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Resumo

A interferéncia antropica € o processo chave da disseminacdo de diversas espécies invasoras,
as quais estdo entre as principais causas do declinio da biodiversidade. Macrofitas aquaticas
invasoras podem alterar a estrutura das comunidades associadas e processos ecoldgicos.
Através dos trabalhos realizados no reservatorio do Fazzari (Universidade Federal de S&o
Carlos) foram analisados 0s possiveis impactos da espécie vegetal invasora lirio do brejo
(Hedychium coronarium) sobre a diversidade taxondmica e funcional da comunidade de
macroinvertebrados aquaticos presentes na zona litoral. No Capitulo | e Il séo explorados 0s
aspectos de alteracdes de habitat e suas implicagdes para sua funcdo de habitat para
comunidade de insetos aquaticos. J& nos Capitulos Il e 1V, sdo exploradas as questdes de
qualidade de recurso alimentar para a macrofauna. Nestes Ultimos, pretendeu-se analisar as
implicacdes das mudancgas na composicao taxonémica e funcional dos herbivoros bem como
sua importancia na estrutura das redes tréficas da comunidade em geral. O principal impacto
da macrdfita invasora lirio-do-brejo sobre a estrutura taxondmica e funcional da comunidade
de macroinvertebrados aquéticos, provavelmente esteve relacionado a alteracdo de habitat
promovida pela sua rdpida propagacdo. Através da menor diversidade funcional e das
caracteristicas de expressiva participacdo de larvas predadoras observadas na margem
invadida pelo lirio do brejo, é possivel inferir que a macrofita invasora poderia promover
maior complexidade de habitat. Sendo assim, sua presenca nas zonas litorais de ecossistema
Iéntico parece desempenhar uma importante influéncia na estruturacdo comunidade de insetos
aquaticos. Quanto ao seu aspecto como recurso aloctone, pode-se afirmar que suas folhas
demonstraram melhor qualidade de recurso alimentar para a macrofauna quando comparada a
espécie nativa (Pontederia cordata). Esta caracteristica demonstrou ser um importante fator
na colonizacdo de herbivoros generalistas. A baixa qualidade nutricional da espécie nativa
influenciou na colonizacdo de herbivoros especialistas, resultando numa comunidade mais
dissimilar. Ambas as espécies de macroéfitas paregcam sustentar uma estrutura comunitaria de
macroinvertebrados similar, composta principalmente por taxons onivoros. Entretanto, a
composigdo quimica das folhas, em especial, baixa concentracdo de nitrogénio, altas
concentragOes de polifendis, celulose e lignina da espécie nativa teve uma influéncia negativa
na riqueza de tracos funcionais dos herbivoros e reducdo da relacdo predador-presa, indicando
um efeito “bottom-up”. Os resultados destacaram a importancia da selecdo de espécies nativas
com alto valor nutritivo na utilizacdo de programas de restauracdo para a conservacdo da

biodiversidade dos ecossistemas de agua doce.



ABSTRACT

Biological invasions are the main cause of biodiversity erosion, which is widespread in
several invasive species that have antropogenic interference as a key process. Invasive
macrophyte species can shift structures of associated communities, and they can
interfere in many ecological process in aquatic ecosystems. For these issues,
macroinvertebrate taxonomic and functional analyses can show the ecological alteration
processes that occur between macrofauna and these plant species. Through the surveys
performed at the Fazzari reservoir (Universidade Federal de S&o Carlos), the potential
impact of the invasive macrophyte white ginger lily (Hedychium coronarium - J.
Kodenig, 1783) on the taxonomic and functional diversity of freshwater
macroinvertebrates dwelling the littoral zone of the reservoir was assessed. In chapters |
and 1l of this doctoral thesis, habitat alterations caused by the white ginger lily are
explored and its effect on the role of the habitat in aquatic insect assemblages is
discussed. Chapters 11l and IV explore aspects of the resource quality of white ginger
lily on associated macroinvertebrates. The final experiment also assess the implication
of the resource quality provided by white ginger lily in the taxonomic and functional
changes of herbivore species and their effect on macroinvertebrate food webs. The main
impact of this invasive macrophyte species on the functional and structure assemblage
of macroinvertebrates was related to habitat alterations caused because of white ginger
lily’s faster vegetative growth. Its presence in the littoral zone seemed to show an
important influence on the aquatic insect structure assemblages as well as on habitat
losses. Through lower functional diversity indices and significant participation of
predator larvae in the invaded reservoir banks, it was possible to infer that this invasive
macrophyte promoted higher habitat complexity and lower band loss in the littoral zone.
For its allochtthonous resource quality aspects, its leaves demonstrated better quality
when compared with the native pickerelweed (Pontederia cordata — L.), which presents
similar ecological characteristics. The higher quality resource of this invasive
macrophyte was shown to be an important factor to generalist herbivore species, which
differed in taxonomic composition of specialist herbivore species present in the native
macrophyte leaves. Although invasive and native macrophyte species seemed to support
similar macroinvertebrates structures, which were composed mainly of omnivore
species, pickerelweed leaves, which are of lower nutritional quality, were shown to be
unfavorable to the herbivore species. The leaf chemical traits of the native species, such
as lower N% and higher P% and polyphenols, negatively influenced the herbivore
functional richness, as well as caused a decrease in predator-prey rations in the food
web structure. This indicated a bottom-up effect. The results suggest that the role of
macrophytes in the habitat and resource quality provided by macrophyte leaf species has
an important influence on the life history of macroinvertebrates and freshwater
herbivores, which in turn directly interfere with changes in the entire macroinvertebrate
structure. Additionally, the results highlight the importance of selecting native species
with a high resource quality in restoration practices for freshwater biodiversity
conservation.



1 INTRODUCAO

1.1  Biodiversidade e conservacdo dos ecossistemas lénticos
A superficie da Terra é constituida por 70% de agua, das quais menos de 1%
sdo referentes a 4gua doce. Embora represente uma parcela muito pequena da cobertura da
superficie do planeta, essa se destaca por abrigar numerosas espécies animais e vegetais
(=100.000 spp), representando 6% da diversidade mundial. Devido a superexploracdo dos
recursos hidricos no uso de atividades antropicas (agricultura, navegacdo, pescas,
abastecimento humano, producdo de energia elétrica), os ecossistemas de agua doce se
encontram em situacdo de declinio da biodiversidade. As ameacas a biodiversidade nesses
ecossistemas podem ser divididas em cinco categorias: superexploracdo, poluicédo,
modificagdo do fluxo d’agua, destruicdo ou degradacdo de habitats e invasfes bioldgicas. A
combinacdo destes fatores geram graves consequéncias negativas, causando modificaces no
equilibrio das comunidades. Tal situacdo se apresenta num processo considerado mais
acelerado do que nos ecossistemas terrestres. Como essas atividades ja existem em escala
global, o estabelecimento de estratégias para conservagdo dos ecossistemas de agua doce foi
considerado de primordial importancia durante a conferéncia internacional “Water for life -
Decade for Action” (2005-2015), para sua protecdo e manutencdo da sua sustentabilidade
(DUDGEON et al., 2006).
Os ecossistemas lénticos sdo ambientes que apresentam baixo fluxo,
variam em sua forma e profundidade e incluem lagos, lagoas, areas alagadas, acudes e
represas. Estes se originaram através das modificacdes geolOgicas causadas por eventos
naturais, como erosdo, mudancas glaciais, atividades vulcanicas e, mas também, por
intervencdo antropica. No entanto, em decorréncia de eventos naturais e também da
intervencdo antropica na modificacdo da estrutura geoldgica da paisagem, tem-se observado o
surgimento de reservatorios naturais e/ou artificiais de agua doce. Esses ecossistemas
apresentam distintas zonas biologicas que se diferenciam num gradiente de profundidade em
relacdo a distancia das margens. Destas se destaca a zona litoral que se localiza proximo as
margens, a qual pode ser considerada um ecotono, pois se caracteriza como area de transi¢do
entre 0 ambiente terrestre e aquatico (ODUM, 1988). Nesta zona h& maior penetracdo de luz
que resulta numa alta produtividade primaria, que por sua vez proporciona elevada
diversidade de organismos, entre 0s quais se destacam 0s macroinvertebrados aquéaticos, 0s

peixes e as macrofitas aquaticas.



1.2 O papel ecoldgico das macrofitas aquaticas nos ecossistemas lénticos

As macrdfitas aquéaticas estdo entre as comunidades bidticas mais
diversificadas dos ecossistemas Iénticos. Estas possuem caracteristicas morfologicas que as
separam em diferentes formas de vida: emergentes (enraizadas no sedimento, ou em solos
alagados, com folhas voltadas para a parte aérea), flutuantes (enraizadas no sedimento, com as
folhas flutuando na superficie da agua), livre flutuantes (que flutuam na superficie da agua
sem enraizamento no sedimento) e submersas (plantas que crescem completamente submersas
na coluna d’agua enraizadas ao substrato) (CHAMBERS et al., 2008). Essas caracteristicas
morfolégicas possibilitam a ampla distribuicdo dessas plantas entre os varios compartimentos
da zona litoral, os quais podem ser limitados por fatores ambientais, como tipo de sedimento,
luminosidade, turbidez, disponibilidade de nutrientes e acdo de herbivoros (CARLSSOSN et
al., 2005; MIDDELBOE; MARKAGER, 1997; CARREIRA et al., 2014).

Entre os diferentes papeis ecoldgicos das macrofitas na estruturacdo dos
ecossistemas Iénticos destaca-se sua atuacdo na retencdo de detrito promovendo maior
estabilidade do sedimento do fundo (TRIVINHO-STRIXINO; STRIXINO, 1993). Em suas
folhas - onde ocorre a formacgdo de um biofilme, composto por bactérias, protozoérios, algas e
detritos depositados, - servindo de fonte (priméria) de alimento para diversos invertebrados.
Além disso, a presenca de inumeras espécies de macréfitas aumenta a heterogeneidade
espacial, disponibilizando maior nimero de habitats (MARGALEF, 1983). A contribuicdo da
estrutura morfolégica de uma macrofita para a heterogeneidade do habitat é também
amplamente reconhecida (THOMAZ; CUNHA, 2010). Quando analisada a diversidade
bioldgica dos sistemas Iénticos, a presenca das macrofitas (zona litordnea) e a sua auséncia
(zona profunda), os resultados poderiam ser similares se comparassemos a diversidade
biol6gica de uma floresta tropical com aquela de uma area de dunas de areia (SCHEFFER,
2004; THOMAZ; CUNHA, 2010).

A complexidade estrutural dos sistemas lénticos pode implicar em importantes
consequéncias para a estrutura da comunidade de macroinvertebrados aquaticos, como, por
exemplo, na reducdo dos efeitos da predacdo (GILINKI, 1984; DIEHL, 1992; HEINO, 2000).
O tipo de vegetacdo litoral ou o substrato do fundo podem influenciar na ocupacgéo do espaco
e na preferéncia de muitas espécies, e, dessa maneira, determinar diversos padrbes de
comunidades (MINSHALL, 1984; HOFFMAN et al., 1996; HEINO, 2000). Um dos
principais fatores que contribui para 0 aumento da heterogeneidade de habitat é a morfologia

das macrdfitas aquéticas. E reconhecida uma relacdo positiva entre a complexidade
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morfologica do vegetal e a abundéancia e riqueza de macroinvertebrados a ele associados
(THOMAZ et al., 2008). Indiretamente, a alta producdo de biomassa destes vegetais pode
influenciar também na abundéncia, na diversidade e na biomassa dessa comunidade
associada. Esses vegetais, quando entram em decomposicao, irdo influenciar nas variaveis

abidticas do sistema e, assim, pode alterar a estrutura da comunidade (THEEL et a.l, 2008).

1.3 Macrofitas invasoras: suas influéncias sobre a comunidade de

macroinvertebrados da zona litoral

Define-se como “espécie invasora” todo organismo oriundo de uma
determinada zona geogréafica ou bioma que ndo é o de sua origem (exotico) e que adquiriu
vantagem competitiva apds o desaparecimento de obstaculos naturais para sua proliferacéo,
permitindo répida dispersdo e conquista da dominancia nos ecossistemas receptores
(VALERY et al., 2008). O impacto promovido pela introducio de espécies invasoras ndo se
limita a reducdo das populacdes nativas, mas também interfere da estrutura de diversas
comunidades nativas residentes, alterando as interagdes das cadeias alimentares e 0s
processos ecossistémicos (BUNN et al.,1998; THOMAZ et al., 2009). Devido & ampla
abrangéncia de seus impactos e das dificuldades de previsdo e mitigacdo dos seus efeitos, 0s
estudos ecoldgicos das espécies invasoras tém se destacado e despertado a atencdo e o
interesse de gestores ambientais (THOMAZ et al., 2009), possibilitando o desenvolvimento e
a criacdo de técnicas de manejo eficientes e de diretrizes politicas para o seu controle.
Pesquisas voltadas para obtencdo de informacdes sobre a influéncia da introducdo de
macrofitas invasoras nos ecossistemas lénticos e as suas interagdes com a biota residente tém
sido objeto de estudo nos ultimos anos (SCHULTZ; DIBBLE, 2012).

A predomindncia de espécies invasoras também induz alteracbes nas
caracteristicas abioticas do sistema, como, por exemplo, reducdo da disponibilidade de
oxigénio. A liberacdo de compostos quimicos secundarios, considerados alelopéticos, pelas
macrofitas invasoras pode ser também um mecanismo de competicédo interespecifica que pode
resultar na vantagem competitiva da espécie invasora sobre a espécie nativa (DANDELOT et
al., 2008). Estes aspectos tém sido considerados fatores importantes para 0s
macroinvertebrados aquaticos. Uma vez que as concentracfes de oxigénio na agua sao
reduzidas em razéo da decomposicdo de grandes quantidades de biomassa da planta invasora,
e pode levar a redugcdo da abundancia e diversidade faunistica, simplificando assim, a

comunidade. Neste caso, a estrutura da comunidade se modifica, prevalecendo grupos
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tolerantes, como, por exemplo, larvas de Chironomidae e Oligochaeta (STIERS et al., 2011;
SCHULTZ; DIBBLE, 2012).

Além disso, faz-se importante reconhecer o papel modificador da qualidade do
recurso alimentar decorrente da presenca de plantas invasoras, uma vez que estas podem ter
efeitos diretos nos aspectos ecoldgicos de herbivoria, bem como modificar a composicdo da
comunidade dos macroinvertebrados herbivoros (LEITE-ROSSI et al., 2016). Espécies
invasoras, com altas concentracfes de compostos secundarios (fendis, lignina) podem
influenciar negativamente nas caracteristicas da historia de vida das espécies herbivoras, tais
como crescimento, taxa de fecundidade e mortalidade (MORRISON; HAY, 2011). Embora as
relacbes adversas de macrdéfitas invasoras estejam bem documentadas para algumas espécies
herbivoras (e.g. Pomacea caniculata, Lymnea stagnali e Acentria ephemerella) (CHOI et al.,
2002; ELGER et al., 2005), pouco se sabe a respeito dos efeitos sobre outros herbivoros
aquéaticos (LEITE-ROSSI et al., 2016), bem como implicacdes sobre a dindmica de
transferéncia de energia através de redes troficas. Dentre os diversos tipos de forma de vida de
macrofitas aquaticas, os grupos das emergentes e anfibias se destacam como importantes
componentes, devido a alta producdo priméaria (DE SAZALAY; RESH, 2000). Estas servem
como base de detritos para diversas cadeias alimentares quando em fase de senescéncia
(NELSON, 2011). Os estudos realizados com essas macrofitas invasoras tém demonstrado
que, devido a sua elevada producdo de biomassa e ao rapido processo de decomposicao
podem ocasionar maiores alteracdes de estrutura dos habitats, reducdo de oxigénio dissolvido
e aumento da disponibilidade de nitrogénio quando comparadas com espécies nativas
(EHRENFELD, 2003; NELSON, 2011).

Hedychium coronarium (J. Kdenig, 1783) é considerada macrdfita aquatica
invasora do tipo anfibia, sendo nativa da regifo do Himalaia, na Asia tropical, e atualmente
com distribuicio em todas as Américas (MACEDO, 1997; PIO CORREA, 1984, SANTOS et
al., 2005). A espécie conhecida pelo nome popular de lirio-do-brejo, mariazinha-do-brejo e
gengibre-branco ¢ uma monocotiledénea da familia Zingiberaceae, rizomatosa de habito
herbaceo perene (SANTOS et al., 2005). Sua inflorescéncia em espiga de flores com corolas
brancas ou amarelo pélidas e de aroma adocicado sdo as caracteristicas responsaveis pelo
nome da espécie, originado da palavra grega Hedychium que significa “neve doce” e
coronarium do latim corona” (KISSMAN; GROTH, 1991), as quais atraem polinizadores
noturnos como as mariposas (SANTOS et al., 2005). O lirio-do-brejo apresenta a parte aérea

disposta em caule simples e cilindrico, de coloragdo avermelhada na base e folhas lanceoladas



dispostas de forma alternada (KISSMAN; GROTH, 1991). A espécie possui reproducdo
sexuada por producdo de sementes e também assexuada pela producéo de hastes aéreas que se
originam dos rizomas (STONE et al., 1992; SANTOS et al., 2005) e formam fragmentos que
se dispersam na agua (dispersdo hidrocorica), invadindo e colonizando outros locais através
de crescimento vegetativo.

