Universidade
Estadual de LondRrina

DIEGO AZEVEDO ZOCCAL GARCIA

CARACTERISTICAS DA INVASAO DE PEIXES NAO
NATIVOS NA BACIA DO RIO PARANAPANEMA,
ECORREGIAO DO ALTO PARANA, BRASIL

I
Londrina

2018



II[ JI' Universidade @ W
== Fstadual de LondRrina de Pés-Graduagio

C APES Ciincias Biologicas

DIEGO AZEVEDO ZOCCAL GARCIA

CARACTERISTICAS DA INVASAO DE PEIXES NAO
NATIVOS NA BACIA DO RIO PARANAPANEMA,
ECORREGIAO DO ALTO PARANA, BRASIL

Tese apresentada ao Programa de P0s-
Graduacdo em Ciéncias Bioldgicas da
Universidade Estadual de Londrina,
como requisito parcial a obtencdo do
titulo de Doutor em Ciéncias

Biologicas (Biodiversidade e
Conservacao em Habitats
Fragmentados).

Orientador: Prof. Dr. Mario Luis Orsi

Londrina - PR
2018



DIEGO AZEVEDO ZOCCAL GARCIA

CARACTERISTICAS DA INVASAO DE PEIXES NAO
NATIVOS NA BACIA DO RIO PARANAPANEMA,
ECORREGIAO DO ALTO PARANA, BRASIL

Tese apresentada ao Programa de Pds-Graduacdo em
Ciéncias Bioldgicas da Universidade Estadual de
Londrina, como requisito parcial a obtencdo do
titulo de Doutor em Ciéncias Bioldgicas
(Biodiversidade e Conservacdo em Habitats
Fragmentados).

Orientador: Prof. Dr. Mario Luis Orsi

Londrina
2018



Ficha de identificacdo da obra elaborada pelo autor, através do Programa de Geracao
Automatica do Sistema de Bibliotecas da UEL

Garcia, Diego Azevedo Zoccal.
Caracteristicas da invasdo de peixes ndo nativos na bacia do rio Paranapanema,
Ecorregido do Alto Parana, Brasil / Diego Azevedo Zoccal Garcia. - Londrina, 2018.
841 il

Crientador: Mario Luis Orsi.

Tese (Doutorado em Ciéncias Bioldgicas) - Universidade Estadual de Londrina, Centro
de Ciéncias Biologicas, Programa de Pés-Graduacédo em Ciéncias Biolégicas, 2018.

Inclui bibliografia.

1. América do Sul - Tese. 2. Biodiversidade - Tese. 3. Conservagao - Tese. 4. Invasdes
biolégicas - Tese. |. Orsi, Mario Luis. Il. Universidade Estadual de Londrina. Centro de
Ciéncias Biologicas. Programa de Pés-Graduacdo em Ciéncias Bioldgicas. lIl. Titulo.




DIEGO AZEVEDO ZOCCAL GARCIA

CARACTERISTICAS DA INVASAO DE PEIXES NAO NATIVOS NA
BACIA DO RIO PARANAPANEMA, ECORREGIAO DO ALTO
PARANA, BRASIL

Tese apresentada ao Programa de Pos-Graduacdo em
Ciéncias Bioldgicas da Universidade Estadual de
Londrina, como requisito parcial a obtencao do
titulo de Doutor em Ciéncias Biologicas
(Biodiversidade e Conservacdo em Habitats
Fragmentados).

BANCA EXAMINADORA

Orientador: Prof. Dr. Mario Luis Orsi
Universidade Estadual de Londrina — UEL

Prof. Dr. André Lincoln Barroso de Magalhaes
Universidade Federal de Sao Jodo Del Rei — UFSJ

Prof. Dr. Angelo Antonio Agostinho
Universidade Estadual de Maringa — UEM

Prof. Dr. Edson Fontes de Oliveira
Universidade Tecnoldgica Federal do Parana —
UTFPR

Prof. Dr. Lucas Ribeiro Jarduli
Faculdades Integradas de Ourinhos — FIO

SUPLENTES

Prof. Dr. Fernando Camargo Jerep
Universidade Estadual de Londrina — UEL

Prof. Dr. Reinaldo José de Castro
Universidade Federal de Sao Carlos - UFSCar

Londrina, 16 de margo de 2018



AGRADECIMENTOS

A minha familia; Maria Cristina, Paulino, Vinicius e Paulininho, além da Cristiane Miranda e
meus amigos por todo apoio.

Ao meu orientador prof. Dr. Mario Luis Orsi e a minha profa. Dra. Ana Paula Vidotto-
Magnoni do Laboratério de Ecologia de Peixes e InvasGes Bioldgicas (LEPIB) pelas
oportunidades, apoio e conhecimento fornecido.

Aos membros titulares André Magalhdes (UFSJ), Angelo Agostinho (UEM), Edson de
Oliveira (UTFPR) e Lucas Jarduli (FIO); e suplentes Fernando Jerep (MZUEL) e Reinaldo
Castro (UFSCar) pela disponibilidade em integrar a banca examinadora e avaliacao da tese.

