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RESUMO

A presente tese visa compreender os fatores que influenciam a estrutura das comunidades de algas
perifiticas e macroinvertebrados em um reservatério tropical, considerando as caracteristicas
funcionais e diversidade beta das especies de algas perifiticas, além de compreender os efeitos top-
down exercidos pelos peixes sobre as algas perifiticas e macroinvertebrados nos ecossistemas
aquaticos continentais. O estudo foi realizado em cinco diferentes pontos no reservatorio Jazigo, Serra
Talhada, PE, Brasil. Foi realizado um monitoramento trimestral, entre os anos de 2017 a 2018 (n = 4),
para entender o papel das variaveis limnoldgicas e biotica (complexidade estrutural das macrofitas)
sobre a estrutura e caracteristicas funcionais das comunidades das algas perifiticas e estrutura dos
macroinvertebrados. Os efeitos dos filtros ambientais sobre a diversidade beta das algas perifiticas, e,
um experimento in situ para avaliacdo dos peixes sobre a biomassa das algas perifiticas,
macroinvertebrados e macréfitas. Os atributos estruturais (riqueza, biomassa, abundancia e
diversidade) das algas perifiticas e macroinvertebrados foram direcionados pela complexidade
morfologica das macréfitas. A andlise RLQ mostrou que as espécies frouxamente aderidas e
emaranhadas foram positivamente correlacionadas com a intensidade luminosa e oxigénio dissolvido;
as espécies prostradas se correlacionaram positivamente com macrofitas de média complexidade
estrutural. As espécies coloniais se correlacionaram positivamente com o nitrato, aménia, nitrogénio
inorganico dissolvido e macrofitas com baixa complexidade; enquanto as espécies unicelulares, 0s
heterotricomas e as filamentosas se correlacionaram positivamente com a condutividade, temperatura
e macrdéfitas com alta complexidade estrutural. Esses efeitos foram observados também sobre a
diversidade beta de algas perifiticas. A diversidade alfa e beta foram maiores nas macrofitas com
maiores complexidade morfoldgica. Além disso, a presenca de diferentes espécies de macrofitas
contribuiu para o aumento da riqueza e da diversidade beta de algas perifiticas. A substitui¢do foi o
componente determinante da diversidade beta das algas perifiticas e foi maior nas macrofitas de maior
complexidade morfologica Eichhornia crassipes e Ludwigia helminthorrhiza. Esse componente tem
forte relagdo com habitats complexos. Além disso, a diversidade beta das algas perifiticas foi
impulsionada principalmente por varidveis fisicas (51,34%) e quimicas (31,14%), e pelos
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macroinvertebrados (4,21%). A andlise de redundancia explicou 65% da distribuicdo das algas
perifiticas com os filtros ambientais (fisicos, quimicos e biologicos) O nitrogénio inorganico
dissolvido, complexidade morfoldgica das macrdfitas, temperatura, a abundancia dos
macroinvertebrados, intensidade luminosa e oxigénio dissolvido foram importantes para explicar a
diversidade beta de algas perifiticas. Portanto, os fatores fisicos e quimicos funcionam como filtros
ambientais sobre as algas perifiticas. Quanto ao efeito top-down exercido pelos peixes sobre o0s
macroinvertebrados mostrou a eficiéncia da manipulacdo do peixe onivoro no controle da biomassa
dos macroinvertebrados e indiretamente da biomassa das algas perifiticas e das macréfitas em um
reservatorio tropical. Ap6s 30 dias, todos os tratamentos com adi¢do do peixe onivoro apresentaram
uma reducdo da biomassa dos macroinvertebrados e 0 aumento da biomassa das algas perifiticas. No
tratamento sem a adi¢é@o do peixe e, apenas na presenc¢a dos macroinvertebrados, a biomassa das algas
perifiticas reduziu e a biomassa das macrofitas aumentou ao longo do experimento. A presente tese
contribui para o entendimento do papel da variaveis limnoldgicas e macrofitas com diferentes
complexidades morfolégicas sobre a estrutura da comunidade de algas perifiticas e dos
macroinvertebrados. Os filtros ambientais mostraram exercer papel fundamental sobre a diversidade
beta de algas perifiticas e a importancia da presenca das macrofitas para o aumento da heterogeneidade
do habitat e consequente disponibilidade de nichos e microhabitats para a biodiversidade aquética. Por
fim, observamos que 0s peixes onivoros podem controlar diretamente a biomassa dos
macroinvertebrados e indiretamente a biomassa das algas perifiticas e das macroéfitas. Assim, poderéo
ser elaboradas novas estratégias de controle que possam melhorar a eficiéncia do funcionamento do

ecossistema e conservacgdo da biodiversidade aquatica em reservatorios tropicais.

Palavras-chave: algas perifiticas, diversidade, heterogeneidade do habitat, moluscos, peixe onivoro,

plantas aquaticas, top-down.
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Nascimento Filho, Silvano Lima. Effects of macrophyte architecture and macroinvertebrates on the
structure of epiphytic algae in a tropical reservoir. Doctoral Thesis, Graduate Program in Botany,
Federal Rural University of Pernambuco, Recife, Pernambuco. August 20th, 2021. Supervisor:
Ariadne do Nascimento Moura. Co-supervisor: Watson Arantes Gama Janior.

ABSTRACT

This thesis aims to understand the factors that influence the structure of periphytic algae and
macroinvertebrate communities in a tropical reservoir, considering the functional characteristics and
beta diversity of periphytic algae species, in addition to understanding the top-down effects exerted by
fish on periphytic algae and macroinvertebrates in continental aquatic ecosystems. The study was
carried out at five different points in the Jazigo reservoir, Serra Talhada, PE, Brazil. A quarterly
monitoring was carried out, between the years 2017 to 2018 (n = 4), to understand the role of
limnological and biotic variables (structural complexity of macrophytes) on the structure and
functional characteristics of periphytic algae communities and macroinvertebrate structure. The effects
of environmental filters on the beta diversity of periphytic algae, and an in situ experiment to evaluate
fish on the biomass of periphytic algae, macroinvertebrates and macrophytes. The structural attributes
(wealth, biomass, abundance and diversity) of periphytic algae and macroinvertebrates were driven by
the morphological complexity of macrophytes. RLQ analysis showed that loosely adhered and
entangled species were positively correlated with light intensity and dissolved oxygen; prostrate
species correlated positively with macrophytes of medium structural complexity. Colonial species
correlated positively with nitrate, ammonia, dissolved inorganic nitrogen and macrophytes with low
complexity; while unicellular species, heterotricomas and filamentous ones correlated positively with
conductivity, temperature and macrophytes with high structural complexity. These effects were also
observed on the beta diversity of periphytic algae. Alpha and beta diversity were higher in macrophytes
with greater morphological complexity. Furthermore, the presence of different species of macrophytes
contributed to the increase in richness and beta diversity of periphytic algae. Substitution was the
determining component of the beta diversity of periphytic algae and was greater in macrophytes of
greater morphological complexity, Eichhornia crassipes and Ludwigia helminthorrhiza. This
component has a strong relationship with complex habitats. Furthermore, the beta diversity of
periphytic algae was driven mainly by physical (51.34%) and chemical (31.14%) variables, and by
macroinvertebrates (4.21%). Redundancy analysis explained 65% of the distribution of periphytic
algae with environmental filters (physical, chemical and biological) Dissolved inorganic nitrogen,
macrophyte morphological complexity, temperature, macroinvertebrate abundance, light intensity and
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dissolved oxygen were important to explain beta diversity of periphytic algae. Therefore, physical and
chemical factors act as environmental filters on periphytic algae. The top-down effect exerted by fish
on macroinvertebrates showed the efficiency of the manipulation of omnivorous fish in controlling the
biomass of macroinvertebrates and indirectly the biomass of periphytic algae and macrophytes in a
tropical reservoir. After 30 days, all treatments with the addition of omnivorous fish showed a
reduction in macroinvertebrate biomass and an increase in periphytic algae biomass. In the treatment
without the addition of fish and only in the presence of macroinvertebrates, the biomass of periphytic
algae reduced and the biomass of macrophytes increased throughout the experiment. This thesis
contributes to the understanding of the role of limnological and macrophyte variables with different
morphological complexities on the structure of the periphytic algae and macroinvertebrate community.
Environmental filters have shown to play a fundamental role on the beta diversity of periphytic algae
and the importance of the presence of macrophytes for increasing habitat heterogeneity and consequent
availability of niches and microhabitats for aquatic biodiversity. Finally, we observed that omnivorous
fish can directly control the biomass of macroinvertebrates and indirectly the biomass of periphytic
algae and macrophytes. Thus, new control strategies can be developed that can improve the efficiency

of ecosystem functioning and conservation of aquatic biodiversity in tropical reservoirs.

Keywords: periphytic algae, diversity, habitat heterogeneity, mollusks, omnivorous fish, aquatic

plants, top-down.
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1. INTRODUCAO

O numero de rios que foram represados aumentou devido a maior demanda por energia elétrica
e suprimento de agua pelo crescimento da populacdo mundial (TUNDISI et al. 1998). O represamento
de rios acarreta mudancas drasticas na dindmica e estrutura das comunidades aquaticas, cujos impactos
negativos remetem a eutrofizacdo (CROSSETTI et al. 2008). Nos reservatorios construidos proximos
a centros urbanos e influenciados pelas atividades da agricultura, irrigacdo, captacdo de agua e
aquicultura, a qualidade da dgua desses sistemas passou a ser comprometida favorecendo 0s processos
de eutrofizagdo (TUNDISI; MATSUMURA-TUNDISI; TUNDISI, 2008; JENNY et al. 2020). Os
processos de eutrofizacdo tém levado a diminuicdo da biodiversidade aquéatica e reducdo da
heterogeneidade do habitat pela diminui¢do das espécies de macrofitas aquaticas em todo o mundo,
mediante aumento da carga de nutrientes e floragcdes de cianobactérias (JEPPESEN et al. 2005;
PHILLIPS et al. 2016; WWF, 2020).

A heterogeneidade do habitat € um fator responsavel pela estruturacdo das comunidades e de
suas relacdes troficas nos ecossistemas aquaticos, pois provoca mudancas na dindmica, estrutura e
interacOes troficas (GIANUCA et al. 2017). Um dos componentes fundamentais na manutencdo da
heterogeneidade de habitats em ambientes aquaticos é a presenca de macrofitas aquéticas, pois
integram a estruturacdo do habitat, fornecem abrigo e alimento para outros organismos plancténicos,
benténicos e necténicos (CHOI et al. 2014; DOS SANTOS et al. 2020) influenciando na estrutura e
funcionamento destas comunidades e as interagfes ecologicas entre elas (TOKESHI; ARAKAKI,
2012; GRUTTERS et al. 2017).

As macrofitas sdo capazes de proporcionar maior disponibilidade de recursos, condicGes
abioticas especificas e microhabitats favoraveis ao desenvolvimento de algas e macroinvertebrados
associados a elas (SILVA; HENRY, 2013). Estudos mostram o papel da arquitetura (complexidade
morfoldgica) das macrofitas sobre os atributos estruturais das comunidades aquaticas (FERREIRO et

al. 2013; PETTIT et al. 2016; WOLTERS et al. 2018), e apontam que a arquitetura das macrofitas
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pode influenciar na distribuicdo, abundancia e composicao de algas perifiticas e de invertebrados que
vivem aderidos ou associados as folhas, peciolos e raizes (LUCENA-MOYA; DUGGAN, 2011; CHOI
et al. 2014). As macrofitas sdo reconhecidas por fornecer substratos para colonizacéo e favorecer o
crescimento dos organismos devido a disponibilidade de recursos e nichos (MORMUL et al. 2011;
DUNCK et al. 2018). As comunidades aderidas as macrofitas sdo dependentes de fatores como o tipo
de substrato, complexidade estrutural da macrofita, disponibilidade de luz, concentracdo de nutrientes
e pressdo de pastoreio (PELLEGRINI; FERRAGUT, 2012; PHILLIPS et al. 2016). As diferentes
complexidades morfoldgicas oferecem uma ampla disponibilidade de nichos e substratos colonizaveis,
pois apresentam sistemas complexos de raizes, peciolos e folhas para 0s organismos se aderirem
(MORMUL et al. 2010; TOKESHI; ARAKAKI, 2012; TOTH et al. 2012).

Em resposta as mudangas na composi¢ao ou riqueza de espécies em multiplas escalas espaciais
e temporais, a diversidade beta é uma ferramenta eficiente para mensurar as repostas das comunidades
frente aos maltiplos filtros ambientais (SOININEN, 2010). A diversidade beta se refere a diferenca ou
taxa de substituicdo (e.g., turnover) na composi¢do de espécies entre duas comunidades no espacgo e
tempo, e, na perda de espécies (e.g., nestedness) de subgrupos de uma populacdo (SOININEN et al.
2007). A diversidade beta varia em resposta aos diferentes gradientes ambientais (LANGENHEDER
et al. 2012), tais como heterogeneidade de habitats (VEECH; CRIST, 2007), heterogeneidade
ambiental (FAHR; KALKO, 2011) e distarbios (VANSCHOENWINKEL; WATERKEYN, 2010). A
presenca de diferentes espécies de macrofitas aquaticas com uma diversificada morfologia e formas
de vida tem um papel fundamental na manutencao da biodiversidade, e, se destacam por interferir nas
relacBes de coexisténcia, competicdo e predacdo dos animais associados as macrofitas causando
severas mudancas na diversidade beta (ESTEVES; CALIMAN, 2011; LANGENHEDER et al. 2012).

Em relacdo a predacao, foi verificado que em lagos rasos, a predacao por peixes onivoros é
responsavel pelas mudancas na dindmica e estrutura do perifiton, zooplancton e macroinvertebrados,

por meio de efeitos diretos (predagédo) e indiretos (ressuspensdo de sedimentos) (NIEOCZYM;
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KLOSKOWSKI 2015; CHIRWA et al. 2019). OLSEN et al. (2015) mostraram que o crescimento
excessivo da biomassa do fitoplancton e do perifiton reduziu a biomassa das macrdéfitas Potamogeton
lucens L. e Cabomba caroliniana Gray no lago Donghu (China) devido a competicdo por nutrientes e
sombreamento. O estudo realizado por JEPPESEN et al. (2011) observaram que a auséncia ou redugédo
de zoopléancton e macroinvertebrados, causada pela forte predacéo de peixes planctivoros e bentivoros,
foi um problema no controle de macréfitas e da qualidade da agua.

As algas perifiticas apresentam fisionomias contrastantes na matriz perifitica, devido as suas
distintas formas de vida e de adesdo aos substratos e por ocuparem diferentes camadas dentro do
biofilme (FERNANDES et al. 2020). As algas podem ocorrer proximas ou aderidas firmemente ao
substrato (baixo perfil), em regides intermediarias (médio perfil) ou em camadas mais externas do
biofilme (alto perfil) (STEINMAN, 1996; PASSY, 2007). Por essa razdo, as formas pelas quais 0s
herbivoros se alimentam também modificam a estrutura e fisionomia da matriz perifitica (YANG &
DUDGEON, 2010; DUNCK et al. 2018). Os peixes onivoros podem consumir algas perifiticas de alto
perfil, como algas filamentosas e grandes diatoméceas presentes na superficie da matriz perifitica,
enquanto as algas de baixo perfil sdo consumidas pelos invertebrados (DUNCK et al. 2018). Esses
diferentes comportamentos alimentares vém sendo observados com a efetiva reducdo da biomassa de
algas filamentosas e de algas perifiticas pelo efeito de herbivoria dos macroinvertebrados (MORMUL
et al. 2018; YANG et al. 2020).

A predacdo exercida por peixes é mais forte nas teias alimentares em lagos de regides tropicais
do que em regibes temperadas (MEERHOFF et al. 2007; HAVENS et al. 2015). Normalmente, os
peixes de clima tropical apresentam alta densidade, maior diversidade taxondmica e trofica, com
predominancia de onivoros e individuos com menor tamanho corporal (LAZZARO et al. 1997).
Estudos em campo tém mostrado os efeitos da predacdo exercida por peixes na estrutura do
zooplancton (SINISTRO et al. 2009; CASTRO et al. 2007). MEERHOFF et al. (2007) e IGLESIAS

et al. (2017) observaram uma menor abundancia e menor biomassa perifitica aderidas em macrofitas
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artificiais em lagos subtropicais do que em lagos temperados, esses pesquisadores comprovaram que
isto ocorreu, possivelmente, devido a uma maior abundancia de peixes em lagos subtropicais que se
alimentam do perifiton, indicando que as teias alimentares sdo mais complexas em regides
subtropicais.

Com base no exposto, a presente tese visa compreender os fatores que regulam a distribui¢éo
e as estruturas das comunidades de algas perifiticas e dos macroinvertebrados, considerando 0s
atributos estruturais e as caracteristicas funcionais das algas perifiticas em macrofitas (substratos
naturais) com diferentes complexidades morfoldgicas. Entender o papel dos filtros ambientais (fisicos,
quimicos e bioldgicos) sobre a diversidade beta de algas perifiticas, e, o efeito de predacao exercido
por peixe onivoro nos niveis troficos inferiores em um reservatorio tropical também foram

investigados.

1.1 Estrutura da tese

A tese estd dividida em trés artigos. No primeiro artigo intitulado “Effect of structural
complexity of macrophytes on epiphytic algal, macroinvertebrate and interspecific
relationships” (NASCIMENTO-FILHO; ARANTES; MOURA, 2021) publicado na Agquatic
Sciences, regressdes e analises multivariadas foram utilizadas para avaliacdo das influéncias das
variaveis fisico-quimicas e da complexidade morfoldgica das macrofitas sobre os atributos estruturais
das algas perifiticas e macroinvertebrados em um reservatério tropical. Duas hipoteses principais
foram testadas: (1) a complexidade estrutural das macréfitas influencia positivamente a riqueza,
diversidade e biomassa de espécies de comunidades de epifitas e macroinvertebrados; (2) a biomassa
de macroinvertebrados € positivamente influenciada pela interacdo entre a disponibilidade de epifitas
e 0 aumento da complexidade das macrofitas; (3) que as caracteristicas funcionais da comunidade de

epifitas estdo diretamente relacionadas com a complexidade das macrofitas.
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O segundo artigo intitulado “O papel dos fatores ambientais sobre a diversidade beta de
algas perifiticas em um reservatorio tropical: turnover ou nestedness?” (NASCIMENTO-FILHO;
MOURA, 2021). Analises de pRDA e RDA foram utilizadas para avaliacdo das influéncias dos filtros
fisicos, quimicos e bioldgicos sobre a riqueza e diversidade beta das algas perifiticas que ocorreram
nas diferentes espécies de macrofitas aquaticas durante um ano de monitoramento. Trés hipGteses
principais foram testadas: (1) as diferentes espécies de macrdéfitas proporcionam o aumento da
diversidade beta de algas perifiticas; (2) em macrofitas com maior complexidade morfoldgica, a
diversidade beta de algas perifiticas € amplamente impulsionada pela rotatividade, enquanto no
aninhamento é predominante nas macrofitas com menor complexidade; (3) os filtros ambientais
influenciam os diferentes grupos de algas perifiticas.