O histdrico de introdugdo do lirio-do-brejo no Brasil ainda é incerto. Seus
registros mais antigos no pais datam de um espécime em Kew Gardens, o qual foi coletado
pelo Dr. Glaziou em 1860, e na elaboracdo da Flora Brasiliensis por Martius e Schuman K.
entre 1860 e 1904 (ROYAL BOTANY GARDENS, 1912). Segundo Kissman (1991), a
introducdo do lirio-do-brejo no Brasil deve ter ocorrido de forma acidental, carregada por
navios negreiros. Essa espécie que juntamente como outras gramineas, eram utilizadas para
fazer camas para 0s escravos. Posteriormente o uso da planta demonstrou-se economicamente
atil, principalmente na utilizacdo como alimento (rizoma e folhas), na produgdo de papel
(celulose — 43%), na producdo de farmacos e aromatizantes (rizoma e flores) (VERMA;
BANSAL, 2010). A espécie se tornou comum em regibes litoraneas e em diversas areas
continentais do Sudeste, como por exemplo, em Minas Gerais (SANTOS et al., 2005).
Atualmente, a mesma tem sendo considerada uma invasora agressiva em areas de sub-bosques
do Bioma Mata Atlantica (ZENNI; ZILLER, 2010), como também, em areas alagadas,
margem de cdrregos e represas no Estado de Sao Paulo.

Considerando a influéncia das invasfes bioldgicas, que atuam juntamente com
outras alteracBes antrdpicas na aceleracdo dos processos de degradacdo dos ecossistemas
aquaticos continentais, a realizacdo de trabalhos de pesquisa ecoldgica sobre a atuacdo dessas
invasdes sobre as comunidades nativas poderdo servir de ferramenta para o estabelecimento
de politicas de gestdo e estratégias de controle. No entanto, as informac@es disponiveis até o
presente sobre esta espécie invasora estdo relacionadas mais a sua fenologia e biologia
(SANTOS et al, 2005) e pouco se conhece a respeito de sua influéncia sobre as comunidades
de macroinvertebrados aquaticos (LEITE-ROSSI et al., 2016). Sendo assim, tornam-se
importantes as investigagdes direcionadas ao conhecimento das suas interacbes com a
comunidade de macroinvertebrados, uma vez que o conhecimento das interagOes e padroes
comunitarios com a comunidade vegetal poderd indicar o nivel de impacto sobre a

biodiversidade e processos ecoldgicos que ocorrem nos ecossistemas de dgua doce.



1.4 Tracgos funcionais dos macroinvertebrados: sua importancia para a

estrutura das comunidades e processos ecossistémicos

Investigar os padrbes de biodiversidade em niveis espaciais e temporais tem
sido um dos principais carros-chefe dos estudos ecoldgicos atuais (HEINO, 2000; JHONSON
et al, 2004). Em geral, os estudos focam na quantificacdo dos padrdes de diversidade ou de
riqueza de espécies ao longo de um gradiente ou determinado processo ecoldgico que possa
produzir um padrdo observavel (MAGURRAN, 2013). Tal abordagem tem sido considerada a
base das investigacGes ecoldgicas que direcionam o entendimento da biodiversidade. No
entanto, a biodiversidade ndo deve ser entendida somente através da diversidade de espécies,
uma vez que nela também estdo incluidos os aspectos filogenéticos, genéticos e funcionais da
comunidade. Além disso, se levado em conta que a diversidade de espécies engloba o simples
fato da nomeacédo das espécies, poucas informacdes se obteriam a respeito de suas historias
funcionais e evolutivas, pois sdo esses aspectos que determinam 0s processos e padrfes de
biodiversidade observados (SWENSON, 2014).

Os indices de diversidade funcional, com os quais sdo estimadas as
similaridades dos tracos entre as espécies de uma comunidade, permitem o entendimento da
maneira como um ecossistema funciona ou opera (TILMAN, 2001). Esta abordagem esta
fundamentada no “templet theory”, na qual Thomaz Southwood (1977) afirma que as
estratégias ecoldgicas das espécies respondem as caracteristicas do habitat, o qual seleciona
ou favorece determinados conjuntos de tracos dos individuos. Sua principal premissa tem
servido de base para o surgimento de outras aplicacdes tedricas dos ecossistemas de agua
doce, como por exemplo a teoria do “The River Continum Concept” (VANNOTE et al.,
1980), a qual partiu das premissas de “habitat templet” para compreender os padrdes de
distribuicdo das comunidades de macroinvertebrados aquaticos em sistemas I6ticos. Através
do conhecimento dos tracos funcionais dos tdxons em diferentes perfis de habitat, os autores
concluiram que estes poderiam responder as mudancas ambientais ao longo de um gradiente
de continuo de rios, revelando, assim, diferentes processos ecossistémicos (VANNOTE et al,
1980). Desde entdo, os modelos preditivos desses trabalhos tedricos tém servido de base para
diversas analises de respostas dos tracos funcionais dos macroinvertebrados aquaticos aos
impactos causados por interferéncias antropicas, bem como na justificativa do uso de indices
funcionais para analises dos processos ecoldgicos nos ecossistemas de dgua doce (MENEZES
et al. 2010).
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2. Objetivos e justificativa

Considerando a crescente ocupacéo de plantas invasoras nos sistemas aquaticos
torna-se necessario o conhecimento de suas implicacGes para 0s processos ecoldgicos nesses
ecossistemas de dgua doce. Em especial para a espécie lirio-do-brejo, em vista da inexisténcia
de informacdes a respeito das interacdes ecoldgicas entre esta macrofita invasora com a
comunidade de macroinvertebrados aquaticos este conhecimento se faz importante. Através
de coletas entre margem invadida e ndo invadida de um reservatdrio, analisou-se a
interferéncia da invasdo dessa planta na composi¢do taxonémica (Capitulo I) e nos tracos
funcionais da comunidade de insetos aquaticos (Capitulo Il). Através de experimentos de
colonizacdo de folhas dessa macrdéfita invasora e de uma macrofita nativa orelha-de-veado
(Pontederia cordata), foi analisada a interferéncia das diferentes caracteristicas quimica das
folhas das plantas na especializagdo das espécies herbivoras (Capitulo I11) bem como dos seus
efeitos na mudanca de composicédo funcional dos herbivoros que podem alterar a estruturacao
de redes troficas da comunidade de macroinvertebrados (Capitulo 1V). O estudo foi conduzido

para avaliar as seguintes hipoteses:

Capitulo | — Forecasting the impact of an invasive macrophyte species in the littoral

zone by aquatic insect species composition.

Hipotese: A presenca da macrofita invasora lirio do brejo na zona litoral altera
a composic¢do taxonémica de comunidades de insetos aquaticos em decorréncia de mudangas
na estrutura do habitat.

Neste capitulo sdo analisadas a riqueza e abundancia da comunidade de insetos
aquaticos associadas a bancos de vegetacdo invasora e nativa (floresta parcialmente invadida,
macrofita nativa e floresta riparia ndo invadida). Além disso, é feita a anélise de espécies
indicadoras para identificar quais espécies associadas ao lirio do brejo poderiam servir de

referéncia para o monitoramento do seu impacto.

Capitulo Il — The invasive white ginger lily (Hedychium coronarium)
simplifies functional trait composition of an insect assemblage in the littoral zone of a

Savanna reservoir

Hipotese: A proliferagdo do lirio-do-brejo modifica as condigdes ambientais

locais, como variaveis abioticas e estrutura do habitat resultando em menor indice de
13



diversidade funcional. Este resultado se reflete diretamente na sele¢do de tragos de espécies
aquéticas adaptadas ao tipo do habitat e da modificacdo do recurso alimentar causado pela

presenca dessa macrofita.

Neste capitulo é analisada a composic¢do funcional da comunidade de insetos
aquéticos através dos indices de dissimilaridade funcional (FDis), equidade funcional (FEve),
divergéncia funcional (FDiv) e relevancia de tragcos (CMW) nas margens invadidas e nédo
invadidas pela espécie invasora. Estes indices remetem as medidas de ocupacéo de nicho, bem
como indicam quais tracos funcionais séo predominantes na comunidade associada. A partir
dos resultados obtidos sdo inferidos os principais processos ecoldgicos relacionados a

presenca da espécie vegetal invasora na estruturacdo da comunidade.

Capitulo 111 — Native macrophyte leaves influence more specialisation of Neotropical

shredder chironomids than invasive macrophyte leaves

Hipotese: As diferencas nas composi¢cdes quimicas entre as folhas da macrofita
invasora lirio-do-brejo (Hedychium coronarium) e macréfita nativa orelha-de-veado
(Pontederia cordata) influenciam na especializacdo da comunidade de quiornomideos

fragmentadores associados.

Neste capitulo é analisada a estrutura da comunidade de quironomideos
fragmentadores associados as folhas das macrdéfitas invasora e nativa através das variaveis
riqueza e abundancia de espécies. O consumo das folhas das espécies vegetais é estimado
atraves de analises do trato digestivo dos taxons fragmentadores, o qual € utilizado para
estimar os indices de especializag¢do individual (d”) e da comunidade associada (H;’). Através
da analise de correlacdo do consumo médio das folhas e tracos quimicos das folhas, sdo
discutidas duas principais teorias de evolucao adaptativa dos herbivoros aquaticos: “intake-
eficiency” e "heterotophic facilitation” que podem explicar as diferencas de composicao de

espécies herbivoras nas duas espécies vegetais.

Capitulo IV - Can herbivore functional traits influence food web complexity? -

Implications for an invasive macrophyte species.

Hipdtese: A folha de macréfita aquéatica que apresenta menor qualidade do
recurso influencia no decréscimo da diversidade funcional de macroinvertebrados herbivoros
e estrutura das redes troficas. Tal efeito se reflete num impacto negativo, afetando assim, o
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processo de transferéncia de energia na comunidade que ocorre atraves da estruturacéo das

redes troficas de macroinvertebrados associados.

Nesse capitulo é analisada a diversidade funcional da comunidade de
herbivoros associados a espécie invasora e nativa através avaliacdo dos indices de nimero de
espécies funcionalmente singulares (sing.sp) e riqueza funcional (FRic). A estrutura das redes
troficas de macroinvertebrados é analisada através de medidas do nimero total de ligacdes
(L), densidade de ligacdes (L/S), conectancia (C) e da relacdo entre predador-presa. Através
dos resultados das analises de influéncia dos tracos quimicos das folhas das espécies de
macrofitas nestas variaveis comunitarias sdo discutidas as interferéncias da qualidade
nutricional das espécies vegetais sobre a diversidade funcional dos herbivoros e sua

consequéncia no processo de transferéncia de energia através das redes troficas.
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Capitulo |

Forecasting the impact of an invasive macrophyte species in the littoral zone by aquatic

insect species composition.

Este capitulo foi submetido a revista Limnologica (em revisao)
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Abstract

Invasive macrophytes threaten the freshwater ecosystem biodiversity. We analysed the
influence of the invasive white ginger lily (Hedychium coronarium) on aquatic insect
assemblages living in the littoral zone of a tropical reservoir. We took aquatic insect samples
from the littoral zone of four main bank vegetations: white ginger lily monospecific bank,
forest partially invaded, spike-rush (Eleocharis) monospecific bank and riparian forest. At
each bank vegetation, we measured the abiotic variables such as dissolved oxygen, pH, water
temperature and depth. We also analysed the aquatic insects through abundance, richness and
Simpson diversity. We used the non-Metric MDS analyses to analyse the spatial distribution
of each assemblage and ANOSIM to verify differences among the dissimilarity distances.
Additionally, we analysed the main taxa associated with invasive macrophytes through
indicator species analyses using the IndVal index. We observed that the invasive macrophyte
banks presented a higher abundance of associated specimens, as well as a lower dissimilarity
of aquatic insect assemblages. We did not observe an influence of abiotic in the aquatic insect
community variables The IndVal index indicated eight aquatic insects as indicator species.
Labrundinia unicolor, Ablabesmyia paule and Diastatops were indicator species on invaded
banks. The invasion of white ginger lily could have caused a high complexity habitat of the
surrounding water, probably by a high production of plant biomass. We suggest using species
of aquatic insects as indicator species to monitor the impact of white ginger lily on freshwater

systems.

Key words: habitat complexity, Chironomidae, freshwater conservation, biomonitoring,

macroinvertebrates, Hedychium coronarium
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1. Introduction

Invasive species are considered one of the main stressors of freshwater systems and
have impaired various ecosystem services, such as energy production, sailing and fishing
(Dungeon, 2010). The lentic littoral zone is an important freshwater ecosystem compartment
which presents high diversity species and is threatened by invasive species (Vander et al.,
1999). Among diverse invasive organisms, the influence of invasive macrophyte species in

this freshwater compartment is well recognized (Thomaz and Cunha, 2010).

Some studies report fast vegetative growth of invasive macrophyte species increasing
habitat complexity, which results in the disruption of food webs (Kovalenko and Dibble,
2011). Furthermore, the high biomass production of these plants results in the decrease of
dissolved oxygen that leads to the exclusion of sensitive species (Schultz and Dibble, 2012).
Additionally, invasive macrophytes can alter resource food availability which shifts species
assemblage compositions (Leite-Rossi et al., 2016). The ecological interaction between
invasive macrophyte species and aquatic insects seems to have important implications on the
impact of some ecological process, especially those involving predation (Warfe and Barmuta,
2006), herbivory (Boyero et al., 2012) and decomposition (Leite-Rossi et al., 2016). Because
invasive macrophyte species cause changes to aquatic insect assemblages which directly
impact these ecological processes, interest of their management in freshwater systems is also

of vital importance to biodiversity conservation.

Aquatic insect assemblages are recognised as good indicators of habitat alterations.
Their ubiquity in freshwater systems as a consequence of their various habitat adaptations
(e.g. respiration system, feeding habit, life cycle) enable them to be utilized in many
freshwater monitoring studies (Arimoro and Ikomi, 2009). Their use as bioindicators arose

from the Saprobian System approach, which was an early model that used some aquatic insect
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taxa, such as, Chironomus as indicators of anthropogenic disturbance (e.g.sewage discharge)
(Rosengerb and Resh, 1993). Since then, the applicability of aquatic insect assemblages in
biomonitoring studies has developed, demonstrating their importance to freshwater
conservation issues such as deforestation, stream discontinuity habitat and restoration

programs (Blankely et al., 2006; Navarro-Llacer et al., 2010; Saulino et al., 2016).

In littoral zones of lentic systems, aquatic insect assemblages are believed to respond to
habitat changes caused by invasive macrophyte species (Kovalenko et al., 2010). In the
present study, we analysed the effect of white ginger lily (Hedichium Coronarium - J. Kéenig,
1783) on aquatic insect assemblages dwelling in the littoral zone of a tropical reservoir. This
invasive amphibious plant species has become dominant in wetlands, riparian zones and lake
banks, where it forms dense populations. Concerning its characteristics, this macrophyte
species has been considered as an aggressive competitor with native plants (De Castro et al.,
2016). Additionally, the ecological interactions with associated community (e.g.
macroinvertebrates and fish) are still unexplored in ecological studies. Hence, knowledge
concerning the influence of white ginger lily in the associated community is needed, as there
is a lack of knowledge regarding its influence. Similar to anthropogenic stressors in
freshwater systems (e.g. erosion, sewage and deforestation), as well as several invasive
macrophyte species that cause habitat alterations, white ginger lily could lead to a decrease in
the diversity of aquatic insect species. In addition, specific taxa of aquatic insects associated
with this invasive plant could be used as indicators of habitat disturbance, taxonomically

mirroring the habitat conditions promoted in the littoral zone.

To understand this, we compared aquatic insect assemblages associated with a
monospecific bank where white ginger lily was present in a tropical reservoir with three other

main bank vegetations: forest bank partially invaded by white ginger lily (few individuals
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mixed with forest vegetation), spike-rush (Eleocharis, R. Br.) monospecific macrophyte bank
and non-invaded riparian vegetation. We assumed that the occupation of white ginger lily in
the littoral zone shifts aquatic insect composition assemblages when compared to the native
bank vegetations causing loss and alteration of the littoral habitat. In addition, we tried to
identify aquatic insect taxa that could serve as indicators of the presence of the invasive plant.
These results could be important for conservation practices intended to monitor the invasion

by this macrophyte species in the lentic systems.
2. Material and Methods
2.1 Study area

This study was performed in a tropical reservoir located in a preserved area of the
Brazilian Savanna vegetation (Cerrado Biome) in the central region of Sdo Paulo State
(Brazil). The Fazzari reservoir (21°58°S, 47°53"W) has chemical characteristics such as high
levels of dissolved oxygen (> 7mgL), acidic pH (z 5.5) and diverse vegetation on its banks.
Its total area is 11,370 m?, 220 meters long, an average width of 51.5 m and an average depth
of 1.10 m and maximum 4 m. The vegetation surrounding its banks consists of four main
bank vegetations. The right reservoir bank, which stretches about 80 meters, is completely
dominated by the invasive white ginger lily (H. coronarium) (WG) followed by a forest
partially invaded (IF) by the same invasive plant. The left reservoir bank is surrounded by
spike-rush (Eleocharis), an amphibious macrophyte (SR), and native riparian forest (RV)

consisting of trees, shrubs and ferns.
2.2 Sampling and identification of fauna

Aquatic insects from each vegetation profile were collected at the beginning of the dry
season (May/June, 2014). Six sectors of each bank vegetation were randomly sampled,

totaling 24 samples. At each bank vegetation, ten-meter-long sectors were scanned using dip
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collectors (“D” net - mesh 250 um). In addition, the abiotic variables such as dissolved
oxygen, pH and water temperature were measured using a multisensory probe (HORIBA

U010). The depth was measured using a measuring tape.

The specimens were sorted live on transilluminated trays and conserved in 80% ethanol.
We carried out the specimen identification to the lowest possible taxonomic level using
taxonomic keys for aquatic insects of the Neotropical region (Domingues and Fernandes,
2009; Trivinho-Strixino, 2011; Trivinho-Strixino, 2012; Oliveira et al., 2013; Silva et al.,

2014; Trivinho-Strixino and Pepinelli, 2015) and with the help of Odonata specialists.
2.3 Data analyses

The abiotic variables amongst the bank vegetations were compared using a non-

parametric test of Mann-Whitney pair-wise analyses.