A equipe do LEPIB: Alan Pereira, Alexander Garcia, Alexandro Costa, Ana Balconi, Ana
Carolina Vizintim, Aparecido de Souza, Armando Casimiro, Camila Ribeiro, Edson Santana,
Gean Leme, Jodo Daniel Ferraz, Marcelo Yabu, Mariana Pine e Vitor Abrahdo pelo auxilio
durante as coletas em campo.

Ao Fernando Jerep, José Birindelli e Oscar Shibatta do Museu de Zoologia da Universidade
Estadual de Londrina (MZUEL) pela identificacdo de espécimes.

A Universidade Estadual de Londrina e ao Programa de Pés-Graduacdo em Ciéncias
Biologicas da Universidade Estadual de Londrina pelo espaco e apoio logistico.

Ao Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq) (n.
455580/2014-6) pelo apoio financeiro do projeto “Peixes ndo nativos do baixo rio
Paranapanema: situacdo atual, consequéncias e perspectivas futuras para um rio
fragmentado”.

A Duke Energy International Geracdo Paranapanema pelo financiamento do projeto:
Avaliacdo genética molecular e biologica das principais areas de recrutamento nas porgdes
média e baixa do rio Paranapanema como mecanismo de otimizacdo dos programas de
conservagdo e recuperacao do estoque pesqueiro.

A Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) pela bolsa
concedida.



Enfim, pode-se dizer que aqui se derruba uma gigantesca perobeira para em seu lugar se
plantar quatro graos de milho. Se a isso se da 0 nome de lavoura, eu ndo sei entdo, 0 que seja
destruicao.”

Theodoro F. Sampaio, 1890



GARCIA, Diego Azevedo Zoccal. Caracteristicas da invasdo de peixes ndo nativos na
bacia do rio Paranapanema, Ecorregido do Alto Parana, Brasil. 2018. 82 f. Tese
(Doutorado em Ciéncias Bioldgicas) — Universidade Estadual de Londrina, Londrina, 2018.

RESUMO

Detectar os vetores e 0s impactos de espécies ndo nativas € necessario para prevenir novas
introducdes. Além disso, estudar as condi¢fes em que tais espécies se estabelecem sédo
importantes para conhecer o processo de invasdo e propor acées de manejo. Portanto, nesta
tese sdo apresentados trés capitulos, e com eles objetivou-se: (i) investigar 0s peixes nédo
nativos no rio Paranapanema (capitulo 1); (ii) descrever a composi¢do da dieta, a guilda
trofica e a amplitude de nicho tréfico (capitulo 2); (iii) avaliar tragos reprodutivos (capitulo 3)
de peixes ndo nativos em lagoas (habitat I&éntico) e rios livres de barragens (habitat I6tico). O
rio Paranapanema € um dos maiores afluentes e um dos mais invadidos por peixes do alto rio
Parand (sudeste/sul do Brasil). O Paranapanema percorre 930 km para o oeste com 11 usinas
hidrelétricas em seu leito. Os locais de estudo foram selecionados para representar habitats
Iénticos e l6ticos. As lagoas possuem conexdo direta com o canal principal do rio e estdo
localizadas no reservatério de Rosana. Os rios Pirapozinho e Anhumas fluem diretamente
para 0s reservatorios de Rosana e Taquarucu, respectivamente. Os peixes foram capturados
sazonalmente de agosto de 2014 a marco de 2016, com o uso de rede de arrasto (6,0 m?, 0,5
cm de malha) e peneira (0,4 m? 0,5 cm de malha). Além disso, 14 redes de espera (2 a 14 cm
de malha entre nés opostos, com 1.000 m? de rede por local) foram dispostas ao anoitecer e
removidas ao amanhecer. Os peixes foram anestesiados por imersao em solucdo com 6leo de
cravo. Apos, os peixes foram fixados com formalina 10% tamponada com carbonado de
calcio. Em laboratério, os peixes foram identificados e transferidos para etanol 70%. No
capitulo 1 estdo apresentados dados de 47 espécies de peixes nao nativos, das quais 24 vieram
do baixo rio Parana ap6s a construcdo da barragem de Itaipu. Estocagem, aquicultura e pesca
também contribuiram com novas introduces. As espécies pertenceram principalmente a
Cichlidae e Characidae; e a maioria € originaria de outras ecorregides da América do Sul. No
capitulo 2 foi demonstrado que peixes invasores tem a capacidade de explorar diferentes
recursos alimentares e aumentar o nicho trofico de acordo com o tipo de habitat. Por fim, no
capitulo 3 concluiu-se que as espécies podem variar seu esfor¢co reprodutivo de acordo com o
habitat. O cuidado parental apresentado por Serrasalmus marginatus e Loricariichthys
platymetopon, e a fertilizacdo interna por Auchenipterus osteomystax e Trachelyopterus
galeatus parecem ter sido caracteristicas importantes para 0 sucesso na invasao.

