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A dindmica entre peixes-predadores e invertebrados-presa em
diferentes cenarios ambientais

RESUMO

A sobrevivéncia de uma determinada presa depende de sua habilidade em reconhecer a
presenca do predador, e da eficiéncia das estratégias de anti-predacdo que ela emprega.
Tais estratégias geralmente podem ser mais ou menos efetivas dependendo das
condic¢des de visibilidade, de temperatura e do periodo de coocorréncia entre predadores
e presas. Considerando que flutuacdes nas condi¢cdes ambientais se tornardo eventos
mais frequentes em virtude do aquecimento global, faz-se necessario investigar a
influéncia de tais flutuacdes para o resultado da interacao predador- presa. Neste estudo,
utilizou-se uma abordagem experimental para observar a efici€éncia na captura de presas
por peixes-predadores e o comportamento anti-predatério de invertebrados-presa
(espécies de insetos, de anfipodes e de microcrusticeos) em cendrios contrastantes de
visibilidade subaquitica, de temperatura da 4gua e de disponibilidade de refiigio
(provido por plantas aquéticas). Além disso, observou-se a implicacdo da invasdo de
espécies nao-nativas para a interagao entre predadores e presas sob duas perspectivas:
apds o estabelecimento de uma planta aquatica ndo-nativa (Hydrilla verticillata), e ap6s
a introducdo de um predador piscivoro ndo-nativo (Astronotus crassipinnis). De
maneira geral, observou-se que a redu¢do na transparéncia da dgua reduziu a eficiéncia
na captura de invertebrados por peixes, e essa reducdo foi mais acentuada quando
predadores piscivoros coocorreram com os peixes mesopredadores. A mera presenga de
predadores de topo aumenta a sobrevivéncia de invertebrados, mas a presenca deles em
condi¢cOes de baixa visibilidade subaquatica reduz sobremaneira o potencial predatorio
de peixes mesopredadores, os quais provavelmente utilizam mais tempo em
comportamentos de vigilincia, e reduzem a ingestdo de presas. E predito que a elevacio
da temperatura aumente a frequéncia de eventos relacionados a busca e a captura de
alimento por predadores, Gymnogeophagus terrapurpura apresentou similares taxas de
consumo de anfipodes (Hyalella curvispina) em diferentes temperaturas da agua (19,2;
22,2; 25,2 e 27°C). Apesar disso, na temperatura mais elevada anfipodes apresentaram
um comportamento anti-predatério mais conspicuo. Verificou-se ainda que plantas
aquaticas ndo-nativas sdo reconhecidas como habitat seguro, e sdo utilizadas como
refigio por presas na mesma proporcdo que plantas nativas. A pressao de predacdo
exercida por Astyanax altiparanae sobre uma populacdo de invertebrados peldgicos
(Daphnia magna) foi extremamente intensa em tratamentos com o piscivoro nativo
Hoplias aff. malabaricus, contudo, nos tratamentos com piscivoro nao-nativo A.
crassipinnis a sobrevivéncia de presas pelagicas foi proporcional a sobrevivéncia de
presas bentdnicas (Chironomus sancticaroli). A introdu¢do de um piscivoro tem a
capacidade de mudar a fonte do recurso alimentar de mesopredadores, com potenciais
implicagdes para o fluxo de energia dentro do ecossistema. Simular, em microcosmo,
cendrios ambientais observados e preditos fornece subsidio para a determinagdo de
tamanho de efeitos de varidveis isoladas, e de possiveis interacOes entre tais varidveis,
que podem auxiliar para o manejo de espécies de peixes e invertebrados dependentes
das condicdes ambientais para a manuten¢do de suas fungdes vitais, garantido a
preservagdo da espécie e a conservagio da vida.

Palavras-chave: Predacdo. Interacdo predador-presa. Comportamento animal. Insetos
aquaticos. Heterogeneidade de habitat. Experimenta¢do animal.



Trophic interactions between predator-fishes and invertebrate-prey in
different environmental scenarios

ABSTRACT

The survival of a given prey is primarily determined by their capacity to recognize and
respond to the current predation threat degree. Such prey responses could be more or
less effective according to environmental characteristics, such as visibility conditions
and temperature. However, the evolutionary time of co-occurrence between predators
and prey could also be a crucial factor to shape the appropriated prey response to
predator strike. Fluctuations in environmental conditions are expected to be more
frequent as a result from global warming, which has been catalysed by human being’s
actions. Therefore, it is quite timely investigate the influence of environmental shifts on
the outcomes of predator-prey encounters. Here, we used an experimental approach to
observe the prey capture efficiency of fish-predators and anti-predator behaviour of
some groups of invertebrates (aquatic insects and amphipods) in distinct ecological
scenarios of underwater visibility, water temperature and presence/absence of refuge
(provided by aquatic macrophyte). Also, we investigated the consequences of species
invasions for the interaction between predators and preys on two perspectives: after the
establishment of a non-native aquatic plant (Hydrilla verticallata), and after the
introduction of a non-native piscivorous fish. In reduced water transparency, fish
consumed fewer invertebrates than in clear water, but the efficiency in capturing
invertebrates of mesopredators was strongly reduced when top-predator was present and
water transparency low. Therefore, the mere presence of a top predator has potential to
increase invertebrate survive, but underwater visibility is impaired mesopredator do not
know the exact top predator location, then they tend to reduce their mobility to decrease
the likelihood to be eaten, such response can concomitantly limits the mesopredator
predatory potential. Despite of the literature supports the positive relation between water
temperature and the distance travelled by predators, which often results in better feeding
efficiency in warmer waters, Gymnogeophagus terrapurpura showed similar amount of
amphipods (Hyalella curvispina) consumed in four different water temperature (19.2;
22.2; 25.2 and 27°C). In contrast, amphipods show more conspicuous anti-predator
behaviour at 27°C. In addition, we found that non-native aquatic plants are recognized
as a safe habitat and used by prey fish as refuge in a similar proportion than native
plants are. We also found that the predation pressure performed by Astyanax
altiparanae on one pelagic invertebrate population (Daphnia magna) was extremely
high in treatments with the native piscivorous Hoplias aff. malabaricus. However, in
treatments with the non-native Astronotus crassipinnis, the survival of pelagic
invertebrates was proportional to benthic prey population (Chironomus sancticaroli).
Therefore, the introduction of a piscivorous fish has potential to change the energy
pathway in the entire ecosystem. Simulating observed and predicted ecological
scenarios, even in microcosm, allow us to understand the main effect of a given variable
on predation in the wild, and possible interactive effect among multiple variables.
Knowing the factors that influence the predation can help ecologists to propose
management project for fish and invertebrates species.

Keywords: Predation. Predator-prey interaction. Animal behaviour. Aquatic insects.
Habitat heterogeneity. Animal experimentation.
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1 INTRODUCAO

De maneira simplificada, a sobrevivéncia de um animal depende de sua
habilidade em capturar presas, enquanto evita ser consumido por predadores (Lima &
Dill, 1990; Abrahams et al., 2009). Esses atributos estdo profundamente relacionados,
pois enquanto caracteres que aperfeicoam a habilidade de fuga de presas sdo
favorecidos por selecdo natural, caracteres que elevam a capacidade de captura da presa
por predadores sdo também beneficiados, em um processo de coevolugdao (p. ex.
Darwin, 1859; Dawkins & Krebs, 1979). Na prética, predadores podem afetar a
estrutura e o tamanho de diferentes populagdes de presas através do consumo direto
delas (Lima & Dill, 1990), mas a mera presenca deles no ambiente pode também
influenciar o comportamento adotado por suas potenciais vitimas (Abjornsson et al.,
2002), as quais podem: (i) reduzir sua movimentacdo (Lehtiniemi, 2005), (ii) se
esconder em habitat mais complexos (Padial er al., 2009), (iii) gastar mais tempo
monitorando o ambiente (Brown & Kotler, 2004), ou mesmo iniciar uma resposta de
fuga (Higham et al., 2015). Qualquer que seja a estratégia adotada para evitar
predadores, ela tera implicagdes para as atividades vitais das presas. Isto ocorre porque
presas, sob ameaca de serem consumidas, tendem a reduzir a atividade natatoria, o que
influencia a procura por alimento (Pink & Abrahams, 2016), e a0 mesmo tempo, reduz a
probabilidade de encontro entre parceiros reprodutivos (Orrock et al., 2013). Portanto, a
estratégia de anti-predacdo adotada pode ter implicagdes para o fitness do organismo
predador (Orrock et al., 2013; Peacor et al., 2013), mas também pode significar a
extin¢do local da espécie de presa (Lima, 1998).

O resultado da interagdo entre um predador e uma presa, pode ter consequéncias
para outros niveis tréficos, a ponto de influenciar, inclusive, propriedades e dindmicas
naturais dos ecossistemas (Carpenter et al., 2001, Stief & Holker, 2006). Ao mesmo
tempo, a condi¢do ambiental pode favorecer o escape da presa ou a captura dela pelo
predador, influenciando o resultado da interacdo predatéria apdés um dado encontro
entre predadores e presas (Smee et al., 2010). Por exemplo, sabendo que detectar um
potencial consumidor ou uma presa antes de ser percebido oferece uma clara vantagem
(Lima & Dill, 1990), a predacdo pode aumentar quando o ambiente facilita a deteccao
de presas por predadores, mas ela pode diminuir quando as condi¢cdes ambientais
reduzem a habilidade de predadores detectarem suas presas (Robinson et al., 2011).

Portanto, um processo dinamico entre predador e presa € estabelecido, e o resultado de
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tal interacdo em um ambiente em mudancga, serd determinado por um aumento ou uma
redugdo desproporcional da capacidade de fuga das presas e de captura de alimento dos

predadores.

1.1  OSCILACOES NO AMBIENTE AQUATICO E A INTERACAO
PREDADOR-PRESA

Os ecossistemas aquaticos estdo sujeitos a flutuagdes em diversos parametros
ambientais ao longo do tempo, tais como temperatura, transparéncia da dgua e oxigénio
dissolvido (Winder & Schindler, 2004; Abrahams et al., 2007). Algumas projecodes
estimam um aumento médio de 3°C na temperatura até 2100, considerando toda a
superficie terrestre (IPCC, 2007; Marengo et al., 2012). A elevacdo na temperatura
atmosférica, também refletida na 4gua, significard para a biota aquatica, composta em
sua maioria por organismos ectotérmicos, uma aceleragdo das reacdes bioquimicas, e
consequente, aumento nas demandas energéticas dos organismos (Clarke & Johnston,
1999; Sheridan & Bickford, 2011). E observado, por exemplo, que em dguas mais
quentes, peixes predadores utilizam mais tempo em atividades relacionadas a ingestao
de alimento, para tanto aumentam sua atividade natatdria e a distancia percorrida em
busca da presa (Nowicki et al., 2012; Como et al., 2014). Tal aumento da temperatura
da 4gua pode ter consequéncias mais drasticas para individuos-presa, pois estes
organismos necessitardo potencializar suas defesas, uma vez que o predador
intensificard sua busca pelo alimento. Um maior tempo gasto para evitar predadores
representa um menor tempo disponivel para ingerir alimento. Além disso, em resposta a
um periodo sem ingestdo de alimento prolongado, organismos utilizam mais energia
para encontrar comida, e tendem a reduzir a resposta a estimulos associados a presenga
de um predador (Dill & Fraser, 1984; Godin & Crossman 1994).

Da mesma forma que a temperatura da agua, as mudangas na visibilidade
subaquatica (tanto de origem abiogé€nica quanto biogé€nica) afetam diretamente as
interacOes tréficas nos ecossistemas aquaticos, porque uma grande quantidade de
organismos aquaticos depende da visdo para obter informagdes do ambiente circundante
(Guthrie & Muntz, 1993), incluindo para a deteccdo de presas e fuga de predadores
(Ranaker et al., 2012). A visibilidade subaquatica pode ser extremamente reduzida pelo
aumento populacional de algas flutuantes (Kirk, 1986), pelo carreamento de particula
inorganicas do ambiente terrestre para a dgua através da chuva (Davies-Colley et al.,

1993), e ainda pela ressuspensao de sedimento na coluna de d4gua promovido tanto pelo
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vento (Horppila & Nurminen, 2005) quanto por peixes bentonicos (Mormul et al.,
2012). A visibilidade subaquética pode ainda aumentar abruptamente em alguns
ecossistemas aquaticos, em decorréncia da acdo de agentes bidticos, como o0s
organismos zooplanctdnicos, que podem deplecionar a populacdo de algas flutuantes
por predacdo, o que aumenta a penetra¢do luminosa na coluna de 4dgua (Auer et al.,
1990). Ha eventos que podem tornar a 4gua mais transparente, como o barramento do
curso natural dos rios para constru¢do de reservatérios e/ou hidroelétricas, que retém
nutrientes e particulas em suspensio ao longo do tempo, promovendo a oligotrofizacao
(Johnson et al., 1995; Roberto et al., 2009).

Aumento ou redugcdo na visibilidade subaquitica podem, respectivamente,
facilitar ou impedir o uso sensorial da visdao como meio de obter informacdes do
ambiente. Na prética, qualquer variagdo na visibilidade através da coluna da agua
impacta (aumentando ou reduzindo) a distancia de reacdo de presas, e a distancia de
ataque dos predadores. Portanto, a reducdo na transparéncia da agua favorece os
organismos capazes de obter informacdes do ambiente através de estimulos ndo visuais
(Stankowich & Blumstein, 2005), ao passo que um aumento na transparéncia da agua
potencializa a habilidade predatéria de espécies que cacam visualmente (Espinola et al.,

2010).

1.2 VARIACOES  INTRAPOPULACIONAIS NA RESPOSTA AO
AMBIENTE EM MUDANCA

Uma das estratégias comportamentais utilizadas por presas para reduzir a
probabilidade do individuo ser predado é a formacdo de grupos (Krause & Ruxton,
2002). O mecanismo que promove o aumento de sobrevivéncia por meio da formagao
de grupos é simples: se um agrupamento de presas € atacado por um predador que tem a
capacidade de capturar apenas um individuo, entdo a probabilidade de um individuo
especifico ser capturado € inversamente proporcional ao tamanho do grupo (efeito de
diluicio — Beauchamp, 2003). Além disso, animais que vivem em grupo t€ém a
oportunidade de wunir as capacidades sensoriais individuais para aumentar a
probabilidade de detectar predadores, portanto o individuo pode reduzir o tempo gasto
monitorando a possivel presenca de um predador, sem que haja aumento no risco de
predacdo (Pulliam, 1973; Abrahams et al., 2009). E inegivel que viver em grupo estd

associado a determinados custos para todo o grupo, como a partilha dos recursos
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disponiveis (em sua defini¢do mais ampla), e o aumento da probabilidade do grupo ser
detectado por um predador (Cresswell, 1994).

Para o individuo, os exatos beneficios e os custos de viver em grupo ¢é
dependente de uma série de fatores, como a posi¢ao ocupada pelo organismo dentro do
grupo (Krause & Ruxton, 2002). Por exemplo, em um agrupamento de peixes-presa, 0s
individuos que ocupam regides mais periféricas do cardume estdo mais susceptiveis a
predacdo (Quinn & Cresswell, 2006), comparados a individuos que ocupam posi¢oes
mais centrais dentro do cardume, e a permanéncia em uma dessas posi¢des deve estar
relacionado com aspectos comportamentais (Ward et al., 2004; Jolles et al., 2015). Isso
exemplifica o porqué dos grupos ndo serem homogéneos, quando se trata do
comportamento individual (Magurran, 1993).

Modelos matematicos demonstram que individuos menos dependentes das
condi¢des ambientais para desempenhar suas fungdes vitais, ou aqueles que possuam
maior plasticidade comportamental, devem apresentar maior capacidade adaptativa, e,
portanto, sobreviverao (Ohlund et al., 2015), principalmente nos atuais cendrios de
rapidas e profundas mudancas ambientais potencializadas pelo homem (Abrahams et
al., 2009). A plasticidade comportamental refere-se a capacidade de um animal de
alterar seu comportamento de acordo com as diferentes condi¢cdes encontradas (West-
Eberhard, 1989) e pode ser considerada como a maneira mais rapida através da qual os
animais se adequam as mudancas ambientais, uma vez que muito mais tempo ¢é

necessario para que ocorra evolucio genética (Hendry et al., 2008).

1.3 IMPLICACOES DAS INVASOES BIOLOGICAS PARA A INTERACAO
PREDADOR-PRESA

Em geral, a coexisténcia entre predadores e presas s6 € possivel porque presas
reconhecem o predador, e reduzem a susceptibilidade dela aos ataques letais. Se presas
forem incapazes de identificar e responder a presenca do predador, elas sofrerdo dréstica
mortalidade por predacdo (p.ex., Mathis & Smith, 1993), uma situacdo que tem sido
chamada de “ingenuidade da presa” (prey naiveté). Geralmente, presas sdo ingénuas,
ou incapazes de reconhecer seus predadores, quando ndo coocorreram com tais
predadores (bem como com predadores filogeneticamente proximos) durante a historia
evolutiva delas (Cox & Lima, 2006). Como visto na secdo anterior, alguns individuos
possuem uma maior plasticidade quanto ao comportamento de anti-predacdo, e podem,

por exemplo, permanecer tdo distantes quanto for possivel dessa nova ameaca de
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predacdio em potencial (Sneddon et al., 2003; Mesquita & Young, 2007), o que
geralmente implica em um monitoramento excessivo dos movimentos da nova potencial
ameaca, reducao da mobilidade, e menor consumo de presas (Sih et al., 2010). Portanto,
se a mera presenga de predadores nativos proporciona elevados custos para presas, estes
custos devem ser ainda maiores quando os predadores sdo invasores (Pelicice &
Agostinho, 2009), pois aliada a inadequada (ou inexistente) defesa da presa a ataques de
predadores invasores, por vezes essas espécies invasoras apresentam maior eficiéncia no
uso do recurso, em comparacdo as espécies nativas (p. ex. Vila & Weiner, 2004; Van
Kleuner et al., 2010).

E inquestionavel que a forma mais simples de presas evitarem serem detectadas
e consumidas por predadores € ocupar habitat que eles simplesmente ndo podem acessar
(Abrahams et al., 2009). Se peixes-presa ocupam habitat vegetados, eles tendem a
aumentar a sobrevivéncia (Padial et al., 2009), pois a complexidade estrutural da
vegetacdo limita a atividade natatéria de predadores (Diehl, 1988). Portanto, a
preferéncia da presa por um habitat vegetado especifico aumenta a sobrevivéncia dela, e
essa relacdo presa-planta seria favorecida por selecdao natural (Goodman, 2009), e deve
se intensificar ainda mais a cada geracdo. Se isso for verdade, o estabelecimento de uma
espécie de planta exotica, com capacidade de excluir competitivamente as plantas
nativas (Sousa, 2009), poderia elevar drasticamente a predacdo sobre os supracitados
peixes-presa, porque estes nao reconheceriam a espécie de planta recém-chegada como
um habitat seguro. Se a escolha do habitat ndo for mediada pela coocorréncia das
espécies de presa e de planta, mas ao contrario, for determinada pela complexidade do
habitat (Thomaz & Cunha, 2010; Figueiredo et al., 2015), entdo o estabelecimento de
uma planta exética ndo afetaria o uso do habitat pelos peixes-presa. Compreender o que
determina a escolha do habitat, na auséncia de predadores, e sob ameaga de predacio,
pode auxiliar a proposi¢cdo de medidas de manejo para espécies que ocupam habitat

susceptiveis a invasdo de plantas.