For each aquatic insect composition assemblage, the total abundance, richness, and
Simpson diversity were compared using the non-parametric test of Mann-Whitney pair-wise
analyses. To analyse the influence of abiotic variables in these ecological aspects of aquatic
insect assemblages, the Pearson’s correlation analyses were used. The coefficient correlations
(r) and p-values (p<0.05) were used as a measure to infer significant interaction strength

between abiotic and assemblage variables.

To verify the influence of white ginger lily invasion on the spatial distribution of
aquatic insect assemblages, the non-Metric Multi Dimensional Scale (nMDS) analysis was
performed to compare aquatic insect composition with native vegetation. To do this, the total
abundance of taxa found on the bank vegetations was used. The clustering among samples
was determined by the dissimilarity distance measured using the Bray-Curtis index. In
addition, significant differences of dissimilarity distances in the aquatic insect assemblages

were compared using a similarity analyses test (ANOSIM). To do this, the total abundance of
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specimens on each bank vegetation was used to measure the dissimilarity distances using the
Bray-Curtis index. The significant differences among dissimilarity distances of assemblages

were analysed by statistic tests (R) and descriptive level sampling (p<0.05) (Clarke, 1993).

Furthermore, to analyse the influence of white ginger lily on aquatic insect species
assemblages, an indicator value of species analysis using the IndVal index was used. This
index measures the association between a species and a group of sites, where a statistical
significance of this relationship is tested using a permutation test (nperm= 999). The IndVal
index is an indicator of value species, calculated using a product of two quantities, A and B,
with r as the correlation index. Quantity A, defined as the mean abundance of the species in
the target site group, divided by the sum of the mean abundance over all the groups, was used.
It represents the probability that the surveyed site belongs to the target site group given the
fact that the species has been found. This conditional probability is called the “specificity” or
“positive predictive value” of the species as an indicator of the site group. Quantity B is
defined as the relative frequency of occurrence (presence-absence) of the species inside the
target group. It represents the probability of finding the species in sites belonging to the site
group. This second conditional probability is called the “fidelity” or “sensitivity” of the
species as an indicator of the target site group (Céceres and Legendre, 2009; De Céceres,
2013).

To do this, a data matrix consisting of bank vegetations in rows and aquatic insect
species in columns was utilized. The IndVal indices were calculated using the “indicspecies
package” (De Céceres et al., 2015), which is available on the R platform (R Development

Core Team, 2014).

3. Results
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Water near the spike-rush banks presented higher dissolved oxygen than other bank
vegetations (WG [U= 0, p= 0.005], IF [U=0, p= 0.005], RV [U= 4.5, p=0.04]). The littoral
zone of the white ginger lily banks was deeper than other riparian bank vegetations (U= 0.5,
p=0.006) due to its vegetative growth that goes into the shallower areas of the littoral zone of
the reservoir. Additionally, it has a lower pH compared to other bank vegetations (IF [U= 5,

p=0.04], SR [U= 5, p=0.04], RV [U= 3, p= 0.02]) (Table 1).

Table 1. Abiotic variable bank vegetations in the littoral zone of a tropical reservoir in the
Brazilian Savanna. WG — white ginger lily, IF — invaded forest, SR — spike-rush, RV —
riparian vegetation.

Abiotic variables WG IF SR RV
dissolved oxygen (mg/L) 7.40 +0.43 7.37 £0.47 8.70£0.22*  8.00 £0.43
pH 5.30 £0.24* 5.55 +0.17 5.55 +0.16 5.77 £0.21
depth (cm) 0.39 £0.03 * 0.37 £0.09 0.30 £0.11 0.28 £0.07
water temperature (°C) 18.70 £0.40 18.50 £0.41 18.50 £0.29  18.30 +0.27
(*) p<0.05

Sixty seven aquatic insect taxa were identified (Table 2). White ginger lily banks
showed higher abundances (n=167.5 + 55.00) of specimens than other bank vegetations (IF,
n= 74 +24.30 [U= 2, p= 0.01], SR, n= 65.5 +26.40 [U= 1, p= 0.008], RV, n= 56.80 +27.71
[U=1, p=0.008]) (Figure 1). No significant differences were observed among the bank
vegetations in richness and Simpson diversity (p>0.05). The Pearson’s correlation analyses
showed that richness on the partially invaded forest bank had a strong and positive
relationship to dissolved oxygen (r= 0.93, p= 0.006). Additionally, the same results were
observed on the spike-rush bank, for the abundance (r=0.82, p=0.04), richness (r=0.85, p=

0.03) and Simpson diversity (r= 0.94, p<0.001).
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Table 2. Aquatic insect taxa collected in different bank vegetations in a tropical reservoir in
the Brazilian Savanna. WG — white ginger lily, IF — invaded forest, SR — spike-rush, RV —
riparian vegetation.

Bank vegetation
profile

Taxa WG IF SR RV
Campsurus Walker, 1853 X X
Caenis Stephens, 1835 X X
Ulmeritus Traver, 1956
Callibaetis Eaton, 1875
Aedomyia Theobald, 1901
Dasyhelea Kieffer, 1911
Gyrinus Latreille, 1810
Desmopachria Babington, 1841
Andonectes Guéorguiev, 1971
Laccophilus Leach, 1815
Pronoterus Sharp, 1882
Mesonoterus Sharp, 1882
Hydrocanthus Say, 1823
Scirtidae
Macronema Pictet, 1836
Cyrnellus Banks, 1913
Oecetis McLachlan, 1877
Protoneura Selys, 1857
Oxyagron Selys, 1876 X
Telebasis Selys, 1865

X
X

x

X

x X X X X
x X X X X X X X X
x

X X X X X X X X X

x
X X X X X
X X X X X X X

X X X X
x

x
x
x
x

Cont. Table 2
Acanthagrion Selys, 1876

Diastatops Rambur, 1842
Miathyria Kirby, 1889
Erythrodiplax Brauer, 1842
Macrothemis Hagen, 1868
Orthemis Hagen, 1861
Idiataphe Cowley, 1934
Gynothemis Calvert, 1909
Lestes Leach, 1815 X
Belostoma Laitrelle, 1807 X X
Notonecta Hungeford, 1933
Limnocoris Stal, 1860
Tenagobia Bergroth, 1899
Aedokritus coffeatus Trivinho-Strixino, 1997
Asheum beckae Sublette & Sublette 1964
Caladomyia kapilei Trivinho-Strixino, 2012
Caladomyia riotarumensis Reiff, 2000

xX X X X
xX X X X
xX X X X

X X X X X X X X X

X X X X X X X
x
x

xX X X X



Chironomus Meigen
Cladopelma forcipes (Rempel, 1939)

Endotribelos bicolor Trivinho-Strixino & Pepinelli, 2015
Goeldichironomus maculatus Trivinho-Strixino & Strixino, 1991

Polypedilum sp5 cf Trivinho-Strixino, 2011

Polypedilum (Tripodura) sp3 cf Trivinho-Strixino, 2011

Polypedilum sp3 cf Trivinho-Strixino, 2011
Polypedilum sp4 cf Trivinho-Strixino, 2011
Stenochironomus Kieffer, 1919
Ablabesmyia depaulai Neubern, 2013
Ablabesmyia laurindoi Neubern, 2013
Ablabesmyia metica Roback, 1983
Ablabesmyia strixinoae Neubern, 2013
Clynotanypus Kieffer, 1913
Coelotanypus Kieffer, 1913
Labruninia carolae Silva, 2014
Labrundinia paulae Silva, 2014
Labrundinia sp Fittkau, 1962
Labrundinia tenata Silva, 2013
Labrundinia unicolor Silva, 2013
Larsia Fittkau, 1962
Monopelopia Fittkau, 1962
Pentaneura Philippi, 1865
Procladius Skuse, 1889

Fissimentum desiccatum Cranston & Nolte, 1996

Fissimentumsp 3 cf Trivinho-Strixino, 2011
Cont. Table 2
Fissimentum sp 2 cf Trivinho-Strixino, 2011

Tanytarsus sp v. d. Wulp, 1874

Tanytarsus obiriciae Trivinho-Strixino & Sonoda, 2006

xX X X X X x xX X X X X

x

X X X X X

x

x

xX X X X X

xX X X X X xX X X X X X X x

x
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Fig. 1 Comparison between ecological variables of aquatic insect assemblages
associated with invasive white ginger lily bank and other native bank vegetations in the
littoral zone of a tropical reservoir in the Brazilian Savanna. A- abundance, B - richness
species, C — Simpson diversity, WG — white ginger lily, IF — invaded forest, SR — spike-rush,
RV — riparian vegetation.

The nMDS analyses showed that the aquatic insect assemblage associated with ginger
lily banks differed from other bank vegetations. The axis1 accounted for 59% of the cluster
analyses (stress= 0.22) (Figure 2). The ANOSIM analyses showed that aquatic insect
assemblages associated with invasive macrophytes exhibited a lower dissimilarity index
compared with other profiles (p<0.05) (Figure 3). The dissimilarity distances of white ginger

lily bank assemblages were lower especially when compared to banks without invasion
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(partially invaded forest [R=0.43, p= 0.004], native macrophyte [R= 0.83, p= 0.002], riparian

vegetation [R=0.70, p=0.002]). These results supported the nMDS analyses.

Coordinate 2

Coordinate 1

Fig. 2 Analyses of nMDS of aquatic insect assemblages associated with white ginger lily
banks and native vegetation profiles in the littoral zone of a tropical reservoir in the Brazilian

Savanna. Filled circle -white ginger lily; unfilled circle - invaded forest unfilled triangle -
spike-rush, filled triangle - riparian vegetation.
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Fig. 3 Analyses of dissimilarity (ANOSIM) among aquatic insect assemblages associated
with white ginger lily banks and native vegetation profile in the littoral zone of a tropical
reservoir in the Brazilian Savanna. WG — white ginger lily, IF — invaded forest, SR - native
macrophyte, RV — riparian vegetation.

The results of the analyses of indicator species (IndVal index) classified eight aquatic
insect species as indicator species of vegetation profiles (Table 3). We observed that three
species presented a strong association with white ginger lily banks (A> 0.70). Tenagobia sp.
(Corixidae, Hemiptera) was most closely associated with white ginger lily (A= 1.00), but
Labrundinia unicolor (Tanypodinae - Diptera) was the species that showed exclusive
association (B= 1.00) with restricted distribution on this bank. Additionally, Labrundinia
paulae (Tanypodinae - Diptera) was strongly associated with partially invaded forest banks
(A= 0.85). We observed similar results with Diastatops sp. (Libellulidae — Odonata) (A=
0.92) and Ablabesmyia depaulai (Tanypodinae — Diptera) (A= 0.85) when we combined the
invasive macrophyte areas with partially invaded forest banks (WG+IF). Regarding all bank

vegetations on the reservoir, we observed that Caladomyia kapilei (Chironominae — Diptera)
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(A= 0.94, B=0.94) and Ablabesmyia strixinoae (Tanypodinae — Diptera) (A= 0.91, B=1.00)

were generally distributed in both invaded and non-invaded bank vegetations.

Table 3. Analysis of aquatic insect species indicators on bank vegetations in the littoral zone
of a tropical reservoir in the Brazilian Savanna. WG— white ginger lily, IF — invaded forest,
SR — spike-rush, RV — riparian vegetation

Vegetation profile A B r p-value
WG

Labrundinia unicolor 0.72 1.00 0.85 0.049

sLabrundinia sp 0.80 0.67 0.73 0.009

Tenagobia 1.00 0.50 0.71 0.039
IF
Labrundinia paulae  0.85 0.67 0.77 0.009
RV
Fissimentum sp2 0.91 0.83 0.87 0.005
WG + IF
Ablabesmyia depaulai 0.87 0.83 0.85 0.012
Diastatops 0.92 0.75 0.84 0.013
WG + IF + SR
Caladomyia kapilei  0.94 0.94 0.94 0.018
WG + IF + RV

Ablabesmyia strixinoae 0.91 1.00 0.95 0.019

4. Discussion

As many other invasive plant species (e.g. Hydrilla verticilata) (Theel et al., 2008) the
invasion of white ginger lily shifted the aquatic insect assemblage composition. Our results
showed that white ginger lily shifted aquatic insect assemblages causing a decrease in the
dissimilarity distance when compared to other native vegetation on profiles. These results
could be related to habitat changes caused by high plant biomass. Faster vegetative growth of
white ginger lily could alter the littoral habitat by the occupation of shallow areas. The white
ginger lily banks are formed by the high density of individuals (de Castro et al., 2016). We

observed in white ginger lily monospecific banks that there was high accumulation of
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biomass in shallower zones. Probably, this fact enables other individuals to move forward to

open water areas of the reservoir.

Although the white ginger lily monospecific bank presented a lower dissimilarity of
aquatic insect assemblage, in our study, the richness and Simpson diversity associated with
invasive macrophytes were similar to native bank vegetations. We could infer that this pattern
was due to the low spatial scale among bank vegetation of the studied reservoir. The short
distances among the vegetation profiles were not long enough to disrupt aquatic insect
assemblages. Nevertheless, the higher abundance of specimens on white ginger lily banks was
the responsible variable that results in low dissimilarity diversity patterns. This could indicate
a specific condition of habitat promoted by this macrophyte in the littoral zone. Such a habitat
condition favoured aquatic insect taxa which presents adapted lifestyles to dwelling on these

monospecific banks.

Aquatic insects have been considered good bio indicators of impacted habitats by
invasive plants. Indicator species have been used especially in studies that analysed the
influence of monoculture plants such as banana and sugar cane crops (Corbi et al., 2013;
Corbi and Trivinho-Strixino, 2017). In our study, the ecological variables of richness and
Simpson diversity did not demonstrate differences between white ginger lily banks and native
bank vegetation. Nonetheless, the IndVal index provided good information about the
composition of aquatic insect assemblages associated with this invasive macrophyte. As
demonstrated through this index, the distribution of Labrundinia unicolor was restricted to
white ginger lily banks (GM), and Labrundinia paulae was strongly associated with partially
invaded forest (IF). This genus has been described as an aquatic insect commonly associated
with dominant macrophyte species, especially Salvinia (da Silva et al., 2011). It is believed
that this macrophyte with thin and ramified roots provides shelter against predators, and the

algae attached to it serves as a main food resource for macrofauna (Trivinho-Strxino, 2000).
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Additionaly, it was demonstrated that the habitat characteristics provided by Salvinia provide
a differential aquatic insect assemblage in lentic systems, which used host small taxa as

Labrundinia (Peiro et al., 2016).

Although the biology and ecology of L. unicolor and L. paulae is unknown, the
association with monospecific banks of white ginger lily and invaded banks could be related
to specific conditions of habitat. The fast growth of white ginger lily results in banks formed
by an entanglement of rhizomes, branches and leaves leading to the overlapping of many
branches. These characteristics of the bank probably resulted in increased spatial complexity,
which promoted higher microhabitat availability. Aquatic insect predators (e.g. Labrundinia,
Ablabesmyia and Diastatops) are described as being associated with various invasive
macrophyte species (e.g. Ceratophylum demersum) (Téth et al., 2012). Their presence in
freshwater systems increase the habitat complexity and shift aquatic insect assemblages
(Kuehne et al., 2016). We concluded that the different composition of indicator species
among invaded and partially invaded banks could be used as aquatic insect indicator species
to monitor the initial stage of invasion by white ginger lily in the littoral zone of the Fazzari

reservoir.

In the present study, we demonstrated that invasive white ginger lily can shift aquatic
insect assemblages, which identify species that can be considered indicators of changes in the
littoral zone habitat. Recently, the interest in the invasion of white ginger lilies in freshwater
systems in Brazil has increased and the analysis of indicator species proved to be a good tool
for monitoring changes in freshwater systems caused by invasive macrophyte species. We
emphasize the need to expand the analyses of the impacts of white ginger lily to other
freshwater systems. The composition of aquatic insect indicators will contribute to a more
comprehensive body of information regarding its influence on freshwater biodiversity.
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The invasive white ginger lily (Hedichium coronarium) simplifies the trait composition of

an insect assemblage in the littoral zone of a Savanna reservoir

Publicado em Revista Brasileira de Entomologia. Dez.2016, v.68 (1), p.60-68. (disponivel
on-line em 24/12/16 - http://dx.doi.org/10.1016/j.rbe.2016.12.003)

35


http://dx.doi.org/10.1016/j.rbe.2016.12.003

Abstract

The invasive white ginger lily (Hedichium coronarium — J. Kdenig, 1783) simplifies the trait
composition of an insect assemblage in the littoral zone of a Savanna reservoir. Invasive
plants are believed to shift the trait composition of aquatic insects dwelling in banks of lentic
ecosystems. In this study, we analyzed the relationship between the presence of the invasive
white ginger lily (H. coronarium) and the functional trait indices of the aquatic insect
assemblage in the littoral zone of a tropical reservoir. We sampled aquatic insects on the
invaded and non-invaded banks of the reservoir and then analyzed the insect trait indices by
estimating the Functional Dispersion (FDis), Functional Evenness (FEve) and the Functional
Divergence (FDiv), as well as the Community level Weight-Mean traits (CWM). Finally, we
compared these indices between invaded and non-invaded banks as well as their relationship
with the abiotic variables, such as dissolved oxygen, pH, depth and water temperature. The
result confirmed that the invaded banks had lower values of functional indices as well as
dissolved oxygen. However, this abiotic variable was found to have no effect on the
functional indices. In addition, the white ginger lily bank presented higher contribution of
collector-gathering to predator-piercer groups. We suggest that the invasion of white ginger
lily promotes low heterogeneity habitat resulting in simplification on functional traits of
aquatic insect assemblage.

Keywords
Biodiversity
Biological invasions
Functional diversity

Lentic system

36



1. Introduction

The littoral zone of lentic system contains highly diversed community (Heino 2000,
2008); this biodiversity of this ecosystem have been seriously disturbed and threatened by
human activities and is on the verge of losing its characteristic features (e.g. nutrient storage,
water supply, recreation) (Brauns et al., 2007; McGoff et al., 2013). The invasive species
plants are among the main stressors agents that shift the diversity and structure of many
assemblages in freshwater systems (Kelly and Hawes, 2005), especially of the aquatic insects
(Kovalenko et al., 2010). With respect to this, it research has shown that alteration of structure
of aquatic insect assemblage by invasive plants has important implications to their diversity
maintenance. This is justified by the ecological relationships observed between these
representative communities, especially those involving the changes caused by decomposition
and habitat structure (Vannote et al., 1980; Graga, 2001).