O terceiro artigo intitulado “Strong top-down effects of omnivorous fish and
macroinvertebrates on periphytic algae and macrophytes in a tropical reservoir”
(NASCIMENTO-FILHO; MOURA, 2021), compreende a realizagdo de um experimento de
biomanipulagdo. A presenca de peixes onivoros foi manipulada em quatro tratamentos e 16 unidades
experimentais para a verificacao dos efeitos de predacédo sobre algas perifiticas e macroinvertebrados.
Neste estudo, foi avaliado o potencial controle da biomassa dos macroinvertebrados através da
presenca de peixes onivoros. Duas hipdteses principais foram testadas: (1) os peixes nativos reduzem
a abundancia de macroinvertebrados e aumentam a biomassa de algas perifiticas. O efeito de predacédo
exercida por peixes reduziria a herbivoria dos macroinvertebrados sobre as algas perifiticas no
tratamento misto (macroinvertebrados + peixes); (2) a presenca de macroinvertebrados diminui a
biomassa de algas perifiticas e aumenta a biomassa de macrdfitas. Nossa predicdo foi baseada na
literatura, a qual sugere que na auséncia de peixe (predador), h& um aumento na biomassa de
macroinvertebrados e, consequentemente, uma reducdo na biomassa de algas e um aumento na

biomassa de macréfitas.
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2 REVISAO BIBLIOGRAFICA

2.1 O papel das macrofitas na heterogeneidade de habitats

A hipotese de heterogeneidade do habitat mostra que um elevado nimero de habitats leva ao
aumento na diversidade de espécies em uma paisagem devido ao aumento no nimero de nichos
(MACARTHUR & MACARTHUR, 1961; GIANUCA et al. 2017). A heterogeneidade do habitat é
responsavel por influenciar a diversidade de espécies em ambientais perturbados (LEVEY, 1988;
BOLLINGER, 1995), latitudinal (WILLING et al. 2003) e em gradientes de umidade (DANIELS et
al. 1992). A manutencdo da heterogeneidade do habitat foi proposta como um meio para a conservagao
da riqueza de espécies em ambientes ameacados por atividades humanas (GREENBERG et al. 1995;
TOKESHI; ARAKAKI, 2012). Estudos teoricos sobre a relagdo da diversidade de espécies com a
heterogeneidade do habitat sdo antigos e importantes na ecologia de comunidades (HUTCHINSON,
1959; MACARTHUR & MACARTHUR, 1961).

Em ecossistemas de &gua doce, geralmente, as macrofitas sdo as maiores responsaveis pelo
aumento da heterogeneidade do habitat uma vez que servem como substrato para diversos organismos
aquaticos (HECK; CROWDER, 1991). As macrofitas sdo capazes de habitar diferentes tipos de
ecossistemas aquaticos, como rios, riachos, lagoas temporarias, lagos e reservatorios (THOMAZ;
CUNHA, 2010), e, sdo capazes de modificar as propriedades fisico-quimicas da agua, pois podem
causar mudancas no fluxo da agua, e variagcBes nas concentragdes de oxigénio, pH e nutrientes
(ALAHUHTA, 2015; O’BRIAIN et al. 2017). Além das variaveis fisico-quimicas, PORST et al.
(2019) e PUCHE et al. (2020) apontam que as macrofitas podem modificar a composicao e a
diversidade de espécies aderidas ou associadas. As modificacBes causadas por macréfitas foram
analisadas em diversas comunidades, por exemplo, em macroinvertebrados (SANTOS et al. 2013),

peixes (THEEL et al. 2008), zooplancton (CHOI et al. 2014) e algas perifiticas (HAO et al. 2017).
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2.2 Comunidade de algas perifiticas e macroinvertebrados associados as macroéfitas

Os fatores relacionados a biodiversidade nos ecossistemas vém sendo estudados por diversos
pesquisadores ao redor do mundo. O conhecimento sobre os fatores ambientais que determinam a
estrutura das comunidades e os padrdes da diversidade de espécies sdo importantes para a compreensao
da dindmica e funcionamento dos ecossistemas aquaticos (WEIHER et al. 2011). Em reservatorios
subtropicais, a disponibilidade de luz e nutrientes sdo os principais fatores que influenciam a
comunidade de algas perifiticas (PELLEGRINI; FERRAGUT, 2012; SOUZA et al. 2015; PHILLIPS
et al. 2016). Entretanto, o efeito da complexidade estrutural das macrofitas sobre as algas perifiticas e
macroinvertebrados ndo estdo bem compreendidos para regides tropicais (FERREIRO et al. 2013;
CASARTELLI; FERRAGUT, 2015; PETTIT et al. 2016).

As algas perifiticas desempenham um importante papel nas redes alimentares aquaticas devido
a sua elevada contribuicdo para a produtividade primaria (LIBORIUSSEN et al. 2005). Ainda assim,
a comunidade de algas perifiticas tem recebido pouca aten¢do em estudos em reservatorios tropicais,
principalmente, pela dificuldade na identificacdo das espécies deste grupo e por serem muitos 0s
fatores que controlam essa comunidade. Dentre os principais estéo a interacdo da comunidade com o
substrato, a disponibilidade de nutrientes (N e P), luz e temperatura e/ou pressdo de herbivoria
(PETITT et al. 2016). JONES et al. (2000) mostraram que as algas perifiticas sdo influenciadas
negativamente ou positivamente pela complexidade do habitat e pelas formas de vidas das macrdfitas.

A interacdo entre algas e macrofitas é complexa por envolver uma série de variaveis fisicas,
quimicas e bioldgicas (SANTOS et al. 2013). CASARTELLI & FERRAGUT (2018) observaram que
a comunidade de algas perifiticas foi influenciada pela estrutura, dimenséo e area superficial da
macrofita submersa Utricularia foliosa, e que os efeitos foram intensificados ou minimizados pelas
variacBes ambientais. Além das algas, a complexidade estrutural das macréfitas influencia os

macroinvertebrados associados seja diretamente (aumento da diversidade, reflgio e predacdo) ou
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indiretamente (atenuacéo de efeitos fisicos) (FEIO et al. 2017). FERREIRO et al. (2011) verificaram
que em macréfitas submersas, a alta dimensdo fractal das macrofitas sustentaram uma elevada
densidade de macroinvertebrados, especialmente, os de menor tamanho, entretanto, a mesma nao foi
correlacionada com a biomassa, riqueza e diversidade de espécies. O estudo desenvolvido por
WOLTERS et al. (2018) mostrou que macrofitas com maior complexidade sustentam uma maior
riqueza de macroinvertebrados quando comparadas com as menos complexas ressaltando a

importancia de habitats complexos para 0 aumento da diversidade nos sistemas aquaticos.

2.3 Filtros ambientais que afetam as algas perifiticas

Os ecossistemas de dgua doce estdo expostos a uma variedade de estressores fisicos, quimicos,
bioldgicos, antropogénicos e climaticos que causam mudangas em sua estrutura e funcionamento
(JENNY et al. 2020; AMORIM et al. 2020). Os filtros ambientais (e.g., temperatura, luz, substrato e
nutrientes) agem no processo de montagem da comunidade de algas perifiticas nos ecossistemas
aquaticos, pois desempenham um importante papel para o estabelecimento das espécies em escala local
(SOININEN et al. 2018; HEINO et al. 2015). Por outro lado, estudos observaram que os principais
fatores que influenciam as algas perifiticas sdo a eutrofizacéo artificial (DUNCK et al. 2019), fatores
fisicos, como a rugosidade do substrato (PETSCH et al. 2017) e fatores hidrol6gicos (DUNCK et al.
2016), e, que a maior biomassa e diversidade beta de algas perifiticas ocorrem em substratos mais
complexos (PETSCH et al. 2017).

A regido litordnea dos reservatdrios é uma area com alta penetracdo de luz e recursos
disponiveis (KEIZER et al. 2014) e, portanto, é onde ocorre a maior producdo primaria pelos
organismos aderidos em substratos (STRAYER; FINDLAY, 2010). Essa alta incidéncia de luz
favorece o desenvolvimento das macrdéfitas aquéaticas e, assim a colonizacdo e crescimento de algas
perifiticas (JONES et al. 2000). A interacdo entre macrofitas e algas perifiticas € geralmente

considerada importante na estruturagdo das comunidades aquaticas, pois diversas partes das macrofitas
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como raizes e folhas servem de substrato para a colonizacao de algas, disponibilidade de alimento para
os macroinvertebrados e locais de refgio para pequenos peixes (SILVA; HENRY, 2013; GRUTTERS
et al. 2017). HIDDING et al. (2016) observaram que as algas perifiticas beneficiam as macroéfitas
indiretamente por serem mais palataveis e de maior facilidade de ingestdo para os herbivoros e ao
mesmo tempo em que as macrofitas Ihes fornecem substrato e nutrientes.

A comunidade de algas perifiticas pode ser limitada por luz (KIFFNEY; BULL, 2000) ou
nutrientes (CASCALLAR et al. 2003) ou uma combinagcdo de ambos. O efeito da qualidade e
disponibilidade de nutrientes na biomassa de algas perifiticas apresenta variagao de diferentes fatores
bidticos e abidticos, tais como a concentracdo de nutrientes, pressdo de pastoreio e a composicao de
algas (AZIM et al. 2002; FERREIRO et al. 2013; PETTIT et al. 2016). As algas perifiticas respondem
mais rapidamente ao aumento das concentrages de nutrientes do que o fitoplancton, mesmo sem
adicionar o efeito de alelopatia das macrofitas sobre o fitoplancton (BLUMENSHINE et al. 1997). Em
um estudo de meta-analise de 85 experimentos com o perifiton, HILLEBRAND (2002) verificou que
tanto os efeitos da adicdo de nutrientes como a remocao de herbivoros promoveram o aumento das
concentracbes da biomassa de algas perifiticas. Além disso, as algas podem provocar efeitos
significativos na morfologia das macrofitas uma vez que foram capazes de modificar a morfologia das
folhas e assim diminuir as concentracGes de clorofila a de macrofitas aquaticas submersas (SULTANA
et al. 2010).

Os efeitos dos nutrientes s&o mais conhecidos para o fitoplancton, principalmente fosforo e
nitrogénio, mas também causam mudangas na composicdo e estrutura da comunidade de algas
perifiticas (CASHMAN et al. 2013). O fésforo é responsavel por mudancas na dindmica e estagio de
sucessdo das algas perifiticas, pois favorece o aumento da biomassa e a substituicdo de espécies,
causando mudancas no tempo de colonizacdo e composicao de espécies (FERRAGUT; BICUDO,
2012; SANTOS et al. 2018). O processo de eutrofizacdo nos ecossistemas aquaticos vem chamando a

atencdo dos pesquisadores, pois afetam principalmente os produtores primarios. MCDOWELL et al.
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(2020) observaram que o fésforo e nitrogénio sdo responsaveis pelo crescimento exagerado da
biomassa de algas perifiticas nas bacias hidrograficas de todo o0 mundo e com consequente prejuizos
econdmicos e de saude publica.

Os filtros ambientais (e.g., fisicos, quimicos e bioldgicos) mencionados anteriormente agem
no processo de montagem da comunidade de algas perifiticas nos ecossistemas aquaticos, pois esses
filtros desempenham um importante papel para o estabelecimento das espécies. Neste sentido, a
diversidade beta é reconhecida como fundamental para o entendimento do conceito de
metacomunidades e nos padrdes de diversidade bioldgica na escala local e regional, e como a
diversidade varia em resposta aos diferentes gradientes ambientais (SOININEN et al. 2007).
KAUFMANN et al. (2014) observaram em 1101 lagos e reservatorios que os efeitos da simplificagdo
do habitat pela reducdo da vegetacdo riparia foram os responsaveis pela reducéo da biodiversidade
aquatica e mudancas nas variaveis abidticas da agua.

O principal mecanismo responsavel pela maior diversidade beta de algas perifiticas é o
aumento da heterogeneidade do habitat, 0 que promove a coexisténcia de um maior nimero de espécies
de algas perifiticas (PETTIT et al. 2016; DUNCK et al. 2018). A dissimilaridade entre as comunidades
pode ocorrer quando algumas espécies sdo substituidas por outras (e.g., turnover) e/ou por
subconjuntos de espécies (e.g., nestedness) que resulta da perda de espécies (BASELGA; LEPRIEUR,
2015). Neste sentido, habitats complexos apresentam uma maior riqueza e substituicdo de espécies
devido a alta disponibilidade de recursos e microhabitats (CHASE, 2010), enquanto em habitats mais
simplificados podem ocorrer um maior aninhamento de espécies uma vez que o meio ambiente exclui
espécies raras por ndo serem tolerantes as condigdes limitantes de recursos (HEINO et al. 2015;
PETSCH et al. 2017).

Recentes estudos verificaram que a morfologia das macrdéfitas tem forte influéncia na estrutura
da comunidade de algas perifiticas (CASARTELLI; FERRAGUT, 2018; DUNCK et al. 2018), e, que

estas podem desenvolver preferéncias por diferentes tipos de substratos durante o periodo de
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colonizacio (SCHNECK et al. 2011). SZABO et al. (2019) observaram que a riqueza de espécies
variou dependendo da especificidade entre as espécies e os tipos de habitats. 1sso porque os padrdes
de ocorréncia das espécies também sdo conhecidos por mudar os componentes de rotatividade e
aninhamento das espécies ocasionado pelas diferentes propor¢des de espécies raras e comuns.

Além da simplicidade do habitat, os fatores fisicos e quimicos da agua também sdo
responsaveis por influenciar a diversidade beta de algas perifiticas (PETSCH et al. 2017; DUNCK et
al. 2019). ZHAO et al. (2019) simularam a influéncia da temperatura sobre o perifiton, em um sistema
de mesocosmos, e observaram que 0 aumento da temperatura favoreceu o desenvolvimento do
perifiton dominado por cianobactérias. Além da temperatura, 0s nutrientes sdo responsaveis por
regular o crescimento e dominancia das cianobactérias (QIN et al. 2019). O crescimento do perifiton
em muitos sistemas de agua doce esta associado a eutrofizacdo principalmente pelo aumento das
concentracOes de nitrogénio e fosforo (TROCHINE et al. 2014; MCDOWELL et al. 2020). CAO et al.
(2019) observaram que o epifiton e epipélon mostraram um aumento gradual da biomassa a curto prazo
com o0 aumento das concentragdes de nitrogénio, o que pode indicar uma variagdo sazonal em vez de
um efeito direto do aumento do N. Ao contrario, a biomassa do epifiton aumentou rapidamente apds

o0 pulso de N, indicando um efeito aditivo do N sobre as algas epifiticas.

2.4 Biomanipulagdo no controle da biomassa de macroinvertebrados e algas perifiticas

O conhecimento sobre as interac@es troficas e efeitos em cascata ganharam destaque como
ferramenta eficiente para restauracdo de ecossistemas aquaticos eutrofizados (CARPENTER,;
KITCHELL; HODGSON, 1985) ha mais de trintas anos, cujo conhecimento das interacGes troficas é
imprescindivel (JEPPESEN et al. 2012). Pesquisas desenvolvidas em paises temperados tém sido
particularmente focados em entender os processos biolégicos que promovam diminui¢do da biomassa

de algas, das concentragdes de nutrientes na agua e turbidez (JEPPESEN et al. 2014). Iniciativas tém
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sido conduzidas experimentalmente através da biomanipulacdo de interacdes troficas aquaticas
(JEPPESEN et al. 2012).

Os estudos de biomanipulacdo de cascatas tréficas estdo restritos aos ambientes temperados,
subtropicais e experimentais em laboratdrio com a adi¢do ou remog&o de peixes onivoros ndo nativos.
Os peixes bentivoros sdo responsaveis pelas mudancas na dinamica e estrutura do perifiton,
zooplancton e macroinvertebrados (NIEOCZYM; KLOSKOWSKI 2015; CHIRWA et al. 2019).
GABEL et al. (2011) mostraram a eficiente predagdo de peixes bentivoros sobre anfipodas. O
experimento foi realizado em tanques com e sem fluxo de &gua para maior exposicdo do anfipoda
Gammarus roeseli e das espécies de peixes Abramis brama e Leuciscus leuciscus. Foi mostrado uma
maior reducdo de anfipodas nos tratamentos com fluxo de &gua continuo e de ondas, quando
comparados ao controle, sugerindo que o efeito top-down ndo é dependente somente da interagdo
presa-predador, mas também de fatores fisicos. WINKELMANN et al. (2014) mostraram que a
presenca das espécies de peixes Gobio gobio e Barbatula barbatula modificaram a composi¢do de
macroinvertebrados e de algas perifiticas tendo também reduzido a biomassa de macroinvertebrados
em 87% e incrementado em 25% a biomassa perifitica, sugerindo que o pastoreio exercido pelos peixes
causou significativas alteragoes.

Os peixes sdo responsaveis pela organizacao das comunidades aquaticas devido a sua eficiente
predacdo sobre algas e macroinvertebrados. OLSEN et al. (2015) observaram que o0 crescimento
excessivo da biomassa do perifiton reduziu a biomassa das macrofitas Potamogeton lucens L. e
Cabomba caroliniana Gray devido a competicdo por nutrientes e sombreamento. A auséncia ou
reducdo de zooplancton e macroinvertebrados causadas pela forte predacdo de peixes planctivoros e
bentivoros é um problema consideravel para o controle de macrofitas e da qualidade da agua
(JEPPESEN et al. 2011).

A maioria dos estudos apontam que ambos os efeitos "bottom-up™ e "top-down™ podem atuar

simultaneamente nas comunidades de algas perifiticas (ROSEMOND et al. 1993). No entanto,
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PATRICK et al. (2012) através de experimento em mesocosmos, verificaram que baixos niveis de
nutrientes ndo causam alteracGes nas algas perifiticas e nas macrdéfitas Potamogeton crispus L. e
Elodea canadenses Michx. Em laboratério, ROSEMOND et al. (1993) observaram que 0S
macroinvertebrados raspadores diminuiram a biomassa de epifitas e causaram alteracbes na
composicao da comunidade, e, que, ocasionalmente, o suprimento de nutrientes aumentou a biomassa
das microalgas. Estudos realizados em reservatdrios avaliaram o pastoreio de algas por quironomideos
e moluscos na redugdo da biomassa e/ou peso seco livre de cinzas (HILLEBRAND; KAHLERT,
2001). MAHDY et al. (2014) concluiram que as larvas de quironomideos sdo capazes de reduzir a
biomassa de algas perifiticas em mais de 50% quando comparada a de algas livre do pastoreio.

Os moluscos sdo altamente eficientes na remocdo do epifiton e ajudam no crescimento das
macréfitas (MORMUL et al. 2018; CHEN et al. 2020; LI et al. 2019), visto que o efeito de pastoreio
das algas perifiticas por moluscos, camar@es e insetos herbivoros reduz o sombreamento das algas
perifiticas sobre as macrdéfitas (YE et al. 2019; YANG et al. 2020). Entretanto, os peixes bentivoros
sdo responsaveis pela reducdo de invertebrados bentivoros, por sua vez reduzindo o efeito da
herbivoria e causando profundas mudancas na composicdo e estrutura das algas perifiticas
(MOULTON et al. 2010). Em experimento de laboratério, CAO et al. (2014) observaram que o
gastrépode Radix swinhoei reduziu a biomassa do perifiton e aumentou a biomassa da macrofita
Vallisneria spinulosa S.Z.Yan. Entretanto, os efeitos de cascata trofica e a utilizagcdo de peixes
onivoros nativos na regido tropical sobre a estrutura das comunidades aquéticas e funcionamento dos

ecossistemas ndo estdo hem elucidados.
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Abstract

Aquatic macrophytes may have a significant effect on associated communities such as epiphytes and
macroinvertebrates, which through the structural complexity of habitat, provide shelter, resources, and
interspecific interactions. We tested the hypothesis that the structural complexity of macrophytes positively
modifies epiphytes and macroinvertebrates, and that the interspecific interactions of epiphytes and
macrophytes positively influence macroinvertebrates by synergism of epiphyte availability and increased
habitat complexity. The macrophytes presented different structural complexities, ranging from low
(Cyperus articulatus), medium (Nymphaea pulchella) to high complexity (Eichhornia crassipes and
Ludwigia helminthorrhiza). The richness, diversity, and biomass of epiphytes presented a significant
difference and positive relationship with the increase of the structural complexity of the macrophytes. The
synergism between the structural complexity of the macrophytes and the epiphytic biomass (rz2 = 0.37; p =
0.0002), increased the biomass of macroinvertebrates (r2 = 0.47; p = 0.003). The functional traits of the
epiphytes were directly related to the morphology of the macrophytes with the unicellular, pedunculated,
and firmly adhered dominating. The dominance of these traits indicates the absence or low disturbance
(e.g., rain) in the studied site. The responses of the functional characteristics of the epiphytes are important
to understand ecosystem functioning and dynamics. Therefore, we conclude that epiphytes showed a
positive relationship with the structural complexity of the macrophytes. Moreover, macroinvertebrates

showed a positive relationship with the increased macrophyte morphological complexity and increased
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biomass of epiphytes. The management of macrophytes with different structural complexities can be a

strategy to recover the biodiversity in tropical aquatic ecosystems.