Palavras-chave: América do Sul. Biodiversidade. Conservagdo. Invasbes Bioldgicas. Rio
Parana.
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ABSTRACT

Detecting vectors and impacts of non-native species is necessary to prevent new
introductions. In addition, studies about the conditions under which non-native species are
established are important to know the invasion process and propose management issues.
Therefore, in this thesis three chapters are presented, with the aim of: (i) to investigate non-
native fish in the Paranapanema River (Chapter 1); (ii) to describe the composition of the diet,
the trophic guild and the trophic niche breadth (Chapter 2); (iii) to evaluate reproductive traits
(Chapter 3) of non-native fish in lagoons (lentic habitat) and free of dams rivers (lotic
habitat). The Paranapanema River is one of the largest tributaries and one of the most invaded
by fish from the Upper Parana River (southeast/south Brazil). The Paranapanema River runs
930 km to the west with 11 hydroelectric power plants in its channel. The sampling sites were
selected to represent lentic and lotic habitat. The lagoons have direct connection with the main
channel of the river and are located in the Rosana Reservoir. The Pirapozinho and Anhumas
rivers flows directly into the Rosana and Taquarugu reservoirs, respectively. The fish were
captured seasonally from August 2014 to March 2016, using a seine (6.0 m? 0.5 cm mesh)
and a sieve (0.4 m?, 0.5 cm mesh). In addition, 14 nets (2 to 14 cm of mesh between opposing
knots, with 1,000 m? of net per site) were disposed at the sunset and removed the following
morning. The fish were anesthetized by immersion in solution with clove oil. After, the fish
were fixed with 10% formalin buffered with calcium carbonate. In the laboratory, the fish
were identified and transferred to 70% ethanol. Chapter 1 presents data from 47 non-native
fish species, of which 24 came from the Lower Parana River after the construction of the
Itaipu Dam. Stocking, aquaculture and fishing also contributed with new introductions. The
species belonged mainly to Cichlidae and Characidae; and most of them were from other
South American ecoregions. In Chapter 2 it was shown that invading fishes have the ability to
exploit different food resources and to enlarge the trophic niche according to the type of
habitat. Finally, in chapter 3 it was concluded that species can vart their reproductive effort
according to the habitat. The parental care presented by Serrasalmus marginatus and
Loricariichthys platymetopon, and the internal fertilization by Auchenipterus osteomystax and
Trachelyopterus galeatus seem to have been important characteristics for invasion success.
Finally, in chapter 3 it was concluded that species can vary their reproductive effort according
to habitat. The parental care presented by Serrasalmus marginatus and Loricariichthys
platymetopon, and the internal fertilization by Auchenipterus osteomystax and
Trachelyopterus galeatus seem to have been important characteristics for invasion success.

Keywords: Biodiversity. Biological invasions. Conservation. Parana River. South America.
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1. INTRODUCAO GERAL

O ndmero de espécies introduzidas no mundo cresce rapidamente, devido ao
aumento da globalizagdo, do comércio e da mobilidade humana (GOZLAN, 2008;
LEPRIEUR et al., 2008; SEEBENS et al.,, 2017). As invasdes biologicas sao
consideradas um problema ambiental de interesse publico (GOZLAN et al., 2010).
Diante disto, os estudos sobre invasdes tém aumentado (LOWRY et al., 2013),
principalmente pelo crescimento da dispersdo geografica de muitas espécies (SEEBENS
et al., 2017). Espécies invasoras comumente alteram a funcionalidade dos ecossistemas
e interferem em mecanismos como predacdo, competicdo, parasitismo e mutualismo
(FULLER; NICO; WILLIAMS, 1999; GALLARDO et al., 2016). Além disso,
hibridizam com espécies nativas, transmitem doencas e geram impactos socio-
econdémicos (PIMENTEL; ZUNIGA; MORRISON, 2005; GOZLAN et al., 2010;
SIMBERLOFF et al., 2013; BLACKBURN et al., 2014).

O processo de invasdo € variavel e dependente de fatores bidticos, abiéticos, e da
capacidade adaptativa dos organismos (MARCHETTI et al., 2004). Deve-se considerar
que toda espécie introduzida é potencialmente invasora, porém, nem toda espécie
introduzida conseguird invadir. Isto dependerd de possiveis interacdes da espécie
introduzida com a éarea invadida e de suas préprias caracteristicas (WILLIAMSON;
FITTER, 1996; MARCHETTI et al., 2004).

Os peixes estdo entre os grupos de vertebrados mais introduzidos do mundo
(GOZLAN, 2008; SEEBENS et al., 2017), bem como entre os mais ameacados (IUCN,
2017). Apesar das consequéncias ja conhecidas, muitas espécies de peixes ainda sdo
translocadas entre ecossistemas aquaticos sem que seus impactos sejam considerados
(PASCUAL et al., 2002; LOWRY et al., 2013). Neste sentido, os vetores de introducao
de peixes, as condi¢cBes em que as espécies se encontram, suas relagdes com os fatores
bidticos, abidticos e condi¢cBes ambientais devem ser avaliadas de forma integrada.
Avaliar se tais espécies podem exercer efeitos diretos na ictiofauna nativa é importante
para entender os mecanismos gerais de controle biologico (ROSS, 1991). Neste
contexto é relevante a anélise das consequéncias das introducGes das espécies de peixe
sobre a comunidade nativa, assim como a divulgacdo de resultados em linguagem

acessivel para o publico em geral.