1.4  CONTEXTUALIZANDO A INTERACAO ENTRE PREDADORES E
PRESAS

Considerando as teorias ecoldgicas apresentadas, este estudo investigara
potenciais impactos de trés varidveis-chave sobre a interacdo entre predadores e presas:
a temperatura da agua, a visibilidade subaquatica e a invasao de espécies. Embora

estas teorias ecoldgicas sejam exclusivamente testadas de forma experimental, os
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delineamentos das experimentagdes simularam diferentes cenarios ecoldgicos
observados ou preditos para ocorrerem na planicie de inundagdo do alto rio Parana. O
rio Parané possui uma alta diversidade de peixes, que em grande parte é composta por
organismos de pequeno porte (Agostinho et al., 2007), que podem atuar ora como presa,
ora como predador. Por esse motivo, nos estudos desta tese, para testar hipdteses
ecologicas, peixes de pequeno porte atuaram como predadores (Artigos I e II), presas
(Artigo V), ou ainda como mesopredatores (isto €, simultaneamente predadores e
presas) (Artigo III e IV).

Estudos predizem maior incidéncia de chuvas em diversos ecossistemas ao
longo do globo no futuro, o que tende a tornar mais frequentes os cenarios sazonais de
reducdo na visibilidade subaquatica (IPCC, 2012). Esse aumento da frequéncia de
chuvas também € esperado para ocorrer para a regido do alto rio Parana (Marengo et al.,
2012). Apesar disso, o padrao oposto, isto € elevacdo na visibilidade da agua, é algo
concretamente observavel na planicie de inundacdo do alto rio Parana (Roberto et al.,
2009), em decorréncia da construcdo de reservatorios em cascatas situados a montante
da planicie, os quais tém retido nutrientes e s6lidos fundamentais para a reproducdo de
microalgas, tais como o fosforo, o que tem gerado um abrupto aumento da transparéncia
da 4gua. E razoével se questionar sobre os efeitos das observadas e preditas mudancas
na transparéncia da dgua sobre a interacdo entre predadores e suas presas, como a
relacdo entre peixes e invertebrados. As mesmas particulas que tendem a reduzir a
transparéncia da dgua, também podem absorver calor e potencializar o aquecimento da
agua (Bohren & Huffman, 1983). Logo, € possivel sugerir que a propor¢ao de espécies
menos sensiveis a alteragdes nas condi¢des de turbidez e temperatura aumentard, em
detrimento do declinio populacional de espécies mais sensiveis.

Na planicie de inundag¢do do rio Parand, dois importantes eventos de invasdes
biologicas ocorreram: a introdu¢do de Astronotus crassipinnis, um ciclideo piscivoro,
nativo da planicie do rio Amazonas (Graca & Pavanelli, 2006), e o estabelecimento de
Hydrilla verticillata, uma macréfita submersa originaria da Asia (Sousa, 2011). Ambas
as espécies exdticas parecem ter encontrado na atual condi¢c@o de transparéncia da dgua
dos ambientes da planicie de inundagdo do alto rio Parand, habitat ideal para se
estabelecer. Astronotus crassipinnis ¢ um piscivoro ativo, bem adaptado a viver em
lagos, que foi provavelmente introduzido no rio Parand por aquariofilistas (Graga &
Pavanelli, 2006), bem como por programas de estocagem de peixes (Alegretti et al.,

2016). Nao hi estudos sobre o tamanho do impacto causados pela introdugdo de A.



17

crasssipinnis sobre a diversidade de peixes, entretanto, € possivel estimar observando o
estabelecimento de outro ciclideo com similar comportamento de uso de habitat e caga:
Cichla kelberi. Um ano ap6s o primeiro registro de C. kelberi em um trecho de
reservatério do rio Parana (Rosana), observou-se redugcdo de 95% na densidade de
peixes nativos, e declinio em 80% na riqueza da ictiofauna (Pelicice & Agostinho,
2009; Pelicice et al., 2015). Da mesma forma, o impacto negativo mais conspicuo
atribuido a H. verticillata é a exclusdo competitiva de outras espécies de macrofitas
nativas (Sousa, 2011), com a qual espécies de predadores e de presas coocorreram ao

longo de suas histdrias de vida.
1.5 OBJETIVOS DA TESE

O proposito € investigar possiveis respostas de predadores (peixes), quanto ao
consumo de presas, e de presas (espécies de insetos, de anfipodes e de microcrustaceos)
quanto ao comportamento de anti-predacdo, para (i) a elevacao na temperatura da agua,
(i1) a redu¢@o ou aumento na visibilidade subaquatica, (ii1) a introdu¢do de predadores
de topo exoticos, e (iv) o estabelecimento de plantas aquaticas exéticas. Variagdes nas
condi¢des ambientais vigentes podem ser positivas ou negativas para predadores e
presas, e é evidente que qualquer alteracdo (positiva ou negativa) na capacidade de
captura por predadores ou escape pela presa influenciard o equilibrio dessa intera¢ao
ecologica, com provavel implicacdo sobre a sobrevivéncia das populagdes (Lima &
Dill, 1990). Compreender o papel das caracteristicas ambientais isoladas, e de seus
potenciais efeitos sinérgicos sobre a eficiéncia de captura de presas, bem como sobre o
comportamento de anti-predacdo, pode auxiliar na determinacdo das alteragdes na
interacdo entre peixes e invertebrados em caso de mudangas na temperatura e na
transparéncia da agua, e em caso de estabelecimento de piscivoros invasores e de
plantas exoéticas. Os principais questionamentos especificos aqui abordados sao:

- Como o aumento na transparéncia da dgua impactara a efici€ncia na captura de
presas por predadores em elevadas temperaturas da dgua? (Artigo I). Da mesma forma,
qual a resposta de invertebrados-presa para a elevada temperatura e reduzida
visibilidade subaquatica? (Artigo I e II);

- Como os efeitos ndo letais interagem com (i) a condi¢do de visibilidade
subaquatica para afetar o comportamento de anti-predagdo de invertebrados (Artigo II),

e (ii) a eficiéncia na captura de presas por peixes? (Artigo III);
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- Os efeitos ndo letais podem interferir na partilha de alimento entre peixes
predadores do mesmo cardume em ambientes transparentes ou tirbidos? (Artigo III);

- A sobrevivéncia de invertebrados € maior na presenca de piscivoros exoticos
que na presenca de piscivoros nativos? (Artigo IV);

- Apenas a presenca de sinais quimicos de piscivoros € suficiente para estimular
o uso de habitat vegetados por peixes mesopredadores? (Artigo V);

- Sob iminente risco de serem consumidos, peixes-presa escolhem um habitat

que esta mais familiarizado, ou nestas circunstancias a escolha é aleatdria? (Artigo V).

2 METODOS

2.1  VARIAVEIS E ORGANISMOS ESTUDADOS

O estudo I investigou a efici€éncia da captura de presas por um peixe ciclideo
(Gymnogeophagus terrapurpura Loureiro et al., 2016), e também sobre o
comportamento de anti-predag¢do de anfipodes (Hyalella curvispina Shoemaker, 1942),
em diferentes cenarios de transparéncia e temperatura da agua. O ciclideo G.
terrapurpura é um predador que utiliza a visdo como principal fonte de informagao do
ambiente, portanto, devera ser uma das espécies mais afetadas pelo predito aumento da
frequéncia dos pulsos de turbidez (p. ex. Teixeira-de Mello et al., 2009). O anfipode
Hyalella curvispina ocorre nos mais diferentes tipos de ambientes aquaticos, incluindo
locais com alta polui¢c@o, em quase toda a América do Sul (Doyle & Momo, 2009) e foi
selecionado como organismo-modelo porque €, naturalmente, uma das principais presas
de G. terrapurpura, e porque anfipodes, em geral, possuem amplo repertdrio de taticas
para evitar predadores (Smith & Webster, 2015). Por esse mesmo motivo, o estudo II
também verificou se a visibilidade subaquitica e a temperatura interagem com a
presenca de uma ameaga de predacao para moldar o comportamento de H. curvispina.

Nos estudos III e I'V cadeias alimentares simplificadas (com poucas espécies por
nivel tr6fico) foram utilizadas para sugerir impactos de predadores de topo a elos de
niveis tréficos inferiores. No estudo III, analisou-se o sucesso de forrageamento de um
cardume (n=5) de Moenkhausia forestii (Benine, Mariguela & Oliveira, 2009) sobre
larvas de Chrinomus sancticaroli (Strixino & Strixino, 1981) em diferentes cenarios de
transparéncia da dgua, e na auséncia ou presenca de um peixe piscivoro Hoplias aff.
malabaricus (Bloch, 1794), observando ainda o padrao de partilha de alimento entre os

membros do cardume, em cada um dos diferentes cenérios supracitados. No estudo IV,
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foi analisada a seletividade de presas por um cardume (n = 3) de Astyanax altiparanae
(Garutti & Britski, 2000), ao predar C. sancticaroli ou Daphnia magna (Straus, 1820),
simulando o cenédrio que precede a invasdo bioldgica pelo piscivoro Astronotus
crassipinnis (Heckel, 1840), na presenca de peixes nativos, tais como H. aff.
malabaricus, os quais poderiam ocasionalmente estar ausentes (comparou-se a auséncia
com a presenca de predador), e também simulando o cenario pds-invasdo de A.
crassipinnis, quando peixes-presa coocorreram com nova ameaca de predacdo
(comparou-se a presenca de peixes nativos com a presenga de peixes invasores). Tanto
Chrinomus sancticaroli quanto Daphnia magna sao presas frequentes no espectro
alimentar de diversas espécies de peixes de pequeno porte, tais como Moenkhausia
forestii (Peretti & Andrian, 2004) e Astyanax altiparanae (Casatti et al. 2003). O corpo
com pigmentagao avermelhada dos C. sancticaroli e o tamanho de corpo de D. magna
devem facilitar a detec¢ao dessas presas para predadores visuais.

No estudo V, buscou-se compreender qual o mecanismo que primariamente
influencia a escolha especifica de plantas como habitat seguros, em condi¢des de
auséncia de predador e em iminente ameaca de predagdo: a preferéncia por plantas que
peixes-presa, como Serrapinnus notomelas (Eingenmann, 1915), coocorreram durante
sua histéria de vida, tais como FEgeria najas Planchon, ou alternativamente, a
preferéncia nao € espécie-especifica, e, portanto, plantas com complexidades estruturais
similares como E. najas e a ex6tica Hydrilla verticillata (L.F.) Royle possuem a mesma

chance de serem selecionadas.
2.2 DELINEAMENTOS EXPERIMENTAIS

Para responder aos questionamentos supracitados, e sugerir relacdes de causa e
efeito entre agentes abidticos, bidticos e a interacdo peixe-invertebrado, optou-se pela
abordagem experimental em pequena escala, uma vez que na natureza diversos fatores
podem influenciar (e mascarar) o efeito real da variavel preditora, tornando complexa a
identificacdo de relagdes de causa e efeito.

Para investigar possiveis efeitos da temperatura da dgua sobre o resultado da
interacdo entre predador e presa (Artigos I e II), aquarios foram inseridos dentro de
camaras térmicas, tornando possivel controlar a temperatura do ar, e, por conseguinte
também a temperatura da dgua. Os valores escolhidos entre 19 e 27°C encontram-se no
intervalo natural de temperatura observado em ecossistemas aquaticos tropicais e

subtropicais (p. ex. Teixeira-de Mello et al., 2009; Gel6ds et al., 2010). A visibilidade
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subaquatica foi manipulada nos estudos I e III, considerou-se as variacdes na
visibilidade subaquitica como uma consequéncia da presenca/auséncia de particula
sOlidas em suspensdo na coluna de &4gua. Portanto, testou-se dois extremos: um
tratamento de total visibilidade subaquéatica, com agua transparente (= 3 NTU), e um
tratamento de visibilidade subaquética reduzida. Essa reducdo se deu pela adi¢do de
argila a dgua até obtencdo de 100 NTU. A argila utilizada foi coletada no rio Parana,
seca ao sol e macerada antes de ser introduzida no aquario. O estudo II teve como
objetivo simular cenérios ainda mais contrastantes de visibilidade subaquética, por esse
motivo, os tratamentos foram controlados com a disponibilidade e indisponibilidade de
luz, gerando, respectivamente, os tratamentos de visibilidade subaquitica total e
visibilidade subaquatica nula.

Para determinar a influéncia da simples presenca de um predador de topo sobre
(1) a eficiéncia de captura de presa e a partilha de alimento entre membros do cardume
(Artigo III), (ii) sobrevivéncia de invertebrados (Artigo IV), (iii) preferéncia de habitat
vegetados especificos (Artigo V), um peixe piscivoro alimentado foi introduzido aos
aquarios. Vale ressaltar que nao houve consumo de peixes-presa, durante nenhuma das

experimentacdes que utilizaram predador de topo.

3 RESULTADOS E DISCUSSAO

3.1 0 AMBIENTE EM MUDANCA E A HABILIDADE DE CAPTURAR
PRESAS

Compreender o papel de distirbios para as interagcdes ecologicas € extremamente
oportuno, principalmente em face do atual cenario de mudangas ambientais, aceleradas
pelo homem. Para os organismos aquaticos, variacdes na visibilidade subaquatica
podem ser tdo letais quanto o ataque de um predador. Por exemplo, € sabido que em
ambientes tirbidos Esox lucius se alimenta menos (Engstrom-Ost et al., 2006) e que
1sso resulta em menor crescimento (Engstrém—Ost & Mattila, 2008; Salonen et al.,

3

2009). Para algumas presas, turbidez pode atuar como um “refigio visual” contra
predadores (Pekcan-Hekim & Lappalainen, 2006), para outras, ela pode causar ‘um
efeito de falsa seguranca’ (Lehtiniemi ef al., 2005), em que presas reduzem o
comportamento de vigilancia, e tornam-se facil refeicdo para predadores. O resultado do
estudo I revela menor eficiéncia de captura de presas (em média 20%) por um peixe

ciclideo em 4gua tdrbida (100 NTU), que em agua transparente (3 NTU). Nos mesmos



21

niveis de turbidez, a eficiéncia de captura de presas de um cardume de peixes caracideos
foi levemente, mas ndo significativamente, menor (em média 3%) em 4gua tdrbida que
em agua transparente (Artigo III). Em alta turbidez, predadores tornam-se incapazes de
identificar a verdadeira posicdo de sua presa, reduzindo a distancia de ataque, e até
mesmo a taxa de encontro entre predadores e presa (Ranaker et al., 2012). Porém,
presas podem compensar a redu¢do da visibilidade subaquatica (Aksnes & Utne, 1997),
aumentando a area percorrida para encontrar mais presas (Webster er al, 2007;
Wishingrad et al., 2015), o que pode explicar a supracitada auséncia de diferenca
estatistica no estudo III, a qual pode ainda estar associada a presen¢ca de um cardume de
peixes como predadores, o que aumenta a probabilidade de encontro entre peixe e
invertebrados.

Tanto o estudo I quanto o estudo III realcam aspectos da plasticidade fenotipica
dentro da populacdo de peixes como crucial para determinar o tamanho do efeito das
variacOes na transparéncia da dgua para o sucesso na captura de presas. No estudo I,
observou-se que peixes com diferentes tamanhos corporais consomem quantidades
similares de presas em aguas com alta transparéncia, entretanto em &4guas turbidas,
peixes maiores foram mais eficientes na captura de presas do que peixes menores. Vale
ressaltar que os peixes possuiam um tamanho corporal muito semelhante (entre 5,8 e 8,7
cm, valores médios de 6,9 = 0,6 cm). A anélise dos resultados do estudo III mostra que
os membros de cardumes partilham homogeneamente o alimento sob condi¢do de dgua
transparente. Entretanto, em ambientes tdrbidos, apenas alguns individuos do cardume
sdo capazes de consumir a presa, aumentando a dissimilaridade na proporcdo de
alimento ingerido entre os membros do cardume. E evidente que em condigdes de
reduzida visibilidade subaquética, individuos necessitam utilizar estimulos ndo-visuais
(p. ex. de origem quimica ou mecanica) para identificar a real posi¢dao de sua presa
(Abjérsson et al., 2002). Portanto, se apenas alguns individuos sdo capazes de ingerir
alimento em uma dada situacdo, entdo esses individuos devem possuir uma maior
capacidade de identificar sinais ndo-visuais (Chapman et al., 2010). Os resultados do
estudo I demonstram que peixes de maior tamanho corporal estdo mais adaptados a
ingerirem alimento em ambiente tirbido. Porém, possuir tamanho corporal pode tanto
ser uma causa da maior eficiéncia de captura de presas, quanto pode ser uma
consequéncia da existéncia de caracteres melhor adaptados a condicdes de baixa

visibilidade.
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Embora seja predito que o aumento na temperatura média da dgua aumenta a
demanda energética dos organismos ectotérmicos, resultando em um aumento no
nimero de eventos relacionados a busca e a captura de alimento (Brown et al., 2004;
Pink & Abrahams, 2016), no estudo I, ndo se observou diferencas estatisticas na
eficiéncia de captura de presas por um peixe ciclideo em 4guas mais quente (foram
comparadas quatro temperaturas da agua: 19,2, 22,2, 25,2 e 27°C). Apesar disso, se for
considerado que as presas escaparam em maior nimero no tratamento com 4gua mais
quente (ver se¢do seguinte), e, portanto, havia um menor nimero de presas disponiveis,
entdo € simples propor que a auséncia de diferenca na eficiéncia de captura de presa em
agua a 27°C e em agua a 19,2°C se deve a melhor eficiéncia de captura de presa em
adgua mais quentes, pois o ciclideo manteve os niveis de predacdo estaveis, mesmo
quando anfipodes-presa tiveram a capacidade de fuga aumentada. Esse resultado ilustra
que o encontro entre predadores e presas pode depender de uma complexa interacdo de
capacidade fisiolégica e comportamental de ambos os organismos envolvidos (Ohlund

etal., 2015).

3.2 0 AMBIENTE EM MUDANCA E A CAPACIDADE DE EVITAR SER
CONSUMIDO

Para reduzir os riscos de serem consumidos, animais geralmente adotam
estratégias de anti-predacdo, por exemplo, eles podem escapar (Lima & Dill, 1990;
Smith 200), se esconder (Padial et al. 2009; Figueiredo et al., 2015) ou formar grupos
(Jolles et al., 2015). Tais estratégias reduzem os investimentos dos organismos em
outros comportamentos como forrageamento e reprodugao (Helfman, 1989), e possuem,
portanto, custos elevados. Como predacdo é temporalmente e espacialmente muito
flutuante, a plasticidade fenotipica que permite individuos alterarem o fendtipo de
acordo com o risco de predacdo vigente € amplamente difundido na natureza,
(Hoverman et al., 2005; Meuthen et al., 2016) e pode determinar a sobrevivéncia de um
organismo. Contudo, os investimentos em estratégias de anti-predacdo dependem,
fundamentalmente, da percep¢do do risco de predacdo, postulado como “hipdtese da
sensibilidade ao risco” por Helfman (1989). Nesse sentido, é simples associar variacdes
na visibilidade subaquatica a sobrevivéncia de presas, pelo simples mecanismo, de que
quanto menor a visibilidade, menor o risco de predacao percebido, e menos frequente é
a resposta de anti-predacao.