Keywords: Aquatic plants, fractal dimension, invertebrates, periphyton, trophic relation

INTRODUCTION

Macrophytes are important components of aquatic ecosystems since they act in nutrient cycling,
serve as the substrate for biotic communities, and restore water quality (Choudhury et al. 2018). The
structural complexity and diversity of aquatic plants are responsible for the increasing of habitat
heterogeneity and consequently increasing the structural attributes (e.g., richness, diversity and biomass)
of communities and ecological niches (MacArthur and MacArthur 1961; Ferreiro et al. 2011; Casartelli and
Ferragut 2018). With an important role in structuring aquatic communities, macrophytes can also be used
to manage and restore biodiversity in aquatic ecosystems (Thomaz and Cunha 2010). Habitat heterogeneity
is a determining factor for aquatic systems, as it changes species dynamics and interactions, and influences
ecosystem processes (Gianuca et al. 2016). Environmental variability is positively related to species
diversity (Munguia et al. 2011) and consequently acts on biodiversity conservation and ecosystem
functioning (Schuler et al. 2017).

Factors such as age, density, and depth of macrophytes are also responsible for the structure and
distribution of epiphyte, macro, and microfauna communities (Lucena-Moya and Duggan 2011;
Tarkowska-Kukuryk and Toporowska 2021). However, these factors are dynamic since they change
depending on environmental conditions and over time (Grutters et al. 2015). Since macrophyte morphology
is constant throughout their life cycles and through the fractal dimension, the effects of morphological
complexity on adhered organisms can be measured (Casartelli and Ferragut 2018).

Aquatic ecosystems are increasingly going through the process of eutrophication, which is an
important factor for aquatic biodiversity loss in temperate and tropical regions (Jeppesen et al. 2005).
Located in the tropics, the Brazilian semiarid region usually features aquatic environments with low water
levels and high concentrations of nutrients, that are strongly influenced by anthropogenic activities, high
temperatures, and reduced rainfall throughout the year (da Costa et al. 2016). These conditions are ideal for

cyanobacterial blooms, which decrease and limit light and can lead to the disappearance of submerged
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aquatic macrophytes, resulting in a change from clear to turbid water state (Seto et al. 2013; Jeppesen et al.
2014).

Simply controlling the input of allochthonous nutrients is insufficient to restore a clear water state,
since the releasing of nutrients from the sediments is an important factor in nutrient cycling that undermines
the recovery of water quality (Osgood 2017). Therefore, studies should consider the relationships between
macrophytes, epiphytes, phytoplankton, invertebrates, and fish to maintain or restore a clear water state
(Mamani et al. 2019). This complex relationship may reduce nutrient concentrations, as well as increase
habitat availability and resources for aquatic communities, which are important to maintain clear water
states (Scheffer et al. 1993). Aquatic macrophytes are considered biological components in the freshwater
ecosystems and have important roles in restoring water quality (Zhu et al. 2011; Li et al. 2015), therefore,
they are widely used for ecological remediation of eutrophic lakes, polluted rivers, and other water bodies
(Zhou et al. 2017). The increased habitat complexity through the manipulation of macrophytes can have
significant effects on aquatic communities and trophic relationships in the ecosystem, maintaining the water
quality (Ferreiro et al. 2013; Choi et al. 2014; Hao et al. 2017). Hence, Lv et al. (2019) observed that
macrophytes reduced the concentrations of total nitrogen, total organic carbon, dissolved organic carbon,
and increased the water transparency and species richness of periphytic algae. The authors suggested that
higher diversity of macrophytes and periphytic algae can contribute to reduce nutrient concentrations and
improve water quality. Triggering a cascade effect, higher biomass availability and diversity of periphytic
algae provide positive conditions for macroinvertebrate establishment (Ferreiro et al. 2013; Wolters et al.
2018). In addition to increased food availability for herbivore invertebrates (e.g., periphytic algae) (dos
Santos et al. 2013; Casartelli and Ferragut 2018), macrophytes can provide habitats with varying degrees
of complexity (Wolters et al. 2018).

Studies about the influence of environmental factors and macrophyte complexity on epiphytes and
macroinvertebrates are explored in rivers, flood plains, and lagoons (Thomaz et al. 2008; Walker et al.
2013; Matsuda et al. 2015). In contrast, few studies have used the functional characteristics of periphytic
algae in tropical reservoirs. Studies of functional characteristics of the epiphyte community provide broader
ecological generalizations because these organisms respond to the modifications caused by environmental
and anthropic disturbances (Heino et al. 2013; Casartelli and Ferragut 2018). The use of epiphytic algae
functional characteristics allows a clear assessment of the biotic and abiotic interactions of periphytic algae,

which facilitates the understanding of the dynamics and functioning of the ecosystem (Louault et al. 2005).
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Accordingly, we tested the hypothesis that the structural complexity of macrophytes influences
species richness, diversity, and biomass of both epiphyte and macroinvertebrate communities. We further
hypothesized that macroinvertebrate biomass is positively influenced by the interaction between epiphyte
availability and increased complexity of macrophytes, and that the functional characteristics of the epiphyte

community are directly related to macrophyte complexity.

MATERIAL AND METHODS
Study area

The study was conducted in the Jazigo reservoir (8°00'S, 38°12'W), Serra Talhada, Pernambuco,
Northeastern Brazil. The reservoir has a water accumulation capacity that exceeds 15 million m3, an average
depth of 4 m and is used for fishing and recreational activities. The climate of the region is classified as
BSh according to the Képpen system, with average annual rainfall ranging from 600 to 700 mm, average
annual temperature of 26° C, and hyperxerophilic caatinga type terrestrial vegetation (Alvares et al. 2013;
APAC 2019). The aquatic vegetation is widely distributed in the coastal region and composed of the species
Pistia stratiotes L., Eichhornia crassipes (Mart.) Solms, Cyperus articulatus L., Nymphaea pulchella DC,
Echinodorus palaefolius (Nees et Mart.) Magbr., Ludwigia helminthorrhiza (Mart.) H. Hara and Lemna

minor L. (data from this study).

Field and laboratory procedures

The sampling was performed quarterly in 2017 and 2018 in five different macrophytes beds, with
four field expeditions (n = 55 samples), to analyze macrophyte, epiphyte, and macroinvertebrate
communities. Water temperature (°C), dissolved oxygen (mg L), salinity (ppt), pH, total dissolved solids
(mg LY, and electrical conductivity (uS cm™) were measured in situ from the water subsurface in each
macrophyte bank using a multiparameter probe (HANNA HI-9829 model). Water transparency was
measured using a Secchi disk (m), light intensity (umol photons ms™) with a photometer (model LI1-250A,
LI-COR, Lincoln, NB, USA) and the depth with an echosounder (HONDEX; model PS7).

Samples were collected with a van Dorn bottle from the water subsurface. Water samples were
transferred to the laboratory, where phytoplanktonic chlorophyll a (Bartram and Chorus 1999), total
phosphorus (Strickland and Parsons 1972) (TP), nitrite (N-NO>), nitrate (N-NOs) (Mackereth et al. 1978),

ammoniacal nitrogen (N-NHz; + N-NH.") (Koroleff 1976), and dissolved inorganic nitrogen (DIN) were
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analyzed. Dissolved inorganic nitrogen was measured as the sum of the nitrate, nitrite, and ammoniacal
nitrogen concentrations. The trophic state index for Tropical/Subtropical reservoirs was calculated

according to Cunha et al. (2013).

Determination of fractal dimension and biomass of macrophytes

Macrophytes were collected manually from each sampling point. A total of 55 macrophyte
specimens (samples) were collected from four species with the following life forms: a) free-floating:
Eichhornia crassipes (n = 20) and Ludwigia helminthorrhiza (n = 10); b) emergent: Cyperus articulatus (n
=15); and c) fixed with floating leaves: Nymphaea pulchella (n = 10). At each sampling point, an individual
of each macrophyte species was collected to analyze the fractal dimension, macrophyte biomass, and to
collect periphytic algae and macroinvertebrates, with a total of 5 individuals per species collected in each
sampling month. The individuals of each species were collected according to their presence at the time of
collection. Only the floating macrophyte Eichhornia crassipes was present in all sampling months.
Measurement of the structural complexity of the macrophytes was performed on the 55 specimens. The
specimens were placed individually in aquariums with filtered water and photographed with a digital
camera to better reflect the distribution and organization of the morphological structures. Images were
produced in black and white and converted to JPEG.

The fractal dimension (D) was measured according to the Sugihara and May (1990) method, using
the ImageJ program (Abramoff et al. 2004). The fractal dimension was obtained from the slope of the
relationship between Log N (number of occupied squares) and log 1/S (length of the side of the squares).
This method involves a regular grid of squares with "d" dimension which measures the macrophyte
structures (leaves, petioles, and roots) and the number of squares needed to cover the image (Halley et al.
2004). Subsequently, the macrophytes were dried in an oven at 60 °C until constant weight to determine

their dry weight (DW).

Sampling, treatment, identification and quantification of epiphytes

Epiphytes were removed from the leaves, stems, or petioles of the 55 macrophytes specimens (area
=25 cm?) by scraping with a soft bristle brush, scalpel, and jets of distilled water (150 mL), then they were
preserved with acetic iodine lugol solution for quantitative and, preserved with 4% formalin solution, for

qualitative analysis.
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Epiphytic algae were identified through observations of morphological characteristics of
organisms using specific taxonomic keys, such as: Prescott and Vinyard (1982) for chlorophytes, John et
al. (2002), for euglenophytes, Ettl (1978) for the xanthophyceans, Koméarek and Anagnostidis (2005),
Komarek and Cronberg (2001), and Komarek (2013) for cyanobacteria, Popovsky and Pfiester (1990) for
dinoflagellates, Krammer and Lange-Bertalot (1991a, b) for diatoms. Permanent slides were prepared
according to Carr et al. (1986) to identify diatoms.

Algae quantification was done under the Zeiss Axiovert (400x) inverted microscope, according to
Utermohl (1958). The settling time of the samples followed Lund et al. (1958), which were counted in
transects with the count limit set by the species rarefaction curve and a minimum of 400 individuals of the
most abundant species (Colwell et al. 2004). The density of species was estimated according to Ros (1979)
and the results expressed in individuals per unit area (ind cm2). Biomass (um?® cm2) was estimated using
the average biovolume of species obtained through geometric shapes and equations from Hillebrand et al.
(1999) and was then multiplied by the average density of the species. The species richness (S), Shannon
diversity index, and Pielou equitability were determined by the number of species and biomass in each
sample (Magurran 2004). Filamentous and colonial individuals were counted as a single individual, when

present, and the cell volume was calculated to estimate biomass.

Functional characteristics of algae

The algal community structure was characterized by 11 functional traits divided into three
categories: life form (unicellular, filamentous, colonial and flagellar) (Graham and Wilcox 2000), the
intensity of adherence to the substrate (firmly and loosely adhered) (Sladeckova and Sladecek 1977) and

form of adherence (mobile, entangled, prostrate, stalked and heterotrichous) (Biggs et al. 1998).

Sampling of associated macroinvertebrates

In the field, after the sampling of periphytic algae, the macroinvertebrates were removed from the
leaves, stems, or petioles of the 55 macrophyte specimens collected using a soft-bristled brush and jets of
distilled water from the pre-selected macrophytes from the epiphyte sampling. Subsequently, each sample
was filtered in a collecting cup with 0.25 mm mesh opening and stored in flasks with 70% alcohol.

The macroinvertebrates were identified using a stereoscopic microscope and optical microscope

to the lowest taxonomic level, when possible, using specific bibliographies, such as Pérez (1988) and
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Trivinho-Strixino (2011). After identification, species abundance, diversity, and richness were calculated
as previously mentioned. The biomass was estimated from the number of individuals per dry weight of

macrophytes.

Data analysis

The permutational multivariate analysis of variance (PERMANOVA; o = 0.05) was used to
determine possible changes in abiotic variables in different months and macrophyte banks. The normality
and homoscedasticity were evaluated using the Kolmogorov-Smirnov and the Bartlett tests, respectively.
The one-way factorial analysis of variance (ANOVA) and Tukey’s a posteriori test were applied to abiotic
data. Fractal dimensions of macrophytes and structural attributes of epiphytes and macroinvertebrates were
used to detect any significant differences. The normality and homoscedasticity were evaluated using the
Kolmogorov-Smirnov method and the Bartlett test, respectively. The Jaccard index (J) was used to calculate
the similarity between macrophyte species through a matrix of presence and absence of algae.

Linear regressions were to determine the relationship between structural attributes (richness,
biomass, equitability, and diversity) of periphytic algae and macroinvertebrates with the fractal dimensions
of macrophytes and dry weight. The radio-loud quasars (RLQ) analysis (Dolédec et al. 1996) was used to
evaluate the relationship between the environmental variables, fractal dimensions of the macrophytes, and
the functional traits of epiphytes. The RLQ is based on the ordering of three separate arrays (species
biomass, environmental variables, and functional traits of the species) and it is an extension of co-inertia
analysis that searches for a combination of traits and environmental variables of maximal co-variance,
which is weighted by the biomass of species epiphytes. We explore the co-variance between environmental
variables (R table) and species traits (Q table), constrained by the biomass of each species (L table) as
observed in each macrophyte. The Tukey’s a posteriori test permutation was carried out to verify the
significance of relationships (Dray and Legendre 2008).

A multiple regression model was used to verify possible relationships between environmental
variables (e.g., temperature, salinity, and macrophytes) and epiphytic algae with the macroinvertebrates.
All analyses were performed in the R program (R Development Core Team, 2014). The package Ade4
(Chessel et al. 2004) was used to construct the functional distance matrix for the RLQ analysis, and the

Vegan package (Oksanen 2011) was used for ANOVA and PERMANOVA.
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RESULTS
Abiotic variables

The water capacity of the reservoir showed low variation (19.86%) with a maximum of 100% and
a minimum of 80.14% of the total reservoir accumulation capacity. The mean rainfall was 29.87 mm. The
water temperature, pH, conductivity, dissolved oxygen, total dissolved solids, and salinity showed no
significant differences between the months (PERMANOVA, F = 3.41; p > 0.05). Likewise, the nutrients
did not present significant variations throughout the studied months. The total phosphorus value was the
highest in August 2017 with 51.39 pg L and the lowest in November 2018 with 33.25 pug L™ (Table 1).

The trophic state index showed that the reservoir was mesotrophic, with a mean of 54.60 + 2.56 pg L.

Fractal dimension of macrophytes

The difference in the fractal dimensions between the macrophytes was significant (ANOVA; F =
105.4; p < 0.002). Cyperus articulatus presented the lowest fractal complexity (LC) (D = 1.72), Nymphaea
pulchella (MC) a medium complexity (D = 1.83), while Eichhornia crassipes (HC1) and Ludwigia
helminthorrhiza showed the highest complexity (HC2) (D = 1.85and D = 1.91, respectively). No difference
was observed in the fractal dimension between specimens of each macrophyte species (F = 1.23; p = 0.41)
or between months (F = 1.43; p = 0.84). The Tukey's a posteriori test showed that C. articulatus (LC) had
significant difference between macrophytes with medium (MC) and high complexities (HC1 and HC2),
while L. helminthorrhiza (HC2) significantly differed from E. crassipes (p = 0.002, HC1) and N. pulchella

(p = 0.002, MC).
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Table 1 Mean values (+ standard deviation) of the limnological parameters of the water of the macrophyte beds in the reservoir Jazigo, Pernambuco, Brazil.

50

2017 2018

Abiotic variables

August November March June
Precipitation (mm) 0.70 3.60 118 0.80
Water temperature (°C) 23.98+0.44 28.21+0.68 30.36+0.19 24.96+0.11
pH 8.10+0.51 7.98+0.12 8.04+0.06 8.05+0.10
Conductivity (uS cm™) 84.71+40.82 218.14+1.09 256.63+19.62 165.00+4.37
Dissolved oxygen (mg L) 5.85+1.46 4.58+0.24 3.74+0.56 8.64+1.11
Total dissolved solids (mg L™) 33.33+13.11 109.16+0.75 132.41+4.27 86.30+2.51
Salinity (ppt) 0.10 0.10 0.10 0.12
Ligth intensity (umol fétons m2s?) 748.80+458.50 548.23+272.21 426.35+312.66 1081.61+415.63
Nitrate (ug L) 125.49+16.16 14.09+4.14 2.60+1.94 12.22+2.82
Nitrite (ug L) 9.66+1.02 10.96+1.22 0.43+0.20 10.43+1.03
Ammonia (ug L) 37.66+8.02 18.06+0.72 20.12+0.72 17.81+0.62
Dissolved inorganic nitrogen (ug L) 172.8249.15 43.11+6.09 23.16+£1.41 32.76+4.73
Total phosphorus (ug L) 51.39+4.27 33.2548.55 46.85+2.13 38.2745.63
Secchi (m) 1.00+0.36 1.06+0.30 1.54+0.65 1.33+0.60
Depth (m) 1.5740.12 1.1540.42 2.44+0.21 1.51+0.40

Trophic state

56.16 (eutrophic)

55.39 (mesotrophic)

50.78 (ultraoligotrophic)

56.07 (eutrophic)




242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

51

Structure of the epiphyte community

A total of 82 taxa of periphytic algae were recorded, which were found in Eichhornia crassipes
(73 taxa), Ludwigia helminthorrhiza (53 taxa), Nymphaea pulchella (50 taxa) and Cyperus articulatus (39
taxa). The four macrophytes shared the largest number of taxa (S = 24), compared to the number of taxa
shared between E. crassipes, N. pulchella, and C. articulatus (S = 17), and between E. crassipes and N.
pulchella (S = 12), thus reflecting the greater similarity between E. crassipes and L. helminthorrhiza (J =
0.61), and low similarity between N. pulchella and C. articulatus (J = 0.45).

The species richness differed significantly between the macrophytes (Fig. 1a). Macrophytes with
low complexity showed lower richness and differed significantly among the other macrophytes, which
showed higher species richness. The equitability did not differ between the macrophytes (Fig. 1b). Species
diversity significantly differed among macrophyte species (F = 5.64; p = 0.002). Only LC differed from
MC, HC1, and HC2 (p = 0.01; p = 0.003; p = 0.02, respectively), and the most complex species (L.
helminthorrhiza) showed greater diversity (Fig. 1c), but this trend was not significant. Epiphyte biomass
differed significantly between the macrophyte complexities (F = 25.78; p = 0.007). Regarding the

differences between macrophytes, only the LC macrophyte differed from MC, HC1, and HC2 (p < 0.05,

Fig. 1d).
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Fig. 1 Structural attributes of epiphytic algae in different species of aquatic macrophytes: (a) species

richness, (b) equitability, (c) species diversity (bits ind?), and (d) biomass (x10° pg® cm). LC - Cyperus
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articulatus, MC - Nymphaea pulchella, HC1 - Eichhornia crassipes, and HC2 - Ludwigia helminthorrhiza.