A fauna de peixes de 4gua doce na Ameérica do Sul é a mais diversa do mundo
(BARLETTA et al., 2010; REIS et al., 2016; VITULE et al., 2017). Neste continente, 0s
estudos sobre invasdes bioldgicas ainda sdo poucos, principalmente em agua doce
(LOWRY et al., 2013; SCHWINDT; BORTOLUS, 2017). No Brasil, a maioria dos
estudos em ambientes de 4gua doce abordam a aquicultura e novos registros de espécies
ndo nativas. Em seguida, estdo os estudos sobre biologia e ecologia (SCHWINDT;
BORTOLUS, 2017). Para se entender quais caracteristicas podem ter facilitado o
processo de invasao, é importante comparar tracos de historia de vida das espécies entre
as areas nativa e invadida (THOMAZ et al., 2015). Alguns trabalhos ja compararam
dados de crescimento, dieta e reproducdo de algumas espécies de peixes entre as duas
areas (GARCIA et al., 2014, AGOSTINHO et al., 2015; LIMA JUNIOR et al., 2015;
TONELLA et al., 2018). Como se ndo bastassem as invasdes que ja ocorrem no pais, a
politica brasileira ainda ameaca a biodiversidade e 0s servi¢os ecossistémicos de agua
doce ao permitir a criagdo e incentivar o uso de peixes ndo nativos (PELICICE et al.,
2014; AZEVEDO-SANTOS et al., 2016; PADIAL et al., 2017; PELICICE et al., 2017;
ALVES et al., 2018).

Nesta tese, estdo descritas a distribuicdo espaco-temporal e as possiveis
interacdes em diferentes habitat de peixes ndo nativos no rio Paranapanema, Ecorregido
do Alto Paran4, estados de Sao Paulo e Parana. O capitulo 1 € um manuscrito publicado
no periddico Biological Invasions sobre taxas, padrdes e manejo de peixes nao nativos
na bacia do rio Paranapanema. Foi verificado que o principal vetor de introducdo de
peixes ndo nativos na bacia foi a inundacdo do Salto de Sete Quedas em 1982 para a
formagc&o do reservatorio de Itaipu (JULIO JR. et al., 2009; VITULE et al., 2012). Esta
invasdo no rio Paranapanema ocorreu até 1987, quando foi concluida a barragem de
Rosana, sem sistema de transposi¢do de peixes. A barragem de Capivara, ja construida
em 1978, conteve a maior dispersdo de peixes ndo nativos para montante da bacia.
Portanto, os dois Ultimos reservatorios sd8o 0s mais invadidos por peixes no rio
Paranapanema. Além da inundagéo de Sete Quedas, a estocagem, a aquicultura, a pesca
esportiva e a soltura de peixes ornamentais e iscas-vivas também estdo entre o0s
principais vetores. No segundo capitulo ‘Dieta e ecologia alimentar de espécies de
peixes invasores sob diferentes condi¢cdes de habitat’, é avaliada a dieta de peixes
invasores em ambientes Iénticos e I6ticos. No terceiro capitulo, intitulado ‘Tragos

reprodutivos de peixes invasores de agua doce em uma grande bacia Neotropical’, Sd0
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descritos tracos reprodutivos de peixes invasores na seca e na cheia em lagoas e

tributarios.
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3. CAPITULO 1

INTRODUCTIONS OF NON-NATIVE FISHES INTO A HEAVILY MODIFIED RIVER: RATES,
PATTERNS AND MANAGEMENT ISSUES IN THE PARANAPANEMA RIVER (UPPER PARANA
ECOREGION, BRAZIL)

(INTRODUGOES DE PEIXES NAO NATIVOS EM UM RIO ALTAMENTE MODIFICADO: TAXAS,
PADROES E QUESTOES DE MANEJO NO RIO PARANAPANEMA (ECORREGIAO DO ALTO
PARANA, BRASIL))
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Abstract Understanding the pathways and impacts
of non-native species is important for helping prevent
new introductions and invasions. This is frequently
challenging in regions where human activities con-
tinue to promote new introductions, such as in Brazil,
where aquaculture and sport fishing are mainly
dependent on non-native fishes. Here, the non-native
fish diversity of the Paranapanema River basin of the
Upper Parana River ecoregion, Brazil, was quantified
fully for the first time. This river has been subject to
considerable alteration through hydroelectric dam
construction and concomitant development of
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aquaculture and sport fishing. Through compilation
of a non-native fish inventory by literature review,
with complementary records from recent field studies,
analyses were completed on the timings of introduc-
tion, and the taxonomy, origin and introduction
vectors of the non-native fishes. A total of 47 non-
native fishes are now present across the basin. Of
these, 24 invaded from the Lower Parana River
following construction of Itaipu Dam that connected
previously unconnected fish assemblages. Activities
including fish stocking, aquaculture and sport angling
continue to result in new introductions. Discounting
Itaipu invasions, the introduction rate between 1950
and 2014 was approximately one new introduction
every 3 years. Introduced fish were mainly of the
Cichlidae and Characidae families; most species were
from other South American ecoregions, but fishes of
African, Asian, North American and Central Ameri-
can origin were also present. These introductions have
substantially modified the river’s fish fauna; when
coupled with altered lentic conditions caused by
impoundment, this suggests that the river’s native
fishes are increasingly threatened.