Os resultados dos estudos I e III suportam a hipétese de que mesmo que

invertebrados tenham uma menor percep¢do do risco de predacdo e/ou reduzido
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comportamento de predacdo em ambientes turbidos, a eficiéncia da captura de presas
por peixes invertivoros também € reduzida nessas condicOes, o que eleva a
sobrevivéncia de invertebrados, comparando com a sobrevivéncia em dgua transparente.
Os resultados do estudo III indicam ainda que quando peixes invertivoros coocorrem
com seu proprio predador em um ambiente de baixa visibilidade subaquatica, a
sobrevivéncia dos invertebrados é aumentada em média 77%, comparando com um
ambiente de total visibilidade subaquatica e predadores de topo ausentes. Isto se deve
porque peixes tém habilidade de reconhecer a presenga de um predador por intermédio
da sensibilidade quimica (Brown & Magnavacca, 2003), mas uma condi¢do de baixa
visibilidade torna improvével a determinacdo precisa posi¢do do predador de topo no
ambiente, o que leva mesopredadores a reduzir a sua atividade de busca por alimento e
aumentar o comportamento de vigilancia (Leahy et al., 2011).

No estudo II investigou-se especificamente o comportamento de anfipodes para
um ambiente no qual predagdo, visibilidade subaquitica e temperatura flutuam (seja
temporalmente ou espacialmente). Os resultados desse estudo também corroboraram a
hipétese da sensibilidade ao risco, uma vez que anfipodes s6 foram capazes de
responder a presenca de predadores quando a visibilidade subaquatica foi total, isto €, o
comportamento de anti-predacdo de H. curvispina é desencadeado por estimulos
visuais. Os resultados dos estudos I e II demonstram que o incremento na temperatura
da agua, tal como predito para ocorrer em todos os ecossistemas, pode intensificar o
comportamento de anti-predac@o, mas isso ndo implica em significativa elevacdo, nem
redu¢do do nimero de anfipodes consumidos por peixes (resultado estudo I).

A presenca de plantas aquaticas pode desempenhar papel fundamental para a
sobrevivéncia de presas em ambientes aquaticos sujeitos a variagdes periddicas na
condi¢c@o ambiental (Orrock et al., 2013). As plantas aquaticas limitam a movimentagao
e reduzem o campo visual do predador (Diehl 1988; Christensen & Persson, 1993). Os
resultados do estudo V suportam as hipoteses de que, (i) peixes-presa utilizam
preferencialmente habitat vegetados a habitat abertos, mesmo em condigdes
experimentais e sem predadores, (ii) a presenca de sinais quimicos da presenga de um
predador eleva o nimero de peixes em habitat vegetados, e (iii) a real presenca de um
predador induz, praticamente todos os organismos, a ocuparem os habitat vegetados
para se protegerem. Apesar disso, em todas as trés condi¢des de ameaca de predagio,
peixes-presa utilizaram habitat vegetados por plantas aquaticas nativas e exoticas

indistintamente. Portanto, a escolha do habitat deve estar relacionada com a
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complexidade estrutural do ambiente, e ndo € uma selecdo baseada na historia de vida
entre o peixe e planta nativa. Nessa perspectiva, o estabelecimento de uma espécie de
macroéfita invasora pode ser “benéfico” para populacdes de peixes de pequeno porte,
especialmente em areas onde a presenca de habitat complexos € limitada ou inexistente

(Cunha et al., 2011; Figueiredo et al., 2015).

3.3 O AMBIENTE EM MUDANCA E O EQUILIBRIO ENTRE CONSUMIR
E SER CONSUMIDO

Em geral, a predacdao é tida como processo importante para a comunidade
ecologica na medida em que resulta na morte da presa e na remoc¢io dela do sistema
(Carpenter & Kitchell, 1993). Os aspectos dramaticos da letalidade da predacdo podem
obscurecer os efeitos nao letais provenientes da mera presenca de predadores em um
sistema ecoldgico (Lima, 1998). Isso € realmente importante quando considerado que (i)
todos os animais sdo predadores (no sentido mais amplo) e potenciais presas para outros
predadores, e (ii) um mesmo comportamento que torna um animal um eficiente
predador (ou forrageador) geralmente aumenta o risco dele de ser a refeicdo de outro
predador (Lima, 1998). A implicacdo dessa conjectura é que a selecdo natural deve
favorecer animais que balanceiam de forma mais apropriada o beneficio da aquisicao de
energia e os custos de serem prematuramente mortos por predacdo. Os resultados dos
estudos III e IV demonstram que a presenca de um predador de topo pode ser tao
impactante para o consumo de presas por mesopredadores quanto variacdes abidticas,
embora tais efeitos possam sinergicamente reduzir sobremaneira o potencial predatorio
da espécie mesopredadora. Sinergismo entre presenca de um predador de topo e a
condi¢cdo ambiental foi observada no estudo III, que apontou uma reducao de 20% na
eficiéncia na captura de presas por um cardume de peixes caracideos sujeitos a predagao
por um piscivoro. Mas quando piscivoros estavam presentes e a visibilidade subaquatica
era reduzida, peixe-presa consumiram 77% menos invertebrados, o que pode estar
associado ao aumento do comportamento de vigildncia, uma vez que era improvavel
determinar a localizagdo dos invertebrados e dos piscivoros (Lehtiniemi ef al., 2005;
Leahy et al., 2011).

O resultado estudo IV demonstra que predadores nativos e invasores reduzem
proporcionalmente a quantidade total de presas ingeridas. Entretanto, a presenca de
piscivoros invasores leva peixes-presa a consumirem indistintamente presas pelagicas e

bentdnicas, enquanto em situacdo condi¢des sem piscivoros, € na presenca de
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predadores nativos mesopredadores selecionaram significativamente presas bentOnicas.
Portanto, a introducdo de um piscivoro tem a capacidade de mudar a fonte de recurso
alimentar de mesopredadores, e pode ter implicac¢des, inclusive, para a importancia
relativa dos compartimentos pelagicos e bentonicos para o fluxo de energia dentro do
ecossistema (Schindler & Scheuerell 2002). Aliado a origem do predador de topo, o uso
do habitat e o modo de caca desse predador pode também governar o padrdo de sele¢ao
de presas por mesopredadores, pois quando predadores ocupam um dado habitat, eles
criam uma pequena area de seguranca, que € evitada por mesopredadores, gerando um
refigio para invertebrados que coabitam o micro-habitat com piscivoros. Quando ¢é
possivel observar a posicdo dos predadores de topo, mesopredadores conseguem alterar
o tipo de alimento selecionado, ao invés de diminuir a efici€éncia na captura de presas

(Stuart-Smith et al., 2007; Figueiredo et al., 2015).

4 CONCLUSOES E PERSPECTIVAS FUTURAS

Encontrou-se nos estudos que compdem esta tese grandes variacdes na
habilidade de captura de presa, e no comportamento de fuga de predadores associadas a
variacOes na visibilidade subaquatica, na temperatura da dgua, e ao estabelecimento de
espécies exdticas de piscivoros e de plantas. O que realca a dependéncia de tais
caracteristicas de predadores e presas as condi¢des ambientais vigentes. Isso € ainda
mais importante, quando as projecdes estimam que os ambientes aquaticos serdo mais
tirbidos, mais quentes (ou que esses cenarios serdo mais duradouros que em outrora) e
que algumas espécies terdo a capacidade de ampliar sua distribuicdo geografica,
aumentando a frequéncia de invasdes bioldgicas nos ecossistemas aquéticos. Nessa
perspectiva, organismos aquéticos precisam rapidamente alterar seu comportamento de
acordo a condi¢cdo ambiental circundante. Nesse cenario, a plasticidade fenotipica das
populacdes poderia prover maior probabilidade de sucesso adaptativo em um ambiente
em mudanca (Hendry et al., 2008).

Estudos recentes demonstram que organismos responderdo ao aumento da
temperatura, acelerando o metabolismo e o desenvolvimento de estagios larvais, o que
tem como consequéncia reducdo no tamanho corpdéreo dos animais (Sheridan &
Bickford, 2011; Bestion et al., 2015). Baseando-se nos resultados das experimentagdes
dos estudos I e II, pode-se sugerir que se (i) os ambientes aquaticos, de fato, tornarem-

se mais frequentemente turbidos, tal como predito por diversos estudos (Moss et al.,
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2011; IPCC 2012), e (ii) os organismos-predadores possuirem menor tamanho corporal,
entdo (iii) a sobrevivéncia de pequenos individuos (como invertebrados aquaticos)
aumentard. Isto porque predadores de menor tamanho corpéreo apresentaram menor
taxa de consumo sob condicdes de limitada visibilidade subaquatica. Como tal
conclusdo deriva da ocorréncia de muitos acontecimentos, é importante ressaltar que se
trata apenas de uma hipotese que ainda precisa ser testada por pesquisas futuras, e mais
ainda que na natureza outros fatores interajam com as habilidades de predadores e
presas. Por exemplo, essas preditas novas condi¢des ambientais podem facilitar o
aumento populacional de um peixe-predador com sofisticadas estratégias de caca, de tal
modo que o resultado da interacdo entre peixe e invertebrado seja a reducdo da
biomassa de invertebrados e ndo o aumento dela como sugerido pelo raciocinio
simplificado da hipétese sugerida.

Os resultados também indicam que o estabelecimento de uma espécie de
macroéfita aquatica invasora poderia ser benéfico para peixes de pequeno porte. Isto
porque o estabelecimento da planta exdtica pode aumentar a cobertura vegetal total do
ecossistema, a qual geralmente dificulta a movimentacido de predadores, facilitando as
manobras evasivas de presas em uma perseguicdo (Abrahams et al., 2009). O aumento
da cobertura vegetal diminui ainda a capacidade de deteccdo de peixes-presa por
piscivoros, pois a presa utiliza a vegetagdo para se esconder (Diehl, 1988). Portanto,
poder-se-ia propor a adi¢do de plantas aquaticas artificiais como medida de manejo,
para a reducdo da pressdo de predagdo sobre invertebrados aquaticos (tais como insetos,
anfipodes e microcrusticeos), o que tem potencial para aumentar a abundincia desses
grupos animais, que em ultima andlise, também beneficiaria a conservagao das espécies
de peixe de pequeno porte. Contudo, realga-se que nesta tese foi observado apenas o uso
do habitat e seus potenciais beneficios para a sobrevivéncia de presas, e que podem
existir efeitos negativos indiretos do estabelecimento de macrofitas aquaticas exdticas
sobre outros aspectos vitais para a sobrevivéncia de presas, tais como crescimento,
taticas reprodutivas e eficiéncia alimentar. Estas consideragdes sdao potencialmente
importantes no desenvolvimento de abordagens em investigacdes futuras que tratem da

complexa interac@o entre duas ou mais espécies exoticas.
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Running Headline: Predator-prey interactions in future climates

Abstract - Multiple environmental scenarios are predicted for different regions in the
future. The increase of both average temperature and frequency of extreme rainfall
events are expected to lead to warmer waters and higher turbidity in aquatic ecosystems.
Such environmental changes might, respectively, increase the metabolism of
ectothermic organisms like fishes and reduce the visual field of visually-oriented
organisms. Here, we tested the effects of these expected environmental scenarios on the
foraging success of a cichlid fish (Gymnogeophagus terrapurpura) and the biological
response of its amphipod prey (Hyalella curvispina). We carried out a short-term
laboratory experiment combining two treatments of turbidity (clear and turbid water — 3
and 100 NTU, respectively) under four water temperature treatments (19.2, 22.2, 25.2
and 27° C). In general, we found that changes in turbidity, but not in water temperature,
had direct consequences on the number of invertebrates consumed by fish. Moreover,
bigger fish had better feeding efficiency than smaller individuals in turbid waters.
Turbidity, besides affecting the foraging success of the predator, seems to enhance

individual differences in determining consumption rates. In contrast, more amphipods



37

showed anti predator behaviour (left the water in aquarium) under warmer temperatures.
Based on our findings, we hypothesise that the tendency of prey consumption to decline
in warmer waters could be a consequence of a better ability of the prey to avoid
predators, rather than lower predator feeding efficiency. Our short-term experiments
suggest that, if turbid and warmer water become lasting or more frequent events, both
invertebrates and fish traits, such as body size and behaviour, could, at least partly,

compensate for the negative effects of these environmental changes.

Keywords: Global warming; Water temperature; Prey consumption; Anti-predator

behaviour; Cichlid fish; Amphipoda.

Introduction

Climate change scenarios and models are varied and imply different predictions
in terms of direction and magnitude for different locations around the world. The
increase of average temperature and also higher frequency of extreme temperature and
rainfall events are expected in many regions (IPCC, 2007; 2012), and particularly in the
subtropics (Marengo et al., 2012; Roland et al., 2012). Such environmental changes
may affect several ecological relationships among organisms (Estes et al., 2011). For
example, rises in ambient temperature increase energetic demands and feeding
activities, especially of ectothermic organisms such as fishes (Brown et al., 2004;
McKenzie & Claireaux, 2010). Thus, in warmer waters, fish would likely spend more
time in activities related to feeding, potentially increasing the number of feeding events
(Nowicki et al., 2012; Como et al., 2014) and the area searched in pursuit of prey (Biro,
Beckmann & Stamps, 2010).

Extreme rainfall events usually increase surface runoff from the surrounding
land, causing pulses of turbidity in freshwater ecosystems (Krik, 1985). Then,
increasing frequency of extreme rainfall events can lead to more frequent high turbidity
levels, which, depending on local conditions, may become a quasi-permanent
environmental condition. Turbidity reduces the visual field of visually-oriented
organisms (Aksnes & Utne, 1997), and therefore changes in water turbidity may affect
different stages of the foraging cycle (i.e. encounter, attack, capture and ingestion)
(Horppila & Nurminen, 2003; Ranaker er al., 2012). Moreover, rises in inorganic
turbidity level may also increase water temperature, since suspended particles are able

to absorb heat (Bohren & Huffman, 1983). Therefore, as higher temperature may
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promote feeding activity and turbidity may decrease the predator ability to find its prey,
the interaction of these environmental conditions may lead to unexpected effects on
different stages of the foraging cycle, such as prey encounter and ingestion.

The consequences of rises in water temperature and turbidity may be as strong
for prey as for predator performance, with important consequences for biological
interactions (e.g. Mori & Burghardt, 2001). For instance, an increase in water
temperature can increase the metabolic rate of invertebrates such as amphipods,
resulting in an increase in their locomotion (Issartel et al., 2005; Doyle & Momo, 2009).
Specialized predators would need to improve their mobility in equivalent intensity for
their chance to find prey remain stable. Similarly, an increase in suspended sediment
strongly reduces the risk perception by prey, leading to a reduction in anti-predator
responses (Lehtiniemi, Engstrom-Ost & Viitasalo, 2005; Leahy et al., 2011). Depending
on the relative magnitude of the changes in predator efficiency and in predation risk
perception, greater oscillations in predator or prey populations can be expected with
sudden changes in water temperature and water turbidity.

Here, we experimentally tested the effects of changes in water temperature and
turbidity on the foraging success of a subtropical cichlid fish (Gymnogeophagus
terrapurpura Loureiro et al., 2016) and the response of its amphipod prey (Hyalella
curvispina Shoemaker, 1942). We hypothesized that the effects of turbidity on prey
consumption depend on water temperature. Thus, we expected the highest fish feeding

efficiency in warmer and clear water.

Methods

Experimental design

We carried out a microcosm experiment, in which we tested the effects of
predicted rises in both water temperature and turbidity level on a fish-invertebrate
trophic interaction. We used rectangular aquaria as experimental units (width = 25 cm;
length = 30 cm; height = 50 cm; water volume = 30 1; water depth = 40 cm; all sides
being covered with black tissue to avoid mutual influence of fish). In heating rooms, we
manipulated four water temperature treatments (19.2, 22.2, 25.2 and 27 °C), combined
with clear and turbid water conditions (3 and 100 NTU, respectively), in a fully crossed
factorial design. Treatments were assigned at random to the aquaria units using seven
replicates per treatment (all aquaria were located at the same height inside the heating

room to prevent temperature variations).
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Each aquarium received 20 individuals of Hyalella curvispina (Crustacea:
Amphipoda) as prey, which were subjected to predation by one small cichlid fish,
Gymnogeophagus terrapurpura (Perciformes: Cichlidae). This small cichlid is
considered representative of common Neotropical fishes, given that the fish assemblage
in this region is primarily composed of small-sized species and individuals (Meerhoff et
al., 2007; Teixeira-de Mello et al., 2009a). We chose the visually-oriented G.
terrapurpura because of its wide distribution throughout the drainage basin of the
Uruguay River (in south-eastern South America), and because it is one of the most
abundant fish in Uruguayan aquatic systems (e.g. Teixeira-de Mello er al., 2009b).
Hyalella curvispina was used as prey due to its wide distribution across freshwater
habitats of South America (Doyle & Momo, 2009), where it often reaches very high
densities (Giorgi, Feijo6 & Tell, 2005). Furthermore, H. curvispina may acts as
herbivorous on the phytobenthos and also process the organic matter deposited among
plant (acting as detritivorous) (Galassi, Franceschini & Neiff, 2006), playing an
important role subtropical in aquatic food-webs.

Specimens of H. curvispina were caught from aquatic plant roots in near-shore
areas in a sub-urban stream (34°88'67"S, 54°9524""W) near the laboratory facilities.
Sampled amphipods (Length = 4.1 + 0.7 mm) were kept in 600 ml bottles (20
individuals per bottle) containing stream water. Specimens of G. terrapurpura were
caught in summer in Diario lake (34°90'41"S, 55°00'82""W, water temperature ~ 21 °C)
using electrofishing. We searched for fish with similar body size (body standard length
SL = 69.1 = 6.6 mm, and total fresh weight, FW = 13.7 + 4.2 g). Differences in
individual body size did not occur neither in the different water temperature (1-way
ANOVA F343=0.79; P = 0.51) nor in the turbidity treatments (1-way ANOVA Fj 4=
0.17; P = 0.68). Despite fish body size (as standard length) was homogenised as much
as possible among treatments, variations within treatments provided a gradient of body
size (as fresh biomass), which was considered as a co-variable in our analyses to test for
any interference with response variables (see more details in data analysis section).

Fish individuals were acclimated (without feeding) to the experimental water
temperatures through gradual increase/decrease of room temperature along 72 h before
the beginning of the experiment. Fish were not acclimated to water turbidity since we
wanted to test the response to a sudden increase in inorganic turbidity following a pulse
event in a river. Amphipods were acclimated to the room temperature just 1 h before the

beginning of the experiment.
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To create the turbidity treatment, we collected and macerated sun-dried clay.
Each experimental unit was filled with 20 1 of dechlorinated water (temperature = 25
°C; Turbidity = 3 NTU), and one hour before the beginning of the experiment, each
received either 10 1 from a 1000- NTU turbid water solution or 10 1 from clear water, in
order to: (i) achieve the treatment with the desired turbidity (i.e. 100 NTU), and (ii)
standardize the disturbance, respectively.

The experimental units were aerated, but the aeration system was removed
before the beginning of the experiment to prevent amphipods from hiding behind the air
pump tubes. The experimental time of 1 hour was chosen to keep the turbidity level as
homogenous as possible (i.e. varying no more than 10%) from the beginning to the end
of the experiment.

After 1 h of experiment, fish were removed and killed with an overdoses of
Eugenol (4 ml L-1 of a solution of 1:10 Eugenol: 95% ethanol), weighed and measured,
according to the guidelines of CHEA (Honorary Commission for Animal Research in
Uruguay). The water from each aquaria was filtered through a plankton net (65 um), to
count the number of surviving prey. Using filtration to count surviving prey allows
recovering of more than 95% of the prey items (Figueiredo, Mormul & Benedito, 2013).

As the foraging success of G. ferrapurpura could depend on the prey anti-
predation response to our treatments, we also counted the number of H. curvispina that
left the water and remained on the walls of the aquaria (hereafter “percentage of H.
curvispina out of water”). Thus, “fish feeding efficiency” was considered as the
percentage of H. curvispina eaten from those prey that remained inside the water and
were therefore available.