Letters indicate significant differences (o = 0.05)

Species richness showed a positive relationship with the structural complexity (Fig. 2a).
Conversely, the equitability did not show a relationship to the fractal dimension (Fig. 2b). Moreover,
diversity showed a positive relationship with macrophyte complexity (r2 = 0.32; p = 0.0004) (Fig. 2c).
Epiphyte biomass showed positive relationship with increased structural complexity (r2 = 0.41; p = 0.002;
Fig. 2d). Linear regressions showed that only epiphytic algae biomass was positively correlated with the

dry weight of macrophytes (Table 2).

(a) 30 - R2=10.37 (b) 0.9 1 R2=10.01 .
=0.003 0.8 1 p=038 _ -
25 i p L] . ] ..:.
0.7 ‘e, . S
Z 20 - 06 - . M-
=15 4 s . *
g 5 0.4 A .
210 - =03 - .
5 | 0.2 .
[ ] [ ] 0] _
0 ) T T T ! 0 T T T 1
1.6 1.7 18 1.9 2 1.6 1.7 1.8 1.9 2
Fractal dimension (D) Fractal dimension (D)
(©) 3.0 7 R2=32 ()90 7 R2— .41
55 | p=00004 .. 80 1 p=0.002 :
' 70 .
20 A .
z 50,
515 4 g
.5 &3 40 -
1.0 4 30 A
0.5 - 2019
. 10 -
00 T 2 T T 1 0 T T T 1
1.6 1.7 1.8 1.9 2 1.6 1.7 1.8 1.9 2
Fractal dimension (D) Fractal dimension (D)

Fig. 2 Relationship between the fractal dimension of the macrophytes and (a) species richness, (b)

equitability, (c) species diversity (bits ind?), and (d) biomass (x10° ug® cm-?) of algae
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Table 2 Multiple regression of the structural attributes of epiphytic algae and macroinvertebrate with the

dry weight (g) of aquatic macrophytes. (*) positive relationship

Epiphytic algae Macroinvertebrates
Structural attributes
r2 p r2 p
Richness 0.05 0.09 0.01 0.43
Equitability 0.01 0.49 0.07 0.06
Diversity 0.02 0.84 0.001 0.77
Biomass 0.15 0.07 0.22 0.0006*

The dominant life forms of epiphytes in macrophytes were unicellular (60.79%) and filamentous
(31.75%) (Table S1). In August, filamentous algae were dominant with rapid substitution by unicellular
forms throughout the study, except in August (Fig. 3a). Regarding the intensity and form of adherence, the
algae that were firmly adhered and stalked were dominant (Fig. 3b, c). Stalked (44.42%) and entangled
(41.06%) forms of adherence showed higher biomass, followed by prostrated (14.38%).

The first two axes of RLQ analysis accounted for 96.32% (first axis) and 0.24% (second axis) of
the inertia with the variables (Fig. 4). The first axis was more correlated with temperature, higher
complexity, and conductivity (positively), and the second axis was more correlated with dissolved oxygen
and luminous intensity (positively), besides low complexity and DIN (both negatively) (Fig. 4a). The
relationships of functional traits on the first axis were correlated to the filamentous and heterotrichous forms
(both positively) and the second axis was correlated to colonial (negatively), prostrated, loosely adhered
and entangled species (positively) (Fig. 4b). The loosely adhered and entangled species were positively
correlated to the highest values of luminous intensity and dissolved oxygen; the prostrated species were
correlated to macrophytes with medium structural complexity. The colonial species were related to nitrate,
ammonia, dissolved inorganic nitrogen, and macrophytes with low complexity; while unicellular,
heterotrichous, and filamentous species were related to conductivity, temperature and macrophytes with

high structural complexity (Fig. 4).
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Fig. 4 RLQ ordering of the distribution of environmental variables (a) and functional traits of algae (b) in
the reservoir. Intensity - Luminous intensity (umol photons m?2 s?), Dimens.LC - Low complexity,
Dimens.MC - Mean Complexity, Temp - Temperature °C, DIN - Dissolved inorganic nitrogen (ug L1), and

Dimens.HC — High complexity

Macroinvertebrate community structure

A total of 26 taxa were identified and 5,172 individuals were counted, distributed in E. crassipes
(2,234), N. pulchella (1,780), L. helminthorrhiza (647), and C. articulatus (511) (Table S2). The species of
mollusk Melanoides tuberculatus (Maller, 1774), Biomphalaria straminea (Dunker, 1848), Gundlachia
radiata (Guilding, 1828), larvae of Chironomidae, and Copepoda Calanoida were the most representative
in terms of biomass. The macrophytes with greater morphological complexity shared the largest number of
macroinvertebrate species (S = 26) and had 11 unique taxa. The highest similarity (Jaccard index) was
observed between E. crassipes and L. helminthorrhiza (J = 1) and the lowest similarity between E. crassipes
and C. articulatus (J = 0.25). Species richness differed significantly (Fig. 5a, ANOVA; F = 28.39; p =
0.001) with only LC macrophyte different from MC and HC2 (Fig. 5a). The equitability of
macroinvertebrates showed significant differences between HC2 and MC (F = 85.69; p = 0.001, Fig. 5b),
and species diversity in HC2 differed from LC, MC, and HC1 (Fig. 5c). Biomass of MC differed from all

macrophytes (Fig. 5d).
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Fig. 5 Structural attributes of macroinvertebrates in different species of aquatic macrophytes: (a) species
richness, (b) equitability, (c) species diversity (bits ind?), and (d) biomass (ind g*). Letters indicate

significant differences (o = 0.05)

The richness of macroinvertebrates showed a positive relationship with macrophyte complexity
(rz=10.42, p = 0.0001; Fig. 6a), while the LC macrophyte showed lower richness and differed significantly
from the other complexities (p < 0.05). In addition, the HC macrophyte differed significantly from MC and
LC. The diversity of macroinvertebrates differed significantly (ANOVA; F = 17.69; p < 0.05) and showed
a positive relationship with the structural complexity of macrophytes (Fig. 6b). The biomass and equitability
increased significantly with the increased macrophyte complexity (r2 = 0.41; p = 0.003) (Fig. 6¢, d,
respectively). Linear regressions showed that no structural attributes of macroinvertebrates had a significant
relationship with the dry weight of macrophytes (Table 2). Multiple regression models showed a strong
relationship between macroinvertebrates and the explanatory variables (r? = 0.63, p = 0.001).
Macroinvertebrates showed a positive relationship with diatoms (rz2 = 0.47; p = 0.003), entangled algae (r?
= 0.27; p = 0.05), and fractal dimension of macrophytes (r2 = 0.37; p = 0.0002), while it did not show a

significant relationship with the other explanatory variables (p > 0.05).
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Fig. 6 Relationship between the structural complexity of macrophytes and (a) species richness, (b)

equitability, (c) species diversity (bits ind?), and (d) biomass of macroinvertebrates (ind g)

DISCUSSION

Our study showed that the structural complexity of macrophytes is important in the structuring of
the algal and macroinvertebrate communities, with higher values of richness, diversity, and biomass in
macrophytes with high morphological complexity. The presence of macrophytes with different
morphologies is important for the heterogeneity of habitats in aquatic ecosystems (Thomaz and Cunha
2010; Fontanarrosa et al. 2013), creating several microhabitats and interstitial spaces that provide resources
and niches that favor the fixation, colonization, and abundance of algae and macroinvertebrates (MacArthur
and MacArthur 1961; Matsuda et al. 2015; Pettit et al. 2016). The functional characteristics of the epiphytes
showed significant relationships with the morphology of the macrophytes, despite the physicochemical
conditions of the water being related to some functional traits.

The morphological complexity of macrophytes is determined by the organization of leaves, stems,
petioles, and roots, which characterize each macrophyte life form and species. The macrophyte Cyperus
articulatus has simple morphology, with petioles below the water surface and inflorescence emerging above

the surface, which provides few microhabitats and showed low diversity, richness, and biomass of algae
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and macroinvertebrates. In other studies, algal biomass was low due to the simple morphology of
macrophytes (Gosselain et al. 2005; Pettit et al. 2016). Our results indicate that the richness, diversity, and
biomass of algae and macroinvertebrates are influenced by the structural complexity of macrophytes. The
floating macrophytes L. helminthorrhiza and E. crassipes, which have high morphological complexity,
favored the increase of richness, diversity, and biomass of periphytic algae and macroinvertebrates. This
fact may be related to the greater availability of microhabitats and resources that more complex
macrophytes provide for periphytic algae and macroinvertebrates (Bell et al. 2013; Casartelli and Ferragut
2018). Macrophytes increase habitat heterogeneity and, consequently, biodiversity of aquatic ecosystems
(Alahuhta 2015), while the spatial complexity, promoted by the structural architecture of macrophytes,
increases the colonization area and facilitates access to light for periphytic algae (Petit et al. 2016).

The morphological complexity of macrophytes plays an important role in the structuring of aquatic
communities, promoting changes in the composition and biotic interactions, as observed by Tokeshi and
Arakaki (2012) and in the present study. Furthermore, Schneck et al. (2011) and Wolters et al. (2018)
observed the same in streams and rivers. The diversity of complex structures is essential for a high variety
of niches and increasing species richness (Pierre and Kovalenko 2014). Therefore, habitat complexity is
important for maintaining biodiversity because its simplification can result in species losses. Fernandes et
al. (2016) observed that the periphytic algae assemblages were different among the macrophytes
investigated, even among those occurring in the same sampling sites, thus they believe that the algae
developed colonization mechanisms for the different substrates. Therefore, periphytic algae may be related
to the morphology and roughness of macrophytes, as suggested by other studies (Thomaz et al. 2008;
Sultana et al. 2010).

The increased availability of niches promoted by macrophytes with higher morphological
complexity was important for increasing the structural attributes of algae and macroinvertebrates. This is
because the increase in physical spaces leads to more complex habitats and creates habitable interstitial
spaces that provide a greater diversity of niches (Tokeshi and Arakaki 2012). The increased niches,
promoted by the morphological complexity of macrophytes, allows different species with diverse
requirements to colonize these microhabitats (Osorio et al. 2019). Some studies show that the biomass,
richness and diversity of algae and macroinvertebrates are higher in macrophytes with higher biomass.
However, we did not observe this pattern in our study. In addition, we observed that only the epiphyte

biomass positively correlated with the macrophyte biomass (dry weight), since the other structural attributes
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of algae and macroinvertebrates did not show a significant relationship. Biomass and macrophyte volume
can be used to measure habitat availability for aquatic organisms (Rennie and Jackson 2005). However, da
Silva and Henry (2020) observed that the abundance and richness of macroinvertebrates were higher in the
macrophyte with the lowest root biomass compared to the macrophyte with the highest biomass. Similar
results were found in a comparative study of the fauna associated with floating macrophytes, in which
Salvinia molesta (low biomass) sheltered a higher density of macroinvertebrates than E. crassipes (high
biomass) (Diarra et al. 2018).

The functional groups of periphytic algae based on adaptive strategies were more sensitive to
changes in macrophyte complexity. For periphytic algae, the groups defined by the adaptive strategies vary
more in relation to the environmental changes when compared to taxonomic groups at the family or class
levels (dos Santos et al. 2013; Rangel et al. 2016). Typically, responses at higher taxonomic levels (family
or class) occur during strong disturbances (Cottingham and Carpenter 1998). Our results showed that the
functional characteristics responded to the complexity of macrophytes and physicochemical variables.
Moreover, we did not observe a relationship between functional groups and macrophyte life forms, but we
observed a direct relationship with the morphological complexity of macrophytes.

Usually, the metaphytic species (entangled) Aulacoseira granulata var. angustissima,
Phormidium hamelii and Pseudanabaena sp. were predominant and correlated to light intensity and
dissolved oxygen. These species have no fixation structures to adhere them to the substrates and are located
more superficially in the periphytic matrix, being more susceptible to strong disturbances (Passy and
Blanchet 2007; Dunck et al. 2016), which did not occur during the study period. In addition, the stalked
algae also presented high biomass throughout the study. The predominance of the stalked functional group
occurs in environments without nutrient restriction and is where diatoms typically predominate (Lange et
al. 2011). Pedunculated algae are easily consumed by herbivorous macroinvertebrates due to their location
and exposure in the periphytic matrix. Pedunculated diatoms grow rapidly in environments with low
nutrient availability but are quickly consumed by herbivores (Vadeboncoeur et al. 2017). This may explain
the positive relationship between macroinvertebrate biomass and diatoms. In our study, the herbivores,
represented by mollusks, Chironomidae, and Copepoda Calanoida were probably responsible for the
positive relationship between macroinvertebrates and diatoms.

The lack of strong disturbances, with no intense rainfall and stability of water level in the reservoir,

promoted the dominance of firmly adhered species, such as Gomphonema gracile (stalked) and Synedra
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ulna (prostrate). Due to such adhesion, firmly adhere species are more resistant to disturbances and remain
in the periphytic matrix, providing substrate for other species to adhere (Tuji 2000; Passy and Blanchet
2007). Moreover, the presence of macrophytes with high structural complexity protect the epiphytic algae
against disturbances and favor the growth of species with different adaptive strategies (Squires et al. 2009;
Casartelli and Ferragut 2015). Our results also demonstrated that macrophyte structural complexity is an
important factor influencing the macroinvertebrate community structure. Increased macrophyte complexity
provides greater variety, size, and form of epiphytes that can be consumed by herbivorous
macroinvertebrates (Taniguchi et al. 2003; Casartelli and Ferragut 2018). Therefore, increased biomass of
epiphytes with different life forms and adherence, along with the macrophyte complexity synergistically
influenced herbivorous invertebrates.

The structural complexity of the macrophytes showed strong positive effects on periphytic algae
(Fig. 2) and macroinvertebrate (Fig. 6) community structure. Therefore, we conclude that the heterogeneity
of the habitat, promoted by the structural complexity of macrophytes, is fundamental for increasing the
richness, biomass, and diversity of epiphytic algae and macroinvertebrates. The functional characteristics
of the epiphytic algae were related to some physicochemical variables in the water and the morphology of
macrophytes. Macroinvertebrates were positively influenced by the increased algae biomass and

macrophyte morphology.
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prostrate, STA: stalked, HET: heterotrichous)

Functional attributes

Species Biomass (um3cm?) x105  Life forms  Intensity of adhesion ~ Adhesion forms
Cyanophyceae

Anabaena sp. 0.72 FIL LOO ENT
Aphanocapsa sp. 101.30 COoL LOO ENT
Chroococcus minutus (Kitzing) Néageli 23.33 COoL LOO ENT
Cylindrospermopsis raciborskii (Woloszynska) Seenaya & Subba Raju 21.91 FIL LOO ENT
Geitlerinema amphibium (C. Agardh) Anagnostidis 88.27 FIL LOO ENT
Geitlerinema splendidum (Greville ex Gomont) Anagnostidis 60.97 FIL LOO ENT
Merismopedia tenuissima Lemmermann 19.21 CcoL LOO ENT
Microcystis aeruginosa (Kutzing) Kiitzing 0.45 CcoL LOO ENT
Oscillatoria limosa C.Agardh ex Gomont 22.37 FIL LOO ENT
Phormidium hamelii (Frémy) Anagnostidis & Komarek 141.86 FIL LOO ENT
Planktonthrix agardhii (Gomont) Anagnostidis & Komarek 0.03 FIL LOO ENT
Pseudanabaena sp. 63.05 FIL LOO ENT
Spirulina sp. 0.10 FIL LOO ENT
Chlorophyceae

Actinastrum hantzschii Lagerheim 8.50 CcoL LOO ENT
Ankistrodesmus falcatus (Corda) Ralfs 26.94 CcoL LOO ENT
Ankistrodesmus fusiformes Corda sensu Korshikov 115.39 CcoL LOO ENT
Ankistrodesmus gracilis (Reinsch) Korshikov 38.33 CoL LOO ENT
Botryococcus braunii Kitzing 0.76 COoL LOO ENT

70

Table S1 Average biomass and functional attributes of the epiphyte species in the Jazigo reservoir, Pernambuco, Brazil. Abbreviations (Life forms — UNI: unicellular, FIL:

filamentous, FLA: flagellate, COL.: colonial; Intensity of adherence — FIRM: firmly attached, LOO: loosely attached; Adhesion form - (MOB: mobile, ENT: entangled, PRO:



Functional attributes

Species Biomass (um3cm?) x105  Life forms  Intensity of adhesion ~ Adhesion forms
Characium angustum A.Braun 55.39 UNI FIRM STA
Chlorotetraedron incus (Teiling) Komarek & Kovéacik 1.10 UNI FIRM PRO
Coelastrum microporum Nageli 2.82 CcoL LOO ENT
Crucigenia fenestrata (Schmidle) Schmidle 6.82 coL FIRM PRO
Crucigenia tetrapedia (Kirchner) Kuntze 69.17 CcoL FIRM PRO
Desmodesmus communis (E.Hegewald) E.Hegewald 29.36 CoL FIRM PRO
Kirchneriella obesa (West) West & G.S.West 123.46 CcoL LOO PRO
Micractinium pusillum Fresenius 0.01 CcoL LOO PRO
Monoraphidium arcuatum (Korshikov) Hindak 51.28 UNI LOO PRO
Oedogoniium sp. 0.25 FIL FIRM HET
Pediastrum duplex Meyen 0.01 COoL LOO PRO
Pediastrum tetras (Ehrenberg) Ralfs 0.11 CoL LOO PRO
Scenedesmus acuminatus (Lagerheim) Chodat 140.81 CcoL LOO PRO
Scenedesmus acutus Meyen 0.02 COL LOO PRO
Scenedesmus bernardii G.M.Smith 14.00 CcoL LOO PRO
Scenedesmus bicaudatus Dedusenko 1.60 COoL LOO PRO
Scenedesmus ecornis (Ehrenberg) Chodat 31.92 COoL LOO PRO
Selenastrum gracile Reinsch 64.51 UNI LOO ENT
Spirogyra sp. 0.50 FIL LOO ENT
Tetraedron trigonum (N&geli) Hansgirg 0.32 UNI LOO ENT
Trebouxiophyceae

Coccomyxa lacustris (Chodat) Chodat 33.47 CcoL FIRM PRO
Dyctyosphaerium pulchellum H.C.Wood 72.00 CcoL LOO ENT

Oocystis borgei J. W. Snow 0.04 UNI LOO ENT



Functional attributes

Species
P Biomass (um3cm?) x10°  Life forms Intensity of adhesion ~ Adhesion forms

Zygnematophyceae

Closterium arcuatum Brébisson ex Ralfs

Closterium closterioides (Ralfs) A.Louis & Peeters
Closterium incurvum Brébisson

Closterium moniliferum Ehrenberg ex Ralfs
Cosmarium circulare Reinsch, nom. illeg.

Cosmarium moniliforme Ralfs

Cosmarium punctulatum var. subpunctulatum (Nordstedt) Bargesen
Cosmarium subcrenatum Hantzsch

Cosmarium sp.

Micrasterias laticeps Nordstedt

Micrasterias sp.

Staurastrum leptocladum var. insigne West & G.S.West
Xanthophyceae

Centritractus belenophorus (Schmidle) Lemmermann
Tribonema viride Pascher

Bacillariophyceae

Achnanthidium minutissimum (Kitzing) Czarnecki
Amphora sp.

Aulacoseira granulata (Ehrenberg) Simonsen
Aulacoseira granulata var. angustissima (Otto Miller) Simonsen
Cocconeis placentula Ehrenberg

Cyclotella meneghiniana Kitzing

Cymbella sp.