For instance, the growth of macrophytes in the littoral zones provides habitat
(Cheruvelil et al., 2000; Becerra-Mufioz and Schramm Jr., 2007) and food resource that
promote high diversity of aquatic insects (Cronin et al., 1998; Clapcott and Bunn, 2003;
Stenberg and Stenberg, 2012). Nevertheless, the consumption of invasive macrophyte plants
such as Eurasian watermill foil (Myriophilum spicatum), which contains high concentrations
of secondary compounds (e.g., polyphenols), can interfere with the growth rate of some
aquatic insect species (Choi et al., 2002). This could results to changes of the structural
assemblage due to the removal of some functional feeding group especially shredders (Boyero
et al., 2012) this change would have a negative impact in the bioconversion of Coarse
Particulate Organic Matter CPOM to Fine Particulate Organic Matter (FPOM) which is the
major food resource to collector-gather and filtering-feeders groups. Another important aspect
is related to changes in habitat structure, the change in the habitat structure is to verify the
absence of which invasive macrophyte species have caused the changes in the freshwater
systems. In respect to this, invasive submerged macrophyte species such as Hydrilla (Hydrilla
verticillata) and Eurasian watermilfoil (Myriophilum spicatum) with high morphological
complexity host great abundance of aquatic insects, especially those that present high
vulnerability to fish predators (e.g. Odonata) (Theel et al., 2008; Kovalenko and Dibble,

2011). This occurs because macrophytes with higher morphological complexity impair to
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predators identify their preys, which present adaptive ability to blend with their intrinsic
spaces. The dominance of these invasive macrophytes have been reported as the major factor
that disrupts food webs through decoupling of predator-prey interactions due to the
homogenization of habitat (Kovalenko and Dibble, 2011).

Considering the role of ecological processes previously mentioned and the biological
invasions causing the decrease biodiversity (Dundgeon, 2010), our aim in this study was to
investigate the influence of the invasive plant, white ginger lily (Hedychium coronarium —J.
Koenig, 1783) in the aquatic insect assemblage’s traits composition in the littoral zone of a
tropical reservoir. In Brazil, this invasive plant is widely distributed with high predominance
in marshy areas, mainly in coastal regions, as well as in transition regions between the
Atlantic Forest and the Cerrado (Zenin and Ziller, 2011). These invasive emergent plants
species (e.g. Urocloa sp.), the white ginger lily presents strong competitive strategies such as
fast growth and rapid dispersal that enable them to become dominant in wetlands, riparian
zones, lake banks, where it forms dense populations (De Castro et al., 2016). Additional
information regarding the influence of these invasive plants species in aquatic insects
assemblages have been attempted to explain the change in the functional feeding group’s
(FFG) and the claim about whether invasive macrophyte species can alter other aquatic
insect’s functional structures such as body length and habit, which are directly related to
habitat modification. Here, we explored the Functional Diversity (FD) using a multimetric
dissimilarity index approach, which we explored as aquatic insect’s combination traits (FFG,
body length, strategy feed and habitat) to analyze the influence of invasive plant in the aquatic
insect trait assemblage composition. To do this, we utilized three FD indices, which explore
different ecological traits aspect of niche assemblages: (i) Functional dispersion (FDis) —
which measure how composition traits differ among species within assemblages; (ii)
Functional evenness (FEve) — which measure how niche space is occupy by traits
composition assemblages, and (iii) Functional divergence (FDiv) —which measure the level of
niche differentiation by functional traits within the assemblages.

It was expected that the dominance of the invasive white ginger lily would modify some
of the environmental conditions such as abiotic variables and the habitat structure of this
invaded bank and consequently would lead to a simplification of the trait composition of the
aquatic insect assemblage resulting to a decrease of the FD indices. This resultant would be a
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niche constrain of aquatic insect assemblages, once specified the aquatic species traits
selection would mirror the habitat and the resource food modification caused by the invasive

dominance of macrophyte.

2. Material and methods
2.1 Study area

This study was performed in a tropical reservoir located in a preserved area of
Brazilian Savanna vegetation (Cerrado Biome) in the central region of Sdo Paulo State
(Brazil) (Fig. 1). The Fazzari reservoir presents chemical characteristics such as high levels of
dissolved oxygen, slightly acidic pH, low ammonium and nitrite concentrations (Table 1), and
diverse vegetation on its banks. Its total area is 11,370 m?, 220 meters long, an average width
of 51.5 m and average depth of 1.10 m and maximum 4 m. According to the Koeppen
classification, this region is characterized with hot and wet summers and dry winters (Cwa),
with average annual temperatures ranges of 18-22°C and an average annual rainfall of

approximately 1,450 mm.
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Fig. 1. Location and characterization of plant composition banks of Fazzari reservoir in the
Brazilian Savanna (Cerrado Biome, Brazil).

Table 1. Abiotic characterization of Fazzari reservoir localized in the Brazilian Savanna

(Cerrado Biome) area.

Reservoir banks

abiotic variable invaded bank non-invaded

dissolved oxygen (mg/L™")  7.67 #0.61  8.29+0.26 *
pH 5.42 £+0.51 5.71 +£0.26

water temperature (°C) 19.25 £1.54 18.60 £0.51
litoral depth (cm) 0.42 +0.13 0.37 +0.14

(*) — p<0.05

The vegetation surrounding its banks consists of two main profiles. The right reservoir
bank, which stretch about 80 meters is completely dominated by the invasive white ginger lily
(H. coronarium) followed by a forest partially invaded by the same invasive plant. The left
reservoir bank is surrounded by a native riparian forest (trees, shrubs and ferns) and with
amphibian macrophyte Eleocharis R. Brown.

2.2 Sampling and identification of fauna

The aquatic insect from the invaded bank and non-invaded reservoir bank were
sampled at the beginning of the dry season (May/June, 2014). Twelve stretches with 10
meters distance long were randomly sorted in each vegetation bank, totaling 48samples. At
each stretch, we took one sample from the littoral zone using two collectors: the kick
sampling method (“D” net - mesh 250 um) was used in the 10 meters long stretches in areas
nearer to the reservoir bank, and Ekman grab was used at 1.5 m away from the reservoir bank.
In additional, we also measured the abiotic variables such as the dissolved oxygen, pH, and
water temperature using a multisensory probe (HORIBA UO010), the depth was obtained using

a measuring tape.

The specimens were sorted live on transilluminated trays and conserved in 80% ethanol.
We carried out the specimen identification to the lowest possible taxonomic level using
identification taxonomic keys of aquatic insects of the Neotropical region (Domingues and

Fernandes, 2009; Trivinho-Strixino, 2011; Trivinho-Strixino, 2012; Oliveira et al., 2013;
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Silva et al., 2014; Trivinho-Strixino and Pepinelli, 2015) and with the help of specialists for
Odonata.

Functional classification of aquatic insects

In order to obtain the FD indices, we attributed qualitative scores according to the

classification trait as follow.

(i) Functional feeding groups (FFG): scrapers, shredders, collectors and predators. For
these biological traits, we classified the FFG according to studies of the Neotropical region
(see Table 2) and scored the values according to the Anderson and Cummins (1979) ranking
of the organic material potentially available to aquatic insects on an increasing nutritive
gradient as: (1) scrapers that consume the microbiota associated with senescence leafs and
stems plants. (2) shredders that consume wood and leaf litter and live leaf tissue; (3)
collectors that consume decomposing vascular plant and FPOM; (4) predators that usually

consume animal tissues.

(i) Feeding strategy — detritivore, filtering-feeder, gatherer, herbivore, engulfer and
piercer. For this biological trait, we scored the aspects according to the organic particle size
that are used by larvae: (1) detritivore (detritus), (2) filter-feeder (FPOM), (3) gatherer
(medium detrital particles) and (4) herbivore (CPOM), (5) engulfer (planktonic and benthic
algae) and piercer (generally invertebrates with high biomass).

(iii) Body length — (1) short (about 10 mm long), (2) mid (between 10 mm and 30 mm
long) and (3) long (higher than 30 mm long).

(iv) Habit — (1) sprawler, (2) swimmers, (3) planktonic, (4) diver, (5) climber/clinger,
(6) silk tube builder, (7) miner, (8) burrower. The classification of functional feeding groups
of each taxon followed the diet studies of aquatic insects in the Neotropical regions (Table 2).
In the cases, where we lacked the knowledge about feeding strategy and habit of some taxa,

we utilized the information available in Merritt and Cummins (1996).

Table 2. Score and classification of aquatic insect’s functional traits associated with an
invaded and non invaded bank in littoral zone of Fazzari reservoir — Brazilian Savanna

(Cerrado Biome).
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Functional trait scores

taxa body ffg feed habit bank References
Campsurus Walker, 1853 2 3 2 8 | N Molineriand Emmerich (2010), Brasil et al. (2014)
Caenis Stephens, 1835 1 1 4 1 | N Edmundsand Waltz (1996), Molineri and Malzacher (2007)
Ulmeritus Traver, 1956 1 3 3 2 1 N Cummins (2005), Sales and Dominguez (2012).
Callibaetis Eaton, 1875 1 1 4 2 - N Sallesetal (2004), Da-Silva and Salles (2012), Tomanova et al. (2006)
Aedomyia Theobald, 1901 1 3 2 3 | N Merrittand Cummins (1996)
Dasyhelea Kieffer, 1911 1 3 3 1 | N Ferreira-Kelpler et al. (2014)
Gyrinus Latreille, 1810 2 4 5 2 | N Archegelsky et al. (2009)
Desmopachria Babington, 1841 1 4 6 4 | N Bragaand Ferreira-Jr (2014)
Andonectes Guéorguiev, 1971 1 4 6 4 1 - Archegelsky etal. (2009)
Laccophilus Leach, 1815 1 4 6 4 | N Archegelsky et al. (2009)
Pronoterus Sharp, 1882 1 4 5 2 | - Archegelsky et al. (2009)
Mesonoterus Sharp, 1882 1 4 5 2 | N Archegelsky et al. (2009)
Hydrocanthus Say, 1823 1 4 5 2 | N Archegelsky et al. (2009)
Scirtidae 1 1 4 5 - N Merritt and Cummins (1996)
Macronema Pictet, 1836 2 3 2 5 | N Flintand Bueno-Soria (1982)
Cyrnellus Banks, 1913 1 3 2 5 1 N Pesetal (2014)
Oecetis McLachlan, 1877 1 4 5 5 | N Domingues et al. (2009)
Protoneura Selys, 1857 2 4 5 5 | N Costaetal (2004)
Oxyagron Selys, 1876 2 4 5 5 | - Costaetal (2004)
Telebasis Selys, 1865 2 4 5 5 1 N Costaetal (2004)
Acanthagrion Selys, 1876 3 4 5 5 | N Costaetal (2004)
Diastatops Rambur, 1842 2 4 5 1 | N Costaetal (2004)
Miathyria Kirby, 1889 3 4 5 1 | N Costaetal (2004)
Erythrodiplax Brauer, 1842 3 4 5 1 | N Costaetal (2004)
Macrothemis Hagen, 1868 2 4 5 1 | - Costaetal (2004)
Orthemis Hagen, 1861 2 4 5 1 | - Costaetal (2004)
Idiataphe Cowley, 1934 2 4 5 1 | N Costaetal (2004)
Gynothemis Calvert, 1909 2 2 1 4 1 N Costaetal (2004)
Lestes Leach, 1815 3 4 5 5 | - Costaetal (2004)
Belostoma Laitrelle, 1807 3 4 5 5 - N Nieserand Melo (1997)
Notonecta Hungeford, 1933 1 4 5 5 | N Nieserand Melo (1997)
Limnocoris Stal, 1860 1 4 5 5 | N Nieserand Melo (1997)
Tenagobia Bergroth, 1899 1 1 4 2 | - Nieserand Melo (1997)
Aedokritus coffeatus Trivinho-Strixino, 1997 1 3 3 8 | N Butakkaetal (2014)
Asheum beckae Sublette & Sublette 1964 1 3 3 8 | N Butakkaetal (2014)
Caladomyia kapilei Trivinho-Strixino, 2012 1 3 3 5 | N Butakkaetal (2014)
Caladomyia riotarumensis Reiff, 2000 1 3 3 5 | N Butakkaetal (2014)
Chironomus Meigen 1 3 3 8 | N Sanseverino and Nessimian (2008), Butakka et al. (2014)
Cladopelma forcipes ( Rempel, 1939) 1 3 3 8 N Merritt and Cummins (1996)
Endotribelos bicolor Trivinho-Strixino & Pepinelli, 2015 1 2 2 8 | N Henriques-Oliveira et al.( 2003), Sanseverino and Nessimian (2008)
Goeldichironomus maculatus Trivinho-Strixino & Strixino, 1991 1 3 3 8 | - Merritt and Cummins (1996)
Polypedilum sp5 cf Trivinho-Strixino, 2011 1 3 3 2 1| N Sanseverino and Nessimian (2008), Butakka et al. (2014)
Polypedilum (Tripodura) sp3 cf Trivinho-Strixino, 2011 1 3 3 2 | N Sanseverino and Nessimian (2008), Butakka et al. (2014)
Polypedilum sp3 cf Trivinho-Strixino, 2011 1 3 3 2 | N Sanseverino and Nessimian (2008), Butakka et al. (2014)
Polypedilum sp4 cf Trivinho-Strixino, 2011 1 3 3 2 - N Sanseverino and Nessimian (2008), Butakka et al. (2014)
Stenochironomus Kieffer, 1919 1 2 4 7 1 N Sanseverino and Nessimian (2008), Butakka et al. (2014)
Ablabesmyia depaulai Neubern, 2013 1 4 5 1 | N Henriques-Oliveira et al. (2003), Sanseverino and Nessimian (2008)
Ablabesmyia laurindoi Neubern, 2013 1 4 5 1 | N Henriques-Oliveira et al. (2003), Sanseverino and Nessimian (2008)
Ablabesmyia metica Roback, 1983 1 4 5 1 | N Henriques-Oliveira et al. (2003), Sanseverino and Nessimian (2008)
Ablabesmyia strixinoae Neubern, 2013 1 4 5 1 | - Henriques-Oliveira et al. (2003), Sanseverino and Nessimian (2008)
Clynotanypus Kieffer, 1913 2 4 5 1 - N Butakkaetal (2014)
Coelotanypus Kieffer, 1913 2 4 5 1 | N Butakkaetal (2014)
Labruninia carolae Silva, 2014 1 4 5 1 | N Butakkaetal (2014)
Labrundinia paulae Silva, 2014 1 4 5 1 - N Butakkaetal (2014)
Labrundinia sp Fittkau, 1962 1 4 5 1 | N Butakkaetal (2014)
Labrundinia tenata Silva, 2013 1 4 5 1 | N Butakkaetal (2014)
Labrundinia unicolor Silva, 2013 1 4 5 1 | N Butakkaetal (2014)
Larsia Fittkau, 1962 1 4 5 1 - N Henriques-Oliveira et al. (2003)
Monopelopia Fittkau, 1962 1 4 5 1 | N Butakkaetal (2014)
Pentaneura Philippi, 1865 1 4 5 1 - N Henriques-Oliveira et al. (2003), Butakka et al. (2014)
Procladius Skuse, 1889 1 4 5 1 - N Henriques-Oliveira et al. (2003), Butakka et al. (2014)
Fissimentum desiccatum Cranston & Nolte, 1996 1 3 3 1 | N Butakla etal (2014)
Fissimentum sp 3 cf Trivinho-Strixino, 2011 1 3 3 1 - N Butakla etal (2014)
Fissimentum sp 2 cf Trivinho-Strixino, 2011 1 3 3 1 - N Butakla etal (2014)
Tanytarsus sp v. d. Wulp, 1874 1 3 2 6 | N Henrigues-Oliveira et al. (2003), Sanseverino and Nessimian (2008)
Tanytarsus obiriciae Trivinho-Strixino & Sonoda, 2006 1 3 2 6 | N Henriques-Oliveira et al. (2003), Sanseverino and Nessimian (2008)




2.3 FD analyses and fauna composition

The FD indexes were calculated by combining a matrix containing the abundances and
trait classification of each taxon as cited above. The FD index is represented by the distance
measured based on trait values, where the distance between the taxa is calculated using a
PCoA matrix. The distances of aquatic insect’s assemblage traits were calculated using the
Gower dissimilarity distance “in a trait space”, separating species with a cluster analysis
based on their proximity in a trait distance matrix. To do so, we used the “FD-package”
(Laliberté et al., 2014), which is available on the R platform (R Development Core Team,
2014).

In order to analyze the trait composition of aquatic insect assemblages, the following
FD indices were considered: 1) Functional Dispersion (FDis) — it measures the mean weight
mean distance of the individual species to their weight centroid, where the weights are their
relative abundances. FDis has been considered as a functional index of biodiversity (Anderson
et al., 2006; Laliberté and Legender, 2010); 2) Functional Evenness (FEve) — it measures the
niche space occupied by the community. This index analyses the effective use of all resource
bands that are available for the community; 3) Functional divergence (FDiv) — it measures the
level of niche differentiation occupied by the community (Manson et al., 2005); 4)
Community-level Weight Means (CWM) — it measures the relevance of the traits found in the
community. This measure of diversity is directly related to the hypothesis of Grime’s mass
ratio, which considers that the more abundant traits of the species determine the ecosystem

processes (Lavorel et al., 2008).
2.4 Data analysis

We compared the estimated values of FDis, FEve, FDis and CWM-traits between the
invaded and non-invaded banks, as well as the abiotic variables, with a permutation test for
independent samples (n=999), which is analogous to a nonparametric t-test. In addition, we
analyzed whether there were some influence of abiotic variables in the FD indices. To do this,
we used a multiple linear regression model, in which we modeled only the FD indices
(dependent variable) and abiotic variables (independent variable) that presented significant

differences between the invaded and non-invaded banks.
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We complemented our study by comparing the assemblage composition throughout the
analysis of the similarity percentage (SIMPER) using the abundances of FFG as well as
aquatic insect taxa. It verifies the contribution of each FFG and taxon to the observed
similarity between the vegetation banks. In additional, this analysis enables us to identify the
FFG that are most important in creating the observed pattern of structural assemblage. The
Bray-Curtis index was used to calculate the aquatic insect assemblage’s FFG and the taxa
dissimilarity on the invaded and non-invaded banks and the relative participation of the taxon

to deduce the influence in the trait composition of aquatic insect assemblage.