Keywords Biodiversity - Invasion - Aquaculture -
Hydroelectric dams - Hydropower
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Introduction

Quantifying the extent of introductions of non-native
species into different biogeographic regions is impor-
tant for identifying how anthropogenic activities
modify natural patterns of biodiversity (Villéger
et al. 2011; Magurran et al. 2015). As introductions
of non-native species result in global biotic homog-
enization (Rahel 2000; Olden et al. 2004), it is
important to understand the pathways and rates of
introductions between biogeographic regions, espe-
cially in this era of globalization (Jackson and Grey
2013). Introductions of non-native species are often
coincident with the anthropogenic modification of
natural habitats that can increase invasion risk
(McKinney 2006; Poff et al. 2007). Thus, the inter-
action of introduction pressure and environmental
change frequently exacerbates the issues faced by
managers when attempting to limit new introductions
and then prevent invasions (Britton et al. 2011).

In freshwaters, river basins are frequently consid-
ered as biogeographic islands in which opportunities
for new species to invade are primarily from intro-
ductions that result from anthropogenic activities,
such as aquaculture (Gozlan et al. 2010). Introduction
rates into river basins can be high with, for example,
96 introduced species now present in the River
Thames, England (Jackson and Grey 2013). In devel-
oping inventories of non-native species, the identifi-
cation of vectors and pathways enables development
of proactive management approaches that can focus
efforts on preventing further introductions via greater
surveillance and regulation (Zieritz et al. 2017). In
some countries, pro-active approaches to prevent
introductions and manage introduced species are,
however, confounded by environmental and societal
factors that promote the likelihood of new invasions,
albeit often unintentionally. In Brazil, for example, a
combination of measures to increase hydropower
provision via river impoundment, the promotion of
the aquarium trade using ornamental fish, and the use
of intensive aquaculture is substantially increasing the
rate of introduction and establishment of non-native
species (Britton and Orsi 2012; Lima Jinior et al.
2015a, b; Xiong et al. 2015; Padial et al. 2016; Téfoli
et al. 2016). Indeed, there is a long legacy of
introductions of non-native fishes into many Brazilian
river basins (Agostinho et al. 2007; Pelicice et al.
2015; Frehse et al. 2016), including numerous
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translocations between South American ecoregions
that are diverse in their species richness (Reis et al.
2016). Therefore, understanding the respective con-
tributions of these human activities (vectors) to the
non-native fish fauna of specific Brazilian river basins
and ecoregions is important in determining how future
introductions could be prevented (Britton and Orsi
2012; Ortega et al. 2015).

The vectors responsible for the introduction of non-
native freshwater fish in Brazil, in areas such as the
Upper Parana freshwater ecoregion, include aquacul-
ture (Azevedo-Santos et al. 2011; Ortega et al. 2015),
fish stocking to support sport angling (Britton and Orsi
2012), releases of live-bait fishes used by anglers
(Garcia et al. 2015), the aquarium trade (Magalhdes
and Jacobi 2013; Magalhdes and Vitule 2013), and the
use of fish as biological control agents (Azevedo-
Santos et al. 2016). Moreover, the elimination of a
natural barrier to fish movement via construction of
the Ttaipu Dam has already resulted in a mass invasion
of the Upper Parana from the Lower Parana basin
(Julio Junior et al. 2009; Vitule et al. 2012; Daga et al.
2015). The Upper Parana ecoregion is in one of the
most inventoried areas of Brazil (Graga and Pavanelli
2007; Langeani et al. 2007), facilitating analysis of the
origin and vectors of the non-native fishes. These data
then provide more precision and quality on current
knowledge of the introduced species that can then be
applied to developing policy and practice for their
management.

The Paranapanema River is a major tributary of the
Upper Parana River that has undergone considerable
hydro-geomorphological alteration via the construc-
tion of 11 hydropower reservoirs. Correspondingly,
the river is a highly representative habitat in South
America where the interactions of human activities
and environmental changes are substantially altering
the composition of the fish fauna. Such profound
hydro-geomorphological disturbances to rivers tend Lo
promote the likelihood of invasions (Johnson et al.
2008; Britton and Orsi 2012). Correspondingly, the
aim here was to investigate the non-native fishes that
are now present in the Paranapanema River, with
compilation of an inventory of the species present, and
analysis of their timings of introduction, current
distribution, origins and vectors. Their taxonomy
was also determined, with analysis of the orders and
families of non-native fishes most frequently
introduced.



Introductions of non-native fishes into a heavily modified river

Methods
Study area

The Upper Parana Freshwater ecoregion is located
upstream of the Itaipu Reservoir and Lower Parana
River, with the Rivers Paranapanema, Grande, Para-
naiba and Tieté being its main tributaries (Castro et al.
2003). The ecoregion is almost entirely in Brazil,
except for its southwest region in Paraguay, and it is
the most industrialized and urbanized region of Brazil,
with large number of cities with over | million
inhabitants. Originally, this area contained the Atlan-
tic Rainforest and Brazilian Savannah biomes that
have now largely been converted to agriculture and
livestock. In addition, the Upper Parana River basin
had its watercourses transformed into reservoirs,
primarily for electricity production (Agostinho et al.
2007, 2016).