3.17
0.09
11.95
69.47
9.46
12.50
12.28
66.95
6.48
3.51
6.96
328.08

0.04
47.50

8.93
52.85
3.12
4570.66
0.07
7.02
0.01

UNI
UNI
UNI
UNI
UNI
UNI
UNI
UNI
UNI
UNI
UNI
UNI

UNI
FIL

UNI
UNI
FIL
FIL
UNI
UNI
UNI

FIRM
FIRM
FIRM
FIRM
LOO
LOO
LOO
LOO
LOO
FIRM
FIRM
LOO

LOO
LOO

FIRM
FIRM
LOO
LOO
FIRM
LOO
LOO

PRO
PRO
PRO
PRO
ENT
ENT
ENT
ENT
ENT
PRO
PRO
ENT

ENT
ENT

PRO
STA
ENT
ENT
STA
ENT
PRO
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Functional attributes

Species Biomass (um3cm?) x105  Life forms  Intensity of adhesion ~ Adhesion forms
Diatoma sp. 158.40 CcoL LOO ENT
Encyonema sp. 32.85 UNI FIRM STA
Epithemia adnata (Kitzing) Brébisson 0.01 UNI LOO PRO
Eunotia pectinalis (Kiitzing) Rabenhorst 0.21 UNI FIRM PRO
Eunotia soleirolii (Kitzing) Rabenhorst 2.02 UNI FIRM PRO
Fragilaria capucina Desmaziéres 0.04 UNI FIRM PRO
Gomphonema augur Ehrenberg 0.16 UNI FIRM STA
Gomphonema gracile Ehrenberg 6382.19 UNI FIRM STA
Gomphonema lagenula Kitzing 1.67 UNI FIRM STA
Gomphonema parvulum (Kiitzing) Kitzing 0.05 UNI FIRM STA
Gyrosigma balticum (Ehrenberg) Rabenhorst 0.64 UNI FIRM STA
Nitzschia palea (Kutzing) W.Smith 0.08 UNI LOO MOB
Pinnularia major (Kutzing) Rabenhorst 0.02 UNI LOO ENT
Surirella robusta Ehrenberg 62.50 UNI LOO ENT
Synedra ulna (Nitzsch) Ehrenberg 1275.31 UNI FIRM PRO
Euglenophyceae

Phacus curvicauda Svirenko 7.74 FLA LOO MOB
Phacus longicauda (Ehrenberg) Dujardin 0.01 FLA LOO MOB
Trachelomonas hispida (Perty) F.Stein 0.05 FLA LOO MOB
Dinophyceae

Ceratium furcoides (Levander) Langhans 3.98 FLA LOO MOB
Peridinium gatunense Nygaard 0.78 FLA LOO MOB

73
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Table S2 Average biomass (ind g*) of benthic macroinvertebrates in the different species of aquatic

macrophytes in Jazigo Reservoir, Pernambuco, Brazil

Agquatic macrophytes

Taxa C. articulatus  N. pulchella E. crassipes L. helminthorrhiza
(LC) (MC) (HC1) (HC2)
Diptera
Chironomidae 5.15 39.30 81.72 13.63
Culex sp. - - 0.28 0.38
Ephemeroptera
Adebrotus sp. - 0.80 0.61 1.13
Leptophelebia sp. - 1.00 1.11 1.00
Heteroptera
Mesovelia sp. - 1.40 0.56 0.63
Coleoptera
Berosus sp. 0.54 1.30 1.11 0.88
Dytiscidae - - 0.72 0.88
Curculionidae - - 0.17 1.63
Trichoptera
Hydroptila sp. - - 1.22 1.38
Gastropoda
Melanoides tuberculatus 1.23 0.20 5.56 1.50
Gundlachia radiata - 1.70 0.11 16.88
Biomphalaria straminea - 0.60 0.06 18.00
Odonata
Libellulidae - 0.10 0.83 1.75
Aeshnidae - - 0.39 0.13
Hemiptera
Sigara striata - - 0.44 1.38
Aphis sp. - 0.20 0.17 1.38
Conchostraca 0.38 - 8.89 10.13
Ostracoda 0.46 1.00 6.39 3.00
Copepoda
Cyclopoida - 1.30 2.33 0.88
Calanoida 28.15 125.10 1.06 2.00
Arachnida
Arrenurus sp. - 1.20 3.56 0.38
Hydrozoa
Hydra sp. 1.23 0.70 1.22 0.50
Oligochaeta - - 0.89 0.75
Collembola - - 03.33 0.25
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Resumo

Compreender os efeitos dos filtros ambientais na diversidade beta de algas perifiticas é fundamental
para o funcionamento dos reservatdrios tropicais. Hipotetizamos que a presenca e complexidade
morfoldgica das macrofitas impulsionam o aumento da diversidade beta de algas perifiticas, e que 0s
filtros ambientais tém efeitos diretos sobre os diferentes grupos de algas perifiticas. Para testar essas
hipdteses, nds conduzimos um estudo de campo com coletas trimestrais no reservatorio Jazigo,
Nordeste do Brasil. A diversidade alfa e beta de algas perifiticas foram maiores nas macrofitas com
maior complexidade morfolégica. O aninhamento foi maior na macréfita de menor complexidade
morfologica (Cyperus articulatus) e a substituicdo foi maior nas macroéfitas mais complexas
(Eichhornia crassipes e Ludwigia helminthorrhiza). A diversidade beta foi impulsionada pelas
variaveis fisicas (51,34%) e quimicas (31,14%), seguidos pelos macroinvertebrados (4,21%). Os filtros
ambientais explicaram 65% da distribuigcdo das algas perifiticas. O nitrogénio inorgénico dissolvido, a
complexidade das macrofitas, temperatura, macroinvertebrados, luz e oxigénio dissolvido explicaram
a diversidade beta de algas perifiticas. Concluimos que os filtros ambientais e a complexidade do
habitat promovido pelas macrdfitas sdo determinantes sobre a diversidade beta de algas perifiticas, e,
que a simplificacdo do habitat é uma das principais ameacas na reducdo da biodiversidade e
homogeneizacdo das comunidades aquéticas. Similar ao que ocorre em ecossistemas terrestres ao redor

do mundo.

Palavras-chaves: aninhamento, biodiversidade, dissimilaridade ambiental, perifiton, rotatividade
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Introducéo

Os ecossistemas de dgua doce estdo expostos a uma variedade de estressores fisicos, quimicos,
bioldgicos, antropogénicos e climaticos que causam mudancas na estrutura e funcionamento dos
ecossistemas (Jenny et al. 2020, Amorim et al. 2020). Essas mudangas sao responsaveis pelo aumento
das taxas de extingdo de espécies nativas, simplificagdo do habitat e homogeneizacdo das comunidades
aquaticas (Pereira et al. 2010, Cardinale et al. 2012). Muitos desses fatores sdo responsaveis por
influenciar a biodiversidade dos ecossistemas aquaticos, incluindo os filtros ambientais e suas relagdes
bidticas (Astorga et al. 2014, Petsch et al. 2017). A redugdo da biodiversidade causada pela
simplificacdo do habitat € uma preocupagdo crescente no mundo inteiro por gerar graves mudangas
ecoldgicas em ecossistemas de agua doce (Anderson et al. 2011, Viana et al. 2016), portanto, a
compreensdo dos processos que influenciam a diversidade beta € essencial para o funcionamento
desses ecossistemas aquaticos (Rocha et al. 2018).

Os filtros fisicos, quimicos e biolégicos agem no processo de montagem da comunidade de
algas perifiticas nos ecossistemas aquéticos, pois desempenham um importante papel para o
estabelecimento das espécies em escala local (Soininen 2014, Heino et al. 2015a, Do Nascimento-
Filho & Moura 2021). Estudos sobre a diversidade beta de algas perifiticas observaram que os
principais fatores que influenciam as algas perifiticas sdo eutrofizacao artificial (Dunck et al. 2019),
fatores fisicos, como a rugosidade e complexidade do substrato (Petsch et al. 2017) e fatores
hidroldgicos (Dunck et al. 2016).

Neste contexto, as mudancas na composicao das espécies estdo relacionadas com a variacdo
das diferentes condi¢cdes ambientais entre os habitats (Stegen et al. 2013), que agem como filtros e
podem restringir o estabelecimento de espécies com diferentes caracteristicas e podem permitir a
persisténcia apenas de espécies tolerantes ao habitat (Astorga et al. 2014). O crescimento das algas
perifiticas depende de varios fatores ambientais, mas a disponibilidade de nutrientes vem se mostrando

um dos principais fatores que mais influenciam a sua biomassa (Ferragut & Bicudo 2010). As algas
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perifiticas respondem a variacdo das concentrac@es de nutrientes, tendo nitrogénio e fosforo como
principais nutrientes limitantes, que podem interferir na composicdo e estrutura da comunidade
perifitica (Lambrecht et al. 2019). O sombreamento exercido pelo fitoplancton e/ou macroéfitas
interfere nas respostas do perifiton as variacdes da disponibilidade de nutrientes (Zhang et al. 2015,
Pellegrini & Ferrragut 2018).

Nos ecossistemas aquaticos continentais, as macrofitas sao consideradas importantes por seus
efeitos positivos sobre a riqueza de espécies e na abundancia dos organismos, como invertebrados e
algas perifiticas e formas jovens de peixes (Pettit et al. 2016, Gallardo et al. 2017). Diferentes
morfologias nas macrofitas flutuantes e submersas resultam em complexidades morfoldgicas diversas
que oferecem uma ampla disponibilidade de nichos e substratos colonizaveis para o perifiton,
influenciando sua diversidade, biomassa e riqueza (Mormul et al. 2010, Tokeshi & Arakaki 2012),
pois apresentam sistemas complexos de raizes e rizomas que fornecem microhabitats para os
organismos (Toth et al. 2012).

Os componentes de dissimilaridade da diversidade beta fornecem informagdes importantes da
dindmica da metacomunidade e nos processos que mantém a diversidade de espécies frente as
influéncias dos fatores ambientais (Soininen et al. 2018). As espécies podem ser substituidas por outras
(e.g., turnover) e/ou por subconjuntos de espécies (e.g., nestedness) (Baselga & Leprieur 2015). Em
ecossistemas com alta heterogeneidade do habitat, ocorre uma maior riqueza e substituicdo de espécies
devido a alta disponibilidade de recursos e microhabitats (Chase 2010), diferentemente, em habitats
mais simplificados pode ocorrer um maior aninhamento de espécies uma vez que o meio ambiente
exclui espécies raras nao tolerantes as condi¢des limitantes de recursos (Weiher et al. 2011, Heino et
al. 2015b, Petsch et al. 2017).

Em ecossistemas de 4gua doce, a diversidade beta pode ser modificada como resultado da perda
da complexidade do habitat (Hewitt et al. 2010). A complexidade proporcionada pela rugosidade da

superficie dos substratos desempenha importante papel na estruturacdo de algas perifiticas que



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

80

influencia diretamente a diversidade de espécies (Schneck et al. 2011). A dominancia monoespecifica
de macrofitas reduz a heterogeneidade do habitat e pode modificar a disponibilidade de recursos para
os organismos (Theel et al. 2008).

Outro fator regulador da composicdo e biomassa das algas perifiticas é o pastejo dos
macroinvertebrados que age como filtro bioldgico nos ecossistemas aquaticos. Por exemplo, Do
Nascimento-Filho & Moura (2021) observaram, através de experimento em mesocosmos, que as
diatomaceas, algas verdes e cianobactérias sdo consumidas e suas biomassas controladas na presenca
dos macroinvertebrados. Os macroinvertebrados representados pelos moluscos, camardes e insetos
herbivoros sdo altamente eficientes na remocdo das algas perifiticas e que podem potencialmente
favorecer indiretamente o crescimento das macrofitas aquaticas devido a redugdo de competicao por
luz e nutrientes (Chen et al. 2020, Yang et al. 2020).

NoOs investigamos diversidade beta de algas perifiticas que ocorrem em diferentes espécies de
macrofitas aquéaticas, bem como determinamos quais filtros ambientais direcionaram a diversidade
beta. Foram testadas as hipoteses: (i) a presenca de diferentes espécies de macrofitas e complexidades
morfoldgicas proporcionam o aumento da diversidade beta de algas perifiticas; (ii) em macrofitas com
maior complexidade morfoldgica, a diversidade beta de algas perifiticas é impulsionada pela
rotatividade, enquanto o aninhamento predomina nas macrofitas com menor complexidade, e, (iii) 0s
filtros fisicos e quimicos sdo os principais fatores que influenciam positivamente os grupos de algas
perifiticas; (iv) os macroinvertebrados sdo responsaveis pelo aumento da substituicdo das espécies de
algas perifiticas. Assim, acreditamos que a complexidade do substrato e os filtros ambientais (fisicos,

quimicos e bioldgicos) atuam como direcionadores da diversidade beta de algas perifiticas (Fig. 1).
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Fig. 1 Modelo conceitual que ilustra as hipoteses do estudo. As setas cinzas indicam o fluxo dos
componentes da diversidade beta das algas perifiticas em relacdo a complexidade das macrofitas e

filtros ambientais

Material e Métodos
Area de estudo

O estudo foi desenvolvido no reservatorio Jazigo (07°59°58”S e 38°14°31”W) pertencente a
bacia hidrografica do rio Pajel, localizado no municipio de Serra Talhada, regido semiarida do
Nordeste, Brasil (Fig. 2). O reservatorio apresenta densos bancos de macrdéfitas emergentes, flutuantes
com folhas fixas e flutuantes livres, localizados na regido litoranea. O local de estudo esté inserido na
regido semiarida que é caracterizada por irregularidade de chuvas e baixo nivel de agua nos corpos
hidricos. A precipitacdo média anual é inferior a 800 mm (Alvares et al. 2013) e durante o periodo de
estudo, entre agosto de 2017 e julho de 2018, a precipitacdo média foi de aproximadamente 38,93 mm

na regiao de estudo.
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113 Fig. 2 Localizagéo do reservatdrio Jazigo no municipio de Serra Talhada, Pernambuco, Nordeste do
114  Brasil

115

116  Amostragem e analises

117 Amostras de algas perifiticas e para analises fisico-quimicas foram coletadas trimestralmente
118  entre agosto de 2017 e junho de 2018. As amostras foram coletadas em cinco bancos para cada espécie
119  de macrofita na regido litornea do reservatorio. A profundidade foi verificada com um ecobatimetro
120  eatransparéncia da agua com um disco de Secchi. A intensidade luminosa foi verificada com o auxilio
121 de um fotbmetro. A temperatura, o oxigénio dissolvido, a condutividade elétrica e o pH da agua foram
122 analisados in situ com uma sonda multiparamétrica HANNA. As concentracdes de nitrogénio

123 inorganico dissolvido (NID), fosforo total dissolvido (TDP) e fdsforo total (TP) foram determinadas
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com literatura especifica (Strickland & Parsons 1972, Golterman et al. 1971, Valderrama 1981),
usando o método espectrofotométrico.

As algas perifiticas foram coletadas do peciolo de Eichhornia crassipes (Mart.) Solms, folhas
de Ludwigia helminthorrhiza (Mart.) H. Hara e Nymphaea pulchella DC e caule de Cyperus articulatus
L. (n = 55). Amostras qualitativas para identificagdo das algas foram coletadas atraves de raspagem
(area = 25 cm?) dos peciolos, folhas e caule das macréfitas com uso de escova de cerdas macias e jatos
de &gua destilada e fixadas com solugdo formol a 4%. As espécies foram identificadas em microscépio
optico através de observacGes das caracteristicas morfologicas e com auxilio de bibliografia especifica.
O critério da estabilizacdo da curva de rarefacdo de espécies foi levado em consideracdo para cada
amostra.

A complexidade morfolégica das macrofitas foi estimada pela dimensao fractal (D) de acordo
com Sugihara & May (1990) utilizando o programa ImageJ (Abramoff et al. 2004). As macrofitas
Eichhornia crassipes e Ludwigia helminthorrhiza foram classificadas como de alta complexidade,
Nymphaea pulchella, de média complexidade, e, Cyperus articulatus, de baixa complexidade
morfoldgica.

Para identificacdo e quantificacdo dos macroinvertebrados, as folhas, peciolos e raizes das
macrofitas foram lavadas e raspadas com auxilio de escova de cerdas macias e jatos de dgua destilada.
As amostras foram fixadas em alcool 70% e analisadas em placas de Petri sob estereomicroscépio
Optico. A densidade (ind g) de macroinvertebrados foi estimada de acordo com a quantidade de
individuos por peso de macrofitas. A biomassa das macrdfitas foi estimada ap6s a secagem em estufa

a 60 °C durante 24 horas ou até manter peso constante.

Anélises de dados
Foram calculadas a diversidade alfa e beta de algas perifiticas nas diferentes espécies de

macrofitas. A diversidade alfa foi obtida com base na riqueza taxonémica (Magurran 2004). Para a
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analise de diversidade beta, n6s utilizamos uma matriz de presenca e auséncia de espécies de algas nas
55 amostras. Foi estimada a dissimilaridade das algas perifiticas entre as espécies de macroéfitas
utilizando trés diferentes métricas (e.g., Jaccard, componente de rotatividade e aninhamento). O indice
de Jaccard foi utilizado para calcular a dissimilaridade entre as espécies de macroéfitas (Legendre &
Legendre 1998). Os padrdes da diversidade beta de algas perifiticas foram avaliados através do
particionamento dos componentes de aninhamento e rotatividade, conforme proposto por Baselga
(2010). Os componentes da diversidade beta, rotatividade e aninhamento, forneceram a variagéo total
da comunidade de algas perifiticas nas diferentes espécies de macrofitas aquaticas.

Para determinar quais os filtros ambientais que conduzem a diversidade beta das algas
perifiticas foi realizada uma andlise de redundancia parcial (pRDA) para verificar a importancia
relativa e conjunta dos fatores fisicos (profundidade, transparéncia e temperatura da agua, intensidade
luminosa e complexidade morfoldgica das macrofitas), fatores quimicos (pH, condutividade, oxigénio
dissolvido, salinidade, nitrito, nitrato, amonia, nitrogénio inorganico dissolvido e fosforo total), fator
bioldgico (densidade de macroinvertebrados), e a varidvel resposta (diversidade beta das algas
perifiticas). Para realizar a pRDA, os dados da matriz de presenca e auséncia foram submetidos a
transformacdo de “Hellinger” (Peres-Neto et al. 2006), pois este método € mais apropriado para
matrizes que contém muitos zeros (Legendre & Gallagher 2001).

A correlacdo de Spearman foi utilizada para verificar a relagdo entre as varidveis ambientais e
os grupos de algas perifiticas e a pRDA para definir a explicacdo de cada conjunto na variagdo da
diversidade beta das algas perifiticas, considerando que o comprimento do primeiro eixo da Analise
de Correspondéncia Destendenciada (DCA) foi menor que 3. A RDA foi realizada para explorar as
relacBes entre a diversidade beta das algas perifiticas e fatores ambientais, selecionados com a funcédo
stepwise, com inflacdo abaixo de 20 para evitar a colinearidade, verificada com a funcéo vif.cca. A

significancia dos modelos, bem como as variaveis e eixos, foram testados com a fungdo anova.cca.
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A ANOVA one-way foi utilizada para verificar diferencas significativas da diversidade alfa,
beta e seus componentes das algas perifiticas entre as espécies de macrofitas e o teste de Tukey quando
ocorreu diferenca entre as macrofitas. A analise de ordenacao de escala multidimensional ndo métrica
(NMDS) foi utilizada para analisar a variacdo da presenca e auséncia das algas perifiticas nas quatro
espécies de macroéfitas. Todas as analises foram realizadas no programa R com o uso do pacote vegan

(Oksanen et al. 2013).