3. Results

2,067 specimens were collected and analyzed for the trait composition of 66 taxa
(Table2). The observed lower averages were FDis (t= -6.08, p <0.0001), FEve (t = -4.03,
p<0.001) of aquatic insect assemblages in the invaded bank (Figure 2). CWM-trait of
functional feeding groups (t = 2.76, p = 0.01) presented the same results, however the CWM-
trait of strategic feed (t = 4.06, p <0.001) was higher in the invaded bank (Figure3). For the
abiotic variables, the observed lower dissolved oxygen was (t = -3.24, p = 0.004) in the
invaded bank (Table 1).
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Fig. 2. The average values of FD indices of aquatic insect assemblages in invaded and non-
invaded bank by white ginger lily of a reservoir in Brazilian Savanna (Cerrado Biome) — A —
FDis, B — FEve, C — FDiv.
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Fig. 3. The average values of CWM-trait values of aquatic insect assemblages in invaded and
non-invaded banks by white ginger lily of a reservoir in Brazilian Savanna (Cerrado Biome).
A- CWM-FFG, B-CWM-feed, C-CWM-habit, D-CWM body length.

With respect to the influence of the abiotic variables in the FD indices, we observed
that the dissolved oxygen had no influence on the FDis (b = -0.05 p=0.53, R? = 0.22), FEve (b
=-0.03, p = 0.34, R? = 0.08), CWM-trait of functional feeding groups (b = 0.05, p = 0.46,
R?=0.21) or CWM-trait of strategy feeding (b = -0.04, p = 0.81, R°=0.22).

The SIMPER analyses indicated an overall average dissimilarity of 45% between the
functional feeding groups of aquatic insect assemblages. The collector-gathers contributed
more than 30% of the assemblages, followed by predators-piercers (>20%) (Table 3).
Chironomus (8%), Asheum beckae (8%), Caladomyia kapilei(5%) and Ablabesmyia
strixinoae (7%), contributed the highest participation in the overall trait composition, as well
as higher average abundance in the invaded bank. The other two groups, collector-filterers
(>15%) and predator-engulfers (>10%) also contributed a high participation in the

composition traits of aquatic insect assemblages. Aedomyia (9%) and Telebasis (5%)
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contributed higher participation in the composition assemblages, as well as a higher average
abundance in the invaded bank . In contrast, the non-invaded bank presented higher average

abundance of the scrapers group, that presented low relative participation in the overall
composition assemblage (<5%) (Table 4).

Table 3. Average dissimilarity and relative participation of aquatic insects’ functional feeding

groups in assemblages of invaded and non-invaded bank by white ginger lily of a reservoir in
Brazilian Savanna (Cerrado Biome).

reservoir bank

FFG/strategy feeding Av. dissim Contrib. % Cumulative % invaded abun. non-invaded abun.
coletor-gathering 14.06 31.38 31.38 41.20 15.30
predator-piercer 10.60 23.67 55.05 26.80 9.33

coletor-filtering 7.82 17.45 72.50 26.50 17.70
predator-engulfer 6.47 14.45 86.95 21.10 9.58
scrapers 3.33 7.42 94.37 2.75 6.25
predator-sucker 1.38 3.10 97.46 0.42 2.50
shredder-herbivore 0.76 1.71 99.17 1.58 0.25
shredder-minner 0.37 0.83 100.00 0.50 0.25

Table 4. Average dissimilarity and relative participation of aquatic insect taxa in assemblages

of invaded and non-invaded bank by white ginger lily of a reservoir in Brazilian Savanna
(Cerrado Biome).
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reservoir bank

Non-invaded
Average Contribution Cumulative Invaded bank bank
Taxon Lo Mean
Dissimilarity % % Mean
abundance
abundance
Aedomyia 6.40 9.10 9.10 19.30 10.50
Chironomus 5.72 8.13 17.23 13.60 3.50
Asheum beckae 5.59 7.94 25.17 11.80 2.25
Ablabesmyia strixinoae 5.29 7.53 32.70 12.30 3.33
Caladomyia kapilei 3.74 5.31 38.02 8.75 2.25
Campsurus 3.25 4.62 42.64 3.25 5.33
Telebasis 3.14 4.47 47.11 5.33 0.83
Caenis 2.90 4.12 51.23 1.92 5.25
Ablabesmyia laurindoi 2.24 3.19 54.42 5.00 1.25
Diastatops 2.00 2.86 57.29 5.67 0.25
Ablabesmyia depaulai 1.70 2.40 59.70 3.42 0.50
Dasyhelea 1.60 2.29 61.99 1.08 2.50
Labrundinia unicolor 1.49 2.11 64.00 3.17 0.67
Protoneura 141 2.01 66,11 2.58 0.42
Fissimentum sp2 1.34 1.91 68.00 0.00 1.92
Erythrodiplax 1.33 1.82 70.00 1.92 1.67
Acanthagrion 1.32 1.88 71.80 0.50 2.17
Miathyria 1.03 1.46 73.26 1.25 0.83
Polypedilum sp5 1.00 1.45 74.70 1.50 0.42
Cyrnellus 0.98 1.39 76.10 1.67 0.92
Polypedilum sp3 0.94 1.34 77.44 1.58 0.25
Notonecta 0.91 1.29 78.22 0.33 1.58
Labrundinia paulae 0.89 1.27 80.00 0.00 1.58
Macronema 0.81 1.16 81.15 1.25 0.50
Endotribelos bicolor 0.76 1.09 84.24 1.58 0.25
Tanytarsus obiriciae 0.69 0.99 83.23 1.00 0.00
Oecetis 0.64 0.90 84.13 0.42 0.92
Monopelopia 0.62 0.88 85.00 0.92 0.50
Polypedilum (Tripodura) sp3 0.61 0.87 85.90 0.25 0.92
Gyrinus 0.61 0.86 86.74 1.17 0.33
Pentaneura 0.52 0.74 87.48 0.00 1.00
Aedokritus coffeatus 0.48 0.69 88.17 0.83 0.08
Labrundinia carolae 0.44 0.62 88.79 0.92 0.08
Caladomyia riotarumensis 0.42 0.59 89.39 0.67 0.17
Labrundinia sp 0.39 0.56 89.94 0.75 0.08
Scirtidae 0.38 0.54 90.49 0.00 0.67
Stenochironomus 0.37 0.53 91.02 0.50 0.25
Orthemis 0.35 0.50 91.52 0.50 0.00
Tenagobia 0.34 0.48 92.00 0.83 0.00
Mesonoterus 0.33 0.48 92.48 0.08 0.50
Coelotanypus 0.33 0.47 92.95 0.08 0.50
Pronoterus 0.30 0.42 93.38 0.42 0.00
Limnocoris 0.29 0.42 93.80 0.08 0.50
Labrundinia tenata 0.28 0.39 94.19 0.58 0.08
Laccophilus 0.27 0.38 94.58 0.42 0.17
Ulmeritus 0.26 0.37 94.95 0.42 0.08
Tanytarsus sp 0.26 0.37 95.33 0.08 0.42
Desmopachria 0.26 0.37 95.70 0.42 0.08
Belostoma 0.24 0.34 96.04 0.00 0.42
Ablabesmyia metica 0.22 0.31 96.36 0.58 0.00
Cladopelma forcipes 0.22 0.31 96.67 0.08 0.33
Goeldichironomus maculatus 0.21 0.30 96.97 0.50 0.00
Macrothemis 0.21 0.29 97.27 0.33 0.00
Idiataphe 0.19 0.27 97.54 0.17 0.08
Fissimentum desiccatum 0.19 0.27 97.81 0.17 0.17
Lestes 0.19 0.26 98.07 0.33 0.00
Polypedilum sp4 0.18 0.25 98.32 0.00 0.33
Gynothemis 0.17 0.24 98.56 0.08 0.25
Callibaetis 0.16 0.23 98.80 0.00 0.33
Oxyagron 0.16 0.23 99.03 0.25 0.00
Hydrocanthus 0.16 0.22 99.25 0.17 0.17
Clynotanypus 0.13 0.19 99.44 0.00 0.25
Procladius 0.13 0.19 99.63 0.00 0.25
Fissimentum sp3 0.11 0.19 99.79 0.00 0.17
Larsia 0.08 0.13 99.92 0.00 0.17

Andonectes 0.06 0.08 100 0.17 0.00




4. Discussion

As we expected, the invasive white ginger lily shifted the composition traits of the
aquatic insect assemblage in the littoral zone especially by the decreasing especially the
dissimilarity distance (FDis) and niche space occupation (FEve). The abundance distribution
of the Functional Feeding Groups (FFG) seemed to be the main variable that influenced the

trait composition of the assemblages.

It could be inferred throughout result that the presence of the monotypic banks formed
by the white ginger lily, is likely to result into low habitat spatial heterogeneity in comparison
to native vegetation banks. Some studies have already showed that the presence of riparian
vegetation which is composed of different species plants, promotes higher diversity of aquatic
insects associated (Voelz and McArthur 2000; Nessimian et al. 2008) with monotypic plant
species banks (Kovalenko et al. 2010). This occurs because high diversity species plants can
provide high substrate heterogeneity, interstitial space habitat and food resource (CPOM and
FPOM) (Merritt and Cummins 1996; Heino 2000), which promote variety types of niche to
aquatic insect species (Townsend et al. 1994). Throughout FFG composition, we observed
that native vegetation banks, consisting of especially trunks, leaf litter increased the
participation of aquatic insects groups such as scrapers and shredders, leading to the increase
of functional traits diversity. On the other hand, the dominance of the invasive species plants
which generally formed the monotypic banks seemed to host low diversity of aquatic insect
species due to low spatial heterogeneity habitat and resource. This probably occurs due to the
rapid vegetative growth of invasive species plants that lead to reduction of substrate
heterogeneity, interstitial space and food resource on freshwater ecosystem (Theel et al.,
2008; Hladyz et al., 2011; McNeish et al., 2012).

Generally, the rapid vegetative growth of invasive species plants promotes high
biomass and it is reported as the main cause of habitat alteration by changing abiotic variables
such as oxygen concentration that exclude sensitive species of aquatic insects such as
Ephermeroptera nymphs (Sanways et al., 2011; Stiers et al., 2011; Coetzee et al., 2014).
Although this variable had no effect on the functional trait composition on the aquatic insect.

The main cause of the disrupting structural assemblage occurred through the higher
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participation of chironomids. In fact, some chironomids larvae can tolerate very low level of
dissolved oxygen (Whatley et al. 2014), however, they have been reported to have higher
participation in aquatic insects dwelling and invade banks by invasive macrophytes species
(Theel et al., 2008). As observed in such studies, the high participation of the larvae of this
family probably is due to the habitat quality and high availability of food resource (FPOM),
which corroborate with our inferences about the negative impact of white ginger in the littoral
zone. In respect to habitat heterogeneity, the fast growth of white ginger lily results in banks
formed by an entanglement of rhizomes, branches and leaves leading to the overlapping of
many branches that probably reduced habitat spatial heterogeneity. Therefore, based on the
results we suggested that the invasion by white ginger lily probably promoted low spatial
heterogeneity habitat especially when we observed it in a narrow niche band occupation
resulting in lower FEve and lower dissimilarity composition traits (FDis). In additional, we
also could consider that the availability of resource was the main factor that selected specific
traits especially CWM-FFG composition, with the higher abundance of chironomid collector-

gathering groups seemed strongly influence by the lower FD indices.

According to Wellnitz and Poff (2001), the increase in the assemblage similarity traits
is one of the main causes of extinctions of diversity functions. In addition, the availability of
resource acts as filter that selects species trait determining the width of the ranges of niche
occupation of assemblages on ecosystems (Southwood, 1977; Korfiatis and Stamou, 1999). In
this respect, the invasion by white ginger lily in the littoral zone had important implication for
the conservation of the biodiversity (Samways et al., 2011; McNeish et al., 2012), The
decrease of habitat heterogeneity and low availability resource display important role in the
maintenance of aquatic insect’s composition trait leading to simplification of structure
assemblages. Furthermore, the resource availability could be considered an important variable
that would influence the composition of FFG assemblage, once the low resource
heterogeneity decreases the participation of scrapers. The low participation of this functional
feeding group in the assemblage composition traits was an indication that the white ginger lily
invasion along time could lead to homogenization of aquatic insect’s structure assemblage in

the reservoir banks.

Finally, we highlighted that the predominance of these invasive plant species in the

littoral zone as we expected it shifted the functional structure of aquatic insect assemblages,
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acting as a selective filter that benefits only few species, whose functional feeding groups
reflect the low variety of resources used by the aquatic insect assemblages. This finding has
important implications for the maintenance of ecological processes such as exchange of
energy flow in the system, as well as for the biological diversity of aquatic insect assemblages
in the littoral zones. Similar to other diverse stressor agents found in freshwater environments
(e.g. eutrophication, agriculture and urbanization expansion), the invasion of white ginger lily
has a negative impact on the aquatic insects assemblage composition traits resulting in the
loss of the functional diversity. Similar to other invasive species, the occupation of this plant
in surrounding freshwater ecosystems resulted in the loss of the functional traits structures of
the native assemblages (Olden et al., 2004). Considering that due to the wide propagation of
white ginger lily in many Brazilian biomes, interest related to aspects of its invasion has
increased (Zenni and Ziller, 2011; Sampaio and Schimidit, 2013). We highlight the
importance of the role of control of invasive plant species, as they contribute to decreasing the
aquatic biodiversity and ecosystem services in the Neotropical region.
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Capitulo 111

Native macrophyte leaves influence more specialisation of Neotropical shredder

chironomids than invasive macrophyte leaves

O artigo sera submetido a revista Oecologia
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Abstract

Freshwater herbivores have different adaptive feeding due to plant leaf chemical
compounds. We investigated the composition and specialisation of shredder chironomids in
an invasive white ginger lily (Hedychium coronarium) and in native pickerelweed
(Pontederia cordata) leaves. We assumed that the difference of the chemical compound in
macrophyte leaves would influence the shredder chironomid specialisation. A colonisation
experiment was performed in eight periods over three years (2013-2015) using 40 bags for
each macrophyte species. The main macrophyte leaf chemical compounds (organic matter,
nitrogen, phosphorus, cellulose, lignin, soluble polyphenols and soluble carbohydrates) were
measured. The shredder chironimid assemblages were analysed using total abundance,
richness and dissimilarity distances. The herbivore specialisation was estimated using the
individual specialisation index (d’) and community specialisation index (H,”). White ginger
lily had higher nitrogen and organic matter. Shredder chironomid assemblages differed from
the composition between invasive and native macrophytes. Invasive macrophytes presented a
higher abundance of shredder specimens and a lower dissimilarity distance index of shredder
assemblage than in native leaves. All shredder chironomid taxa had low specialisation in the
invasive macrophyte. The Polypedilum fallax group, Stenochironomus and Endotribelos
calophylli presented high individual specialisation (d’) in pickerelweed leaves, resulting in
high community specialisation (H;’). The heterotrophic facilitation hypothesis explained the
herbivores thriving in pickerelweed leaves due to their lower nutritional value The intake-
efficiency hypothesis explained the higher consumption of invasive plant tissue by
Stenochironomus, due to its mining habit. We found evidence of evolutionary adaptation of
freshwater herbivore eating habits. Additionally, our result added an important characteristic

to shredder chironomid assemblages.
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1. Introduction

Previously, ecologists believed that the herbivory process was of minor importance in
aquatic ecosystems (Wetzel 1983). However, recent research has emerged reporting various
examples of interactions between herbivores and primary producers in aquatic systems,
including freshwater lakes, rivers, estuaries, wetlands and shallow seas (Bakker et al. 2016).
They found that in freshwater ecosystems the interaction between plant and herbivores are an
important ecological process, especially interactions concerning the exchange of energy and
nutrient flow, shaping herbivore communities (Carlsson and Lacoursiere 2005; Morrison and
Hay 2011a).

Aquatic macrophytes are one of the major primary producers in freshwater systems.
Their physiologies determine their niche (Tiner 1991), which in turn influence the structuring
of associated assemblages (Theel et al. 2008; Matsuda et al. 2015). Additionally, macrophytes
are the basal food resource of many herbivores, which include a wide range of taxonomic
groups (Wood et al. 2016). The nutritional value provided by macrophyte tissues influences
the life history of herbivore species (e.g. fitness, reproduction) (Choi et al. 2002), which in
turn can lead to the structuring of many macrophyte communities (Carreira and Rebelo 2014).
Studies related to herbivores and macrophytes in freshwater systems have countered the
opinion that herbivory is of minor importance in aquatic systems, broadening the
understanding about the relationships between aquatic herbivores and macrophyte species
(Lodge 1991; Bakker et al. 2016).

