ciclos de cheia
e seca selecionaram as espécies a processos adaptativos que permitem as suas
recomposicGes apds cada periodo. Como esses periodos tendem a ser regulares, a
despeito da cadeia de reservatdrios a montante, as assembleias da planicie revelam um

“time lag” mais consistente, em resposta a intensidade dos pulsos.

Quanto ao ambiente natural, a planicie de inundag¢do, mesmo com uma cascata de
reservatorios a montante, mantém um pulso de inundagdo que influencia toda a
dindmica dos organismos desse sistema. O predominio de substituicdo de espécies como
o principal fator que promove a diversidade beta reflete numa alta diversidade na
planicie durante todos os periodos do ciclo hidrolégico dos rios e lagoas que compdem
0 sistema da planicie de inundagdo do Alto Rio Parand. Ainda assim, a conservacao
efetiva da planicie e de sua diversidade bioldgica dependera de um manejo efetivo e
imediato das areas de conservacao nela inseridas, e manutencdo do regime hidrologico

do rio Parana o mais préximo possivel do regime antes dos barramentos a montante.
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