Resultados

Em marco de 2018, a precipitacdo foi de 118 mm, enquanto a intensidade luminosa foi de
426,35+312 pmol fotons m2 s, A temperatura da dgua esteve mais elevada (30,36+0,19 °C) em margo
de 2018, e o pH variou de neutro (7,98+0,12) a alcalino (8,10+£0,51). O nitrogénio inorganico
dissolvido e fosforo variaram de 23,16+1,41 a 172,82+9,15 e 33,25+8,55 a 51,39+4,27 pg L7,
respectivamente (Tabela Sl).

A densidade dos macroinvertebrados foi maior na macréfita Nymphaea pulchella (69,69+29,88
ind g?), sequido por Ludwigia helminthorrhiza (39,01+22,04 ind g*), Eichhornia crassipes
(38,58+25,18 ind g!) e Cyperus articulatus (12,08+9,30 ind g*; consulte Tabela SII). Foram
registrados 82 taxons de algas perifiticas, dos quais, 73 aderidas em Eichhornia crassipes, 53 em
Ludwigia helminthorrhiza, 50 em Nymphaea pulchella e 39 em Cyperus articulatus. As quatro
macrofitas compartilharam um total de 24 taxons, E. crassipes, N. pulchella e C. articulatus
compartilharam 17 taxons, e E. crassipes e N. pulchella 12 tdxons (Fig. 3). A maior similaridade foi
observada entre E. crassipes e L. helminthorrhiza (J = 0,61) e a menor similaridade entre N. pulchella
e C. articulatus (J = 0,45). A composicdo das espécies de algas perifiticas foi diferente entre as
macrofitas de alta complexidade morfologica quando comparada com as macréfitas de baixa

complexidade morfoldgica (Pseudo-F = 2,01; p = 0,005).
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Eichhornia crassipes

Ludwigia helminthorrhiza Nymphaea pulchella

Cyperus articulatus

Fig. 3 Digrama de Venn da riqueza de espécies entre as quatro macroéfitas no reservatorio Jazigo, PE,

Nordeste do Brasil. Intersec¢des representam o nimero de espécies compartilhadas pelas macroéfitas

Confirmando a primeira hipdtese, observamos o aumento da diversidade beta de algas
perifiticas com a presenca das quatro espécies de macrofitas. As diversidades alfa e beta de algas
perifiticas foram menores em C. articulatus e maiores em E. crassipes (Fig. 4a). Diferencas
significativas foram observadas entre as macrofitas (Btotal: F=10,193; p <0,02). A segunda hipotese
também foi confirmada, pois, a diversidade beta foi mais elevada nas macrofitas com maior
complexidade morfologica, L. helminthorrhiza e E. crassipes, e menor em Cyperus articulatus (Fig.

4b).
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Fig. 4 Diversidade alfa (a), diversidade beta (b), turnover (c) e nestedness (d) de algas perifiticas nas

quatro macrofitas ao longo do estudo (2017 e 2018) no reservatério Jazigo, PE, Nordeste do Brasil. As

abreviagOes representam as macrofitas: Cyperus articulatus (Cy), Eichhornia crassipes (Ec), Ludwigia

helminthorrhiza (Lu) e Nymphaea pulchella (Ny)

O componente de rotatividade foi maior nas macrdéfitas L. helminthorrhiza e E. crassipes (Fig.

4c), enquanto o componente de aninhamento na macroéfita C. articulatus, com diferenca significativa

entre as macrofitas (p < 0,05; Fig. 4d). A ordenacdo do conjunto de dados de presenca e auséncia das

espécies de algas perifiticas pela NMDS mostrou a distribuicdo das espécies entre as quatro espécies

de macrofitas (Fig. 5). O agrupamento de dados mostrou maior similaridade entre E. crassipes e L.

helminthorrhiza e dissimilaridade das outras macréfitas com C. articulatus.
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Fig. 5 Plot da escala multidimensional ndo paramétrico (NMDS) da presenca e auséncia das algas
perifiticas nas quatro espécies de macréfitas ao longo do estudo (2017 e 2018) no reservatério Jazigo,

PE, Nordeste do Brasil

A andlise de redundéancia parcial revelou que as variaveis fisicas (51,34%) explicaram melhor
a diversidade beta de algas perifiticas, seguido pelas quimicas (31,14%) e pelos macroinvertebrados
(4,21%). A explicacdo compartilhada dos trés conjuntos de varidveis foi maior do que todas as outras
interagdes (72,32%) e do que a explicagdo isolada das variveis fisicas, sugerindo ter havido relagdes
sinérgicas entre as variaveis. Entre os conjuntos de dados, maiores interacdes foram observadas entre
as variaveis fisicas e quimicas, seguidas por variaveis fisicas e bioldgicas (macroinvertebrados) (Fig.

6).
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Fisica
F =233*%**

Quimica
F =2,65%**

38,56% 18,16%

Macroinvertebrados Nao explicado: 27,68%

F=161**
Fig. 6 Anélise de Redundéancia Parcial (pbRDA) mostrando a variacéo parcial (%) da diversidade beta
explicada pelo conjunto de variaveis fisicas, quimicas e macroinvertebrados, no reservatorio Jazigo
Nordeste do Brasil. As areas de intersecdo representam a interacdo entre os conjuntos de dados. Os
asteriscos representam efeitos significativos verificados com a fungdo anova.cca (**: p <0,01; ***: p

< 0,001)

A andlise de redundancia (RDA) gerou um modelo significativo (Inércia = 2,374; F = 6,28; p
< 0,001) capaz de explicar 65% da distribuicdo das algas perifiticas. Seis varidveis influenciaram
significativamente as algas perifiticas. No eixo 1, o nitrogénio inorgénico dissolvido (r = -0,82)
influenciou as diatoméaceas negativamente, enquanto a complexidade morfolégica das macrofitas (r =
0,81) influenciou positivamente as diatoméaceas. Para o eixo 2, a temperatura (r = 0,75) mostrou uma
correlacdo positiva com as cianobactérias, enquanto a intensidade luminosa (r = 0,54) e oxigénio

dissolvido (r = 0,55) uma correlacao positiva com as cloroficeas (Fig. 7).
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Fig. 7 Andlise de redundancia (RDA) entre os grupos de algas perifiticas e variaveis ambientais e
macroinvertebrados no reservatorio Jazigo, Nordeste do Brasil. Os circulos representam as amostras,
NID — nitrogénio inorgénico dissolvido, Intensidade — intensidade luminosa, Complexidade —

complexidade morfoldgica das macrofitas

Discusséo

Nossos resultados mostram que os filtros fisicos, quimicos e biologicos atuam positivamente
sobre a diversidades alfa e beta e 0s grupos de algas perifiticas em um reservatério tropical. O diagrama
de Venn e NMDS mostram a contribuicdo de cada macrdéfita para 0 aumento da riqueza de espécies,
com a presenca de taxons exclusivos de algas perifiticas nas espécies de macrofitas e com o aumento
da diversidade beta de algas perifiticas. As algas perifiticas mostram forte correlagdo com os filtros
fisicos, como a intensidade luminosa, temperatura da &gua e complexidade morfoldgica das macrdfitas,
e filtros quimicos, como o oxigénio dissolvido e nitrogénio inorganico dissolvido.

A primeira hipétese foi confirmada, uma vez que os maiores valores de diversidade beta foram
registrados nas macrofitas com maior complexidade morfoldgica, sugerindo que a presenca e 0
aumento da complexidade do habitat, promovido pelas diferentes espécies de macroéfitas, tem papel
fundamental na diversidade beta. Em reservatorios, a variacao na diversidade de algas perifiticas esta

fortemente relacionada com os tipos de vida e arquitetura das macrofitas (Dos Santos et al. 2013,
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Fernandes et al. 2016). A presenca de diversas espécies de macroéfitas pode efetivamente fornecer uma
maior variedade de recursos e microhabitats quando comparada a uma flora de macrofitas
monoespecifica, ou, em ambientes com poucas espécies (Casartelli & Ferragut 2018), o que pode ser
explicado pela complementariedade de nichos (Finke & Snyder 2008). De Souza et al. (2015) apontam
que a estrutura das macrofitas (complexidade, riqueza e cobertura) é uma forte impulsionadora da
estrutura de algas perifiticas.

As algas perifiticas podem desenvolver preferéncias por diferentes tipos de substratos durante
0 periodo de colonizacdo (Villeneuve et al. 2010, Schneck et al. 2011). Assim, a ocorréncia de espécies
de algas perifiticas exclusivas em, pelo menos, uma das macréfitas favoreceu o aumento da diversidade
alfa e diversidade beta, destacando a importancia de diferentes espécies de macréfitas nos ecossistemas
aquaticos. Szabd et al. (2019) observaram que a riqueza de espécies variou dependendo da
especificidade entre as espécies e dos tipos de habitats. Isso porque os padrées de ocorréncia das
espécies também sdo conhecidos por mudar os componentes de rotatividade e aninhamento das
espécies provocados pelas diferentes propor¢des de espécies raras e comuns.

A segunda hipotese também foi confirmada uma vez que observamos que 0 componente de
aninhamento foi maior na macréfita com menor complexidade morfoldgica (C. articulatus) quando
comparada com as macrofitas mais complexas, que apresentaram maior rotatividade de espécies de
algas perifiticas. Portanto, as espécies que ocorreram em C. articulatus sdo subconjuntos das
comunidades de algas que ocorreram nas macréfitas com maior complexidade morfolédgica. O padrdo
de aninhamento pode ser resultado de diferentes fatores que levam a perda ou ganho de espécies pela
colonizagdo, morfologia do habitat ou tolerancia de espécies aos fatores abioticos (Baselga & Orme
2012, Dunck et al. 2016). A dissimilaridade da composi¢do das comunidades pode estar relacionada
com a distancia espacial ou complexidade do habitat (Heino & Soininen 2010). A menor complexidade
morfoldgica representada por C. articulatus explicou a menor diversidade alfa e diversidade beta

devido provavelmente a reducdo de recursos e nichos.
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A substituicdo reflete a substituicdo de algumas espécies por outras entre habitats (Qian et al.
2005). Estudos que utilizaram o particionamento da diversidade beta mostraram que a rotatividade € o
componente dominante, sugerindo que o aninhamento de espécies desempenha menor papel nos
padrbes de diversidade beta (Tisseuil et al. 2012, Viana et al. 2016). Isso porque a rotatividade de
espécies apresenta forte relagdo com a heterogeneidade do habitat ou com a eficiente disperséo entre
locais (Leibold et al. 2004). Portanto, a maior complexidade morfoldgica, possivelmente proporcionou
uma maior diversidade alfa e diversidade beta devido a maior probabilidade das algas perifiticas
colonizarem suas raizes, peciolos e folhas.

A presenca e a complexidade estrutural das macrofitas influenciam positivamente a estrutura
da comunidade de algas perifiticas, zooplancton e macroinvertebrados nas regides litoraneas dos lagos
(Ferreiro et al. 2014, Brito et al. 2020). O aumento da diversidade e riqueza de espécies de algas
perifiticas esta diretamente relacionada com a complexidade do habitat, portanto, habitats com maior
complexidade (e.g., macrdéfitas) proporcionam uma maior variedade de nichos e recursos (Stein et al.
2014, Hao et al. 2017). Por outro lado, a simplificacdo do habitat € uma das principais ameagas a
biodiversidade, pois reduz a riqueza de especies de algas perifiticas e homogeniza as comunidades
(Petsch et al. 2017). Em 1101 lagos e reservatorios, Kaufmann et al. (2014) observaram que os efeitos
da simplificacdo do habitat foram responsaveis pela reducdo da riqueza de espécies de macrofitas e
mudancas nas variaveis abiodticas da dgua. Assim, os autores ressaltam que mudancas drésticas na
estrutura das comunidades e no funcionamento dos ecossistemas sé@o ocasionadas pela simplificacdo
do habitat representada pela complexidade morfoldgica das macrdfitas.

A anélise de redundancia parcial revelou que os fatores fisicos e quimicos foram os principais
responsaveis pelo aumento da diversidade beta de algas perifiticas, confirmando a terceira hipotese.
Assim, as interacGes sinérgicas entre variaveis fisicas e quimicas (Petsch etal. 2017, Dunck et al. 2019)

afetam a riqueza e diversidade beta de algas perifiticas. Com as anélises de correlacdo de Spearman e
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de redundancia, observamos que a complexidade das macrdfitas se correlacionou positivamente com
as diatoméceas, semelhante ao verificado por Ledo et al. (2021).

As algas perifiticas responderam as variacfes nas concentragdes de nitrogénio inorganico
dissolvido. O aumento das concentragfes de nutrientes é reconhecido como o principal fator regulador
do crescimento e dominancia de cianobactérias por décadas (Qin et al. 2019). Através da analise de
redundancia foi observado que o nitrogénio inorganico dissolvido influenciou as algas perifiticas.
Nesse sentido, o nitrogénio desempenha papel importante para a comunidade perifitica (Trochine et
al. 2014). Cao et al. (2017) observaram que o epipélon e epifiton aumentaram gradualmente a biomassa
com o aumento das concentragdes de nitrogénio. Em 23 reservatdrios eutrofizados no sudeste do
Brasil, a diversidade beta de diatomaceas bentdnicas mostrou uma relacdo negativa com a diminuigédo
da heterogeneidade ambiental e com 0 aumento da eutrofizagédo (Zorzal-Almeida et al. 2017). Portanto,
a eutrofizacdo € responsavel pela homogeneizagdo ou simplificagcdo das comunidades aquaticas, pois
as condicdes desfavoraveis levam a uma perda da heterogeneidade ambiental, o que resulta em uma
perda significativa na diversidade beta de algas perifiticas (Dunck et al. 2019).

A eutrofizacdo e as atividades antropicas sao responsaveis pela reducdo da heterogeneidade do
habitat por reduzir o nimero de espécies de macrofitas no meio ambiente e consequentemente por
mudancas na estrutura das comunidades e interacdes troficas (Osorio et al. 2019, Jenny et al. 2020). A
homogeneizacdo do habitat € uma das principais ameagas as comunidades aquéticas, porque nao s
reduz ariqueza e diversidade de uma comunidade, mas de todo um conjunto de comunidades presentes
no ambiente. Assim, o aumento do conhecimento sobre o efeito dos filtros ambientais que incluem a
complexidade morfoldgica das macrofitas sobre a diversidade beta de algas perifiticas é essencial para

a elaboracdo de diagnosticos ambientais em reservatdrios tropicais.

Conclusdo
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Nossa primeira hipétese foi confirmada uma vez que varios tdxons ocorreram exclusivamente
em pelo menos uma espécie de macrdéfita, o que contribuiu para o aumento da diversidade alfa e beta
de algas perifiticas. A segunda hipotese também foi confirmada considerando que a complexidade
morfologica das macrofitas foi determinante para a diversidade beta (substituicdo e aninhamento) da
comunidade de algas perifiticas. A terceira hipotese foi confirmada uma vez que a temperatura, NID,
intensidade luminosa, oxigénio dissolvido e complexidade morfoldgica das macréfitas apresentaram
efeitos diretos sobre os diferentes grupos de algas perifiticas.

Nossos resultados revelaram que diferentes espécies de macrofitas e suas complexidades
morfoldgicas influenciam positivamente para o aumento da diversidade alfa e beta de algas perifiticas.
Destacamos que a simplificacdo do habitat pela reducdo de espécies de macrofitas ou apenas pela
presenca de espécies morfologicamente simples séo as principais ameacgas as comunidades aquaticas,
podendo ndo apenas reduzir a diversidade alfa e beta de algas perifiticas, mas também homogeneizar
as comunidades associadas ou aderidas causando mudancas drésticas no funcionamento dos

ecossistemas.
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Material Suplementar

Tabela SI. Média e desvio padréo (x DP) das variaveis ambientais do reservatorio Jazigo, Pernambuco, Nordeste do Brasil.
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2017 2018
Variaveis ambientais

Agosto Novembro Marco Junho
Precipitacdo (mm) 0,70 3,60 118 0,80
Temperatura da agua (°C) 23,98+0,44 28,21+0,68 30,36+0,19 24,96+0,11
pH 8,10+0,51 7,98+0,12 8,04+0,06 8,05+0,10
Condutividade (uS cm) 84,71+40,82 218,14+1,09 256,63+19,62 165,00+4,37
Oxigeénio dissolvido (mg L) 5,85+1,46 4,58+0,24 3,74+0,56 8,64+1,11
Sélido totais dissolvidos (mg L) 33,33+13,11 109,16+0,75 132,41+4,27 86,30+2,51
Salinidade (ppt) 0,10 0,10 0,10 0,12
Intensidade luminosa (umol fétons m2s?) 748,80+458,50 548,23+272,21 426,35+312,66 1081,61+415,63
Nitrato (ug L?) 125,49+16,16 14,09+4,14 2,60+1,94 12,22+2,82
Nitrito (g L) 9,66+1,02 10,96+1,22 0,43+0,20 10,43+1,03
Amonia (ug L) 37,66+8,02 18,06+0,72 20,12+0,72 17,81+0,62
Nitrogénio inorganico dissolvido (ug L) 172,8249,15 43,11+6,09 23,16+1,41 32,76+4,73
Fosforo total (ug L) 51,39+4,27 33,25+8,55 46,85+2,13 38,2745,63
Secchi (m) 1,00+0,36 1,06+0,30 1,54+0,65 1,33+0,60




104

Tabela SII. Densidade média (ind g) dos macroinvertebrados nas diferentes espécies de

macrdéfitas aquaticas no reservatorio Jazigo, Pernambuco, Nordeste do Brasil.

Cyperus Nymphaea Eichhornia Ludwigia
articulatus pulchella crassipes helminthorrhiza

23,32 76,46 72,76 35,80
14,47 92,07 13,49 24,48
5,22 103,26 24,93 22,17
12,19 105,59 16,64 62,50
8,15 76,26 18,07 27,10
9,64 51,87 59,93 12,38
8,77 92,21 100,65 75,27
29,13 41,69 30,08 52,41

23,01 17,95 19,13 -

19,68 42,33 38,59 -

1,99 - 23,47 -

1,14 - 74,72 -

0,34 - 13,33 -

- - 15,27 -

- - 30,37 -

- - 47,54 -

- - 55,13 -

- - 40,49 -

12,08+9,30 69,69+29,88 38,58+25,18 39,01+22,04




QAT o '
: 'j I it/

'! I



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

106

5 ARTIGO 3

Strong top-down effects of omnivorous fish and macroinvertebrates on periphytic algae and

macrophytes in a tropical reservoir

Silvano Lima do Nascimento Filho!, Ariadne do Nascimento Moural*

Programa de Pés-Graduagdo em Botanica, Departamento de Biologia, Universidade Federal Rural de

Pernambuco - UFRPE, R. Manuel de Medeiros, s/n - Dois Irmaos, Recife, PE 52171-900, Brazil

SLNF — ORCID 0000-0002-8426-5246, Email: silvano.biouast@gmail.com

ANM — ORCID 0000-0001-5093-2840, *Email: ariadne_moura@hotmail.com (Corresponding author).

Manuscript published in Aquatic Ecology, v. 55, p. 667-680, 2021

https://doi.org/10.1007/s10452-021-09853-6

Qualis A3; Impact Factor 1.429; CiteScore 4.8



https://doi.org/10.1007/s10452-021-09853-6

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

107

Abstract

Top-chain predators play a fundamental role in the functioning of shallow reservoirs. Studies to elucidate the
cascade effects produced by fish on macroinvertebrates and periphytic algae are fundamental for understanding
the functioning of aquatic ecosystems. We conducted an enclosure experiment to test the isolated and combined
effects of macroinvertebrates and Prochilodus brevis (omnivorous fish) on periphytic algae and the floating
macrophyte Eichhornia crassipes for 30 days in the Jazigo reservoir, Brazil. The predation of P. brevis on
macroinvertebrates increased the biomass of periphytic algae during the experiment, while the effects of isolated
macroinvertebrates decreased the biomass of periphytic algae and increased the biomass of E. crassipes.
Macroinvertebrates (which freely colonized the enclosures) were reduced by fish; however, the biomass of the
periphytic algae was not reduced. Our results showed that P. brevis has strong effects on the structure of
macroinvertebrate and periphytic algae communities, with a visible cascade effect on the abundance of
macroinvertebrates. This study contributes to our understanding of the ecology of tropical lakes and the

regulation of periphytic algae and macrophyte growth.