Data analysis

We applied a two-way ANOVA test, testing the main and interactive effects of
water temperature and turbidity on fish feeding efficiency, and used Fisher's least
significant difference (LSD) as a post-hoc test. We also evaluated with a two-way
ANOVA whether the percentage of H. curvispina out of water (interpreted as anti-
predator behaviour) varied between such treatments.

Additionally, we evaluated the correlations of fish body size and the intensity of
amphipod anti-predation response with fish feeding efficiency, because such variables
might act as confounding factors and mask the effects of water temperature and
turbidity on predation. We therefore performed a two-way ANCOVA considering the

individual fish body size (in g of fresh weight) as co-variable (continuous variable), and
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temperature and turbidity as main factors. Thereafter we tested whether anti-predator
behaviour of amphipods influenced fish feeding efficiency by applying ANCOVA, in
this case considering the percentage of H. curvispina out of water in each unit as the co-
variable. In both ANCOV As Tukey’s tests were used for the post hoc comparisons. The
assumptions from each statistical test were previously tested, and data transformation
was not required for either response variables. All tests were performed using the

software Statistica (Statsoft, 2005).

Results

Water turbidity negatively affected the feeding efficiency of G. terrapurpura.
Higher predation occurred under clear water conditions, while in turbid waters prey
consumption was reduced on average by a 20% (ANOVA F| 43=151.92; P <0.01). In
contrast, temperature did not affect the feeding efficiency of G. terrapurpura (F5, 48 =
1.26; P = 0.30). We found no significant interaction between turbidity and water
temperature on fish feeding efficiency (ANOVA F3 43 = 1.06; P = 0.37). However,
under turbid conditions, the lowest consumption of invertebrates occurred in the
warmest treatment (Fisher's LSD post hoc test between treatments with extreme

temperature values, i.e. 19.2 °C and 27 °C, P = 0.02; Fig. 1).
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Figure 1 — Mean and standard error of Hyalella curvispina (%) consumed at different water

temperatures (°C) and transparency conditions: clear (3 NTU — white symbols) and turbid water
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(100 NTU - black symbols). Letters indicate significant differences in Fisher's least significant
difference (LSD) post-hoc.

Fish body size affected the feeding efficiency only under turbid conditions
bigger fish had better feeding efficiency than smaller individuals (Interaction between
Fish body size and Turbidity: ANCOVA Fi 4 = 6.25; P = 0.02, Table 1, Fig. 2).
Although no relationship between fish body size and fish feeding efficiency occurred in
clear waters (Fig. 2). Also, the lack of a significant effect of temperature on fish feeding
efficiency did not change even considering the potential effect of individual fish body
size as a covariable (Interaction between Fish body size and Temperature: ANCOVA

F3,40=0.49; P =0.69, Table 1).

Table 1 — Main and interactive effects of turbidity, water temperature and fish body size (a
continuum of standard length) on the feeding efficiency of Gymnogeophagus terrapurpura (2-way
ANCOVA). Statistically significant results are displayed in bold. Tukey’s post-hoc showed that fish
with different size consumed similar proportion of food in clear water, while bigger fish had better

feeding efficiency in turbid water.

Degrees of Mean of
Main effects F P
freedom squares

Turbidity (TU) 1 0.040 12.57 0.001
Water temperature (WT) 3 0.005 1.56 0.214
Fish body size (FS) 1 0.005 1.69  0.201
Interaction TU * WT 3 0.002 0.49 0.691
Interaction TU * FS 1 0.020 6.25 0.017
Interaction WT * FS 3 0.005 1.61 0.203
Interaction TU * WT * FS 3 0.001 042 0.741

Error 40 0.003
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Figure 2 — Relationship between fish body size (as standard length) and the feeding efficiency
of Gymnogeophagus terrapurpura. White squares represent the data from clear waters, while
black squares show the data from turbid waters. Full and dashed lines are the best models for
the observed patterns of fish feeding performance in clear and turbid waters, respectively. All
studied water temperatures (19.2, 22.2, 25.2 and 27° C) were pooled due to the absence of
statistically significant differences among them. Observing the significance of the slopes
resulting from the relationship between fish body size and turbidity on fish feeding efficiencys, it
is possible to note that fish size influence the consumption only in turbidity waters (#-test of the
angular coefficient: = 3.50; P <0.001), not in clear water (¢ = -0.42; P = 0.670).

In contrast, prey anti-predator behaviour was affected by warming and not by
turbidity. The percentage of H. curvispina out of water was significantly affected by
temperature (ANOVA F3 43=26.10; P = 0.04; Fig. 3), with the highest percentage of H.
curvispina leaving the aquaria at 27.0°C. Despite less H. curvispina left the aquaria in
turbid than in clear waters (Fig. 3), the effects of turbidity were not significant
(ANOVA F; 43=5.79; P = 0.43) and neither was the interaction between both factors
(F3, 48 = 2.36; P = 0.85). The enhancement of the anti-predator response of amphipods
thus reduced the food availability to fish in warmer conditions, independently of

turbidity.
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Figure 3 — Mean and standard error of Hyalella curvispina (%) outside of water, in treatments
with different conditions of water temperature and turbidity. White symbols: results from clear
waters, black symbols results from turbid waters. Different letters indicate post-hoc test

significant differences.

Despite more prey escaped under higher water temperature, such prey
behavioural response did not affect fish feeding performance in any water temperature
treatment (ANCOVA F3 40= 1.86; P =0.15). Moreover, the percentage of H. curvispina
out of water did not shape the fish feeding efficiency in neither clear nor turbid water

(ANCOVA F; 5,=0.25; P =0.62).

Discussion

Simulating two environmental scenarios predicted as direct and indirect results
of climate change, namely heating waves and turbidity pulses, we found that sudden
increases in turbidity had negative consequences on the foraging success of a
subtropical cichlid fish. This finding was expected due to a lower capacity of predator to
find prey when visual detection is diminished or prevented (Schwalbe, Bassett & Webb,
2012; Figueiredo et al., 2016). In contrast, and against our expectations, higher water
temperature did not affect foraging success of this fish. Thermal generalist animals are
expected to be less negatively impacted than animals that are physiologically
specialized with respect to temperature (normally at both tropical and high latitude
ecosystems, Portner & Knust, 2007) and have limited acclimation capacity (Stillman

2003). Lack of effects of rises in temperature in our experiment could reflect adaptation
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of this typical subtropical fish to the often wide diel (besides seasonal) variations in
water temperature (Roland er al., 2012), characteristic of mid-latitudes, subtropical
shallow water bodies. Fish populations less sensitive to regular changes in temperature
(within the species-specific thermal range) would be favoured under such environmental
conditions (Burkle & Alarc6n, 2011; Fabina et al., 2013). If so, the comparison of fish
feeding efficiency between relatively close values of temperature would tend to not
show differences.

Also in contrast to our hypothesis, the effects of turbidity on prey consumption
did not depend on water temperature nor vice-versa. However, when comparing prey
consumption in the more extreme temperatures (i.e. 19.2 °C and 27 °C), we observed
that fish foraging success tended to be reduced in warmer and turbid water. A decrease
in prey consumption in warmer waters was not expected since the predator would
increase its activity under higher temperatures (Vucic-Pestic et al., 2011, also seen in
the field, Gel6s et al., 2010), often improving the attack success (Anderson et al., 2001;
Dell, Pawar & Savage, 2014). Moreover, in turbid waters visual predators are often
more active than in clear waters (Wishingrad et al., 2015, Teixeira de Mello et al.,
2016), due to difficulties in finding prey. Then, the combination of warming and
increased turbidity would expectedly promote search and likely also prey consumption.
However, prey consumption results from the combination of the thermal dependence of
both predator and prey performance (Vucic-Pestic et al., 2011; Ohlund et al., 2015). In
our experiments, there were substantially less invertebrates available for predation (i.e.
less amphipods remained inside the water) in warmer waters, but the predators
maintained the same consumption rates as in colder waters. Therefore, the slight trend
of prey consumption to decline in warmer water seems the result of enhanced prey
ability to avoid their predators, rather than lower predator feeding efficiency.

Since fish body size affects fish feeding efficiency, we controlled this factor by
standardizing fish body size among treatments. Nevertheless, relatively small variations
in fish standard length within treatments were enough to influence prey consumption
rates (as in Scharf, Juanes & Rountree, 2000), but interestingly, only under turbid
waters. Fish with different body size consumed similar amount of prey under clear
waters, but in turbid waters bigger fish were more efficient than smaller individuals.
This could be a consequence of either individual differences in behaviour and life
history or ontogenetic variations (the latter disregarded in our set-up). Fish with larger

body size could have higher behavioural flexibility, allowing them to adjust their
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behaviour according to changes in environmental conditions (Lundvall et al., 2000).
Therefore, fish would have larger body size both as a consequence and as a cause of
their better feeding efficiency.

In a warmer and more turbid future, individual differences (e.g. larger body
sizes) amongst fish populations could provide greater likelihood of survival and higher
adaptive success, potentially leading to changes at the population and community levels.
Alternatively, bigger individuals could see or detect their prey in slightly greater
distances (Breck & Gitter et al., 1983), or somehow more efficiently perceive the non-
visual stimuli from prey, increasing the predation success (Kingsolver & Pfennig, 2004;
Hone & Benton, 2005).

Besides behavioural traits and metabolic rates, physiology, body condition and
the efficiency of the immune system of ectothermic animals can be substantially
affected by heat waves (Dittmar er al., 2014). In particular, recent studies have
suggested that organisms respond to increasing temperatures with higher metabolism,
quicker development and shrinking body sizes (Daufresne, Lengfellner & Sommer,
2009; Sheridan & Bickford, 2011; Bestion et al., 2015). If (i) body size of predators
(like fishes) declines with increasing water temperature (Desai & Singh, 2009), and (i1)
small consumers have disproportionally lower predator feeding efficiency under low
visibility conditions (as observed in G. terrapurpura), then it is likely that the survival
of small prey individuals (like aquatic invertebrates) will increase (Peck et al., 2009) in
warmer and more turbid aquatic ecosystems. Allied to the predicted higher survival of
small prey (like amphipods), their anti-predator behaviour seemed more pronounced in
warmer water, likely yielding lower prey availability to a fish shoal under natural
conditions.

Under this scenario, the proportion of species better adapted to sudden changes
leading to turbid and warmer conditions would increase, in detriment of more sensitive
species. Even short-term variations caused by climate change may promote a mismatch
between predator requirements and prey availability (Durant et al., 2007). With our
findings, together with other published works, we propose a conceptual framework of
the potential relationships and implications to predator-prey interactions considering
increased turbidity level and water temperature as lasting or recurring events (Fig. 4).
Our findings provide empirical evidence to the ideas that: (1) bigger fish individuals

may be better prepared to withstand fluctuations in turbidity, and (2) some invertebrates
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could respond to warmer temperatures with higher escape efficiency (or seeking refuge,

not tested here).
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Figure 4 — Conceptual model on the effects of higher temperature, higher turbidity and greater
body size on both predator and prey populations, highlighting our main findings (white region)
and their potential implications (grey region). Arrows point to the direction of the effect, and
symbols show whether the effects are positive (+) or negative (-). The resulting effects on
predator and prey population can be determined by multiplying symbols along connecting
pathways. Full lines suggest direct effects. Black dashed lines indicate theoretical effects (i.e.
not directly tested in the present study); while grey dashed lines indicate effects supported by
other works as individualised by numbers. * = water temperature affected predator feeding
efficiency only when the compared temperatures differed in more than 7 °C .References: (1)
Bohrein and Huffman (1983); (2) Moss et al. (2011); (3) Weetman, Atkinson & Chubb (1999);
(4) Grigaltchik, Ward & Seebacher (2012); (5) Brown et al. (2004); (6) Gelos et al. (2010); (7)
Ranéker et al. (2012); (8) Figueiredo et al. (2016); (9) Lima and Dill (1990); (10) Sansom, Lind
& Cresswell (2009); (11) Ives and Dobson (1987); (12) Ohlund et al. (2015); (13) Okuyama
(2013). Note that the present study is the first, to our knowledge, to report the interaction
between turbidity and predator body size affecting the feeding.

In a nutshell, our short-term experiments suggest that some traits of both
invertebrate and fish, such as anti-predator behaviour and body size-dependent success,

respectively, could at least partly compensate for the environmental changes promoted

by sudden increases in temperature and water turbidity in subtropical systems.
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Running Headline: Amphipods’ responses to predator, heat and light

Resumo: Predadores moldam o ambiente ao seu redor, ndo apenas pela morte das
presas, mas também por induzir alteracdes comportamentais em suas potenciais vitimas.
No presente estudo, observou-se que, na natureza, espécimes de Hyalella curvispina sao
frequentemente encontrados associados a raizes de plantas terrestres, em uma regido de
alta umidade, ligeiramente acima da superficie da dgua. Da mesma maneira, em
experimentacdes-piloto observou-se que esses anfipodes também migraram para fora da
agua do aquéario. Portanto, hipotetizou-se que o uso do ecétono ar — 4gua tanto na
natureza quanto em condicdes laboratoriais € um comportamento de anti-predacdo de
anfipodes. Para testar essa hipotese, e observar possiveis interagdes da presenca de
predadores com (i) a visibilidade subquatica, ou (ii) temperatura da 4gua para moldar o
comportamento de anfipodes, realizou-se duas experimentagdes, em microcosmo,
cruzando: a presenga/auséncia de Gymnogeophagus terrapurpura € contrastantes
condic¢des de visibilidade subaquatica (obstruida e total), e outra cruzando a presenca de
G. terrapurpura e duas temperaturas da agua (19 e 27°C). Nas duas experimentagdes, a

maior parte dos anfipodes ao coocorrer com um peixe ciclideo migrou para a interface
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agua - ar, permanecendo fora do alcance de seus predadores. Essa migracdao de
anfipodes para fora da dgua ndo foi observada na auséncia de predadores, o que suporta
a hipétese de que deixar a dgua é, de fato, um comportamento de anti-predacdo. Além
disso, a maior parte dos anfipodes sé respondeu a presenca de um predador em
situagcdes em que a visibilidade subaquética era total, o que sugere que o comportamento
de anti-predacdo de anfipodes € desencadeado a partir de estimulos visuais. Sugere-se
que caso os ambientes tornem-se mais tirbidos, tal como predito, os individuos com
maior sensibilidade a estimulos ndo visuais poderiam ser favorecidos por sele¢ao
natural. E, se mais individuos-presa forem capazes de ocupar locais que predadores ndo
possuem acesso, entdo tais predadores defrontardo um ambiente com baixa
disponibilidade de presa, o que aumentard a competicao.

Palavras-chave: Interacdo predador-presa, mudangas ambientais, aquecimento global,

comportamento de presas, forrageamento.

Introducao

A eficiéncia na habilidade de predadores e presas detectarem um ao outro €
crucial para o resultado da interagdo predatéria (Powers & Kittinger, 2002; Kobak &
Rynska, 2014). Enquanto o risco de falhar em perceber uma presa envolve
relativamente baixos custos ao predador (a0 menos quando o tempo sem alimentagao é
curto), os custos para o animal-presa, decorrentes da falha na percepcao da presenga do
predador sdo altos, e geralmente acarretam na sua morte (Lima & Dill, 1990; Cronin,
2005). Portanto, para sobreviver, as presas necessitam reconhecer a presenca do
predador, detectar sua posicdo, para entdo iniciar uma manobra evasiva, ou
alternativamente, monitorar os movimentos do predador visando maior sucesso na fuga
em um eventual ataque (Abrahams et al., 2009; Higham et al., 2015). Um dilema para
presas € que qualquer estratégia de anti-predacdo utilizada demandard uma quantidade
de energia que poderia ser alocada para outros comportamentos relacionados ao fitness,
como o forrageamento, ou taticas reprodutivas (Helfman, 1989; DeWitt & Langerhans,
2004). Considerando que na natureza o risco de predacao varia ao longo do tempo e do
espaco (Sih et al., 2010), presas devem ser capazes de alterar o fen6tipo de acordo com
o risco de predacdo vigente (Ghalambor et al., 2007), visando minimizar as perdas
energéticas.

Embora as estratégias de anti-predacdo mais efetivas tém sido favorecidas por

selecdo natural ao longo do tempo (Darwin, 1859; Lima & Dill, 1990; Sih et al., 2011),
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a real efetividade de um dado comportamento, para evitar predadores, pode ser
modificada (tanto potencializada quanto reduzida) por vdarios fatores ambientais
(Svensson et al., 2003; Smee et al., 2010), incluindo a visibilidade (Yorzinski et al.,
2015) e a temperatura (Malavasi et al., 2013). A visibilidade do ambiente afeta as
estratégias de anti-predacdo tdo logo ela reduza a capacidade de presa em detectar
alguma ameaca de predacdo. Se had risco de predacdo, mas ele € ignorado ou
despercebido, presas sdo facilmente capturas por predadores (Helfman, 1989). Da
mesma forma, variagdes na temperatura resultam na aceleracdo de reacdes bioquimicas
e, por conseguinte, aumentam as taxas metabolicas de animais ectotérmicos, os quais
precisam adquirir mais comida para atender a maior demanda energética (Pink &
Abrahams, 2016). Para tanto, em ambientes mais quentes, animais dedicam mais tempo
em atividades relacionadas a ingestdo de alimento (McKenzie & Claireaux, 2010).
Portanto, em elevadas temperaturas, organismos-presa necessitam satisfazer suas
proprias demandas metabdlicas, aumentando a ingestdo de alimento, € a0 mesmo
tempo, evitar os ataques mais frequentes dos predadores. Nesse cendrio, mesmo que a
temperatura afete levemente a atividade natatéria das presas, ela influenciara
drasticamente o equilibrio da interacdo predatéria, podendo conduzir a remog¢do do
animal-presa do sistema, e por outro, pode elevar a sobrevivéncia. Em ambos os casos
haveréa consequéncias fisiologicas para o predador (Thomas & Kingsolver, 2002).

Para organismos aquiticos, mudangas na visibilidade subaquética podem ser
mediadas pelo homem, por exemplo, o barramento do curso natural de rios que aumenta
a retencdo de nutrientes e de solidos em suspensdo na dgua, ocasionando um aumento
na transparéncia da agua, fendbmeno conhecido como oligotrofizagao (Agostinho et al.,
2007; Espinola et al., 2010). Por outro lado, o uso do solo (p. ex. agricultura, pastagem
e urbanizacao) em regides circundantes a ambientes aquéticos tende a facilitar processos
de erosdo, e a aumentar o carreamento de particulas organicas (p. ex. fertilizantes) e
inorgénicas (p. ex. cargas de sedimento) do ambiente terrestre para o ambiente aquatico,
causando eutrofizacdo e redugdo na transparéncia da dgua (Allan, 2004; Ajemian et al.,
2015). Da mesma forma, aumento na temperatura média da 4gua tem sido predito para
ocorrer em toda a superficie da Terra, o que para peixes deve resultar em aumento no
nimero de eventos relacionados a busca e a captura de alimento (Brown et al., 2004;
Pink & Abrahams, 2016). E evidente que predadores e presas, em ambientes aquticos,

vivendo em simpatria estdo sujeitos ao mesmo conjunto de condi¢des ambientais.

Portanto, o sucesso de presas em evitarem ser consumida ou de predadores em
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capturarem a presa € um resultado de aumento ou diminui¢do desproporcional no
desempenho de presas e predadores em resposta as variagdes do ambiente (Gerald,
2008; Ohlund et al., 2015).