Invasive macrophytes pose a challenge for herbivores, a challenge that is increasing

over time (Wong et al. 2010). It is reported that leaves of invasive macrophytes, especially
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those with high secondary compounds (e.g. polyphenols and tanins) and high C: N ratio are a
low nutritional value and, therefore a low preference by herbivores (Kubanek et al. 2001;
Morison and Hay 2012). These characteristics have been justified as a favourable advantage
to invasive plant species to gain success in foreign areas as defence behaviour to native
herbivores (Morrison and Hay, 2011b). Nonetheless, invasive plants whose leaves have high
nutritional value i.e. low concentration of secondary compounds and low carbon to nitrogen
ratio) are more attractive (Leite-Rossi et al. 2016). This preference for macrophyte species
with high nutritional value could be related to the adaptive evolution of herbivore species
(e.g. mouth parts and physiology) (Sanches and Trexler 2016), which enable them to explore
or compete for resources in a more effective manner (Lodge 1991).

Aguatic shredder insects play an important role in freshwater ecosystem process,
contributing especially by accelerating litter plant decomposition rates (Leite-Rossi et al.,
2016). The chemical compounds of invasive leaf plants (e.g. cellulose and lignin) are
important variables that can interfere in aquatic shredder insect colonisation (Leite-Rossi and
Trivinho-Strxino, 2012). For instance, tissue plant species with higher cellulose, poliphenol
and lignin concentration are generally described as unpalatable to shredders (Konig et al.,
2014). Nonetheless, freshwater shredders are able to consume plant tissues with low
nutritional value, especially after the periphyton colonisation stage and during the senescence
stage, which improves the palatability of the plant tissues (Cornut et al., 2015). Concerning
this issue, the evolutionary adaptation hypothesis of freshwater herbivores emerged to explain
their different feeding habits in plant species (Sanches and Trexler, 2016).

In this study, we compared Neotropical shredder chironomid larvae consumption of
invasive macrophyte white ginger lily (Hedychium coronarium - J. Koenig, 1783) leaves with
native macrophyte pickerelweed leaves (Pontederia cordata — L.). Chironomid larvae

presents wide distribution in freshwater ecosystems, whose taxa represent more than 70% of
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aquatic insect assemblages (Biasi et al, 2013). Additionally, shredder chironomid larvae have
been described as an important component in freshwater conservation studies (Saulino et al.,
2014; Corbi and Trivinho-Strxino, 2016). It is also recognized that the shredder chironomid
community contributes to accelerating decomposition rates of litter plants (Leite-Rossi et al.,
2016). Nonetheless, there is a lack of knowledge regarding their relationships of plant litter
selection.

In Brazil, the white ginger lily, an exotic macrophyte introduced from Asia, is
considered an invasive plant due to its strong competitive strategies (de Castro et al., 2016).
Pickerelweed, a native macrophyte which has a wide distribution in the American continent,
presents similar life form characteristics. Both macrophyte species are monocots and exhibit
adaptive habits such as amphibious and emergent types with a wide distribution in freshwater
ecosystems (Lorenzi 1991; Lorenzi and Souza 2001). Their leaves have different chemical
compounds in cellulose percentage, lignin, polyphenols, phosphorus and nitrogen content.
Their similar lifestyle characteristics enabled us to test if the shredder chironomid larvae
composition assemblages differ in invasive and native macrophyte leaves in the littoral zone
of a tropical reservoir. Our main hypothesis was that the difference in chemical compounds of
macrophyte leaves would influence the shredder chironomid specialisation.

Based on shredder chironomid composition species, we investigated their preference
throughout the adaptive evolution hypotheses of herbivores in freshwater systems suggested
by Sanches and Trexler (2016), which proposed: (i) heterotrophic facilitation— herbivores
consume microbes associated with producers and (ii) intake-efficiency —herbivores use part of
their food source as a habitat, thus minimizing the energy/time spent searching for food and
avoiding predators. Based on these two adaptive evolution hypotheses, we investigated the

results of invasive macrophytes concerning the conservation of freshwater systems.
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2. Material and Methods
2.1 Study area

This study was carried out in the littoral zone of the Fazzari reservoir located in a
preserved area of the Cerrado biome (645 ha) at the Universidade Federal de Sdo Carlos
(UFSCar, Brazil). The Fazzari reservoir (21°58°S, 47°53"W) has chemical characteristics
such as high levels of dissolved oxygen (> 7mgL), acidic pH (£ 5.5) and diverse vegetation on
its banks. Its total area is 11,370 m?, 220 meters long, an average width of 51.5 m and an

average depth of 1.10 m and maximum 4 m.
2.2 Chironomid larvae species colonisation on macrophyte leaves

Leaf colonisation experiments were performed in the littoral zone of the reservoir
using fresh leaves of the invasive macrophyte white ginger lily (H. coronarium) and the
native macrophyte pickerelweed (P. cordata). Fresh leaves of each macrophyte were picked
from adult plants without injuries and initial senescence signs. Six leaves from each
macrophyte were put separately into five bags (0.20x0.40, 61mm) (Figure 1). The
colonisation experiment was carried out over three years in eight periods of 45 days: May-
June/August-September/2013, June-July/August-September/2014, November-
December/2013, February-March/2014, January-February/March-April/2015, totaling 40 bags

of samples for each treatment.

Leaf bags were randomly submersed in littoral zone points and then carefully collected
with a dip net (mesh 250 um) after 40-45 days of colonisation. The colonisation period of leaf
bags in the littoral zone was determined according to studies regarding macroinvertebrate
colonisation (Leite-Rossi and Trivinho-Strixino, 2012; Leite-Rossi et al., 2016). They

demonstrated an optimal density of macroinvertebrates reaching colonisation in 35-45 days.
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The chironomid specimens were picked alive, using illuminated trays, and identified using the

t taxonomic level of species or morphotypes according to Trivinho-Strixino (2014).

Figure 1. Scheme of colonisation experiment with invasive white ginger lily and
native pickerelweed macrophyte leaves in the littoral zone

2.3 Quantification of consumption of macrophyte leaves by herbivore species

Shredder chironomid taxa were quantified for each macrophyte leaf. Analysis of the
gut content was performed in 3-10 specimens of each chironomid taxa to quantify the average
macrophyte leaf consumption. The gut content of each shredder taxon was classified into four
categories: CPOM, FPOM, plant tissues and algae. The specimens were analysed on slides
using an ocular micrometer (Carl Zeiss WH10X) and examined at a magnification of 400 xs.
The consumption of macrophytes was obtained using a ratio of the number of squares filled
by plant tissue to the total square completed by all food items in the chironomid guts. The
values obtained are expressed as the average percentage of total squares of the micrometer

grid.

2.4 Macrophyte leaf chemical compounds
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Fresh leaves from each macrophyte were collected from adult plants, washed in
running water to remove any materials that could interfere with the determination of initial
leaf litter mass (e.g., inorganic material, small animals and animal feces) and oven-dried at
45°C to a constant mass. The leaf chemical compounds total phosphorous (P %), nitrogen (N
%), organic matter, cellulose (%), lignin (%), soluble carbohydrates (%) and soluble

polyphenols (%) were determined to characterize macrophyte leaf chemical compounds.

Oven-dried macrophyte leaves (three leaves per macrophyte) were ground to 1 mm in
a knife grinder for chemical analysis. The P (%) and N (%) concentrations were determined
using Vanadato-Molibdato (Sarruge and Haag 1974) and micro-Kjeldahl methods (Coelho-
Silva 1967; Association of Official Agricultural Chemists 1995). The organic matter was
determined by using the percentage of ash free dry mass (AFDM %) by the gravimetric
method. The soluble carbohydrate concentration was determined by using the colorimetric
method (Dubois et al. 1956). The total lignin concentrations were determined by a sequential
analysis of neutral and acidic detergents (Robertson and Van Soest 1981; Mertens 2002).
Polyphenol concentrations were determined by using the gravimetric method (Makkar et al.

1993).
2.5 Data analyses

The macrophyte leaf chemical compounds AFDM (%), N (%), P (%), cellulose,
lignin, total soluble polyphenols and total soluble carbohydrates were compared in

macrophytes using the nonparametric Mann-Whitney test.

Shredder larvae specimens presented low abundance of in most samples. At least three
specimens of each taxon of shredder chironnomid larvae were counted in the macrophyte
leaves. Due to this, the 40 bags of samples were reduced to 10 samples. The total abundances

(N) and richness (S) of herbivore assemblages were compared using the nonparametric
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Mood’s median test. In this test, the data in each sample are assigned to two groups: one
consisting of data whose values are higher than the median value in the two groups combined,
and the other consisting of data whose values are at the median or below. A Pearson's chi-
squared test is then used to determine whether the observed frequencies in each sample differ
from the expected frequencies derived from a distribution combining the two groups (Friedlin

and Gastwirth, 2000).

The composition of herbivore species in each macrophyte leaf bag was analysed using
a non-metric multidimensional scale (nMDS). The clustering among samples was determined
by the dissimilarity distance measured using the Bray-Curtis index. In addition, significant
differences between dissimilarity distances of the herbivore assemblages were compared
using an analysis of similarity test (ANOSIM). To do this, the total abundance of chironomid
larvae on macrophyte leaf bags was used to measure the dissimilarity distances. They were
calculated using the Bray-Curtis index. The significant differences between assemblages

were analysed using statistic tests (R) and descriptive level sampling (p<0.05) (Clarke 1993).

The average consumed plant tissue by each shredder chironomid species in the
invasive and native macrophytes were compared using the nonparametric Mood’s median
test. The preference of shredder chironomid species to chemical compounds of invasive and
native macrophyte leaves was analysed using the Pearson’s correlation analyses. The
correlation coefficients were used as a measure of the strength of the interaction between

shredder chironomid species preferences and the chemical compounds of macrophyte leaves.

The shredder specialisation was estimated in each leaf macrophyte treatment using the
degree of specialisation index (d’). This index estimates the individual degree of
specialisation species. The d’ index is derived from Kulback-Leibler distance (as is Shannon’s

diversity index). It calculates how strongly a species deviates from a random sampling of the
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interacting partners, ranging from 0 (no specialisation) to 1 (perfect specialist). Furthermore,
the specialisation of shredder assemblages were estimated using the degree of community
specialisation index (Hz’). Hy’ is an index that describes the level of “complementarity
specialisation” of an entire bipartite network. It describes to which extent observed
interactions deviate from those that would be expected given the species marginal totals. The
more selective a species is, the larger the Hy’ is for the web (Bluthgen et al. 2006; Dorman et
al. 2016). Matrices for each macrophyte species were built to obtain these indices, with
columns representing shredders according to their respective average consumption of plant
tissue and rows representing each macrophyte leaf sample. The d” and H,” were calculated
using the “bipartite” package (Dorman et al. 2016) available in the R platform program (R
Development Core Team 2014).

3. Results

The white ginger lily leaves had a higher average of AFDM % and N%, but lower
P(%), cellulose, lignin total polyphenols and carbohydrates when compared with
pickerelweed leaves (p<0.05) (Table 1). Seven shredder chironomid larvae were identified
(Table 2). Endotribelos calophylii and Stenochironomus presented a high frequency in the
invasive macrophyte leaf samples. Polypedilum (Tripodura) sp3 presented a high frequency
in native macrophyte leaves (Figure 2). The abundance of specimens in white ginger lily
leaves (N= 4.3) was higher than in the pickerelweed leaves (N=3.2) (3= 5.05, p= 0.02). There
was no difference in herbivore richness between them (white ginger [S= 2], pickerelweed [S=

1.7], ¥*= 2.20, p= 0.14).

Table 1 Chemical composition of white ginger lily and pickerelweed leaves. AFDM - Ash
free dry mass, N - nitrogen, P - phosphorous.
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Leaf chemical compound White ginger lily Pickerelweed U p
AFDM% 93.78 £0.10 9278030 O 0.0001*
nitrogen (%) 2.18 £0.01 1.35+0.04 0 0.0002*
phosphourus (%) 0.08 £0.01 0.16 £0.01 0 0.0001*
celullose 11.46 +2.80 29.95+4.10 O 0.0002*
Lignin 23.27 £2.70 26.36 £2.10 O 0.0002*
total polyphenol 1.77 £2.50 4.27 £0.90 0 0.0001*
total carbohydrates 5.66 +0.70 7.87 £1.30 0 0.0002*
p<0.05, £Std.

Table 2.  Percentage consumption of macrophyte leaves by shredder chironomid and
individual specialisation index (d’) during the leaf macrophyte colonisation experiment.

Invasive leaf Native leaf

tissue consumed tissue consumed
Taxa (%) d (%) d
Endotribelos calophylli Roque et Trivinho-Strixino 2008  32.00+4.00 0.39 22.00 +4.50 0.70
Fissimentum sp2 cf Trivinho-Strixino 2014 11.00+2.00 0.44 - -
Phaenopsectra Kieffer 1921 - - 3.00 £2.00 0.56
Polypedilum fallax group cf Trivinho-Strixino 2014 - - 17.00 £12.00 1.00
Polypedilum (Polypedilum) sp.4 cf Trivinho-Strixino 2014 25.00 £0.00 - - -
Polypedilum (Tripodura) sp. 3 cf Trivinho-Strixino 2014  14.00 £3.40* 0.40 23.00 +4.00 0.26
Stenochironomus Kieffer 1919 84.00 £1.70* 0.43 80.00 +0.00 0.69

p<0.05, +Std.
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taxa macrophyte

pw7

wgs B P. (polypedilum) sp4

wq7 Phaenopsectra

WSB M P, (Tripodura) sp3
E. calophylii

pW5 B Stenochironomus
W Fissimentum sp2
wg3 W P. fallax group
wgil
percentage leaf consumption
WQO s 3-5%
s 10-25%
w6 20-25%
* 30-35%
wg1
80-85%

Figure 2 Distribution of shredder chironomid species and percentage of macrophyte leaves
consumption in white ginger lily and pickerelweed leaves during colonisation experiment. wg
— white ginger lily, pw — pickerelweed.

The nMDS analyses indicated that shredder composition associated with white ginger
lily differed from pickerelweed leaves (Figure 3). Axis 1 responded to 73% of the analysis
results (stress= 0.24). The ANOSIM showed that shredder assemblage associated with white
ginger presented a lower dissimilarity distance than pickerelweed assemblage (R= 0.98, p=

0.0002) which corroborated with the nMDS analyses (Figure 4).
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Figure 3 Results of Analyses of non-metric multidimensional scale (NMDS) of shredder
chironomid assemblages associated with white ginger lily and pickerelweed leaves during the
colonisation experiment (filled circle — white ginger lily, triangle — pickerelweed)
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Figure 4. Results of ANOSIM (dissimilarity index) between shredder chironomid
assemblages associated with white ginger lily and pickerelweed leaves during a colonisation
experiment.
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P. (Tripodura) sp3 consumed less white ginger lily leaf tissues than pickerelweed
leaves (x*= 4.95, p= 0.02). Stenochironomus sp larvae consumed more white ginger leaf
tissues (y°= 4.80, p= 0.03) (Table 2). The analysis of the preference for shredders by the
chemical compounds of macrophyte leaves showed that P. (Tripodura) sp3 showed a positive
relation with P (%) (r= 0.61, p= 0.004), lignin (r= 0.64, p= 0.002), cellulose (r= 0.60, p=
0.005) and soluble carbohydrates (r= 0.60, p= 0.006). E. calophylii showed a positive relation
with N% (r=0.45, p=0.04) and a negative relation with P% (r= -0.51, p=0.02), cellulose (r= -
0.46, p= 0.04) and soluble carbohydrates (r= -0.46, p= 0.04). Similar results were observed
for Stenochironomus larvae (N (%) [r= 0.46, p= 0.04], cellulose [r= -0.46, p= 0.04],

carbohydrates [r=-0.46, p= 0.04]).

The shredder individual specialisation index (d’) ranged between the two macrophyte
leaves. Most of the shredder chironomid taxa presented high individual specialisation
(d>>0.69) in the native macrophyte leaves (Table 2). This occurred due to their low
distribution in native pickerelweed leaves. All shredder larvae had a low specialisation index
for the invasive white ginger lily. This result indicated a generalist habit. Only P. (Tripodura)
sp3 presented a low specialisation index for native pickerelweed leaves. The shredder
assemblage in the invasive macrophyte leaves presented a low community specialisation

index (Hz’= 0.47) when compared with native macrophyte leaves (Hy'= 0.64).
4. Discussion

Macrophyte leaf chemical compounds influenced the shredder chironomid
specialisation, as well as the preference for composition due to their different nutritional value
leaves. Due to higher nitrogen (N%) and organic matter (AFDM %) ,the invasive white ginger

lily leaves could consider a higher quality resource than the native pickerelweed species. Its
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leaves seemed more attractive to shredder chironomid species. On the other hand, the native
pickerelweed leaves could be considered as low nutritional value due to the higher
concentration of cellulose and polyphenol. Its leaves showed less attractiveness to shredder
larvae, influencing a higher specialisation of the shredder species and community. Based on
these observations, the different compositions of shredder species could be explained by
adaptive evolution traits of herbivores species in freshwater systems (Sanches and Trexler

2016).

Diet selectivity has been proposed as a mechanism to permit subsistence on the
relatively poor-quality herbivorous diet. Such herbivore species consuming chemically
defended resources may consume other items of high qualities in order to “dilute” the toxin
concentration (Provenza et al. 2003). P. (Tripodura) sp3 and E. calophylli could be related to
this diet selectivity mechanism, as they consumed only around 20% of native macrophyte
tissue. This mechanism could fit into the heterothrophic facilitation hypothesis (Sanches and
Trexler 2016). This hypothesis states that herbivores indirectly consume heterotrophic
microbes (bacteria, fungi, protozoan), which are associated to primary producer communities.
Heterotroph organisms, in general, incorporate nutrients (e.g. phosphorus) into their cell walls
which serve as rich nutrients for herbivores (Martin-Creuzburg et al. 2011).