Keywords: Aquatic plants; Epiphyton; Fish; Invertebrates; Trophic cascade
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Introduction

Trophic cascade is a mechanism by which a predator causes indirect effects on one or more of the lower
trophic levels in the food chain (Ripple et al. 2016). These effects of predators on prey can modify the
abundance, biomass and productivity of population, community, or trophic level (Carpenter et al. 2001). Fish
play an important role in the structure and dynamics of the food chain in lakes (Jeppesen et al. 2012), because
they are efficient predators that cause strong top-down effects on their prey (Ousterhout et al. 2018), as well as
being determinant in variation among zooplankton and phytoplankton (Lemmens et al. 2018).

Effects of fish-driven trophic cascade on primary producers can vary strongly (Shurin 2001; Mazzeo et
al. 2010; Detmer and Wahl 2019), weakly or without any effect on primary producers (Demi et al. 2012,
Stevenson et al. 2016). Factors that weaken the effects of trophic cascade include high habitat complexity
(Nagdali and Gupta 2002; Warfe and Barmuta 2006), trophic water conditions (Jeppesen et al. 2000),
complexity of the food web (Carey and Wahl 2010) and high temperatures (Symons and Shurin 2016). The
conservation of native freshwater fish is becoming an increasingly important amidst anthropogenic pressures,
homogenization of communities and threats related to climate change (Cochran-Biederman et al. 2014). The
changes in native fish can cause changes in the environment variables (e.g., water quality) and in prey
availability (Monnerjahn et al. 2011; Cochran-Biederman et al. 2014). However, the introduction of non-native
fish species is the main mechanism that intensifies biotic homogenization, causes the extinction of native species
and contributes to the occurrence of cyanobacterial blooms due to the decrease in large zooplankton (Menezes
et al. 2012; Bezerra et al. 2018).

In shallow lakes, benthivorous fish change the dynamics and structure of periphyton, zooplankton and
macroinvertebrates both directly (e.g., predation) and indirectly (e.g., sediment resuspension) (Nieoczym and
Kloskowski 2015; Chirwa et al. 2019). The absence or reduction of zooplankton and macroinvertebrates caused
by the strong predation of planktivorous and benthivorous fish is a considerable problem for controlling
macrophytes and water quality (Jones and Sayer 2003; Jeppesen et al. 2011). Free-floating aquatic macrophytes
act as key components in the structuring, distribution, and composition of fish (Teixeira-de Mello et al. 2016),
macroinvertebrates (Barker et al. 2014; Coetzee et al. 2014), and periphytic algae (Santos and Ferragut 2018;

Gordillo-Guerra et al. 2020).
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Free-floating macrophyte Eichhornia crassipes Mart. (Solms) is widely distributed in tropical regions,
and its morphological complexity forms microhabitats and, consequently, which is responsible for the
maintaining aquatic biodiversity (Akinbile and Yusoff 2012). The dominance floating macrophytes is associated
with low diversity of phytoplankton and submerged macrophyte species (Morris et al. 2003; O’Farrell et al.
2009). Resource availability favors the growth of metaphyton and periphyton on the leaves, stems and roots of
floating macrophytes (James et al. 2006). The increase in nutrient concentrations stimulates the growth of
epiphyton that can inhibit the growth of floating macrophages by reducing the absorption of nutrients, light, and
gases (Smith 2014). However, negative effects of epiphyton on macrophytes can be reduced by herbivory of
macroinvertebrates on periphytic algae, favoring the growth of macrophytes.

Previous studies have shown that epiphyton grazing by mollusks, shrimps and herbivorous insects
reduces shading and increases macrophyte growth (Ye et al. 2019; Yang et al. 2020). Mollusks are highly
efficient at removing epiphyton and favor the growth of macrophytes (Mormul et al. 2018; Chen et al. 2020; Li
et al. 2019). However, benthivorous fish are responsible for reducing benthic invertebrates, which in turn,
reduces the effect of herbivory exerted on epiphyton (Moulton et al. 2010). In a laboratory experiment, Cao et
al. (2014) observed that the gastropod Radix swinhoei reduced periphyton biomass and increased the biomass
of the macrophyte Vallisneria spinulosa. The decrease in periphyton biomass caused by macroinvertebrates
allows the submerged macrophytes to grow and reduce nutrient concentrations (Ye et al. 2019; Yang et al.
2020). Therefore, the biomanipulation of benthivorous fish and macroinvertebrates in phytoplankton and
epiphyton control is an important tool for restoring water quality in eutrophic lakes (Aguilera et al. 2015;
Groendahl and Fink 2017; Dantas et al. 2019).

Effective reduction of periphytic algae biomass often depends on the size of macroinvertebrates (Dunck
etal. 2018). In a field experiment, Fang et al. (2010) analyzed the consumption capacity of the mollusk Pomacea
canaliculata (Larmarck, 1822) on large filamentous algae. Macroinvertebrates, like small herbivores, consume
smaller algae that are prostrate in the periphytic matrix (Hillebrand 2009). Omnivorous fish can consume high-
profile periphytic algae, such as filamentous algae and large diatoms present on the surface of the periphytic
matrix (Dunck et al. 2018). Studies have shown that filamentous algae and epiphyton have been effectively
reduced by macroinvertebrates, which favored the growth of submerged macrophytes (Li et al. 2009; Mo et al.

2017; Mormul et al. 2018).
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Fish species of the genus Prochilodus are considered important ecological components of freshwater
and are distributed in the main watersheds of South America (Taylor et al. 2006). Prochilodus brevis
Steindachner 1875 is a fish species endemic, abundant and regionally known as curimata in the semiarid region
of Brazil (Chellapa et al. 2009; Gurgel et al. 2012). As an adult, P. brevis is considered omnivorous, consuming
benthic organisms (e.g., insect larvae, mollusks, crustaceans and zooplankton) and organic detritus (e.g.,
adhered algae and planktonic residues) (Gurgel et al. 2012).

We hypothesized that native fish reduce the abundance of macroinvertebrates and increase the
periphytic algae biomass. We predicted that the predation effect exerted by fish would reduce the herbivory
pressure of macroinvertebrates on periphytic algae in the mixed treatment (macroinvertebrates + fish). Our
second hypothesis is that the presence of macroinvertebrates decreases the biomass of periphytic algae and
increases the biomass of macrophytes. Our prediction was based on the literature, which suggests that in the
absence of fish (predator) there is an increase in the biomass of macroinvertebrates, and consequently a

reduction in the biomass of algae and an increase in the biomass of macrophytes.

Material and methods
Area of study

The experiment was conducted in Jazigo reservoir (7° 59’ 58”S and 38° 14’ 31”W) located in the
municipality of Serra Talhada, Northeastern Brazil. This reservoir has a water accumulation capacity of
15,500,000 m3, area of 460 ha, average depth of 4 m, and is used for public supply (Almeida et al. 2009). The
climate of the region is classified as BSh according to the Képpen system, with average annual rainfall ranging
from 600 to 700 mm, and average annual temperature of 26°C (Alvares et al. 2013; APAC 2019). The littoral
region presents aquatic vegetation composed of emerged species, floating with fixed and free-floating leaves,
such as Pistia stratiotes L., Eichhornia crassipes (Mart.) Solms, Cyperus articulatus L., Nymphaea pulchella
DC, Echinodorus palaefolius (Nees et Mart.) Magbr., Ludwigia helminthorrhiza (Mart.) H. Hara and Lemna

minor L.

Experimental design
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We used 16 cylindrical iron frame open enclosures at the top to atmosphere and at the bottom, with a
diameter of 60 cm and a height of 90 cm. The enclosures were randomly arranged in four blocks at 0.80 m depth
in the littoral region of the reservoir. A completely randomized, two-factorial experiment was conducted with
four treatments: Control (without herbivores), F (fish only), M (macroinvertebrates only) and MF
(macroinvertebrates + fish), with four replicates each, totaling 16 sampling units. Treatments C and F were
wrapped in 0.20 cm mesh netting to prevent macroinvertebrate colonization on macrophytes, and treatments M
and MF were wrapped in 2.0 cm mesh netting to facilitate macroinvertebrate colonization. The experiment was
carried out at dry season (July 05 to August 05, 2018) for 30 days in the littoral region of the reservoir.

Three Prochilodus brevis specimens were added into each enclosure of the F and MF treatments. The
density of fish used in each enclosure represented the natural density observed in the Jazigo reservoir. At the
end of the experiment, the specimens were recaptured and transported to the laboratory for analysis of
morphology, weight and stomach contents. Ninety-six specimens of floating macrophyte Eichhornia crassipes
were collected and selected for showing a similar size and mean fresh weight (55.95 g). In each enclosure, six
individuals of E. crassipes were added as the substrate for periphytic algae and macroinvertebrate colonization.
The number of macrophytes added was according to the number of sampling days. Sampling with intervals of
0, 5, 10, 15, 25 and 30 days were carried out in the 16 units by removing one specimen of macrophytes from
each enclosure to collect periphytic algae and macroinvertebrates, without replacement of specimens in the

enclosures.

Sampling
Limnological and climatic variables

The temperature (°C), dissolved oxygen (mg L1), salinity (ppt), pH, total dissolved solids (mg L) and
electrical conductivity (uS cm) of water were measured at three points (left, middle and right) between the
enclosures using a HANNA HI-9829 multiparametric probe. The water transparency was measured with a
Secchi disk (m), and light intensity (umol photons m= s') was measured outside the enclosures using a
photometer (model LI-250A; LI-COR). All variables were measured on days 0, 5, 10, 15, 25 and 30 of the

experiment.
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Water samples were collected from the water subsurface at three sampling points between the
enclosures. In the laboratory, the concentrations of total phosphorus (TP; Strickland and Parsons 1972), nitrite
(NO_) and nitrate (NO3) (Mackereth et al. 1978), ammonia (NH,) (Koroleff 1976). Dissolved inorganic nitrogen
(DIN) was obtained by summing the concentrations of nitrate, nitrite and ammonia. Rainfall data (mm) were

obtained from the Agéncia Pernambucana de Aguas e Climas (APAC).

Fish

Prochilodus brevis is a species fish abundant in the Jazigo reservoir. Thirty-six individuals of P. brevis
with average weight of 95.86 + 2.29 g were collected through net (10 cm mesh opening) launches. Fish were
transported in 100 L water tanks with water from the environment and eugenol. In the laboratory, fish were
placed in aerated water tanks (1,000 L) for 24 hours to remove stomach contents. The mean density of
individuals was calculated to determine the number of individuals introduced into each enclosure based on the
calculation of the capture effort in accordance with Maunder and Punt (2004). After this period, the fish were
weighed with an electronic precision balance (Bel S2202H) and the total length (TL) was measured with an
ichthyometer. We selected adult individuals with a total length greater than 14 cm for the predominance of
omnivorous feeding habits. The use of fish was authorized by the Animal Use Ethics Committee of the Federal
Rural University of Pernambuco (Process 23082.009799/2018-70).

At the end of the experiment, fish were recaptured from the enclosures and weighed with an electronic
precision balance (Bel S2202H). The stomachs and intestines of the fish were removed and dissected with a
scalpel and scissors were stored in amber glass vials preserved in 4% formaldehyde to analyze the composition

of algae and macroinvertebrates.

Macroinvertebrates

The macroinvertebrates were collected with a soft bristle brush and jets of distilled water that washed
the leaves, petioles, and roots, which were later stored in bottles and preserved in 70% alcohol.
Macroinvertebrates were identified with a stereoscopic microscope and optical microscope to the lowest

possible taxonomic level using specific bibliographies and counted to estimate the abundance of individuals in
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each macrophyte. Organisms were grouped according to feeding habits into herbivores, detritivores, and

carnivores, as proposed by Merrit et al. (2017).

Periphytic algae

Samples collected from the petioles of the macrophytes (area = 25 cm?) using a soft bristle brush and
jets of distilled water were fixed with 4% formaldehyde, were used for algae species identification following
specialized literature and samples preserved with 1% acetic Lugol were analyzed in sedimentation chambers
using an inverted microscope according to Utermoéhl (1958) for periphytic algae quantification. Periphytic algae
community was counted until achieving 400 organisms of the most abundant taxa and until the stabilization of
the species curve (i.e., when no species was added) according to Lund et al. (1958). Species density was
estimated according to Ros (1979), with the results expressed in individuals per unit area (ind cm-2). The species
biovolume was determined according to Hillebrand et al. (1999) for later conversion to biomass (g cm2).

The relative effect of herbivory by macroinvertebrates and fish on the periphytic algae was analyzed
using the log response ratio (LRR), which is the natural logarithmic ratio of the average algae biomass in the
control in relation to herbivory pressure treatments (Hedges et al. 1999). Negative values correspond to a larger

fraction of algae biomass consumed.

Macrophytes

In the laboratory, specimens of macrophytes were scraped with soft bristle brush and jets of distilled
water to remove periphytic algae and macroinvertebrates. Macrophytes were kept in water tanks (1,000 L) with
aeration and filtered water until the experiment began. Biomass (fresh weight; g) values on initial and each day
of sampling of macrophytes were determined with a with an electronic precision balance (Bel S2202H). After

weighing the macrophytes, the specimens did not return to enclosures.

Data analysis
A permutational multivariate variance analysis (PERMANOVA; o« = 0.05) was used to verify possible
changes in limnological variables between treatments and experiment days. A one-way ANOVA was used to

evaluate the differences in the biomass of periphytic algae and abundance of macroinvertebrates between
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treatments and days. The normality and homoscedasticity of residuals data for the ANOVA were evaluated
using the Kolmogorov-Smirnov method and the Bartlett test, respectively. The effects of treatment, days, and
interaction treatment*days on the periphytic algae biomass were tested using mixed linear models with post hoc
testing and multcomp (Hothorn et al. 2008) and nlme (Pinheiro et al. 2017) packages by all data. The t-test was
used to verify differences in fish biomass and macrophytes at the beginning and end of the experiment. All

analyses were performed using the R program.

Results
Limnological and climatic variables

Throughout the 30 days of the experiment, rainfall was 0.0 mm. Water pH ranged from neutral 7.49 to
alkaline 8.04 and water temperature ranged from 24.36 °C to 26.26 °C. Dissolved inorganic nitrogen
concentrations ranged from 5.58 to 43.55 pg L%, and total phosphorus from 39.29 to 54.41 ug L (Table S1).
This shows that the environment was not limited by nutrients. The abiotic water variables did not present

significant differences (p > 0.05) between the beginning and end of the experiment.

Fish

The biomass of P. brevis decreased significantly in the treatment (F) without macroinvertebrates (t =
8.27, p = 0.007) at the end of the experiment, with a 16% reduction from the initial biomass. However, in the
presence of macroinvertebrates (MF), there was no significant difference between initial and final biomass (t =
0.92, p = 0.38). Biomass ranged from 95.25 to 79.62 g from the beginning to the end of the experiment in the F
treatment and 93.37 to 89.87 g in the MF treatment. The stomach contents of P. brevis showed a predominance
of Bacillariophyceae, Chlorophyceae and Zygnematophyceae (53.85%), Chironomidae (19.74%), Aeshnidae
(14.00%) and mollusks (12.41%) in the treatment without macroinvertebrates (F). In the treatment with
macroinvertebrates (MF), the stomach contents of P. brevis presented higher representativeness of mollusks
(81.16%), Aeshnidae (8.89%), Bacillariophyceae, Chlorophyceae and Zygnematophyceae (6.06%),
Hydrophilidae (2.42%) and Ostracoda (1.47%). In the presence of fish, the abundance of macroinvertebrates

was reduced (Fig. 1).
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Fig. 1 Abundance of macroinvertebrates in different treatments and days throughout the experiment. C (control),
F (fish only), M (macroinvertebrates only) and MF (macroinvertebrates + fish). Lower case letters represent
significant differences between treatments (p < 0.05). (a) day 0; (b) day 5; (c) day 10; (d) day 15; (e) day 25

and (f) day 30. Values represent the mean and vertical lines the standard deviation = SD

Macroinvertebrates

The predominant groups of macroinvertebrates were mollusks, Chironomidae larvae, odonates and
ostracods. Abundance of macroinvertebrates ranged from 6 to 226 individuals and differed between treatments
(F =30.64, p <0.001), days (F = 70.30, p < 0.001) and interaction treatment*days (F = 8.07, p < 0.001). Higher
abundances were observed in treatment M and differed significantly from treatments C, F and MF (p < 0.05;
Fig. 1). During the experiment, herbivores (mollusks) and detritivores (diptera larvae and ostracods) presented

the highest abundances in treatment M (Table S2). Herbivores and carnivores (e.g., odonates) were more
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261  abundant in the absence of P. brevis (44.18% and 41.14%, respectively), while a reduction in macroinvertebrates
262 was observed in the presence of P. brevis (MF) (Fig. 1).

263

264  Periphytic algae

265 Higher total algal biomass was observed in the presence of only fish (F) followed by treatments C, MF
266  and M, with a variation of 785.67 x 10* to 2,814.36 x 10* ug cm-?, differing significantly between treatments (F
267 =13.76, p <0.0001), days (F = 103.60, p < 0.0001) and treatment*days interaction (F = 8.36, p < 0.001) (Fig.
268  2). In the treatment with macroinvertebrates (M), there were significant reductions in the biomass of periphytic
269  algae and higher consumption (LRR: -1.09). During the experiment, the macroinvertebrates reduced the biomass
270  of periphytic algae in the absence of fish. In the treatments without macroinvertebrates (C and F) and in the

271  interaction between fish and macroinvertebrates (MF), the biomass of the periphytic algae increased (Fig. 2).
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272

273 Fig. 2 Average total biomass (10* pg cm?) of the periphytic algae in the different treatments over the days of
274  the experiment. C (control), F (fish only), M (macroinvertebrates only) and MF (macroinvertebrates + fish).
275  Lower case letters represent significant differences (p < 0.05). (a) day 0; (b) day 5; (c) day 10; (d) day 15; (e)

276  day 25 and (f) day 30. Values represent the mean and vertical lines the standard deviation £ SD
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The predominant groups of periphytic algae were Bacillariophyceae, Chlorophyceae, Cyanophyceae
and Zygnematophyceae. Cyanophyceae biomass increased significantly in treatments without
macroinvertebrates (C and F) only on days 25 and 30 (F = 4.76, p = 0.0001; Fig. 3a), differing from treatments
with macroinvertebrates (F = 3.85; p < 0.05). Chlorophyceae, Bacillariophyceae and Zygnematophyceae
presented the highest biomass in the absence of macroinvertebrates on days 25 and 30 (Fig. 3b, c, d). P. brevis
showed a positive effect on the periphytic algae biomass with LRR of 0.18. The factors (treatment and day)

showed significant isolated and interaction effects on the biomass of the periphytic algae (Table 1).