O anfipode de agua doce Hyalella curvispina Shoemaker, 1942 ¢ amplamente
distribuido em diferentes tipos de hébitats aquéticos ao longo de toda a América do Sul
(Doyle & Momo, 2009). A espécie atinge altas densidades populacionais, mesmo em
sistemas proximos a regides urbanizadas e € um importante item alimentar para muitos
invertebrados, passaros e peixes (Galassi et al., 2006). Em ecossistemas naturais, H.
curvispina t€m a capacidade de ocupar intersticios de plantas aquéticas (Galassi et al.,
2006; Ferreiro et al., 2014), mas eventualmente, eles também podem ser encontrados
associados a raizes de plantas terrestres, em uma regido de alta umidade, ligeiramente
acima da superficie da &4gua (Observagdo pessoal). Da mesma maneira, em
experimentacdes-piloto para observar a relacdo entre H. curvispina e peixes, observou-
se que esses anfipodes também migraram para fora da agua do aquério. Portanto,
hipotetizou-se que tanto o uso do ecdtono ar — dgua, na natureza, quanto a migracao
para fora da 4gua sob condig¢des laboratoriais sdo comportamentos de anti-predagao de
anfipodes, os quais sdo primariamente mediados pela alta pressdo predatdria no meio
aquatico (p. ex. Camacho & Thacker, 2013). Para testar essa hipdtese, e observar
possiveis interacdes da presenga de predadores com (i) a visibilidade subquatica, ou (ii)
temperatura da 4gua sobre o comportamento de anfipodes, realizou-se duas
experimentacdes, em microcosmo, com delineamento de fatores totalmente cruzados:
um experimento cruzando a presenca de predadores e contrastantes condicdes de
visibilidade subaquatica, e outro cruzando a presenca de predadores e duas temperaturas

da agua.

Métodos

Amostragem e experimentacoes

Para testar experimentalmente a hipétese supracitada, coletou-se a presa
Hyalella curvispina (Crustacea: Amphipoda), e o predador Gymnogeophagus
terrapurpura Loureiro et al.,, 2016 (Perciformes: Cichlidae). Gymnogeophagus
terrapurpura foi utilizada como espécie predadora, porque a principal ameaca de
predacdo para a sobrevivéncia de anfipodes sdo predadores que se orientam visualmente
na busca de presas (Holmlund et al. 1990; Smith & Webster 2015), tais como G.

terrapurpura, uma espécie recentemente descrita (anteriormente tratada como
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Gymnogeophagus meridionalis). Tanto os peixes quanto os anfipodes foram coletados
no verdo de 2015, quando ambas as espécies coocorrem em regides litoraneas de
ecossistemas aquaticos (Ferreiro et al. 2014). Para a captura de espécimes de H.
curvispina (comprimento = 3,4 + 0,8 mm), amostrou-se raizes de plantas aquéticas em
um riacho préximo a area urbana de Maldonado, Uruguai (34°88'67"'S, 54°9524"0,
temperatura da 4gua =~ 21 °C). Em laboratorio, essas raizes foram lavadas e os anfipodes
associados a elas foram estocados em recipientes de 600 ml (maximo de 20 individuos
por recipiente) contendo agua do riacho. Espécimes de G. terrapurpura (comprimento
padrdao = 70,7 = 7,0 mm) foram coletados na lagoa do Didrio em Maldonado, Uruguai
(34°90'41"S, 55°00'82"0, temperatura da dgua = 21 °C) por meio do uso de pesca
elétrica.

Aquarios retangulares foram utilizados como unidades experimentais (largura =
25 cm; comprimento = 30 cm; altura = 50 cm; volume de dgua = 30 1; profundidade da
agua = 40 cm; todos os lados dos aquérios foram recobertos com tecido negro, para
impedir interacdo visual de organismos em aquarios vizinhos). Todas as unidades
experimentais foram inseridas dentro de cadmaras térmicas a mesma altura para prevenir
variacOes de temperatura e homogeneizar a quantidade de luz incidente. Em cada
unidade experimental foi inserido um peixe ciclideo, que foram aclimatados (sem
alimentacdo) a temperatura da dgua através de um aumento (ou reducdo) gradual da
temperatura das camaras térmicas ao longo de 72 h. Os anfipodes foram aclimatados a
temperatura experimental das camaras térmicas uma hora antes do inicio das
experimentacdes, a qual se iniciou com a inser¢do de 20 anfipodes por unidade
experimental (ver descricdo dos tratamentos e réplicas abaixo), que estavam expostas a
predacdao por G. terrapurpura. Os aquarios possuiam um sistema de aeracdo até
imediatamente antes da introducdo dos anfipodes aos aquérios, entretanto devido a
capacidade desses animais em utilizar qualquer objeto como refigio (observacdao
pessoal), optou-se pela remoc¢do do sistema aerador imediatamente antes do inicio da
experimentacao.

Para observar possiveis interagdes da presenga de predadores com a visibilidade
subquatica (T;) para determinar o comportamento de H. curvispina, combinou-se
visibilidade subaquatica e presenca do predador para criar quatro tratamentos: (i)
controle — visibilidade subaquatica obstruida e auséncia de predadores; (ii) Tratamento
de visibilidade - visibilidade subaquética total e auséncia de predadores; (iii)

Tratamento de predacdo — visibilidade subaquatica obstruida e presenca de um
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predador; e (iv) Tratamento de interagdo — visibilidade subaquatica total e presenca de
um predador (Fig. 1). Cada tratamento foi replicado sete vezes. Ambos os tratamentos
de visibilidade subaquatica total e obstruida foram obtidos através do controle de luz
incidente posicionada de forma centralizada acima das unidades experimentais, 0 que
permitia disponibilizar ou nao luz dentro das camaras térmicas. Quando as luzes eram
acesas, devido a alta transparéncia da agua, a visibilidade subaquética foi total, e quando
as luzes eram apagadas ndo havia nenhuma fonte de luz incidente e, portanto, a
visibilidade subaquaética foi obstruida. Cruzar a visibilidade subaquatica e a presenca do
predador esclareceria se a agao dos anfipodes é um comportamento de anti-predagao ou
¢ apenas um comportamento incitado pela luz, como um tipo stress do animal. Além
disso, esta abordagem também permite reconhecer a real importancia de estimulos
visuais e ndo visuais da presenca do peixe predador para o comportamento de anti-

predacgdo de anfipodes.

Visibilidade subaquatica (T,)

Temperatura da agua (T,)

19°C 27°C

Figura 1 — Esquema dos delineamentos experimentais aplicados aos testes de hipétese do
presente estudo. A esquerda, o esquema ilustra o primeiro experimento, no qual se observa a
resposta de Hyalella curvispina a visibilidade subaqudtica e a presenca de Gymmnogeophagus
terrapurpura, a temperatura da 4dgua é igual em todos os tratamentos. A direita, ha uma
ilustracdo dos tratamentos cruzados no segundo experimento (temperatura da dgua e presenca de
um predador), no qual também € observada a resposta de anfipodes, a visibilidade subaquatica é

total em todos os tratamentos.

Para observar possiveis interacdes da presenca de predadores com a temperatura
da 4gua (T,) para moldar o comportamento de H. curvispina combinou-se duas

temperaturas da agua e a presenca de G. ferrapurpura produzindo quatro tratamentos:
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(i) controle — auséncia de predadores a 19°C; (ii) tratamento quente — auséncia de
predadores a 27°C; (iii) tratamento de predacdo — presenca de um predador a 19°C, e
(iv) tratamento de interacdo — presenga de um predador a 27°C (Fig. 1). Cada um dos
tratamentos foi replicado sete vezes. Ambos os tratamento de temperatura da agua
foram obtidos aumentando a temperatura do ar dentro das camaras térmicas até que a
agua alcancasse as temperaturas desejaveis (19 e 27°C). As temperaturas da dgua de
19°C e de 27° C foram escolhidas devido ao intervalo natural de temperatura observado
em sistemas aquaticos uruguaios durante o verdo, e considerando um aumento médio de
3°C preditos para ocorrer (p. ex. Teixeira-de Mello et al., 2009, Gel6s et al., 2010).
Cruzar experimentalmente a temperatura da dgua e a presenca do predador pode
experimentalmente predizer possiveis diferengas no resultado da interagdo entre peixes
e anfipodes em cendrios de elevagao na temperatura da agua.

Ap6s 1 h de experimento, os peixes foram removidos dos aquarios, eutanasiados
com overdose de Eugenol (4 ml L-1 de uma solu¢do de 1:10 Eugenol: 95% etanol),
pesados e medidos, de acordo com as orientacdes da CHEA (Comissao Honoréria de
Estudos com Animais no Uruguai). Foi também quantificado o nimero de anfipodes
que deixaram a agua do aquério em resposta a cada tratamento aplicado, o qual foi
utilizado como varidvel resposta. Tal protocolo foi aplicado em ambas as
experimentacdes. Além disso, nos tratamentos que anfipodes poderiam ser consumidos,
a quantidade de anfipodes sobreviventes ao final da experimentacdo foi também
mensurada.

Anadlise de dados

Uma anélise de variancia permutacional (perANOVA) foi conduzida para testar
os efeitos isolados e a interacdo entre visibilidade subaquética (total e obstruida) e a
presenca de predador (presencga/ auséncia de um peixe ciclideo) sobre a porcentagem de
H. curvispina fora da dgua. Da mesma forma, uma segunda perANOVA foi realizada
para avaliar os efeitos isolados e a interacdo entre temperatura da adgua (19 e 27°C) e a
presenca de predador (presencga/ auséncia de um peixe ciclideo) sobre a porcentagem de
H. curvispina fora da agua. Para identificar quais pares de médias de tratamentos
diferem significativamente entre si, utilizou-se o teste de Tukey nas duas perANOVA
como post-hoc. O nivel de significancia estatistica adotado foi de a < 0,05.

Em ambos os testes estatisticos optou-se por uma abordagem permutacional
porque a variavel resposta (porcentagem de H. curvispina fora dgua) ndo atendeu aos

pressupostos de igualdade de variancias, e as transformacdes de dados mais comuns nao
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foram suficientes para homogeneizar as variancias. A abordagem permutacional € tao
robusta quanto a ANOVA tradicional, mas ela ndo exige o pressuposto de
homocedasticidade da varidvel resposta (Anderson, 2001; McArdle & Anderson, 2001).
Todas as analises estatisticas foram realizadas utilizando o software R (R development

Core Team 2008).

Resultados

Anfipodes se deslocaram em massa para fora da dgua da unidade experimental
apenas nos tratamentos com total visibilidade subaquatica e presenca do predador
(Pseudo F 54 =97,40; P < 0,001 — Fig. 2). Uma quantidade significativamente menor de
anfipodes se deslocou para fora da 4gua, na presenca de predador, mas com a
visibilidade subaquatica nula obstruida devido a auséncia de luz, o que realca o papel
crucial de estimulos visuais para as estratégias de anti-predacdo de anfipodes. Na
auséncia do peixe predador, a porcentagem de anfipodes fora da dgua nao diferiu entre

os tratamentos de visibilidade subaquatica (Pseudo F; 24 =0,71; P = 0,53 — Fig. 2).
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Figura 2 — Média e erro padrdo de Hyalella curvispina (%) fora da dgua dos aquérios, em
tratamentos com diferentes condi¢cdes de visibilidade subaquatica e presenca/auséncia de
Gymnogeophagus terrapurpura. Quadrados brancos: resultado da auséncia de predadores,
quadrados negros: resultado da presenca de predadores. Letras distintas indicam diferencas no

teste post-hoc entre os tratamentos.
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A presenca de um peixe ciclideo per se aumentou a quantidade de anfipodes que
deixou a agua do aquéario independentemente da temperatura da agua. Entretanto, o
deslocamento em massa de anfipodes para fora da 4gua ocorreu quando um predador
esteve presente e a dgua estava a 27°C (perANOVA Pseudo Fj o4 = 15,45; P < 0,001 —
Fig. 1). Na auséncia de predadores, o nimero de anfipodes fora da dgua foi levemente
maior a 27°C que em 19°C (mas essas médias ndo sdo estatisticamente distintas:

perANOVA Pseudo F 4 =2,12; P=0,38 — Fig. 3).
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Figura 3 — Média e erro padrdo de Hyalella curvispina (%) fora da dgua dos aquérios, em
tratamentos com diferentes condicdes de temperatura da &4gua e presenca/auséncia de
Gymnogeophagus terrapurpura. Quadrados brancos: resultado da auséncia de predadores,
quadrados negros: resultado da presenca de predadores. Letras distintas indicam diferencas no

teste pOSt-hOC entre os tratamentos.

Discussao

Em comum, as duas experimentacdes conduzidas mostraram que a maior parte
dos anfipodes ao coocorrer com um peixe ciclideo migrou para a interface agua - ar,
permanecendo fora do alcance de seus predadores. Essa migracdo de anfipodes para
fora da dgua ndo foi observada na auséncia de predadores, o que suporta a hipdtese de
que deixar a 4gua €, de fato, um comportamento de anti-preda¢do. Embora a saida do

meio aquatico possa ser interpretada como um comportamento incomum, ela pode
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também ser considerada como a unica estratégia que anfipodes possuiam para evitar
serem consumidos, em um ambiente desprovido de refigio subaquético. Da mesma
forma, o uso de raizes de plantas terrestres por anfipodes, em regides imidas acima da
superficie da adgua, deve estar associado a alta pressdo predatéria no meio aquatico
exercida tanto por peixes, quanto por larvas de anfibios (Camacho & Thacker, 2013).
De fato, a forma mais simples de presas evitarem ser detectadas e consumidas € ocupar
habitats que os predadores ndo conseguem acessar (Lima & Dill, 1990; Abrahams et al.,
2009), geralmente este hébitat seguro é encontrado em areas vegetadas (Diehl 1988),
mas virtualmente qualquer objeto que confira complexidade espacial ao ambiente pode
ser utilizado como refigio (Kovalenko et al., 2012; Orrock et al., 2013; Jermacz et al.,
2015). Na auséncia de refigio subaquéatico, se H. curvispina possui a capacidade de
evitar espacialmente o encontro com predadores, isso pode garantir maior chance de
sobrevivéncia, especialmente quando a ameacga de predacdo no ambiente aquatico € alta
(p. ex. Pulliam & Danielson, 1991; Figueiredo et al., 2013).

A maior parte dos anfipodes somente exibiu o comportamento de anti-predacao
nos tratamentos em que havia predadores e a visibilidade subaquatica foi total, o que
indica que estimulos visuais desencadeiam respostas de anti-predacdo em H. curvispina.
De fato, a visdo € responsavel por uma rapida deteccdo das condi¢des do ambiente
circundante (Cronin, 2005), e respostas fenotipicas fisioldgicas e comportamentais de
presas associadas a percep¢ao de estimulos visuais sdao frequentes em diversos grupos
animais (Helfman, 1989; Dionne & Dodson, 2002). Neste estudo, alguns poucos
anfipodes apresentaram o comportamento de anti-predacdo no tratamento de
visibilidade obstruida, o que indica que dentro da mesma populacao de anfipodes pode
haver individuos com maior plasticidade fenotipica quanto a sensibilidade a estimulos
nido visuais que outros (assim como ha em peixes-presa, Chapman et al., 2010).
Reconhecer e responder a estimulos ndo visuais da presenca de predadores pode
aumentar a probabilidade de sobrevivéncia de um animal, em ecossistemas, nos quais a
transparéncia da dgua varia com frequéncia ao longo do tempo (p. ex. Wudkevich et al.,
1997; Kim et al., 2009).

A temperatura afeta todos os aspectos da biologia de um organismo, desde a
velocidade de reagdes biogeoquimicas até componentes importantes do fitness do
individuo e, portanto, ¢ uma variavel com alto poder de selecao na natureza (Pol¢adk &
Gvozdik, 2014). Constatou-se, no presente estudo, que a temperatura da dgua pode

intensificar a fuga de predadores por anfipodes. Isto porque a quantidade de anfipodes
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fora da agua, induzida pela presenca de um predador, foi muito maior em tratamentos
em que a temperatura da dgua a 27°C, que a 19°C. E importante notar que os mesmos
comportamentos que tornam um animal menos vulneravel a predagado, frequentemente
reduzem a sua chance de encontrar o préprio alimento (Lima, 1998; Orrock et al.,
2013). Neste estudo, se de alguma forma o aumento de temperatura da d4gua aperfeicoa a
habilidade de fuga de H. curvispina, isso resultou, por um lado, na redu¢do da taxa de
consumo de presas em aguas mais quentes (Abrahams et al., 2009; Pink & Abrahams,
2016), mas por outro lado, anfipodes refugiados em hébitats semi-terrestres intensificam
a competicdo por espaco e alimento, o que também poderia provocar o retorno de
muitos organismos ao ambiente aquatico.

Embora seja importante reconhecer que na natureza varios fatores podem
interagir e moldar o comportamento de anti-predacdo de presas, os resultados indicam
que se o comportamento de anti-predacdo de H. curvispina estd intimamente
relacionado com a disponibilidade de luz, estes anfipodes podem ndo possuir uma
apropriada estratégia de defesa em condicdes de 4guas estavelmente tirbidas, o que
geralmente resulta em alta mortalidade de presas (Sih et al., 2010). Por outro lado,
reconhecendo que alguns anfipodes foram capazes de fugir do ambiente aquéatico
responder a presenca do predador na auséncia de luz, sugere-se que caso os ambientes
tornem-se mais tirbidos, tal como predito (IPCC, 2012), os individuos com maior
sensibilidade a estimulos nao visuais poderiam ser favorecidos por selecdo natural
(Thomas & Kingsolver, 2002) e tendem a prevalecer. Neste estudo, investigou-se
apenas um aspecto do comportamento de anti-predacdo de invertebrados, e para uma
total compreensao de como o resultado da interacdo predador-presa serd afetado por
variagdes na visibilidade subaquética e na temperatura da agua, estudos adicionais ainda
s30 necessario, inclusive para testar a hipdtese supracitada, e incorporando outros
mecanismos de defesa exibidos por organismos-presa. De todo modo, essa hipotese é
suportada por evidéncias encontrada no presente estudo, mas também por resultados ja
reportados na literatura de inapropriadas estratégias de anti-predacdo levando a intensa
reducdo do tamanho populacional de presas (Pelicice & Agostinho, 2009; Sih et al.,
2010; Martin, 2014).
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Turbidity amplifies the non-lethal effects of predation and
affects the foraging success of characid fish shoals
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SUMMARY

1. In aquatic systems, many species rely primarily on visual cues to choose optimal foraging sites,
capture prey and avoid potential threats. Increases in the turbidity of water reduce visibility and
impede animals in determining the precise location of both predators and food. How individuals
balance foraging decisions with anti-predator behaviour in turbid environments is not well
understood.

2. We tested the effects of turbidity and predation risk on the foraging behaviour and feeding of an
invertivorous fish, Moenkhausia forestii (Characidae), using a mesocosm experiment with a 2 x 2
design, crossing water clarity (clear versus turbid) with predation risk as reflected by the presence or
absence of the piscivorous wolf-fish Hoplias aff. malabaricus (Erythrinidae). We predicted that
turbidity and predator presence would interact additively to reduce foraging rates, and that
increased turbidity or predator presence would result in disproportionate food partitioning among
shoal members.

3. The combination of high turbidity and predator presence resulted in a significant reduction in
prey consumption. Foraging success exhibited a skewed distribution in the turbid treatment, i.e.
there was a decreased evenness of food partitioning within shoals. Hence, both turbidity and
predator presence affect the prey consumption and foraging behaviour of invertivorous fish, with
turbidity amplifying the non-lethal effects of predation risk on foraging success.