Higher phosphorus percentages observed in pickerelweed leaves could be an important
source of nutrients for heterotrophic associated fauna which showed a positive relation with
P. (Tripodura) sp3. The heterotrophic facilitation hypothesis could explain their
predominance, explaining the generalist habit observed by this taxon in the pickerelweed
leaves. Nonetheless, the higher specialisation index observed in other taxa such as the P.
fallax group, Stenochironomus and E. calophylii was related to their low frequency in the
native macrophyte leaves. We infer that the low frequency of these taxa indicated that they

appeared in the pickerelweed leaves in the late stages of decomposition, where chemical
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compounds such as polyphenols are quickly leached (Leite-Rossi et al. 2016). The reduction
of the labile fraction component of the plant would make pickerelweed leaves more palatable
to shredder chironomid species (Boyero et al. 2012).

In our study, it is clear that some shredder chironomids preferred invasive macrophyte
tissue due to their higher resource quality (e.g. N%, lower polyphenol and cellulose). The

lower dissimilarity diversity of shredder chironomid assemblages observed in white ginger

occurred due to the higher abundance of E. calophylli, as well as of Stenochironomus. These
taxa presented a positive relation with N% and organic matter. In a study with shredder
chironomid assemblage in a tropical stream, it was found that the abundance of Endotribelos
larvae was lower in white ginger lily when compared with native three leaves (Magnolia
ovata). This occurred due to the native three species having lower cellulose when compared
with the invasive white ginger lily (Leite-Rossi et al. 2016). Such results show that resource
quality provided by leaf plant species influence herbivore species assemblages.

Concerning the lower dissimilarity index of shredder larvae in white ginger lily leaves,
this was especially influenced by higher abundance of Stenochironomus. This chironomid
taxon is a typical shredder, which consumes a higher percentage of plant tissue than other
shredder chironomids (Borkent 1984). The intake-efficiency hypothesis has proven how
robust this herbivore species is. This hypothesis states that intake-efficiency mechanism
favours herbivory, because the herbivore maximizes energy intake by minimizing the energy
and time spend searching for and subduing prey (Sanches and Trexler 2016). The habit of
mining in plant species tissues enables Stenochironomus to use plants as habitats and also
obtain its food resource, which supports this hypothesis. This adaptive evolution
demonstrated effectiveness to Stenochironmus, which consumed a high percentage of invasive
macrophyte leaves than pickerelweed leaves. The leaf chemical composition of invasive white

ginger lily leaves seemed to be an important diet component for this shredder chironomid.
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Despite the high impact of invasive macrophyte species in freshwater ecosystems,
interest in their management has increased due to the necessity of freshwater conservation
practices (Kuehne et al. 2016). In our study, we showed that invasive white ginger lily was
considered as a higher quality resource. Its leaf characteristics became more attractive to
shredder species than the native pickerelweed. Additionally, the resource quality provided by
macrophyte leaves may be important in terms of selecting evolutionary adaptation traits of
associated herbivores. These results added knowledge to the ecological relationships between
Neotropical chironomids and plant species. We highlighted the importance of selecting native
macrophyte species with higher resource quality to conservation practices in the littoral zone
of lentic systems.
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Capitulo IV

Can herbivore functional traits influence food web complexity? - Implications for an

invasive macrophyte species.

Abbreviated title: Herbivore macroinvertebrate traits in food webs: implications for an

invasive macrophyte

Este artigo sera submetido a revista Freshwater Biology
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Summary

1. Invasive macrophyte species have implied changes in the composition of functional
traits of herbivorous macroinvertebrates in freshwater systems. These changes in trait
composition could have important implications for food web structures. We compared
macroinvertebrate herbivore trait compositions with food web structures in parts of the littoral
zone of a tropical reservoir with and without the presence of the invasive white ginger lily
(Hedichium coronarium- Zingiberaceae).

2. We conducted macroinvertebrate leaf colonisation experiments during the dry and
rainy seasons for two years (2013-2015). These experiments compared the colonisation of
invasive white ginger to that of the native pickerelweed (Pontederia cordata - Pontederiaceae)
in a total of 40 sample leaf bags of each macrophyte species.

3. We estimated the functionally singular species (sing.sp) and functional richness (FRic)
trait indices to represent herbivore functional trait compositions. To analyse
macroinvertebrate food webs, we calculated the total links (L), link density (L/S),
connectance (C) and predator-prey ratio indices using a predator-prey matrix. Furthermore,
we analysed the influence of the chemical traits of invasive and native macrophyte species’
leaves, such as, P, N, AFDM, total polyphenols, total carbohydrates and associated
periphyton, on herbivore traits and food web indices.

4. White ginger leaves had higher quality resources (N and AFDM), which resulted in
higher herbivore trait indices than pickerelweed. The lower quality resources of native
macrophyte leaves, such as higher P and carbohydrates, negatively influenced sing.sp, FRic, L
and L/S, and resulted in lower N and predator-prey ratios. C, which represents food web
complexity, was similar between macroinvertebrate assemblages due to the participation of

omnivorous intermediate trophic levels. Nonetheless, a decrease in predator-prey interactions
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due to lower N indicated that lower resource quality influences the food web through a
bottom-up effect.

5. Our study demonstrated that the resource quality of macrophyte leaves had an
important influence on the herbivores’ macroinvertebrate traits, which in turn can affect food
web structures. Additionally, our study indicated the importance of selecting native
macrophyte species with higher resource quality for restoration practices in freshwater
conservation programs.

Key words: herbivory, scrapers, shredders, biological invasions, littoral zone.

1. Introduction

The influence of invasive plant species in herbivore assemblages has received
significant attention in ecological studies of terrestrial systems. Nowadays, the number of
studies that focus on herbivory in freshwater systems has increased, especially those
involving macroinvertebrate communities (Morrison & Ray, 2011; Leite-Rossi et al., 2016).
Concerning this issue, some studies have reported the problematic influence of invasive
macrophytes (e.g., Ceratophillum) with high concentrations of secondary compounds (e.g.,
polyphenols and tannins). These affect macroinvertebrate herbivores and biological traits,

such as fitness and growth rates (Choi et al., 2002; Boiché et al., 2011).

The negative impact of such chemical compounds from invasive macrophytes can be
minimized when they decompose faster. This process accelerates the leaching of such
secondary compounds (Elger et al., 2005). Concerning the macroinvertebrate herbivore
shredders, such changes in the chemical compounds of invasive macrophyte species seem to
be an important factor. These chemical compound changes make invasive macrophyte tissues
more palatable, resulting in increased consumption (Newman et al., 1996; Leite-Rossi et al.,
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2015). In the macroinvertebrate food webs of species other than shredders, the scraper feeding
groups consist of herbivores (Gregory, 1983). During the colonisation of leaf plant species,
the periphyton (composed of algae, bacteria, fungi and detritus) and leaf litter represent their
main food resources. Shredders and scrapers explore food resources in different ways
(Cummins, 2016), depending on the availability of food. For instance, some chironomid
larvae differ from shredders by their traits, such as low biomass, body shape and mouthparts,
that enable them to utilize the leaf plant tissues as food (e.g., Stenochironomus,
Xestoschiroromus) (Borkent, 1984). Some mayfly nymphs, such as Americanbaetis
(Baetidae) and Miroculis (Leptophlebeiidae), known as scrapers, differ in the composition of
their diets (periphytic algae or algae/detritus) due to their different mouthpieces. These
different traits enable these herbivores to utilize different resources in different niches in

freshwater systems, such as shallow and deeper depths (Baptista et al., 2006).

Concerning the importance of herbivory to the freshwater ecosystem, analysing the
relationships between herbivores and invasive macrophyte species is crucial to understand if
the resource quality provided by these plant species can affect herbivore assemblages.
Dominance of an invasive plant could severely change the food resource quality in freshwater
systems, which could lead to the loss of various ecological functions (Claeson et al., 2014;
Correa-Araneda et al., 2015). Additionally, because herbivores are the basal level of food
webs, alterations in their composition assemblages would affect the exchange of energy flow

to the higher trophic levels, altering the food web structure through a bottom-up effect.

In the present study, we analysed the influence of the invasive macrophyte white ginger
lily (Hedychium coronarium J. Konig, Zingiberaceae) on the herbivore functional trait
compositions of freshwater herbivore species and the macroinvertebrate food web structure.
To do this, we conducted leaf colonisation experiments in the littoral zone of a tropical

reservoir to compare the invasive white ginger lily to the native pickerelweed species
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(Pontederia cordata, L. - Pontederiaceae). These two macrophyte species present similar
characteristics of life forms, white ginger lily is amphibious and pickerelweed is an emergent
macrophyte species. Both macrophyte species are monocotyledons with a wide distribution in
freshwater ecosystems, such as the littoral zone of lakes and riparian and marsh areas
(Lorenzi, 1991; Lorenzi & Souza, 2001). Additionally, these macrophytes differ in their
chemical compounds (e.g., cellulose, lignin, and nitrogen concentrations) and decomposition
rates; pickerelweed decomposes faster than white ginger lily (Odum & Heywood, 1978;

Leite-Rossi et al., 2015).

Our main hypothesis was that macroinvertebrate herbivore trait diversity decreases
according to the available macrophyte species; such an effect would mirror a negative impact

on entire food webs, affecting the ecological process of energy flow exchange.

2. Material and Methods

2.1 Study area

We carried out a macroinvertebrate colonisation experiment of macrophyte leaves in
the littoral zone of the Fazzari Reservoir, which is located in the preserved area of the Cerrado
biome (645 ha) at the Universidade Federal Sdo Carlos (UFSCar, Brazil) (21°58°S, 47°53"W)
. This reservoir has a total area of 13 ha, with an average depth of 1.1 m and a maximum
depth of 4.0 m. The abiotic characteristics of its littoral zone are high dissolved oxygen

concentrations, acid pH and average water temperatures ranging from 18°C to 21°C (Table 1).

Table 1. Abiotic characterization of colonisation points in different macrophyte leaf species in
the littoral zone of the Fazzari Reservoir — Cerrado biome, Brazil.
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Leaf bag

Abiotic variables Wite-ginger lily  Pckerelweed t p
Water temperature (°C) 19.77 £0.24 19.76 £0.26 0.13 0.89
pH 6.37 £0.15 5.49 +0.09 5.00 <0001*
Dissolved oxygen (mg/L)  8.65 +0.15 8.00 £0.20 258  0.01*
Depth 0.40 £0.03 0.41 +£0.02 -0.15  0.87
* - <0.05, £ Std.

The vegetation surrounding the Fazzari Reservoir banks consists of two main profiles:
the right reservoir bank has an 80-meter stretch that is completely dominated by the invasive
white ginger lily (H. coronarium) followed by forest that is partially invaded by the same
invasive plant; the left reservoir bank is surrounded by a native riparian forest (trees, shrubs,

and ferns) and the amphibian spike-rush macrophyte (Eleocharis).

2.2 Macroinvertebrate leaf colonisation treatments

We performed macroinvertebrate leaf colonisation experiments in the littoral zone of
the reservoir, using fresh leaves from the invasive macrophyte white ginger lily and the native
macrophyte pickerelweed. The white ginger lily has recently received attention in freshwater
studies in Brazil. As an invasive species, it has strong competitive strategies, which have a
negative impact on freshwater biodiversity. As well as other invasive plant species (e.g.,
Urocloa sp), the white ginger lily presents strong competitive strategies, such as fast growth
and rapid dispersal, that enable it to become dominant in wetlands, riparian zones and lake

banks, where it forms dense populations (De Castro et al., 2016).

We collected leaves from each macrophyte species from adult plants without injuries
and signals or initial senescence signs. Six leaves from each macrophyte species were stocked
in each colonisation bag (0.20x0.40, 61mm). We utilized five sample bags for each plant
treatment, which we sampled from 2013 to 2015 over eight periods: May-June/August-
September/November-December/2013, February-March/June-July/August-

September/20142014, and January-February/March-April/2015, totaling 40 samples for each
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treatment. We submersed leaf colonisation bags in randomly-chosen littoral zone points,
which we collected carefully with a dip net (mesh 250 um) after 40-45 days of colonisation.
We picked the macroinvertebrate specimens alive, utilizing illuminated trays and identifying
them to the lowest taxonomic level possible by using identification keys for

macroinvertebrates of the Neotropical region.

We measured the abiotic variables, such as water temperature, pH, dissolved oxygen
and depth for each littoral colonisation point (Table 1). Dissolved oxygen concentrations were
measured using the Winkler method and pH by the colorimetric method. Additionally, we
measured biotic variables, such as periphyton biomass during colonisation. To estimate the
periphyton, we used chlorophyll a content associated with macrophyte species’ leaves, which
we gathered by scraping the leaf species with a soft toothbrush. Afterwards, we filtered a
volume of 150 ml of leaf scrapings through a nitrate membrane (47 mm, 6 = 0.45 um) using a
vacuum pump. For each leaf treatment, we used five replicates. The chlorophyll a content of
each treatment was extracted using acetone (90%) for a 24-h incubation period and quantified
via spectrophotometry (665 and 750 nm wavelengths) (Creitz & Richards, 1955). We
expressed the periphyton values as the relationship between the chlorophyll a content (ug/L)

and total leaf plant area (m?).

2.3 Characterization of macrophyte species’ leaf chemical compounds

In order to analyse the influence of the chemical compounds of macrophyte leaf
species on the herbivores’ functional traits and macroinvertebrate food webs, we determined
the macrophyte leaf percentage of chemical compounds, such as total phosphorous (P%),
nitrogen (N%), organic matter, cellulose, lignin, soluble carbohydrates and soluble
polyphenols. To do this, we collected fresh leaves from adult macrophyte species; these

leaves were washed in running water to remove any materials that could interfere with the
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determination of initial leaf litter mass (e.g., inorganic material, small animals and animal

feces). Then, we oven-dried them at 45°C to a constant mass.

We used the oven-dried macrophyte species’ leaves (triplicates per leaf macrophyte
species), which were ground to a thickness of 1 mm in a knife grinder for chemical analysis.
We determined the P% and N% by the Vanadato-Molibdato (Sarruge & Haag, 1974) and
micro-Kjeldahl methods (Coelho-Silva, 1967; Association of Official Agricultural Chemists,
1995), respectively. The organic matter content was determined using the percentage of ash-
free dry mass (AFDM %) by the gravimetric method and the soluble carbohydrate
concentration was determined using the colorimetric method (Dubois et al., 1956). The total
lignin concentration was determined by a sequential analysis of neutral and acid detergents
(Robertson & Van Soest, 1981; Mertens, 2002) and the polyphenol concentration was

determined using the gravimetric method (Makkar et al., 1993).

2.4 Herbivore macroinvertebrate functional traits and food web structure

We classified the macroinvertebrate specimens into functional feeding groups (FFG),
such as scrapers, shredders, collectors, filterers, and predators, according to studies that were
conducted in the Neotropical region (Motta & Ueda, 2004; Reynaga & Martin, 2013; Brasil et
al., 2014; Butaka et al., 2014). Within this FFG classification, we selected the scrapers (S= 5)
and shredders (S= 10) to analyse the functional composition of herbivore traits. To compose
the herbivore trait community, we measured and scored five functional trait categories: body
length, herbivore habits, lifestyle, shelter and respiration. We measured the body length - (1) —
small (<bmm), (2) — medium (5-10 mm) and (3) — large (>10 mm) — by measuring 10
specimens of each taxa found in each colonisation bag treatment throughout the different
season periods. We considered the herbivore habit as (1) facultative when an organism

presents two or more feeding habit preferences (e.g., algae + detritus, CPFOM + FPOM) or (2)
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restrictive when an herbivore presents an exclusive feeding habit preference (e.g., algae or
CPOM); we follow these classifications according to FFG studies that were conducted in the
Neotropical region and analysed the percentage of organic matter particles found in the
digestive tract of each herbivore taxon (Motta & Ueda, 2004; Baptista et al., 2006; Reynaga
& Martin, 2013; Butaka et al., 2014; Leite- Rossi et al., 2015). Lifestyle was classified by
whether the species was (1) free living, (2) silk tube building, (3) cocoon building, or (4) a
miner. Habit was classified by whether the species was a (1) sprawler, (2) burrower or (3)
climber, and we classified the respiration system as (1) osmotic or (2) branchial. Concerning
the lack of information regarding these classification traits, and especially the herbivore
community consisting of aquatic insect larvae, we classified these categories according to the
information available in Merritt & Cummins (1996) (Table 2).

Table 2. Herbivore functional traits score associated with the invasive (white ginger lily) and

native (pickerelweed) macrophyte leaf species in the littoral zone of the Fazzari Reservoir,
Cerrado biome, Brazil. Shr — shredder, sc — scraper, cg — collector-gathering, pr - predator

Functionaltrait score

Taxa FFG herbivory length shelter habit respiration Reference
Beardius phytophilus shr 2 1 2 2 1 Leite-Rossi et al., 2015
Caenis caenis sC 2 2 1 3 2 Baptista et al., 2006
Cleaodes scr 2 2 1 3 2 Baptista et al., 2006
Endotribelos bicolor shr 2 2 2 2 1 Leite-Rossi et al., 2015
Endotribelos calophylli shr 2 2 2 2 1 Leite-Rossi et al., 2015
Endotribelos sublettei shr 2 2 2 2 1 Leite-Rossi et al., 2015
Marilia shr/cg/pr 1 3 3 1 2 Reynaga& Martin, 2013
Miroculis scr/cg 1 2 1 3 2 Baptista et al., 2006
Phaenopsectra shricg 1 2 2 2 1 Leite-Rossi et al., 2015
Polypedilum fallax group shricg 1 1 2 3 1 Leite-Rossi et al., 2015
Polypedilum (Polypedilum) shr/cg 1 1 2 3 1 Leite-Rossi et al., 2015
Polypedilum (Tripodura) shricg 1 1 2 3 1 Buttaka et al., 2014
Scirtidae sc 2 3 1 1 2 Merritt& Cummins, 1996
Stenochironomus shr 2 2 4 2 1 Leite-Rossi et al., 2015
Ulmeritrus SC 2 2 1 3 2 Baptista et al., 2006

We obtained the herbivore macroinvertebrates’ functional trait compositions using a
multimeric functional diversity (FD) approach, which is represented by the distance measured
based on trait values where the distance between taxa is calculated by using a principal

component analysis matrix. The distances between the herbivore community traits were
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calculated by using the Gower dissimilarity distance “in a trait space,” separating species with
a cluster analysis based on their proximity in a trait distance matrix (Laliberté et al., 2014). In
order to represent herbivore macroinvertebrate composition traits associated with different
macrophyte species in the littoral zone, we utilized the functionally singular species (sing.sp)
and functional richness (FRic) indices; FRic estimates the dispersion of species’ traits in an
area with the volume of the minimum convex hull that includes all species (Villéger et al.,
2008; Laliberté & Legendre, 2010). To do this, we utilized the FD-package (Laliberté et al.,
2014) available in the R platform (R Development Core Team, 2014).