100 : 1000
A ! A A A i B (a)
350 i b ¥ 3500
300 S, 3000
250 £z 2500
200 | =2 2000 A
-
150 - 5= 1500
100 Z 7 1000
50 1 i a b @ 500 o,
0 a aaa;a a a a b aa a 0
(" F ‘.\1.\1? ("‘ F |.\1 MEF| ("| F ‘.\I_\IF Cl|F ‘.\I_\IF C|F|MMF
5 10 15 25 30 5 10 15 25 30
3000 ‘ 600
A AB AB [ B T B (o g ' A B B | A8 B )
3 2500 la B 500 , @ a 1
BT 2000 | g a 2T 400 a i B
R aa ‘ al 3 . | ;
a - 5 . i
321500 a 82 300 1 a
a5 b a a : NE b 18 - b
271000 ‘ a a1 X 200 i
- a s a | a2~ ‘ ab )
B 500 1 b b b S 100 ab b 1 | . b
] c 7]
0 - 0
5 10 15 25 0

Fig. 3 Average biomass (10* pg cm2) of the classes of periphytic algae in the different treatments and days of
the experiment. C (control), F (fish only), M (macroinvertebrates only) and MF (macroinvertebrates + fish).
Lower case letters represent significant differences between treatments and asterisks over the days of the
experiment (p < 0.05). (a) Cyanophyceae; (b) Chlorophyceae; (c) Bacillariophyceae and (d)

Zygnematophyceae. Values represent the mean and vertical lines + SD
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Table 1 Summary of the linear mixed effects models of macroinvertebrates, fish and day and their possible

interactions on the mean total biomass of the periphytic algae

Factors F p
Macroinvertebrates 33.46 0.0001
Fish 7.29 0.008
Day 103.6 0.0002
Macroinvertebrates x Day 19.49 0.0002
Macroinvertebrates x Fish 054 0.46
Fish x Day 5.51 0.02
Macroinvertebrates x Fish x Day 0.06  0.79

The individual and interaction effects of macroinvertebrates and fish showed a significant relationship

with the biomass of periphytic algal classes (Table 2). In treatments without macroinvertebrates, the biomasses

of algal classes were higher. Macroinvertebrates reduced algae biomass and consumed different algal classes

(Fig. 3; Table 2). The total biomass of the algal classes differed between treatments (F = 20.74, p = 0.002), days

(F =23.30, p = 0.0001) and in the interaction treatment*days (F = 2.57, p = 0.007). Biomass of the algal classes

increased significantly throughout the experiment, except on days 5 and 10 for the classes Cyanophyceae and

Chlorophyceae (Fig. 3a, b).

Table 2 Anova (one-way) summarized of the effects of macroinvertebrates, fish and macroinvertebrates * fish

interaction on the biomass of the periphytic algal classes during the experiment

Macroinvertebrates Fish Macroinvertebrates x Fish
Class
F p F p F p
Bacillariophyceae 18.75 0.0004 0.82 0.04 6.61 0.01
Chlorophyceae 9.66 0.002 3.88 0.05 0.14 0.007
Cyanophyceae 4.45 0.03 0.85 0.03 0.26 0.006
Zygnematophyceae  36.21 0.0005 150 0.22 5.15 0.02
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Macrophytes

In treatment M, the highest biomass of E. crassipes was observed, with 160.25¢g (Fig. 4). In the presence
of only macroinvertebrates (M), the final biomass of E. crassipes increased almost threefold (x 2.9), compared
to the initial biomass and differed significantly from the treatments C, F and MF (p < 0.05). The final average
biomass of E. crassipes in the treatment MF was not significantly different from the final biomass observed in
the treatments C and F (Fig. 4). Significant differences were observed in E. crassipes biomass from the

beginning to the end of the experiment in all treatments.
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Fig. 4 Average biomass (g) of Eichhornia crassipes in different treatments at the beginning and end of the
experiment. C (control), F (fish only), M (macroinvertebrates only) and MF (macroinvertebrates + fish). Lower
case letters represent significant differences (p < 0.05) at the beginning and upper case letters at the end of the

experiment. Values represent the mean and vertical lines £ SD

Discussion

During the experiment, we recorded that the structure of the food web was strongly modified by the
native species P. brevis. Top-down regulation was decisive for the modifications of the food web communities
in the studied system. The first hypothesis was accepted, since native fish reduced the abundance of

macroinvertebrates through predation and allowed an increase in the biomass of periphytic algae and a reduction



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

120

in the biomass of E. crassipes. The second hypothesis was also accepted, since in the absence of fish, we
observed that macroinvertebrates had a strong negative effect on the biomass of periphytic algae and a positive
effect on the growth of E. crassipes. The decrease in the biomass of periphytic algae by macroinvertebrates
contributed to the increase in macrophyte biomass due to reduced competition between primary producers.

In treatments with macroinvertebrates, the periphytic algae biomass was reduced with a greater negative
effect of macroinvertebrates when compared to the interaction effect with P. brevis. In field experiments,
Iglesias et al. (2017) observed a decrease in zooplankton and macroinvertebrates and significant increase of
phytoplankton in temperate and subtropical lakes with omnivorous fish; however, epiphyton biomass was not
reduced by omnivorous fish in either region. Previous studies in temperate and subtropical regions have shown
that the biomass of periphytic algae was reduced by herbivorous macroinvertebrates and zooplankton
(Hillebrand 2002; Dunck et al. 2018). Yang et al. (2020) verified that the mollusk Radix swinhoei Adams, 1866
reduced the biomass of epiphyton and large filamentous algae, such as Spirogyra spp. and Oedogonium spp., in
both low and high nutrient concentration conditions.

In addition to trophic interactions, the effect of time caused by the succession stage on the periphytic
algae was observed throughout the experiment. Changes in the succession pattern of periphytic algae depend
on a complex set of interactions between habitat characteristics, environmental conditions, biotic factors and
nutrient availability (McCormick and Stevenson 1991; Stevenson 1996; Ferragut and Bicudo 2010).
Experimental studies have shown that nutrients and light availability can redirect the trajectory of succession
(Sekar et al. 2002; Vercellino and Bicudo 2006; Ferragut and Bicudo 2010). In our study, we observed that the
periphytic algae biomass was reduced or inhibited in the presence of macroinvertebrates. Therefore, the effect
of macroinvertebrates is another factor that influences the succession of periphytic algae in tropical reservoirs.

In the treatment with macroinvertebrates only (M), Chlorophyceae, Zygnematophyceae and
Bacillariophyceae showed the lowest biomass when compared to C, F and MF. These algae are rich in starches,
lipids and unsaturated fatty acids and are important energy sources for fish and macroinvertebrates
(Vadeboncoeur and Power 2017). Invertebrates with reduced mobility (e.g., chironomids and snails) have low
caloric demands and consume low-profile algae (e.g., prostrate, such as small diatoms), while active
invertebrates (e.g., odonates and coleopterans) require higher amounts of calories and consume high-profile

algae (e.g., filamentous algae) (Vadeboncoeur and Power 2017; Dunck et al. 2018).
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In the absence of P. brevis, the reduced periphytic algae biomass caused by macroinvertebrates favored
an increase in the biomass of E. crassipes. The control of periphyton biomass by herbivores has been observed
in experimental laboratory studies (Dunck et al. 2018; Chirwa et al. 2019). Yang et al. (2020) found that the
reduction of epiphyton biomass by herbivores favored the increase in biomass of the submerged macrophyte
Vallisneria denseserrulata (Makino), due to less shading on the macrophyte’s surface caused by algae and
competition for nutrients. Several herbivorous species can remove periphytic algae from the surface of
macrophytes, inducing the growth and increased biomass of submerged macrophytes (Mormul et al. 2018; Ye
et al. 2019) and floating macrophytes, as seen in this study. Smith (2014) observed a reduction in the floating
macrophyte biomass caused by competition for nutrients with filamentous algae, metaphyton and periphyton.
The author points out that periphytic algae colonize the roots, stems and leaves of floating macrophytes and that
competition for nutrients and light determine the reduction of aquatic macrophytes. In our experiment, the
biomass of E. crassipes decreased in high periphytic algae biomass, probably due to competition for nutrients.

Biomass of the native species P. brevis was higher in the treatment with macroinvertebrates compared
to the treatment without them. Therefore, the individual and interaction effect of P. brevis showed greater food
preference for macroinvertebrates. Benthivorous fish select larger and more nutritious foods, such as
macroinvertebrates (Vander Zanden and Vadeboncoeur 2002), and like omnivorous fish, their sense of smell
and vision is adapted to selecting large food items (McCollum et al. 1998). Liboriussen et al. (2005) found that
omnivorous fish exert a strong predatory effect on macroinvertebrates compared to periphyton in lakes with
clear and cloudy waters, since the fish consumed larvae of Chironomidae and mollusks due to their larger body
sizes. Our results showed the important role that P. brevis plays in structuring the macroinvertebrate and
periphytic algae communities in tropical regions.

Omnivorous fish prefer to eat diatoms, which are rich in unsaturated fatty acids (e.g., eicosapentaenoic
acid) that help their metabolism, and avoid ingesting cyanobacteria, which are rich in saturated fatty acids
(Strandberg et al. 2015; Munubi et al. 2018). Cyanobacteria are considered nutritionally poor food items and
can produce cyanotoxins that are harmful to aquatic biota (Hilborn and Beasley 2015). In addition, the
morphology of cyanobacteria prevents smaller-sized herbivores, such as cladocerans, from consuming them

because cyanobacteria can clog their filtering apparatuses and kill them (DeMott et al. 2001). Another important
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feature is the presence of mucilaginous sheaths that make it difficult to ingest large filaments and colonies and
make cyanobacteria unpalatable (Ger et al. 2016).

The absence of unsaturated fatty acids and sterols in cyanobacteria are responsible for reducing the
growth of invertebrates (Basen et al. 2011). However, Groendahl and Fink (2017) found that the growth rates
of the mollusk Lymnaea stagnalis (Linnaeus, 1758) were greater or equal when submitted to filamentous
cyanobacteria (Cylindrospermum sp. and Lyngbya halophila Hansgirg 1893) and eukaryotic algae, so that
gastropods were less susceptible to the limitation of polyunsaturated fatty acids than other freshwater
invertebrates. Our results show that macroinvertebrates can consume and inhibited the growth of cyanobacteria.
Thus, the top-down control exerted by macroinvertebrates during the experiment significantly reduced the
cyanobacterial biomass. These results highlight the important effects macroinvertebrate herbivory has on

cyanobacteria, possibly due to their low food selectivity.

Conclusions

In this study, the abundance of macroinvertebrates and the biomass of periphytic algae and macrophyte
was principally determined by top-down forces. These results helped to understanding of the ecology of tropical
lakes and the regulation of periphytic algae and macrophyte growth. Our results support the view that the native
species P. brevis has a strong predatory role affecting macroinvertebrates, caused the reduction of the periphytic
algae biomass. Macroinvertebrates efficiently reduced the biomass of different periphytic algal classes,
especially in the absence of P. brevis. The reduction of the periphytic algae biomass favored increase the
biomass of the free floating macrophyte Eichhornia crassipes. Thus, the addition of fish with predation potential
on macroinvertebrates proved to be an efficient method to increase biomass of periphytic algae in tropical

reservoirs.
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Table S1 Abiotic water limnological variables during the experiment in the Jazigo reservoir. DIN - Dissolved inorganic nitrogen (+ standard deviation)

Abiotic limnological variables

Day of experiment

from water 0 5 10 15 25 30
Temperature (°C) 24.36 (x0.06) 25.13 (x0.15) 25.83 (x0.12) 25.03 (x0.06)  26.26 (+0.06) 25.20 (x0.1)
Salinity (ppt) 0.12 0.12 0.12 0.12 0.12 0.12
pH 7.98 (x0.09) 8.00 (+0.05) 8.04 (x0.1) 7.49 (£0.1) 7.56 (£0.59) 7.81 (£0.14)
Electric conductivity (uS cm?) 246.10 (£0.36) 250.33 (¥1.72)  256.00 (£0.96)  252.10 (£3.25) 263.21 (+0.87) 261.82 (+1.65)
Dissolved oxygen (mg L?) 5.23 (£0.51) 5.74 (£0.34) 5.98 (+0.09) 6.19 (+0.38) 6.63 (+0.23) 6.23 (+0.53)

Light intensity (umol photons m2s1) 1081.63 (+4.63) 548.22 (+x27.12) 731.95 (+147.33)

Total dissolved solids (mg L) 161.75 (x0.17) 162.76 (x0.72) 163.56 (+0.4)

Nitrate (ug L) 12.22 (+0.06)  5.27 (+0.11) 1.41 (+0.17)
Nitrite (ug L) 1.44 (+0.02) 0.86 (+0.13) 0.86 (+0.12)
Ammonia (ug L) 3.09 (+0.01) 14.44 (+1.2) 41.28 (£3.4)
DIN (ug L) 16.76 (+1.24) 2052 (+2.01)  43.55 (+0.06)
Total phosphorus (ug L) 51.39 (+0.14) 54.41 (£0.11) 39.29 (+0.05)

913.25 (+0.21) 1002.00 (+0.57) 821.21 (+0.11)

583.46 (+144)  166.8 (0.35)  169.43 (+0.38)
15.07 (+1.06)  3.97 (+0.35) 1.8 (+0.11)
0.86 (+0.09)  0.57 (¥0.03)  1.15 (x0.01)
27.86 (+0.1)  1.03 (+0.04)  10.32 (+1.56)
4380 (+0.05)  5.58 (+0.01)  13.35 (+1.01)
39.29 (+0.49)  48.36 (+4.5)  45.34 (+2.36)
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Table S2 Abundance of macroinvertebrates with herbivorous, detritivorous and carnivorous eating habits
during the experiment in treatments C (control), F (fish only), M (macroinvertebrates only) and MF

(macroinvertebrates + fish)

Day Tratament Herbivorous Detritivorous Carnivorous

C 2.00 0.50 0.75

F 7.25 0.00 1.00

0 M 4.50 0.25 0.75
MF 1.75 3.25 1.00

C 6.50 6.00 3.25

F 14.00 8.00 5.25

° M 17.00 15.00 24.50
MF 6.00 12.25 17.50

C 11.75 14.75 12.50

F 10.25 9.75 15.00

10 M 73.00 37.25 40.25
MF 27.00 25.75 13.75

C 15.75 15.50 3.25

F 10.75 14.50 4.75
o M 67.00 61.75 18.75
MF 28.75 23.25 11.25

C 15.75 14.00 9.25

- F 9.00 28.25 6.50
M 144.00 50.75 10.50

MF 14.00 37.00 2.75

C 57.00 44.00 6.25

F 29.00 61.00 2.00
%0 M 121.00 88.75 10.75

MF 27.00 54.25 1.75







10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

137

6 CONSIDERACOES FINAIS

Nossos resultados mostram os atributos estruturais das algas perifiticas e macroinvertebrados
em um reservatorio tropical foram direcionados principalmente pela complexidade morfol6gica das
macrofitas e por varidveis fisico-quimicas da agua. Destacamos a importancia da manutencdo de
diferentes espécies de macrofitas para o aumento da diversidade de algas perifiticas e
macroinvertebrados, e, possivelmente, para um melhor funcionamento do ecossistema aquatico
tropical.

Os filtros ambientais (fisicos, quimicos e bioldgicos) atuaram positivamente sobre a
diversidade beta de algas perifiticas. As diferentes espécies e complexidades morfoldgicas de
macréfitas favoreceram o aumento da riqueza e diversidade beta de algas perifiticas. Nas macrofitas
mais complexas, a diversidade beta e a rotatividade de espécies foram maiores, enquanto, nas
macrofitas menos complexas, o0 componente de aninhamento foi maior. Portanto, a complexidade do
habitat promovido pelas macrdfitas e os filtros ambientais sdo importantes na determinagdo da
diversidade beta de algas perifiticas. A diversidade beta e seus componentes sdo ferramentas eficientes
para estabelecer estratégias de conservacdo e manutencdo do funcionamento dos ecossistemas
aquaticos.

Considerando as repostas das algas perifiticas e macroinvertebrados as diferentes
complexidades morfoldgicas das macroéfitas realizamos um experimento in situ em mesocosmos para
entender os efeitos da biomanipulacdo de espécies topo de cadeia na estrutura das comunidades
aquaticas. Nés manipulamos a presenca de uma espécie de peixe onivoro para controlar a biomassa
dos macroinvertebrados e algas perifiticas. A introducdo do peixe onivoro reduziu significativamente
a biomassa dos macroinvertebrados e favoreceu indiretamente 0 aumento da biomassa das algas
perifiticas e reducdo da biomassa das macrdfitas.

Na auséncia do peixe onivoro, verificamos um aumento da biomassa dos macroinvertebrados

e consequentemente a reducgéo das algas perifiticas e aumento da biomassa das macrdfitas, indicando
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o efeito de herbivoria realizado pelos macroinvertebrados sobre as algas perifiticas. Os
macroinvertebrados foram eficientes no controle das cianobactérias perifiticas, uma vez que foram
capazes de reduzir a biomassa das algas verdes, diatomaceas e cianobactérias. Com isso, 0S peixes
onivoros sdo predadores eficientes no controle da biomassa das algas perifiticas e dos
macroinvertebrados em reservatorios tropicais.

Os resultados contribuiram para o aumento do conhecimento dos fatores ambientais que
impulsionam as algas perifiticas e macroinvertebrados em regides tropicais. Outras pesquisas sao
necessarias devido a escassez de estudos a longo prazo com algas perifiticas e macréfitas em
reservatorios tropicais. Essa escassez de estudos é maior quando visa avaliar os efeitos de espécies
nativas topo de cadeia na estrutura das comunidades e funcionamento dos ecossistemas aquaticos

tropicais.
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| As macrofitas servem como
importante fonte de alimento
para peixes, aves e mamiferos,
além de fornecer abrigo para
peixes e camardo recém
nascidos e pequenos animais.

A presenca dessas plantas
favorece o crescimento de
muitas espécies de animais e
algas que sdo fundamentais
para a boa qualidade da agua.

Prochilodus brevis Steindachner, 1875

conhecida popularmente por curimata €
uma espécie nativa da regido Nordeste. Esse
peixe se alimenta de matéria organica,
pequenos animais e algas. Além disso €
bastante explorada na pesca predatoria,
sendo uma das espécies nativas mais
utilizada como fonte de proteina.

BN S L%

As algas sao organismos microscopicos, ou
seja. invisivel a olho nu e que sado
responsaveis pela producdo de oxigénio.
Um estudo publicado em 2021 mostrou que
a curimatd pode reduzir a quantidade de
animais aquaticos e aumentar a densidade
de algas. hitps://doi.org/10.1007/s10452-
021-09853-6

http://labficologia.ufrpe.br

Tiragem: 100 copias

Programa de Pos-Graduacao em Biodiversidade -PPGBio/UFRPE
Equipe Técnica: Silvano Lima do Nascimento Filho, Anamaria Silva
Diniz, Cihelio Alves Amorim & Ariadne do Nascimento Moura.
Laboratorio de Ficologia - Taxonomia e Ecologia de Microalgas - LABFIC

Fotos: Silvano Lima

Apoio

FACEPE CNPq




143

8 NORMAS DE SUBMISSAO DAS REVISTAS CIENTIFICAS

1 Aguatic Sciences

https://www.springer.com/journal/27/submission-quidelines

2 Anais da Academia Brasileira de Ciéncias

https://www.scielo.br/journal/aabc/about/#instructions

3 Aquatic Ecology

https://www.springer.com/journal/10452/submission-guidelines



https://www.springer.com/journal/27/submission-guidelines
https://www.scielo.br/journal/aabc/about/#instructions
https://www.springer.com/journal/10452/submission-guidelines

	5bb37517523fa290bb9123a72c843d971c9dbd71a592af9b5dbe7c60c430db68.pdf
	d80c315b0955a0feef31c0c9ff61ef054e17763b3d962ee3f0ed546cfda73d21.pdf
	5bb37517523fa290bb9123a72c843d971c9dbd71a592af9b5dbe7c60c430db68.pdf