4. Our results imply that turbidity-induced visual obstruction amplifies the negative effects of
predator presence on invertivorous fish feeding behaviour, resulting in higher prey survival. Also,
our finding that food intake by an intermediate consumer decreased in turbid water with a top
predator lends no support to the hypothesis that intermediate consumer fish reduce their
anti-predator behaviour in turbid water.

5. From a management perspective, our findings suggest that the oligotrophication of aquatic
systems could dramatically increase predation on basal prey organisms naturally adapted to turbid
waters, and reduce within-shoal differences in feeding behaviour.

Keywords: anti-predator behaviour, foraging behaviour, individual specialisation, predator—prey interaction,
shoaling, turbidity, visually oriented predation

response to predation risk (Estes et al., 2011; Forbes &

Introducti

firoduction Hammill, 2013). The total impact of predators (e.g. pis-
Predators can affect population and community pro- civorous fish) can be partitioned into the lethal effects of
cesses directly through the consumption of prey or indi-  predation and predator-induced avoidance by prey

rectly by inducing changes in prey behaviour in (non-lethal) (Abj(’jrnsson, Bronmark & Hansson, 2002). In
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both cases, impacts propagate to different trophic levels
of food webs, and hence have ecological consequences
(Cresswell & Quinn, 2013; Des Roches et al., 2013).
Among potential cascading effects, the most unclear are
non-lethal, behaviourally mediated effects, such as
avoidance of areas of perceived risk. In addition, non-
lethal effects might influence the ability of prey to
acquire food (Ahlgren, Abjérnsson & Bronmark, 2011),
the quality and quantity of resources consumed (Stuart-
Smith et al., 2007) and prey habitat use (Figueiredo,
Mormul & Thomaz, 2015a), in a way analogous to direct
predation (e.g. Turner, 1997).

In aquatic ecosystems, turbidity has been identified as a
key factor regulating interactions between and within spe-
cies, and in shaping community structure (Horppila &
Liljendahl-Nurminen, 2005; Pangle et al., 2012; Figueir-
edo, Mormul & Benedito, 2015b). Turbidity directly
affects fitness via trade-offs between acquiring food and
avoiding predators (Lima & Dill, 1990; Leahy et al., 2011),
and by disrupting the quality and amount of visual infor-
mation available to animals. For example, when sus-
pended sediment enters an aquatic system from the
catchment or tributaries, it reduces underwater visibility
(De Robertis et al., 2003) and impedes visual foragers from
locating food and predators (Ferrari, Lysak & Chivers,
2010a). The importance of turbidity for predator-prey
interactions has increased and will likely continue to
increase due to climatic changes (Trenberth et al., 2007;
Thompson et al., 2013). By contrast, the construction of
cascading reservoirs might lead to higher retention of sus-
pended solids and nutrients resulting in increased water
transparency (Roberto, Santana & Thomaz, 2009). Such
oligotrophication could facilitate prey detection by visual
predators, intensifying predator—prey interactions.

Under turbid conditions, visually feeding organisms
such as fish may compensate for the reduction in visual
information by utilising alternative sensory modalities
and recognising predation threats through non-visual
cues from predators (Chapman et al., 2010; Leahy et al.,
2011). Prey organisms can detect predator alarm cues
even at great distances (Ferrari, Wisenden & Chivers,
2010b), thus decreasing the efficacy of non-visual cues in
accurately locating a predator (Brown & Magnavacca,
2003). Uncertainty about the precise location of a preda-
tion threat could increase a predator’s non-lethal effect,
resulting in increased immobility and lower food intake
by prey (Pangle et al., 2012; Swanbrow Becker & Gabor,
2012). However, as predicted by the ‘contrast degrada-
tion” model, high turbidity may result in the reduced
visual range of a predator that can identify prey at greater
distances (e.g. piscivorous fish) compared to a predator

that can only identify food at short distances (e.g. invertiv-
orous fish) (Duntley, 1962). Thus, turbid water may homo-
genise the distance of prey detection regardless of prey
size (Utne-Palm, 2002; De Robertis et al., 2003). Accord-
ingly, the visual refuge provided by suspended particles
may lead to a reduction in anti-predator behaviour in
prey fish (Ajemian, Sohel & Mattila, 2015), leading to an
increase in their rate of food consumption.

A common behavioural strategy to reduce individual
predation risk is group formation (Krause & Ruxton,
2002). Although group formation has anti-predator bene-
fits, it also increases competition (Pitcher, 1986). The pre-
cise costs and benefits of group membership depend on
a number of factors, including position in the shoal
(Krause & Ruxton, 2002). Fish swimming at the front of
the shoal are at greater risk of predation, and behaviou-
rally bold, risk-prone individuals tend to occupy these
positions (Ward et al., 2004). Due to these kinds of
trade-offs, groups are rarely homogenous in composition
with respect to individual behaviour. Individual beha-
vioural variation such as differences in boldness can
have differential fitness consequences depending on
environmental conditions such as water transparency
and predator regime. For example, given the potential
for an interaction between individual behavioural type
and the response to altered sensory conditions such as
turbidity, we may expect shifts in the distribution of for-
aging success within groups, as individuals vary in their
behavioural responses to turbid conditions.

Using a mesocosm experiment manipulating clear and
turbid water conditions combined with the presence and
absence of a top predator (Hoplias aff. malabaricus Bloch,
1794), we evaluated the foraging success of shoals of
characid fish (Moenkhausia forestii Benine, Mariguela &
Oliveira, 2009). Our main focus was on investigating
trade-offs between prey consumption of chironomid
(Diptera) (larvae of Chironomus sancticaroli Strixino &
Strixino, 1981) and predator avoidance. We also evaluated
the effects of turbidity and predator presence on food par-
titioning (evenness) within the shoal. We hypothesised
that (i) both turbidity and predator presence reduce the
prey consumption of shoals, and interact additively, and
that (ii) increased turbidity or predator presence results in
uneven food partitioning among shoal members.

Methods
Experimental design

We conducted a microcosm experiment with inverte-

brate midges (larval C. sancticaroli) as basal prey,
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subjected to predation by a shoal of the small fish
M. forestii. We combined turbidity and predator pres-
ence (H. aff. malabaricus) to create four treatments: (i)
control — clear water and absence of predator; (ii)
increased turbidity treatment — turbid water and absence
of predator; (iii) predator treatment — clear water and
presence of predator and (iv) interactive treatment — tur-
bid water and presence of predator. Each treatment was
replicated  six  times in  rectangular  aquaria
(width = 25 cm, length = 30 cm, water depth =40 cm,
water volume =30 L), totalling 24 experimental units.
The experiment was conducted in the field station at the
Centre for Research in Limnology, Ichthyology, and
Aquaculture (Parand, Brazil, 22°45'S; 53°15'W).

We chose M. forestii as an intermediate consumer
because it represents a typical Neotropical fish. The
ichthyofauna in this region is primarily composed of
small-sized fishes, which use vision as their primary
source of environmental information (e.g. Agostinho
et al., 2007). In each experimental unit, we added four
individuals of M. forestii, based on the schooling beha-
viour of this fish under natural conditions. Twenty
C. sancticaroli larvae, common components in the diet of
M. forestii (e.g. Peretti & Andrian, 2004) and abundant in
the Parana River floodplain (Thomaz et al., 2008), were
used as basal prey. A native piscivorous H. aff. malabari-
cus was used in the predator presence treatments. H. aff.
malabaricus is a sit-and-wait predator, most active during
twilight hours (e.g. Fraser & Gilliam, 1992; Botham &
Krause, 2005), the period when M. forestii is also most
active (Pelicice & Agostinho, 2006). Moreover, M. forestii
and H. aff. malabaricus often co-occur in Parana River
floodplain environments (e.g. Oliveira et al., 2001).

Sediment-dwelling C. sancticaroli individuals were cul-
tivated in laboratory tanks in the State University of
Maringa. M. forestii were collected from floodplain lakes
using Plexiglas traps (minnow trap type, 30 x 30 cm
wide, 30 cm tall; with a 10 mm wide, 220 mm tall funnel
slot on each of four sides), light traps and cast nets in
near-shore areas with littoral vegetation. H. aff. malabari-
cus were collected by angling in the river and shallow
lakes of the Parana River floodplain. Sediment clay was
also collected at the same location for use in the treat-
ments. The clay was sun dried and macerated to a fine
powder. Predators [standard length (SL)=175.0 £
27.0 mm] and intermediate consumer fish (SL = 30.9 &+
1.9 mm) were kept separately for 6 days in two 250 L
tanks with controlled temperature (23 + 1 °C), and trea-
ted with fungicide and bactericide solution to prevent
infections. Both fish species were acclimated for 72 h to
the experimental aquaria and water temperature before

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 293-300

the experiment. During this period, M. forestii was not
fed, while H. aff. malabaricus was regularly fed to satia-
tion with live food. Feeding to satiation was carried out
to avoid the consumption of M. forestii by H. aff. mal-
abaricus during the experimental period, because we did
not include refuges or divided enclosures to avoid pre-
dation. Invertebrates (SL = 6.2 4+ 0.8 mm) were kept in
600 mL bottles (20 individuals per bottle) containing
river water. The experimental period lasted 4 hours.

Each experimental aquarium received water (tempera-
ture ~ 26 °C; turbidity ~ 3 NTU) from the Parand River
filtered through a plankton net (0.02 mm mesh). Control
treatments received filtered clear water treatment (3
NTU). Turbid water treatments received 30 g of clay,
resulting in an average turbidity of 80 NTU, to simulate
conditions of turbidity during the rainy season in the
Parand River floodplain (Rocha et al., 2009). On the basis
of a previous study (Figueiredo et al., 2015b), we esti-
mated the distance that visual predators could see at
both turbidity levels, converting turbidity to Secchi disk
depth according to Padial & Thomaz (2008). After con-
version, three and 80 NTU corresponded to Secchi disk
depths of 1.56 and 0.15 m, respectively. Four hours pilot
trials showed that turbidity variation from the start to
the end of the experimental period was less than 10%
over 4 h, a turbidity decay that is considered experimen-
tally acceptable.

At the end of the experiment, all M. forestii were
removed, anesthetised, and fixed in formaldehyde solu-
tion for subsequent stomach analysis, following the ‘Eth-
ical Principles in Animal Research’ guidelines adopted
by the Brazilian College of Animal Experimentation
(COBEA). Predators were returned to the wild after
being held in aquaria. The surviving C. sancticaroli lar-
vae were returned to the culture tanks.

Data analysis

To test our first hypothesis that turbidity and predator
presence interact additively to reduce foraging rate, we
performed a two-way ANOVA with the percentage of
C. sancticaroli consumed by the shoal as the response
variable. The response variable was arcsine transformed
to comply with the assumptions of normality and
homoscedasticity (Zar, 2010). To test our second hypoth-
esis that increased turbidity or predator presence results
in disproportionate food partitioning by the shoal, we
carried out a two-way ANOVA with evenness of indi-
vidual feeding as the response variable. Feeding even-
ness was based on the Pielou’s evenness index, where
the amount of C. sancticaroli in each invertivorous fish
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stomach was used to calculate the proportion of prey
consumed by each fish within the shoal. Evenness
values range between 0 and 1, with higher values indi-
cating a lower degree of inter-individual variation. Tur-
bidity (clear water/turbid water) and predator presence
(presence/absence) treatments were considered as inde-
pendent variables. When significant main effects or
interactions were revealed in ANOVA, Tukey’s post hoc
comparisons were done. All tests were performed using
the software Statistica (Statsoft, 2005).

Results

The presence of a predator decreased prey consumption
by the shoal (F;, 5o =113.81; P <0.01: Fig. 1), as did
increased turbidity (Fy, o9 = 47.50; P < 0.01: Fig. 1). How-
ever, the strongest reduction in prey consumption by
the shoal was found in the interaction between turbidity
and predator presence (F; 0 = 37.65; P < 0.01: Fig. 1).
These results indicate that although prey consumption
by shoals was reduced when a predator was present (on
average 20%), the combined effect of increased turbidity
and predator presence resulted in a 77% decrease of
prey consumption by the shoal. Indeed, in the absence
of a predator, prey consumption did not differ between
clear and turbid water. It is worth noting that during
our experiments predators remained immobile 95% of
the time, similar to their behaviour in the field, and did
not consume M. forestii in any trial. Additionally, in the
clear water treatment, M. forestii shoals were always sit-
uated on the opposite side of the aquarium from the
predator.
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Fig. 1 Mean percentage of Chironomus sancticaroli larvae consump-
tion (£ standard error) in different turbidity conditions, with (dark
squares) and without (clear squares) predators. Differences in Tukey’s
post hoc tests are presented with different letters.
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Fig. 2 Mean evenness of individual feeding (& standard error) in
different turbidity conditions, with (dark squares) and without (clear
squares) top predators. Evenness index values range between 0 and
1, with higher values indicating a lower degree of inter-individual
variation.

Turbidity decreased the evenness of food partitioning
within shoals (F;, 50 = 9.88; P < 0.01: Fig. 2), implying
that increased turbidity amplifies within-shoal differ-
ences. In clear water, invertebrates were consumed in a
similar proportion among individuals, but in turbid
water only a few individuals (usually one) consumed
prey. Predator presence and the interaction between tur-
bidity and predator presence did not change the even-
ness of individual feeding (F;, ,0 = 1.59; P =0.22; Fy,
20 = 0.29; P =059, respectively). Therefore, food parti-
tioning within fish shoal shifted from feeding evenness
in clear water to a pattern of feeding unevenness with
increasing turbidity, independent of predator presence.

Discussion

Using an experimental setup to test four different eco-
logical scenarios that occur in floodplains (e.g. in the
Parand River), we found that turbidity and the presence
of a top predator interact to amplify basal prey survival,
due to a strong decrease in the foraging success of an
intermediate predator (M. forestii). Moreover, turbidity,
but not predator presence, decreased the evenness of
food partitioning within M. forestii shoals.

Combinations between clear/turbid water and pres-
ence/absence of a top predator were expected to shift
the perception of the predation-growth trade-off for prey
fish, influencing their foraging intake and feeding beha-
viour. In the clear water and predator absent treatments,
our findings showed that invertebrate populations are
strongly affected by predation pressure by the shoals,
probably due to the absence of both environmental

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 293-300
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(turbidity) and biological (predation risk) factors to limit
the predatory potential of M. forestii. Perceiving that no
threat is present, in clear water these fish can easily find
and feed on C. sancticaroli larvae. Thus, we suggest that
in a scenario where the water is transparent and pisci-
vores are absent, prey population size may undergo a
catastrophic reduction.

In turbid water conditions without predators, prey
consumption did not differ from the clear water/no
predator control, although consumption was slightly
lower in the turbid treatment. However, the lack of a
significant turbidity effect should be interpreted with
caution. The 4 h experimental period resulted in prey
depletion greater than 50%, which might have had
knock-on effects on foraging behaviour (Bamstedt ef al.,
2000). Alternatively, it is possible that invertivorous fish,
compensating for the decrease in visual detection by
predators, increased foraging activity and prey con-
sumption in the turbidity treatments (Webster et al.,
2007; Wishingrad et al., 2015). Other alternative explana-
tions are that M. forestii found invertebrates prey using
non-visual cues (Chapman et al., 2010; Schwalbe, Bassett
& Webb, 2012), or that under turbid conditions C. sancti-
caroli has no efficient anti-predator behaviour.

Interestingly, we found lower prey consumption by
the shoal when the predator was present in clear water
than in the absence of predator in turbid water, high-
lighting the role of indirect effects of predation on
foraging dynamics. This pattern may be driven by anti-
predator behaviour. Under perceived predation risk,
intermediate consumer fish need to divide their atten-
tion between locating food and avoiding predator
encounters (e.g. Ferrari et al., 2014). Moreover, our obser-
vations revealed that after visual perception of the
predator, the M. forestii shoal remained on the opposite
side of the aquarium from the predator (at least in clear
water). This avoidance behaviour might create a refuge
zone for invertebrate prey. A similar anti-predator beha-
viour has been reported for another characid species
(Kovalenko et al., 2010).

In the combined high turbidity and predator present
treatment, we recorded a substantial reduction in inver-
tebrate consumption compared to all other treatments.
This pattern was most likely driven by an increased
degree of uncertainty of predator location (Higham,
Stewart & Wainwright, 2015), combined with a reduc-
tion in foraging efficiency due to altered sensory condi-
tions. An increased frequency or duration of
encountering turbid conditions in high predation envi-
ronments might also affect the fitness of M. forestii. To
address this conjecture, future work should focus on

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 293-300

long-term responses in foraging performance of aquatic
animals to turbidity pulses (Chapman et al., 2010).

Our findings that food intake by an intermediate con-
sumer decreased in turbid water with a top predator
lends no support to the hypothesis that intermediate
consumer fish reduce their anti-predator behaviour in
turbid water (Abrahams & Kattenfeld, 1997; Pangle
et al., 2012; Ajemian et al, 2015). This hypothesis
assumes that reduced anti-predator behaviour and
visual risk perception should result in higher or similar
ingestion of invertebrates in turbid compared to clear
waters. Conversely, our results indicated that fish shoals
exhibited stronger predator avoidance behaviour in tur-
bid than in clear water (Golub, Vermette & Brown, 2005;
Swanbrow Becker & Gabor, 2012). We suggest that tur-
bidity-induced visual obstruction amplifies the negative
effects of predator presence on intermediate consumer
fish feeding behaviour, ultimately resulting in higher
prey survival. From a management perspective, this
finding implies that oligotrophication of aquatic systems
(like observed in the Parana River) could dramatically
increase predation on basal prey organisms naturally
adapted to turbid waters (e.g. Pelicice & Agostinho,
2009).

In clear water, invertebrates were consumed equally
among individuals within shoals, whereas only a few
fish from each shoal consumed invertebrates in turbid
water. There are two potential explanations for this find-
ing: (i) individuals differed behaviourally in response to
turbid conditions or (ii) the capacity to switch between
alternative sensory modalities varied between individu-
als (Carter ef al., 2010). Individual behavioural differ-
ences may impact foraging efficiency under conditions
of uncertainty, as movement under these conditions is
risky (Leahy et al., 2011). This explanation would be bet-
ter supported if we had found an effect of predator
presence on feeding evenness within shoals. Therefore,
we suggest that exposure to a turbid environment poten-
tially led individuals to switch to an alternative sensory
modality. However, individuals may differ in their for-
aging performance under these conditions due to varia-
tion in their capacity to effectively utilise alternative
sensory modalities to locate food. In this case, individual
variation may have affected feeding evenness. Notwith-
standing, oligotrophication could increase feeding even-
ness, homogenising individual variation. Future work
could test these hypotheses by individually assaying fish
for risk-taking behaviour and performance under altered
sensory conditions prior to the shoaling trials.