We built the food web network based on the FFG classification and body length of
specimens using predator-prey matrices, which contain all taxa found in the community
associated with different macrophyte leaf treatments and season periods. The taxa were
distributed in columns and rows, and linkages between taxa were indicated in a binary
manner, in which 0 indicated no linkage and 1 was a linkage between two macroinvertebrate
taxa. We determined the food web structures using: the number of trophic links (L) and
number of links (edges) among the taxa; the C, an indicator of the degree of inter-connectivity
in a food web; link density (L/S index), the number of links that species establish with other
nodes, weighed by their magnitude within the food webs; and predator-prey ratio, a measure
of food web shape (values <1 may indicate instability) (Scotti et al., 2009). To do this, we
utilized the “foodweb-package” (Perdomo et al., 2015) which is available on the R platform

(R Development Core Team, 2014).

2.5 Data analyses

2.5.1 Chemical traits of macrophyte species’ leaves

We analysed the significance of the differences between the periphyton and chemical

traits of different macrophyte species’ leaves (P%, N%, AFDM, cellulose, lignin, polyphenols
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and carbohydrates) using the Student’s T-test, considering a 95% confidence interval

(P<0.05).

2.5.2 Macroinvertebrate herbivore traits and food web measures

We also used the Student’s T-test to analyse the significance of differences in
macroinvertebrate herbivores’ functional trait indices, sing.sp and FRic, as well as food web
measures (L, C, L/S and predator-prey ratio) among the different macrophyte leaf treatments
using a 95% confidence interval (P<0.05). In addition, we analysed the influence of leaf
chemical traits on functional herbivore traits, as well as the macroinvertebrate food web
measures by using a multivariate linear regression model. Furthermore, in order to estimate
the contribution of significant variables to this model, we used a post hoc Pearson’s
correlation model. The correlation coefficients were used as a measure of the relationship
between the chemical traits of the leaves of the macrophyte species and periphyton that

significantly influenced the functional traits and food web measure indices.

3. Results

3.1 Chemical traits of macrophyte species’ leaves

The leaf traits of the invasive white ginger lily presented better quality resources than
the pickerelweed leaves due to higher N% and AFDM, as well as lower P%, cellulose, total
polyphenols and carbohydrates. However, white ginger lily leaves presented lower

concentrations of associated periphyton than the native pickerelweed (Table 3).

Table 3. Chemical traits of the invasive and native macrophytes’ leaves and associated
periphyton in colonisation experiments in the littoral zone of the Fazzari Reservoir — Cerrado
biome, Brazil. P — phosphorous, N — nitrogen, AFDM — ash free dry mass

Leaf bag
Leafchemical
compound Wite ginger lily  Pickerelweed T p
P (%) 0.08 +0.01 0.16 +0.01 -10.14  <0001*
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N (%)
AFDM%
celullose %
lignin %

total polyphenol %

total carbohydrates %
periphyton (mg/m?)

2.18 +0.01
93.78 £0.10
11.46 +2.80
23.27 +2.70
1.77 £2.50
5.66 +0.70

29.18 +4.26

1.35 +0.04
92.78 +0.30
29.95 +4.10
26.36 +2.10
4.27 +0.90
7.87 +1.30

68.47 £9.67

4.22
20.76
183.58
-423.32
-51.11
-18.38

-3.81

<0001*
<0001*
<0001*
<0001*
<0001*
<0001*

<0001*

(*) —p<0.05

3.2 Macroinvertebrate herbivore traits and food web measures

We collected 3,730 specimens. Herbivores represented 18% of the assemblage (n=

662). White ginger lily leaf colonisation bags presented higher functionally singular species

(sing.sp= 3.6, SE £0.19, t= 2.13, p= 0.03) and functional richness (FRic= 2.83, SE £0.43, t=

2.07, p= 0.04) indices than pickerelweed leaves ([sing.sp= 3.05, SE +0.17], [FRic= 1.70, SE

+0.29]) (Figure 2). Concerning macroinvertebrate food web measures, the indices of L, L/S, C

and predator-prey ratio were very similar between the macroinvertebrate assemblages for the

two macrophyte species’ leaves (p>0.05) (Figure 3).
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Figure 2. Herbivore functional trait indices associated with the invasive white ginger lily and
native pickerelweed macrophyte leaves in the Fazzari Reservoir, Cerrado biome, Brazil. A —
Functionally singular species (sing.sp); B — Functional richness (FRic).
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Figure 3. Macroinvertebrate food web indices associated with the invasive white ginger lily
and native pickerelweed macrophyte leaves in the Fazzari Reservoir. A) L - Total Links; B)
L/S - Link density; C) C - Connectance; D) Predator-prey ratio.

The analyses of the influence of chemical leaf traits on herbivore traits showed that
the higher percentage of phosphorous of pickerelweed leaves negatively influenced the
functionally singular species (sing.sp) and functional richness (FRic) indices of herbivore
traits. For food web indices, this same chemical compound negatively influenced total links
(L) and link density (L/S). We observed that link density (L/S) and the predator-prey ratio
were negatively influenced by a lower percentage of nitrogen and a higher percentage of total
carbohydrates. The lower associated periphyton in the white ginger lily negatively influenced
the total links (L) and link density (L/S) of macroinvertebrate food web indices (Table 4). The
post hoc test of Pearson’s correlation corroborated all the results indicated by the multivariate

linear regression model (Table 5).
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Table 4. Analysis of the influence of leaf chemical traits of the invasive white ginger lily and
native pickerelweed species and associated periphyton on herbivore functional traits and the
macroinvertebrate food web in the littoral zone of the Fazzari Reservoir — Cerrado biome,
Brazil. P — phosphorous, N — nitrogen, sing.sp — functionally singular species, FRic —
functional richness, L — total links, L/S — link density

Chemical leaf trait Indices Coeff. Std.err. t p R?
pickerelweed

sing.sp -2.96 1.15 -2.56 0.020* 0.13
P (%) FRic -3.48 1.61 -2.16  0.040* 0.15
L -4.24 2.07 -2.05 0.040* 0.16
L/S -2.57 1.05 -2.44  0.020* 0.15
total carbohydrates (%) L/S -2.73 0.84 -3.21 0.003* 0.15
N (%) predator-prey -0.46 0.22 -2.08 0.045* 0.24

white ginger lily
periphyton (mg/m?) L -0.43 0.16 -2.70  0.011* 0.16
L/S -0.16 0.08 -2.04  0.049* 0.10

(*) p<0.05

Table 5. Results of Pearson’s correlation analyses of the influence of the chemical traits of the
leaves of the macrophyte species on the functional traits of herbivore species and
macroinvertebrate food web structures during the colonisation experiment in the littoral zone
of Fazzari Reservoir — Cerrado biome, Brazil. P — phosphorous, N — nitrogen, sing.sp —
functionally singular species, FRic — functional richness, L — total links, L/S — link density

Chemical leaf trait Indices r p
pickerelweed
sing.sp -0.35 0.028*
P (%) FRic -0.42 0.007*
L -0.40 0.008*
L/S -0.36 0.018*
total carbohydrates (%) L/S -0.37 0.018*
N (%) predator-prey -0.42 0.002*
white ginger lily

. L -0.41 0.007*
periphyton (mg/m) L/S -0.38 0.008*

(*) p<0.05
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4. Discussion

Herbivore macroinvertebrates are considered one of the main components of
freshwater ecosystems. They have an important ecological role by exchanging nutrient cycles
and energy flow throughout food webs (Wallace & Webster, 1996). In our study, the
functional traits of herbivore species changed with the lower quality of food resources (higher
lignin and cellulose) provided by leaves of the native pickerelweed. Additionally, our results
showed that the lower-quality resources provided by the leaves of this macrophyte species
affected the macroinvertebrates’ food web. We observed this by the decrease in the trophic
level (L) and link density (L/S). These results could negatively influence the predator-prey

ratio, which decreased due to lower N concentration.

Some studies have reported that invasive macrophytes with higher C:N ratios present
disadvantageous characteristics, which negatively affect herbivore macroinvertebrates’ traits
(Wong et al., 2010; Morrison & Hay, 2011). Our results contradicted these findings. The
invasive white ginger lily leaves were a high-quality resource and the pickerelweed leaves
presented higher concentrations of secondary compounds (especially polyphenols).
Additionally, fresh leaves of white ginger lily presented advantageous chemical
characteristics, such as higher AFDM and higher N% than the native leaf species, which had
higher sing.sp and FRic values than those of the native pickerelweed. Hence, the results
observed here indicate that herbivore macroinvertebrate functional trait assemblages depend
on the chemical traits of the leaves of macrophyte species. Furthermore, changes in their

composition can affect food web structures via a bottom-up effect.

We observed that the lower periphyton content in the white ginger lily had a negative
influence on the L and L/S of macroinvertebrate food webs. This result could be explained by

the exclusion of some scraper species, such as Cleodes (Batidae) and Miroculis
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(Leptophlebeiidae), which predominantly consume algae (Baptista et al., 2006). On the other
hand, the higher periphyton concentrations in pickerelweed could be related to higher P%. It
is well known that autotrophic organisms, such as algae are generally dependent on P%,
which is incorporated into their cells (Martin-Creuzburg et al., 2011). The higher availability
of this resource could explain the lower sing.sp and FRic values obtained from pickerelweed,
probably due to the predominance of scraper species. In general, algae are an important
resource for generalist macroinvertebrates, such as Ablabesmyia larvae (Tanypodinae —
Diptera), which have omnivorous habits (Motta & Uieda, 2004). Furthermore, replacing
herbivores for these omnivorous species could contribute to lower herbivore functional trait
indices, as well as the similar patterns of the macroinvertebrate food webs in the two

macrophyte species.

Regarding macrophyte leaf tissues, shredder larvae usually process vascular plants
(Sinsabaugh et al., 1985; Wallace & Webster, 1996). Their feeding habit trait, especially
those with facultative habits, explains their presence in the native macrophyte tissues.
Facultative herbivores ingested fine particle organic matter (FPOM) and associated
periphyton instead of leaf tissues with lower-quality resources. Some authors consider that the
habit of ingesting other resources is a variation of adaptive evolution for aquatic herbivores.
This habit would have emerged because herbivores sought to improve the digestibility of
plant tissues with high concentrations of secondary compounds. (Sanches & Trexler, 2016).
In our study, chironomid shredder taxa Endotribelos calophylli and Polypedilum (Tripodura)
larvae particularly predominated. However, the invasive macrophyte presented higher N%
and AFDM and kept a positive relationship with restrictive shredders, such as
Stenochironomus larvae, that have miner habits (Borkent, 1984). The presence and feeding
preference of this taxon could be considered an important variable that led to the higher

sing.sp and FRic values that we observed in the white ginger lily leaves.
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Concerning the food web structures, we observed that there were similar patterns
between associated communities. This result could be related to the predominance of
intermediate trophic-level species, which could maintain strong relationships with top
predators. The predator-prey biomass displays important implications for the link of prey
species (Boukal, 2014). Dragonflies have high feeding rates, especially with smaller prey such
as omnivorous chironomids. These contributed to the similar patterns of prey density bindings
in leaf colonisation bags. Furthermore, the contribution of omnivore species includes entire
macroinvertebrate food webs (Hall et al., 2000). In addition, aquatic insect cannibalism has
been reported as ubiquitous in standing freshwater systems (Klecka & Boukal, 2013). These
could be considered the main reasons for the similar food web structures observed in our
study. The macrophyte leaf species aspects did not have a strong influence on the food web
structures. The many macroinvertebrate relationships seemed to occur regardless of the

aquatic plant tissue present.

Concerning the results discussed above, we conclude that the interaction among
intermediate (omnivorous species) and high trophic species (large predators) explains the non-
differences between the macroinvertebrate food webs associated with the leaves of the
macrophyte species studied. Nonetheless, the relationship between herbivore functional traits
and the resource quality of the macrophyte species’ leaves seemed an important factor for the
herbivore assemblage composition in the littoral zone. Although generalist aspects of
macroinvertebrates can maintain the food web structures, we observed evidence that changes
in the herbivore functional traits can affect food web structures (L, L/S, and predator-prey
ratio) due to the native macrophyte’s lower resource quality. Additionally, our study pointed
out the importance of selecting native macrophyte species with higher resource quality for

restoration practices in freshwater conservation programs.
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Consideracoes finais

No Brasil, o bioma Cerrado é um dos hot spot de interesse conservacionista.
Assim como os biomas Mata Atlantica e a Amazonia. O Cerrado abriga grande diversidade
vegetal, a qual estd suscetivel as influéncias de diversas espécies de plantas invasoras.
Recentemente as informagdes dos possiveis impactos causados por essas espéecies invasoras a
biodiversidade tém recebido maior atencdo, uma vez que as mesmas contribuem para as
tomadas das diretrizes de manejo e gestdo conservacionista (ZENNI; ZILLER, 2011). Neste
contexto, as analises dos caracteres funcionais das comunidades tém grande importancia a
manutencdo da integridade dos processos ecossistémicos. Atraves da andlise de diversidade
funcional e de suas implicacBes na estrutura das redes tréficas de macroinvertebrados, os
seguintes aspectos da influéncia da macrofita invasora lirio-do-brejo sobre a comunidade de

macroinvertebrados aquaticos na zona litoral de um reservatorio tropical foram destacados:

a) A presenca da macrofita invasora lirio-do-brejo alterou a estrutura
funcional da comunidade de macroinvertebrados aquaticos, em vista da menor
diversidade funcional de insetos aquéaticos. Provavelmente este resultado esteve
relacionado a maior complexidade de habitat, a qual foi promovida pela rapida
propagacdo desse vegetal. Em especial para as larvas de insetos aquéaticos predadores a
maior complexidade de habitat promovida pela macrofita invasora no ecossistema
Iéntico parece ter sido um importante fator na estruturacdo de sua comunidade
associada. Fato ja relatado por outros autores (KOVALENKO; DIBBLE, 2011).
Habitats mais complexos podem proporcionar maior disponibilidade de espacos,
promovendo mais micro-habitats que resultam numa melhor protecdo das larvas de
insetos aquaticos contra grandes predadores (e.g. peixes), e até mesmo locais para
oviposi¢do. Em vista dessa relacdo ecoldgica com larvas predadoras na margem do
reservatorio estudado, pode-se deduzir que a modificacdo de qualidade de habitat
promovida pela rapida propagacéo do lirio-do-brejo direciona a estruturagdo funcional e
taxonbmica da comunidade de forma deterministica. Sendo assim, estratégias de
conservacao direcionadas ao controle populacional dessa espécie vegetal invasora séo
indicadas, uma vez que sua rapida propagacdo pode levar a um processo de
homogeneizagéo faunistica.

b) Quanto a sua influéncia como recurso aldctone, pode-se afirmar que suas

folhas demonstraram melhor qualidade de recurso alimentar para as larvas de
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Chironomidae fragmentadoras do que a espécie nativa (P. cordata). Este foi um
importante fator que influenciou na sele¢do taxondmica de larvas de insetos aquaticos
herbivoros devido as suas diferentes adaptacdes alimentares. Alguns estudos, como, por
exemplo, os desenvolvidos por Boyero et al. (2012) tém demonstrado que invasdo por
espécies vegetais podem alterar as comunidades de macroinvertebrados, através da
modificagdo da qualidade de recurso alimentar. No entanto isto somente ocorreu quando
as especies vegetais invasoras apresentaram baixa qualidade de recurso alimentar
quando comparadas as espécies nativas (KONING et al., 2014; LEITE-ROSSI et al.,
2015). Destacamos, através dos resultados apresentados no Capitulo Il1, os herbivoros
em razdo das suas adaptacOes de habitos alimentares podem selecionar a qualidade
nutricional das plantas diferentes comunidades de. Tais diferencas em composicdo
refletem a historia evolutiva das espécies herbivoras, as quais foram condicionadas as

diferentes qualidades nutricionais dos vegetais.

c) A qualidade nutricional das folhas das espécies de macrofitas aqui
analisadas desempenhou um importante papel na estruturacdo dos tragos funcionais das
comunidades de herbivoros. Estes por sua vez, demonstraram alterar as redes troficas.
Os padrdes de redes troficas foram similares em ambas as espécies de macrofitas. 1sso
ocorreu devido a predominancia de taxons onivoros e suas relagdes com os predadores,
os quais foram suficiente para manter a estrutura da comunidade estavel (NAMBA et
al., 2008, KATRINA et al., 2012). No entanto, a estrutura das redes tréficas dos
macroinvertebrados decresceu em razdo da baixa concentracdo de nitrogénio das folhas
da espécie nativa. Tal caracteristica nutricional influenciou no decréscimo da relacédo
predador-presa. Ta resultado nos possibilitou inferir que essa relacdo descresceu em
razdo da reducdo de herbivoros na estrutura comunitaria. Em vista da crescente
preocupacdo da conservagdo e restauracdo de areas impactadas por essas espécies de
plantas e suas implicacGes para a conservacdo da biodiversidade aquatica, faz-se
importante selecionar espécies nativas com qualidade nutricionais superiores as das
espécies vegetais invasoras. Tais medidas poderdo auxiliar na recuperacdo da flora
nativa, bem como na manutengdo e conservagdo das comunidades associadas que

manterdo os processos ecoldgicos.
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