The Paranapanema River basin extends from the
southwest of the state of Sdo Paulo (SP) to the
northwest of the state of Parana (22°-26°S and 47°—
54°W) (Fig. 1). Its sources are in the Serra de
Paranapiacaba at 900 m altitude, and it flows
930 km to the west before its confluence with the
Parand River. Its course is subdivided into three main
stretches: Upper Paranapanema, formed from the
sources to the confluence of the Apiai-Guacu River,
which together with the Itapetininga River are the
main tributaries of this section; Middle Paranapanema,
where the main tributaries are Itararé and Pardo rivers;
and Lower Paranapanema, with the Rivers Cinzas,
Tibagi and Pirapd being the main tributaries (Sampaio
1944) (Fig. 1). The hydroelectric development of the
Paranapanema River began in 1936, with 11 dams now
present that have modified the main river channel into
a succession of cascading reservoirs (Fig. 1; Orsi et al.
2016). Cage and tank aquaculture is practised in and
around some reservoirs (Orsi and Agostinho 1999;
Ramos et al. 2013). The naturally high fish species
richness of the basin (at least 127 species, e.g. Castro
et al. 2003; Duke Energy 2008) is threatened by these
reservoirs, with considerable declines in native fish
species richness being recorded in, for example, the
Capivara Reservoir (Orsi and Britton 2014). For the
purposes of this study, the presence of non-native
fishes within the basin was considered across 11
locations that covered the major hydroelectric

reservoirs, the main river channel and river tributaries
(Fig. 1; Table I).

Fish species inventory and data analysis

In the study, a species was considered to be non-native
in the Paranapanema River if literature suggested it
should not have naturally occurred in the river due to
biogeographical factors. The non-native fishes in the
river thus included species from other ecoregions of
South America, as well as from other continents. They
also included species from the Lower Parand River
that, prior to construction of the Itaipu Dam, were
biogeographically isolated from the Upper Parand
River (Vitule et al. 2012).

To compile the inventory list of non-native fishes,
the principal method was literature review. The review
was based on searches completed in Web of Science,
and supplemented by Google Scholar, starting with the
river name (‘Paranapanema’) or ecoregion (‘Upper
Parand’) in ‘title’ searches, and then using these within
Boolean logic search terms with words including
‘alien’, ‘non-native’, ‘invasive’, ‘non-indigenous’,
‘introduced” and ‘allodiversity’. Searches were then
completed using the same terms but searching for
‘topic’. These searches provided an overall list of
articles that, following their review, provided a final
list of relevant articles from which data for the study
were extracted. In addition to these published sources,
grey literature was also sourced; this literature
primarily comprised of books, PhD theses and docu-
ments produced and archived by power companies in
charge of the hydroelectric dams. The latter provided
details on intentional introductions of non-native fish
into the reservoirs that were not available from any
other source (e.g. CESP 1997). This review process
and data extraction thus provided a list of non-native
fishes that have been introduced into the Parana-
panema River basin. Complementary data extracted
from the literature covered the timing of detection of
the non-native fishes (and, in some cases, their
introduction) and their taxonomy, native origin and
introduction vector. Where taxonomic and native
origin information was not available then it was
collated from other literature sources; these were
primarily Reis et al. (2003), Britski et al. (2007), and
Eschmeyer et al. (2016).

The introduction vector of each species was
assessed from information provided in the original
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Fig. 1 Inset: Location of the study area in Brazil. Main: the
Paranapanema River basin located in the Upper Parand
ecoregion, where the numbers represent the locations of the
hydroelectric reservoirs: (1) Rosana; (2) Taquarugu; (3)

Capivara: (4) Canoas I; (5) Canoas 1I; (6) Salto Grande; (7)
Ourinhos; (8) Chavantes; (9) Paranapanema; (10) Piraju; and
(11) Jurumirim

Table 1 Number of individuals of non-native fish species stocked in reservoirs of the Paranapanema River between 1978 and 1992,
from stocking programs conducted by ‘Companhia Energética de Sdo Paulo™ (CESP 1997)

Species Reservoir Total
Rosana Capivara Salto Grande Chavantes Jurumirim

Astronotus crassipinnis 0 26,300 34,000 17,000 24,000 101,300
Cyprinus carpio 0 390,000 135,000 265,646 819,557 1,610,203
Sorubim lima 10,000 9000 0 0 0 19,000
Schizodon borellii 0 30,000 38.000 60,144 90,000 218,144
Triportheus angulatus 0 1,075,000 52,642 80,000 305,000 1,512,642
Oreochromis niloticus 0 1,935,000 615,000 1,243,000 5,694,200 9,487,200
Hoplias lacerdae 0 188,280 27.800 50,000 169,300 435,380
Total 10,000 3,653,580 902.442 1,715,790 7.102,057 13,383,869

literature source; when this information was not
present, then the vector was interpreted from subse-
quent literature on that species (e.g. whether it is
primarily a species used in aquaculture or sport
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angling). Where even this information was lacking
then author knowledge was used. The vectors that
were identified were: (1) fish stocking via sport-
angling; (2) live-bait fishes used in sport angling; (3)
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aquaculture (‘fish farming’); (4) biological control
(primarily of mosquito); (5) Itaipu Dam, where the
non-native fish was present in the river only as a direct
consequence of their upstream movement that was
enabled by the dam flooding the natural biogeographic
barrier of the Sete Quedas Falls; and (6) the aquarium
trade (Julio Janior et al. 2009; Britton and Orsi 2012;
Vitule et al. 2012; Azevedo-Santos et al. 2016).