In conclusion, we show that both variation in environ-
mental (turbidity) and ecological conditions (predation)
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have consequences for the foraging behaviour and feed-
ing outcomes of invertivorous fish. Given that many
change predict
increased turbidity in freshwater habitats, and that mas-

future scenarios of environmental
sive constructions of cascading reservoirs have driven
oligotrophication in rivers, understanding the beha-
vioural responses of major players in aquatic ecosystems
and their concomitant fitness implications will provide
important information about the potential ecological

consequences of environmental changes.
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Running Headline: Non-lethal impacts of an invasive predator

Abstract - Top predator presence may cause non-lethal costs for prey, and these costs
could be more pronounced if such predator and prey did not naturally co-occur, which
usually happened after a species introduction. Here, we experimentally evaluated the
survival of two aquatic invertebrate (Chironomus sancticaroli-benthic and Daphnia
magna—pelagic), exposed to a mesopredator shoal (Astyanax altiparanae) in two
ecological scenarios: (i) a “pre-invasion”, comparing presence/absence of native
piscivorous (Hoplias aff. malabaricus); and (ii) a “post-invasion”, comparing the non-
lethal effects from piscivorous fish with different origins (native vs. invasive—
Astronotus crassipinnis). In both ecological scenarios vegetated habitats could
concomitantly be available or not. In pre-invasion scenario, we hypothesized that non-
lethal cues from a native piscivorous and vegetated habitat increases the invertebrate
survival. In post-invasion scenario, we hypothesized that non-lethal cues from an
unfamiliar top predator and vegetated habitats propitiate an addictive effect on
invertebrate survival. We found that (i) although separately vegetated habitat and native
piscivorous fish presence increased the invertebrate survival, together these variables
did not promote an addictive increase in invertebrate survival; (ii) with invasive
piscivorous fish more invertebrates survived without vegetated habitats, while with
native fish more invertebrates survived in the presence of vegetated habitats; and (iii)
top predator origin may also determine the predation pressure intensity on the pelagic

and benthic preys. We concluded that the top predator origin and their hunting mode
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matter to drive trophic cascade interactions, especially in vegetated habitats, and the
invasive top predators might change the main food resource of mesopredators.
Keywords: Anti-predator behavior; Evolutionary history; Predation threat; Predator-

prey interaction

Introduction

Top predators perform a key role in community structuring, because the
presence/absence of a top predator species may affect entirely a food web (Paine 1963;
Estes et al. 2011), determining trophic links and population survival in lower trophic
levels, in a process called trophic cascade (Carpenter et al. 1985; Pace et al. 1999). For
aquatic ecosystems, it can be predicted that increasing piscivorous biomass will reduce
both zooplanktivorous and benthivorous fish biomass, leading to enhanced abundance
of aquatic invertebrates (Benndorf et al. 2002; Jeppesen et al. 2003). The main
limitation from this traditional concept of trophic cascade is considering only the top
predators foraging success (i.e. the lethal effects). However, the simple presence of a
top predator may also provide an indirect or non-lethal cost for prey, which often spends
more time in vigilance state after perceiving the predation threat (Lima 1998; Werner
and Peacor 2006; Hoeinghaus and Pelicice 2010; Ajemian et al. 2015). When prey plays
the anti-predation behavior, it concomitantly reduces its own feed rate as result from the
reduction in its activities related to foraging (Ahlgren et al. 2011; Leahy et al. 2011;
Pangle et al. 2012). So, behavioral changes of prey generated from the presence of top
predators can be decisive for the habitat use patterns in natural systems, and may be
more pronounced that the effects observed resulting from direct predation (Romare and
Hansson 2003).

Non-lethal effects of predator on prey behavior could be more pronounced if the
prey is not accordingly prepared to avoid be eaten by a new top predator, which usually
arrive at a given ecosystem by species introduction. Allied to this, introduced predators
might be able to decrease prey populations, of course not by a xenophobic effect
(Simberloff 2003), but because invaders usually present higher resource use efficiency
than native species and have superior competitive ability (e.g. Vila and Weiner 2004;
Van Kleuner et al. 2010). On the other hand, species with higher plasticity in anti-
predator behavior could avoid new object in the water, then keeping as far as possible

from any new predator (Sneddon et al. 2003; Mesquita and Young 2007), but it usually
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decreases the exploited area, reducing their consumption, which may benefit a lower
trophic level. Given those evidences, the evolutionary history between a piscivorous and
prey-fish could drive the predation pressure intensity on invertebrates (Schmitz et al.
2007; Lazzaro et al. 2009). Although species origin do matter (Paolucci et al. 2013)
differences in hunting modes of predators may also have different impacts on their prey
and consequently to the lower trophic levels (Guariento et al. 2014). Therefore, it can be
predicted that the interaction between predator species origin and hunting mode may
elicit deeper changes in prey-fish behavior, which might either decrease invertebrate
consumption or influence mesopredator shoal to eat different food items (Persson and
Eklov 1995).

Hoplias aff. malabaricus (Osteichthyes: Erythrinidae) is a native sit-and-wait
predator (Montenegro et al. 2013), in lakes of the upper Parand River floodplain
(Brazil), where it is one of the most abundant and important piscivorous fish, and feeds
upon almost all fish species (Peretti and Andrian 2008; Montenegro et al. 2013).
However, around the year 2000 another piscivorous fish, Astronotus crassipinnis
(Perciformes: Cichlidae), was introduced in the upper Parana River by aquarists. It is an
invasive fish well-adapted to live in lakes (Abujanra et al. 2009; Horécio-Junior et al.
2009), that actively pursuit their prey. There are no reports regarding the extent of
environmental damage caused by A. crassipinnis. However, it is possible to have an
estimate of the A. crassipinnis potential damage observing the responses in native fish
populations to the establishment of Cichla kelberi, another invasive cichlid fish with
similar hunting mode. Cichla kelberi was responsible for a 95% decline in native fish
density, and 80% decline in richness recorded in a reservoir (Pelicice and Agostinho
2009; Pelicice at al. 2015). Such relation between the arrival of a new predator and
native fish population decline may be due to absence of specific anti-predator traits,
which should have been naturally selected during evolutionary time. Hence, prey fish
would not be prepared to recognize and avoid such new threat (naiveté hypothesis, Cox
and Lima 2006), generating a higher amount of preyed fish compared to a condition
without exotic predator (Sih et al. 2010). Therefore, A. crassipinnis can be a potential
danger to native fish populations in lentic environments, as C. kelberi was in lotic ones.

Both H. aff. malabaricus and A. crassipinnis inhabit lakes with large littoral
areas, where vegetated habitats are abundant. Vegetated habitats are recognized as
crucial providers of refuge for prey, because the structural complexity of aquatic

macrophyte can limits the movement of large predators and reduces the likelihood of an
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encounter between predators and prey (Diehl 1988; Padial et al. 2009). The presence of
vegetated habitats might reduce the chances of invertebrates be eaten by mesopredator.
However, if a top predator is present, mesopredators could also occupy the vegetated
habitats to decrease their susceptible to top predator strikes. Such co-occurrence
between invertebrate and mesopredators amid the interstices of the vegetation may
improve the mesopredator feeding rate, decreasing the importance of vegetated habitats
as refuge for invertebrates. Hence, the presence of aquatic plants could either amplify or
attenuate the non-lethal effect of piscivorous on survival of different aquatic
invertebrates.

Firstly, we experimentally simulated a scenario that precedes the invasion
process by A. crassipinnis, to test the hypothesis that non-lethal cues from a native
piscivorous (H. aff. malabaricus) and vegetated habitat increases the survival of
invertebrate populations (Chironomus sancticaroli — benthic and Daphnia magna —
pelagic). Because invertebrate populations can hide in aquatic plants, and invertivorous
fish may reduce their locomotion in response to the presence of a native predator, we
expected higher invertebrate survival in vegetated habitat as well as in the presence of a
native piscivorous fish. Secondly, we resembled a scenario that succeeds the invasion
by A. crassipinnis. In this second scenario, we tested the hypothesis that non-lethal cues
from piscivorous fish in vegetated habitats propitiate an addictive effect on the
invertebrate survival. We expected higher invertebrate survival in vegetated habitats
with presence of an invasive piscivorous fish compared to vegetated habitats with
presence of a native piscivorous fish. This expectation is related to the mesopredator
shoal behavior, which may have no appropriate anti-predator strategies to avoid a
recently introduced predator (e.g. Cox and Lima 2006), and to the use of vegetation as
refuge against predation. Lastly, we evaluated whether predation pressure of Astyanax
altiparanae on benthic and pelagic preys in presence of a native sit-and-wait predator
differs from predation pressure pattern observed in the presence of an invasive active
predator. The same approach was used to compare prey selection in presence/absence of

vegetated habitats.

Methods
Experimental design
We conducted an experiment in mesocosm, using rectangular aquaria as

experimental units (water volume 35 1; width = 25 cm; length = 45 cm; height = 35 cm).
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In the experiment, it was evaluated the survival of two populations of aquatic
invertebrates: larval stages of Chironomus sancticaroli Strixino and Strixino (1981),
and adults of Daphnia magna Straus (1820), simultaneously exposed to a mesopredator
shoal (n = 3), the invertivorous fish Astyanax altiparanae Garutti and Britski (2000).
Such relation between invertebrates and a mesopredator was evaluated in three
predation treatments: the presence of a native piscivorous fish (Hoplias aff. malabaricus
Bloch, 1794), the presence of an invasive piscivorous fish (Astronotus crassipinnis
Heckel, 1840) and a control treatment without top predators. All the three predation
treatments were crossed with absence and presence of vegetated habitats, totalizing six
treatments. Vegetated habitats were simulated with sixteen artificial fragments of
submersed aquatic plants (30 cm long), which have architecture similar to the
submersed macrophyte Egeria najas. All treatments were replicated five times and
received seven C. sancticaroli (7 +£1.6 mm) and fifteen D. magna (2 £0.6 mm).

Fish were collected in summer 2014. Piscivorous fish (H. aff. malabaricus, Total
Length - TL = 27.2 £ 0.35 cm; A. crassipinnis, TL = 25.6 = 0.20 cm) were collected
through angling, while the mesopredator individuals (TL = 8.6 + 1.1cm) was collected
with trawl (long: 20 m; net mesh: 5 mm), in lakes connected to the Parana River, Brazil.
Then, fishes were transported to the laboratory, where they were kept in aquaria
acclimating to the experimental water conditions. Aquatic invertebrates were cultivated
in tanks at laboratory located in State University of Maring4, Brazil. We used different
densities of invertebrates to simulate the real proportions of these organisms found in
the natural environments (e.g. Thomaz et al. 2008). Astyanax altiparanae was used due
to its wide distribution in the upper Parana River floodplain and obtain food in several
compartments of the water column (Hahn et al. 2004; Peretti and Andrian 2008),
influencing several populations of aquatic invertebrates. It is worth mentioning that
Chironomidae and Daphniidae are important food items of A. altiparanae (Casatti et al.
2003; Gomiero and Braga 2008).

To prevent the consumption of mesopredator shoal during the experiment, native
and invasive piscivorous fish were fed before the beginning of the experiment.
However, with this procedure, piscivorous could not release any cues related to hungry
in the water (Abjérnsson et al. 1997), which could be identified as a predation threat by
the mesopredator shoal (Figueiredo et al. 2015a). Then, we resembled more realistic
conditions of predation threat inserting chemical cues from a hungry predator (hereafter

“chemical cues”) to the treatments with predators. The chemical cue was obtained days
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prior to the experiment, by keeping the piscivorous in tanks of 100 liters without food
for 48 hours according to Figueiredo et al. (2015a). After this period, water samples
having predator secretions were collected with a syringe and frozen for later use (e.g.
Ferrari et al. 2008; Epp and Gabor 2008; Kovalenko et al. 2010; Becker and Gabor
2012).

The experiment began with piscivorous fish introduction to the experimental
units together with their respective chemical cues (150 ml). The next step was the
addition of invertebrates followed by the mesopredators. After one hour of experiment
all fish were removed, water was filtered and final amount of survival invertebrates
were counted. Due to the scarce number of piscivorous fish we carried out the
experiment in two blocks. However, the block effect was not significant (ANOVA: F; 3
=2.2; P=0.13) and we disregarded this effect in the posterior analyses.

Data analysis

The first hypothesis that non-lethal cues from a native piscivorous fish (H. aff.
malabaricus) and vegetated habitats increases the survival of invertebrates was
investigated applying a two-way analysis of variance. In this analysis we used the
number of prey survived at the end of the experimental period as response variable.
Presence/absence of a native piscivorous fish and presence/absence of vegetated habitat
were considered as independent variables. Multiple comparisons among treatments were
performed with Fisher LSD.

The second hypothesis that non-lethal cues from an invasive piscivorous fish (A.
crassipinnis) in vegetated habitats propitiate an addictive effect on the invertebrate
survival, was evaluated performing a two-way analysis of variance. The number of prey
survived at the end of the experimental period was used as response variable. Predator
origin (native or invasive piscivorous) and presence/absence of vegetated habitat were
considered as independent variables. Comparisons among treatments were performed
with Fisher LSD as a post-hoc test.

To evaluate whether predation pressure of the mesopredator on benthic and
pelagic preys follows the same pattern in all treatments, we used the electivity index
(Ivlev 1961) as surrogate of the predation pressure. The electivity index was calculated
using the initial and final amount of each type of prey in the experimental units. The
values of this index range from -1.0 to +1.0, values between O to +1.0 indicate
preference, while values between -1.0 to O indicate rejection of prey (Krebs 1989).

Considering that 0 (zero) represents randomness of prey selection, we performed a #-test
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to compare electivity index values of C. sancticaroli and D. magna in each treatment to
the average 0. Significant results would indicate preference for one prey type, while
non-significant results indicate randomness in prey selection. All tests were performed
using the software Statistica 7.1® (Statsoft 2005), considering P < 0.05 for significant

results.

Results

Feeding the piscivorous fish before the experiment was enough to avoid the
consumption of mesopredators during the experiment. In the scenario that precedes the
invasion process by A. crassipinnis, the non-lethal cues from a native piscivorous fish
significantly increased 57% the survival of aquatic invertebrates (F,20=29.9; P <0.001
- Fig. 1). Similarly, the presence of a vegetated habitat significantly increased 29% the
survival of invertebrates (F, 0= 4.18; P = 0.05 - Fig. 1). Also, there was no interaction
between the non-lethal cues from a native piscivorous fish and the presence of vegetated
habitat to shape the invertebrate survival (F 0= 2.23; P = 0.154), indicating no additive

effect between the native piscivorous fish and the vegetated habitat.
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Figure 1 - Mean and standard error of aquatic invertebrates survival (%), in presence/absence of
a native piscivorous fish and presence/absence of vegetated habitat. White column: absence of
vegetated habitat, Grey column: presence of vegetated habitats. Different letters indicate post-

hoc test significant differences.
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Evaluating the scenario that succeed the invasion process by A. crassipinnis, we
found that the effect of piscivorous fish origin on the aquatic invertebrates survival
depends on the vegetated habitat (F) 0= 6.36; P = 0.02). The highest survival of aquatic
invertebrates was recorded in the presence of non-lethal cues of the invasive piscivorous
fish and absence of vegetated habitat, while the lowest survival of aquatic invertebrates
was recorded in the presence of non-lethal cues from an invasive piscivorous fish and

presence of vegetated habitat (Fig. 2).
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Figure 2 - Mean and standard error of aquatic invertebrates survival (%), in presence of a native
and an invasive piscivorous fish. White column: absence of vegetated habitat, Grey column:

presence of vegetated habitats. Different letters indicate post-hoc test significant differences.

Mesopredators significantly select the pelagic prey D. magna, instead of the
benthic prey C. sancticaroli in the presence of non-lethal cues from a native piscivorous
fish (Table 1, Fig. 3). The survival of C. sancticaroli reached 91.4%, while the survival
of D. magna reached a maximum of 59.3%. Such prey selection pattern was the same in
presence/absence of vegetated habitats. In contrast, mesopredators randomly selected
both pelagic and benthic aquatic invertebrates (Table 1, Fig. 3) under influence of non-
lethal cues from an invasive piscivorous fish. The maximum survival recorded for C.

sancticaroli was 67.5%, while for D. magna was 70.3%. The presence of vegetated
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habitat did not affect this random pattern of prey selection. Therefore, the predation

pressure on pelagic and benthic prey shifted according to predator origin.

Table 1 Significance of Student’s r-tests comparing the consumption on both aquatic
invertebrates types (benthic C. sancticaroli and pelagic D. magna) by mesopredator shoal
against the constant zero mean. Significant results indicate preference for one prey type
(positive selection), while non-significant results indicate randomness in prey selection

(negative selection). Bold values indicate significant differences.

Treatments df N t P

H. aff. malabaricus

Absence of vegetated habitats

Chironomus sancticaroli 4 5 -3.01 0.041

Daphnia magna 4 5 6.74 0.002
Presence of vegetated habitats

Chironomus sancticaroli 4 5 -6.82 0.002

Daphnia magna 4 5 28.82 0.001

A. crassipinnis

Absence of vegetated habitats

Chironomus sancticaroli 4 5 -1.48 0.212

Daphnia magna 4 5 -0.52 0.637
Presence of vegetated habitats

Chironomus sancticaroli 4 5 -0.871  0.448

Daphnia magna 4 5 0.19 0.860
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Figure 3 — Mean and standard error of the Ivlev electivity index, related to prey selection by A.
altiparanae on benthic C. sancticaroli (circles) and pelagic D. magna (squares), in treatments
with a native piscivorous fish (white side) and with an invasive piscivorous fish (grey side).

Clear symbols: absence of vegetated habitats, Black symbols: presence of vegetated habitats.

Discussion

Our experimental setup resembled two ecological scenarios: (i) a scenario that
precedes the invasion process by A. crassipinnis (hereafter, pre-invasion), and (ii) a
scenario that succeeds the invasion by A. crassipinnis (hereafter, post-invasion). In the
pre-invasion scenario, combining presence/absence of a native piscivorous and
presence/absence of vegetated habitats, we expected higher invertebrate survival in
vegetated habitat as well as in the presence of a native piscivorous fish. This expectation
was corroborated. Although vegetated habitat and native piscivorous fish presence
separately increased the invertebrate survival, we did not observe an addictive increase
in invertebrate survival in presence of vegetated habitat with a native piscivorous fish.
The lack of addictive effects of top predator presence and vegetation on invertebrate
survival is likely related to the feeding efficiency of mesopredator shoal members. The
feeding efficiency could remain high even in the presence of top predators, if
mesopredators are able to cautiously eat preys that are farther from the predator location
(e.g., Figueiredo et al. 2016). In this case, even if benthic and pelagic invertebrate

species used the vegetated habitat as a hiding place from mesopredators (Santos et al.
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2013; Grutters et al. 2015), this not guaranteed an improvement in their survival. An
alternative explanation to the lack of interaction between native piscivorous fish
presence and vegetation on invertebrate survival is that the presence of native
piscivorous reduced mesopredator feeding efficiency so much that the addition of new
feeding-constraint factor (such as a heterogeneous habitat) could be attenuated.

In the post-invasion scenario, combining presence of native/ invasive
piscivorous fish and presence/absence of vegetated habitats, we expected higher
invertebrate survival in vegetated habitats with presence of an invasive piscivorous fish
compared to vegetated habitats with presence of a native piscivorous fish. This second
expectation was not corroborated. However, we have found that piscivorous fish origin
interact with vegetation to determine the invertebrate survival, suggesting that trophic
cascade interactions may be shaped by the top predator origin depending on the
vegetation presence. In the treatment with invasive fish more invertebrates survived in
the absence of plants, while in the treatment with native fish more invertebrates
survived in the presence of plant. The lowest invertebrate survival in presence of
vegetated habitat with an invasive piscivorous fish could be attributed to the
mesopredator inability to properly respond to a new predator (Kovalenko et al. 2010).
For instance, if mesopredator shoal members increased their swimming activity to avoid
be eaten by an active new predator (McPeek et al. 1996), then they also would enhance
the size of explored area and improve the encounter rate with a potential prey.
Additionally, vegetated habitats provide a safety refuge for invertebrates (Meerhoff et
al. 2007) and the active behavior of the invasive piscivorous fish could lead the
mesopredator to enter more frequently in the vegetated habitat to escape from the
piscivorous strike (e.g. Brendonck et al. 2003). If so, the mesopredator could easier find
and eat the hidden invertebrates. It is important to note that the artificial stand of
submerged macrophyte used in our experiment may be considered as stands of low
complexity (Figueiredo et al. 2015b), and some studies have shown that low complexity
of submerged macrophytes are less efficient refuge for large pelagic invertebrates like
Daphnia sp. (Meerhoff et al. 2006; Tavsanoglu et al. 2012) and for benthic invertebrates
like Chironomus sp. (Figueiredo et al. 2015b).