To provide an up-to-date inventory of non-native
species in the river, the literature review was comple-
mented by field samples. These samples had been
collected quarterly between 2012 and 2014 as part of a
monitoring project within the Paranapanema River
basin to detect natural fish spawning and nursery areas.
Data from these samples were used here to only
provide new information on the presence of non-
native fishes that had yet to be reported in the
literature. The samples were collected from the major
habitats of the Rosana, Taquarugu, Capivara, Canoas
I, Canoas II and Salto Grande reservoirs, and their
river tributaries (Fig. 1). Adult and juvenile fishes
were captured by seine nets (6.0 m, 2.0 mm of mesh)
and complemented by samples of juvenile and larval
fishes collected by sieves (0.4 m?, 0.5 mm of mesh).
As any identified new species would have no support-
ing information on their native origin and vector, these
were determined through literature review and author
opinion, as described above.

Following compilation of the inventory list of the
non-native fishes and their associated information
(taxonomy, timing of introduction, native origin, and
vector), these data were evaluated to determine their
main patterns. To assess the temporal and spatial
pattern of non-native fish introductions, the year of
their first detection/introduction was identified (where
detection was used as a proxy of the year of
introduction). This enabled calculation of the propor-
tion of non-native species that were introduced over
time, their introduction rate per year, the cumulative
number present, and the spatial variation in the
number of species present across the basin (Fig. 1).
If the introduced species was South American, then
their geographic origin was given as the donor
freshwater ecoregion (Abell et al. 2008); if its origin
was from outside of South America then their
continent was given (e.g. Africa, Asia, North America
and Central America). Analysis of the vectors of
introduction was determined as the proportion of
species that were introduced via that vector. In

addition, information on fish stocking rates in the
reservoirs was provided where this was available.
Note that the species lists and associated information
generated by the study and used in the analyses are
provided in full in Appendices 1 and 2 of the
Supplementary Material.

Results
Literature review

The initial ‘title’ search in the ‘Web of Science’
database, using ‘Paranapanema’ as the search term,
returned 86 articles; whilst these articles were pub-
lished between 1992 and 2017, 58 (67%) were
published between 2008 and 2017. The search of
‘Upper Parand’ returned 328 papers that were pub-
lished between 1968 and 2017, with 208 (63%)
published since 2008. The use of these words with
other key words within Boolean search terms (cf.
Methods) resulted in a total of 20 articles from which
data on the introduced fishes of the Paranapanema
River basin could be extracted (Appendix 1, 2). This
information was then supplemented by data extracted
from 10 articles in non-IST journals that were located
by searches in Google Scholar using the same search
terms (Appendix 1, 2). Finally, a combination of
online searches (e.g. for books), and sourced docu-
ments from power companies (e.g. for historical
stocking records) and universities (e.g. PhD theses),
provided a further 15 literature sources from which
data were also extracted (Appendix 1, 2). Thus, the
literature review was based on 30 peer-reviewed
papers and 15 items of grey literature (¢f. Supplemen-
tary Material).

Initial non-native fish introductions

Literature review revealed that the first recorded non-
native fish in the Paranapanema River occurred in the
1950s, with the North American largemouth bass,
Micropterus salmoides Lacepéde, 1802, reported
(Fig. 2; Appendix 2). Further deliberate introductions
of non-native fishes occurred between 1978 and 1992
through fish stocking programmes conducted by
‘Companhia Energética de Sdo Paulo’ (CESP 1997),
with seven non-native species released (Table I;
Appendix 2). A major introduction event was then
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the flooding of the natural biogeographic barrier of the
Sete Quedas Falls during the formation of the Itaipu
Reservoir. This enabled 24 fishes originating from the
Lower Parand ecoregion to disperse upstream into the
Paranapanema River (Julio Junior et al. 2009; Vitule
et al. 2012; Daga et al. 2015), with these new species
resulting in a major peak in the introduction rate
(Fig. 2).

Non-native fish composition and distribution

A total of 45 non-native fish species were recorded in
the literature as having been introduced into the
Paranapanema River between 1930 and 2014
(Table 2; Appendix 1). The field sampling conducted
between 2012 and 2014 in a number of reservoirs and
their tributaries (¢f. Methods) increased this total to 47
non-native fishes (Table 2; Appendix 1). This repre-
sents an overall rate of 0.72 new species per year; if the
24 fishes associated with the construction of the Itaipu
Dam are removed from the data then this reduces to
0.35 new species per year. The 47 non-native fishes
were from eight orders and 21 families. The orders
were primarily Characiformes (8 families, 13 species),
Siluriformes (6 families, 12 species), and Perciformes
(3 families, 12 species) (Appendix 1).

The two new non-native fishes added to the non-
native fish inventory from the field sampling were
Ossancora eigenmanni (Boulenger 1895) and Lae-
tacara araguaiae Ottoni & Costa, 2009. Note that
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although O. eigenmanni has previously been recorded
in the basin, it had only been recorded as unidentified
Doradidae (Duke Energy 2008), with these new
samples now enabling their identification to species
level. Conversely, L. araguaiae has not reported
previously but was present in field samples collected
from the Rosana Reservoir in 2013 and was subse-
quently identified to species level in the laboratory.