In addition to interact with vegetation to determine invertebrate survival, top
predator origin may also determine the predation pressure on the pelagic and benthic
preys. The mesopredator preferentially selected the pelagic prey in presence of a native

piscivorous fish, while randomly ingested pelagic and benthic preys in the presence of
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an invasive piscivorous fish. Thus, the introduction of an invasive piscivorous fish
might change the main food resource of mesopredators in a food chain, what could have
implications to the relative importance of the pelagic and benthic compartments as the
main pathway of energy flow in aquatic ecosystems (Fig. 4). Additionally to the
predator origin, the hunting mode of piscivorous fish may also drive the prey selection
by the mesopredator (Guariento et al. 2014). In general, when a predator occupies a
given area, it creates around it a small safety area, which might be used as a refuge area
by invertebrates. In this condition, mesopredator shoal members could alter the selected
food item instead of decrease their foraging success (Stuart-Smith et al. 2007;
Figueiredo et al. 2015b). On one hand, the sit-and-wait strategy from native piscivorous
fish allows its co-occurrence with the benthic prey, forcing the mesopredator to take less
predation risk and spend more time capturing pelagic preys instead of benthic ones. On
the other hand, the constant swimming activity of the invasive piscivorous fish could
generate an intense movement-response by the mesopredator shoal, leading the shoal

members to indistinctly ingest both available preys.

Native piscivorous fish Invasive piscivorous fish
Wollffish Tiger Oscar

%

" Omnivorous
( mesopredator

Benthic prey Pelagic prey Benthic prey Pelagic prey
Figure 4 — Conceptual model of trophic cascades, highlighting the non-lethal effects from native

and invasive piscivorous fish presence on prey selection by omnivorous mesopredator and

survival of aquatic invertebrates. Full lines indicate lethal effects, while dashed lines indicate
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non-lethal effects. Line widths designate predation pressure intensity (supported by our data) on
aquatic invertebrate.

The increase in invertebrate survival is directly linked to a reduction in
mesopredators feeding efficiency. Unbalanced response between feed and hide from the
piscivorous fish might represent a decrease in mesopredator feeding activity (Lehtiniemi
2005). If this response last long, then it will lead to a loss on fitness of the mesopredator
population (Lima and Dill 1990; Chapman et al. 2010). Our findings indicate that A.
altiparanae is able to maintain their feeding rates even in presence of an invasive
piscivorous fish, indistinctly eating pelagic and benthic prey. Therefore, the flexibility
in feeding behavior observed in tropical omnivorous mesopredators like A. altiparanae,
together with the predator avoidance behavior might attenuate the food chain effects
caused by the introduction of an invasive top predator fish. Similar behavioural
adjustments to a novel ecological scenario should not be expected to all mesopredators
species, especially to the specialist ones (like major of temperate fishes), which has
narrow niche breadth (Gonzalez-Bergonzoni et al. 2012), and therefore, specialist
species could have their survival more threatened.

Our results demonstrate that the invasion of A. crassipinnis in vegetated
environments where H. aff. malabaricus was the main top predator, may have
negatively impacted the invertebrate survival. Moreover, A. crassipinnis invasion may
have changed the mesopredator prey selectivity from the selection of pelagic preys to a
random consumption of pelagic and benthic preys. Then, we suggest that the predator
origin and their hunting mode matter to drive trophic cascade interactions, especially in
vegetated habitats. Furthermore, our findings are based on non-lethal effects of top
predators through the food chain and lethal effects should be more aggressive and
deserve attention in further studies. We suggest that future studies resembling the co-
occurrence of native and invasive piscivorous fish could find addictive or synergic
effects of predator presence on the invertebrate survival. Finally, we encourage the
carrying out of experiments when verifying lethal effects of top predators on
invertebrates also consider predator origin with omnivorous and specialist

mesopredators should be also carried out.
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Abstract The ability to respond to a predation threat
may be the key factor influencing prey survival. Thus,
small-sized fish may adapt to use macrophyte patches
as refugia in ecosystems where they face predators.
We evaluated the habitat choices of a small fish
species (Serrapinnus notomelas) to determine whether
these fish prefer native versus recently introduced
submerged macrophyte stands in the context of
predator avoidance. Specifically, we applied three
predator cue treatments: no cue, chemical cue from a
hungry predator and presence of a satiated predator.
First, we empirically tested the theoretical assumption
that the prey fish use vegetated habitats and that the
presence of an actual predator has a stronger effect on
the choice of habitat than simply a chemical cue. Then
we tested the hypothesis that prey do not choose a
habitat according to macrophyte species and whether
this pattern changed as a result of increasing predation
risk. We found that the prey fish preferred vegetated
habitats; however, they did not appear to distinguish
native from invasive macrophytes. Our results support
the hypothesis that the physical structure of
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macrophytes is more important in determining habitat
choice than the evolutionary relationship between the
fish and the native macrophyte species.

Keywords Antipredator behaviour - Evolutionary
history - Predation threat - Predator—prey interaction

Introduction

The choice of a specific habitat requires that prey
identify the predation risk in available habitats (Hossie
& Murray, 2010). In aquatic systems, prey fish may
avoid predator-rich or refuge-poor habitats, such as the
pelagic zone, to reduce the risk of encountering
predators (Dupuchetal.,2009). Anincrease in predation
risk reduces prey survival and often results in the use of
lower risk habitats (Orrock et al., 2013). For example,
physically complex habitats, such as submerged mac-
rophyte patches, can reduce predator encounters by prey
species in aquatic ecosystems (Figueiredo et al., 2013).
Hence, habitat complexity may be a determinant factor
in prey habitat choice (Savino & Stein, 1989; Pappal
et al., 2012). If so, then we expect that prey fish use
macrophyte patches as refuge sites in aquatic ecosys-
tems where they face predators, because these more
complex habitats offer more protection from predators
than is offered by simpler habitats.

Recognising and responding to potential predation
risk may depend on the type of alarm cues sensed by
prey and their ability to assess predation risk based on
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these cues. Prey may recognise predation threats from
both chemical and visual cues (Kovalenko et al.,
2010a). Chemical cues are often emitted by a predator
before any visual encounter with its prey (Holmes &
McCormick, 2011), which could give prey greater
amount of time to choose a specific habitat. Alterna-
tively, once a top predator sees and pursues its prey fish,
the role of chemical cues in predator detection may
decrease (Brown & Magnavacca, 2003). As a result of
this imminent predation threat, prey fish would have
less time to choose between available habitats and
might use any available physically complex habitat as
refuge. The predator satiation condition (i.e. whether
the predator has recently fed or not) may also aftect the
habitat choice of prey fish because alarm cues from a
hungry predator have a stronger effect on prey behav-
iour than those of a satiated predator (Appelberg et al.,
1993; Abjornsson et al., 1997). These cues released
with the excrement give the prey information about
whether the predator is hungry (Abjornsson et al.,
1997). Similar studies seldom compare the relative
influence of chemical cues from a hungry predator to
the presence of an actual predator, despite these
scenarios being routinely observed in nature and often
inducing anti-predator responses of prey fish (e.g.
Appelberg et al., 1993; Bell et al., 2006).

Habitat choice may result from a species-specific
evolutionary relationship between the prey species
and its refuge, because the repeated use of a habitat
type could result in the selection of traits that favour
predator avoidance in that specific habitat type
(Goodman, 2009). However; the introduction of
invasive species can alter these predator—prey rela-
tionships (Carlsson & Strayer, 2009; Carlsson et al.,
2009). In 1985, the highly efficient predator Cichla
kelberi Kullander & Ferreira, 2006 (peacock bass;
Kovalenko et al., 2010b) was introduced into the
Parand River floodplain (Agostinho et al., 1997).
Following C. kelberi establishment, a 95% decline in
the native fish density and an 80% decline in richness
were recorded in a reservoir in the Upper Paranad river
basin, indicating the great impact of this predator on
native fish (Pelicice & Agostinho, 2009). Then in
2005, a submerged invasive macrophyte species
(Hydrilla verticillata (L.F.) Royle) was first recorded
in the Parana River floodplain (Sousa, 2011), which
colonised areas devoid of a native submerged macro-
phyte, Egeria najas Planchon. This second invasion
potentially increased the amount of refuge available
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for native prey fish, because they were found to use
both the native and invasive macrophytes (Cunha
et al.,, 2011). The use of H. verticillata for refuge
suggests that the habitat choice made by prey fish
could be driven by the presence of physically complex
structure alone, rather than by the evolutionary history
of the prey fish and native macrophyte.

We first experimentally tested the assumption that
the small-sized fish use structured littoral habitats, as
shown in the field (Cunhaetal., 2011). Then, we tested
whether the presence of a predator has a stronger effect
on the choice of structured habitat than simply a
chemical cue. Having confirmed these assumptions,
we tested the hypothesis that prey do not preferentially
choose a specific habitat, regardless of the level of
predation risk. Because both the native and the
invasive macrophytes share similar morphology and
architecture (Cunha et al., 2011), we expected no
difference in habitat use by the prey fish. Alterna-
tively, if the evolutionary history of the prey fish and
native macrophyte is more important to habitat
selection by the prey fish, we would observe a greater
proportion of fish using the native macrophyte com-
pared to the invasive macrophyte.

Methods
Experimental design

The experiment was conducted using 200-1
(width = 40 cm; length = 100 cm; height = 50 cm)
aquaria in November 2012. The habitat choice of six
small-sized fish (Serrapinnus notomelas Eingenmann,
1915) was recorded on video. All sides of the aquaria
were covered with black tissue, and a camera was
positioned above the centre of the aquaria to record
fish movements. In addition, a silicon tube was added
at the centre of the aquaria to introduce chemical cues
described below. River water was stored for four hours
to degrade any residual fish chemical cues (Ferrari
et al., 2008) then used to fill each of the aquaria
halfway. Furthermore, the significant response of prey
to the presence of chemical cues (see Fig. 1) provides
support for the assumption that there was little to no
interference of cues present in river water. Thus, we
concluded that river water could be used to simulate
field conditions with minimal interference from
residual chemical cues.
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Habitat conditions were prepared with two species
of submerged macrophytes: the native E. najas and
invasive H. verticillata. Macrophytes were collected
from the Parana River, washed, and the apical portions
of the plants (30 cm long) were used to create a patch
for each species comprising 32 plant fragments each.
Patches of both species were added to the same side of
the aquaria and at similar densities to those found in
natural conditions. Around each macrophyte patch, we
marked a radius of 12 cm to facilitate the quantifica-
tion of our response variable. At three times the total
length of prey fish, this radius size was considered to
be a safe distance from the refuge. An additional eight
centimetres of space was left between the 12-cm radii
associated with each macrophyte patch.

Six S. notomelas (~4 cm total length) caught in the
same region where the macrophytes occur were
included in the aquarium. The six S. notomelas used
in each experimental unit came from different natural
populations and were used only once. This prey
species was chosen because it occurs in association
with submerged macrophytes, including E. najas and
H. verticillata (Cunha et al., 2011), and we added six
individuals because S. notomelas is a schooling
species (Figueiredo et al., 2014).

Our experimental design incorporated three pred-
ator cue treatments: no cue, hungry predator chemical
cue (hereafter “chemical cue”) and satiated predator
presence (hereafter “predator presence”). In the
predator presence treatment, we used a live predator,
thus we did not isolate the chemical from the visual
and others cues to better resemble what is found in
nature. This procedure is considered a more realistic
approach and has been employed in other investiga-
tions (e.g. Kovalenko et al., 2010a; Gonzalo et al.,
2012). However, to minimise the effect of chemical
cues regarding predator satiation condition, we used a
satiated predator. The experiment was randomised
with treatments replicated 14 times, for a total of 42
experimental units. The chemical cue was prepared
using six hungry individuals of the invasive piscivo-
rous fish C. kelberi (22-29 cm total length). The
piscivorous fish were kept in a tank of 100 I of river
water without feeding for 24 h, which stimulates the
release of chemical compounds related to hunger that
indicate predation risk to prey (e.g. Kovalenko et al.,
2010a). To remove the solid excrement and concen-
trate chemical cues, the water volume was reduced to
30 1 by opening a valve located in the bottom of the

tank. Two hours later, all of the piscivorous fish were
removed from the tank. Water samples (50 ml each)
were collected with a syringe and frozen at —20°C.
Predators were caught in the field, collectively kept in
a tank at a temperature of 26°C and were fed regularly
until they were used in the experiment. The predator
presence treatment involved simply adding C. kelberi
to the aquarium. The prey fish response in “no cue”
treatment was considered as a control to compare with
the chemical cue treatment, and the chemical cue
treatment was considered as a control to compare with
the predator presence treatment. Differences in the
first comparison indicated the effect of chemical cues,
while differences in the second comparison indicated
an effect of intimidation caused by actual predator
presence.

Two hours after adding S. notomelas to the aquaria,
the fish were recorded for 1 min before and after the
addition of the treatment, because most chemical cues
can degrade in as little as 5 min (Ferrari et al., 2008).
The chemical cue water sample was defrosted to reach
the temperature of the aquaria (26°C), and 10 ml of the
sample was added slowly through a silicon tube
positioned close to the water surface in the centre of
the aquaria. C. kelberi was added on the opposite side
from the macrophytes, thus simulating the oncoming
predator in the field.

During video analysis, the prey were considered to
be within a macrophyte patch if they remained inside
the patch radius at least 70% (42 s) of the recorded time
after the addition of the treatment. This length of time
was used because it was observed to be enough time to
measure consistent behavioural responses in all treat-
ments, for all 14 replicates (see “Results” section). The
first 15 s of video were discarded due to possible
disturbance linked to the physical addition of cues.

Data analysis

We first tested our assumption of whether S. notomelas
preferred to use the macrophytes as refuge through a
pairwise ¢ test between the percentages of fish that
remained in vegetated habitat (in both native and non-
native submerged macrophyte patches) and open
water for each cue treatment. Then, we tested the
difference of the percentages of prey inside the
macrophyte patches among cue treatments via a one-
way analysis of variance. In addition, we applied
Tukey test as a post hoc analysis.
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Finally, our main hypothesis was tested using a
pairwise ¢ test to compare the percentage of prey inside
the native and invasive macrophyte patches. In this test,
we used only the number of prey that remained inside
the macrophyte patches to calculate the percentage of
prey in each macrophyte patch, to each predator cue
treatment. Then, after applying a one-way analysis of
variance, we compared the difference of percentages of
prey inside invasive macrophyte patches among cue
treatments using a Tukey test as a post hoc.

Results

At the beginning of the experiment, all of the prey
were active, whereas at the end, they spent most of
their time in the vegetated habitats (#;3 = 3.98;
P = 0.001; Fig. 1), and no predation occurred in the
predator presence treatment. This result corroborates
our assumption that small-sized fishes are adapted to
structured littoral habitats, even under experimental
conditions.

The use of vegetated habitats (considering both
native and non-native submerged macrophyte patches)
increased when predator cues were present (f539 =
12.1; P < 0.001—Fig. 1), which suggests these treat-
ments elicited a predator-avoidance response. The
percentage of fish in macrophyte patches rose when

100 -

80 1

60 1

40 +

20 +

Prey occupying habitat (%)

Predator presence

No cue Chemical cues

Fig. 1 Mean and standard error of the percentage of prey fish
using either native or non-native submerged macrophyte patches
(dotted column) and open habitat (dashed column) regarding
absence of cues (no cue), chemical cue from a hungry predator
and the presence of a satiated predator. *Significant difference in
t test between macrophyte patches and open habitat. Different
letters indicate difference in F test among macrophyte patches
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No cue Chemical cues
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Fig. 2 Mean and standard error of the percentage of the prey fish
that remained hidden in native Egeria najas (dotted column) and
invasive Hydrilla verticillata (dashed column) submerged macro-
phyte species according to the absence of cues (no cue), chemical
cue from a hungry predator and the presence of a satiated predator

the chemical cue was released into the water column,
but a greater increase occurred when the actual predator
was present. Thus, this difference in magnitude can be
attributed to other kind of cues, such as visual contact,
that were accompanied by chemical cue in the predator
presence treatment. In this treatment, almost all of the
prey used the macrophytes instead of open water where
the predator was present (Fig. 1).

Despite choosing vegetated habitats, the prey did
not use the native macrophyte more than the invasive
macrophyte for refuge (13 = —0.30; P = 0.77—
Fig. 2). This pattern did not change when the chemical
cue was released or when a predator was present,
which represented a notable predation risk (F5 39 =
0.03; P = 0.97—Fig. 2).

Discussion

We observed that most of the prey remained in
vegetated habitats, even when there was no predation
threat. The choice of macrophytes may reflect a
strong selective pressure on S. notomelas, which could
have selected this habitat type during its evolutionary
history to avoid predators that exist within S. notom-
elas native range (Luz-Agostinho et al., 2009). In this
scenario, natural selection would favour individuals
that hide according to the magnitude of the predation
threat (Helfman, 1989). The chemical cue intensified
the dependence on the macrophytes by the prey,
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evidenced by increased use of macrophytes with the
addition of the chemical cue. The presence of a
predator increased the prey response even more,
leading prey to avoid this habitat so intensely that
the number of prey fish in open habitat decreased to
nearly zero (Fig. 1). This pattern suggests a remark-
able spatial segregation in response to predators
(Lautala & Hirvonen, 2008). These results suggest
that the prey could reduce the likelihood of an
encounter with their predators by assessing the local
predation risk with a higher accuracy when simulta-
neous predator cues (including visual and chemical)
were present.

Although S. notomelas were found in vegetated
habitats the majority of the time, we did not observe
preferential selection for either the native macrophyte
or the invasive macrophyte. This pattern was observed
even with no predation cue where a longer time was
available to choose a specific habitat. This finding
suggests that small-sized fishes depend more on
physical structure than species of macrophyte vegeta-
tion. A possible explanation is that small-sized fish
perceive the two macrophyte species similarly, as E.
najas and H. verticillata share the same morphology
and show a similar architecture (Cunha et al., 2011).
Even with a possible replacement of the native species
by a non-native one, the non-native species would not
alter predator—prey relationships. Thus, we found no
evidence to reject our hypothesis, and suggest that
physical structure provided by macrophytes could be
more important than the evolutionary history between
S. notomelas and E. najas in determining habitat choice.

Our results should be interpreted carefully, because
we combined the effects of different cues and predator
satiation condition (fed versus hungry predator). In
addition, we evaluated only the short-term response of
prey fish to different degrees of predation risk. Finally,
we tested only one predator feeding strategy (active
predator). Despite these potential shortcomings, our
results suggested that the satiation condition of a
predator could be less important than the imminent
predation threat for the prey anti-predation response.

In summary, our findings indicate that the estab-
lishment of an invasive submerged macrophyte spe-
cies could be beneficial for small-sized fishes,
especially in areas where refuge is limited or absent.
This direct benefit to prey fishes results from an overall
increase in macrophyte cover, in turn providing more
available habitat to avoid a voracious, invasive

predator, which could mitigate declines in densities
of small native fish. However, we highlight that our
experiment measured only habitat choice and that
indirect negative effects of the invasive macrophytes
on small-sized fish (such as on fish feeding or survival,
which were not evaluated in our experiment) could
still exist. These considerations are potentially impor-
tant in developing approaches for future investigations
addressing complex invasive—invasive interactions.
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