Information gathered from the published literature
revealed that in terms of distribution in the Parana-
panema River, the non-native fishes that have been
detected in at least 9 of the 11 evaluated habitats of the
basin were Hyphesobrycon eques (Steindachner,
1882) (mato-grosso), Metynnis lippincottianus (Cope,
1870) (pacu-cd), Plagioscion squamosissimus Heckel,
1840 (corvina), and Oreochromis niloticus (Linnaeus,
1758) (Nile tilapia) (Fig. 1; Table 2; Appendix 1).
Most of the non-native fishes were recorded within the
hydropower reservoirs, with only a small proportion
recorded in the main river channel (Fig. 3). Of the
reservoirs, the Rosana, Taquarugu and Capivara
reservoirs had the highest numbers of introduced
non-native fishes (Fig. 3).

Native origin and vectors

Nine South American freshwater ecoregions provided
38 of the 47 non-native fishes present in the basin
(83% of all introductions) (Fig. 4a). The regions of
native origin of these species were primarily Paraguay
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Table 2 Composition and distribution of the non-native fish species introduced into the Paranapanema River basin between 1950

and 2014, where “X’ denotes introduced and *-*denotes absence in that location

Species

Location within the Paranapanema River basin

Ros

Taq

Cap

Tib

Can 1

Can II

Ser

Cha

Jur Upper

Aphyocharax dentatus
Apteronotus caudimaculosus
Astronotus crassipinnis
Auchenipterus osteomystax
Brachyhypopomus pinnicaudatus
Bryconamericus exodon
Catathyridium jenynsii
Cichla kelberi

Cichla monoculus

Cichla ocellaris

Cichla piquiti

Cichla temensis

Clarias gariepinus
Coptodon rendalli
Ctenopharyngodon idella
Cyprinus carpio

Ervtrhinus ervthrinus
Hoplias lacerdae
Hyphessobrycon eques
Hypophthalimus edentatis
Ictalurus punctatus
Laetacara araguaiae
Leporinus macrocephalus
Loricariichthys platymetopon
Metynnis lippincottianus
Micropterus salmoides
Misgurnus anguillicaudarus
Oreochromis niloticus
Ossancora eigenmanni
Pimelodus ornatus
Plagioscion squamosissimus
Poecilia reticulata
Potamotrygon cf. motoro
Pterodoras granulosus
Ptervgoplichthys ambrosettii
Rhamphichthys hahni
Roeboides descalvadensis
Satanoperca pappaterra
Schizodon borellii
Serrasalmus marginatus
Sorubim lima
Steindachnerina brevipinna

Trachelyopterus galeatus
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Table 2 continued

Species Location within the Paranapanema River basin

Ros Taq Cap Tib Canl Can 11 Sgr - Our  Cha  Jur  Upper
Trachydoras paraguayensis X X - - - - - - - -
Triportheus angulatus - - X - - - - - - -
Triportheus nematurus - X X - - X - X X -
Xiphophorus hellerii X - - - - - - X - -
Total number of species by location 30 23 22 15 9 9 11 7 8 8 3

Locations are shown in Fig. | and are represented here as: Ros Rosana Reservoir, Tag Taquarugu Reservoir, Cap Capivara Reservoir,
Tib Tibagi River; Can I Canoas I Reservoir, Can I Canoas 11 Reservoir, Sgr Salto Grande Reservoir, Qur Ourinhos Fish Ladder, Cha
Chavantes Reservoir, Jur Jurumirim Reservoir, Upper Tributaries of the Upper Paranapanema River. For taxonomic details by
species and the sources of information on the introduction, please see Appendix 1 of Supplementary Material

Fig. 3 The number of non- 30
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and the Lower Parand ecoregions, the Amazonas,
Orinoco, Guianas, and Uruguay River basins. The
importance of the Lower Parand ecoregion as a donor
region is reflected in the main introduction vector
being the flooding of the Sete Quedas Falls via Itaipu
Dam construction (24 of the 47 non-native fishes)
(Fig. 4b). The native origins of the introduced fishes
from outside of South America were Africa, Asia,
North America and Central America, with their
vectors primarily mainly being aquaculture, fish
stocking and the release of ornamental fish (via the
aquarium trade) (Fig. 4b).
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Discussion

The number of non-native fishes in the Paranapanema
River basin of the Upper Parand ecoregion has
increased over time, with at least 47 non-native fishes
now present. When the influence of the Itaipu Dam is
removed from the data, there was a new fish species
recorded in the river approximately every 3 years.
These results also represent the highest numbers of
non-native fish recorded in the Paranapanema River
basin to date. In the riverine habitats, three non-native
fishes have been recorded previously (Castro et al.
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Fig. 4 a Origin of the non-native fish species (N = 47)
introduced into the Paranapanema River according to South
American ecoregions (Abell et al. 2008); b origins of the non-
native fish species introduced into the Paranapanema River
according to the vector of introduction

2003), whereas in reservoirs and the tributaries,
previous recordings were 13 species (Carvalho et al.
2005) through to 27 (Orsi et al. 2016), 31 (Duke
Energy 2008), and finally up to 39 species (Ortega
etal. 2015). The families now contributing most to the
introduced fish fauna are the Cichlidae and

Characidae; of the 10 cichlids present, five have been
recorded as Cichla species (peacock basses).

The Paranapanema River has a relatively low native
fish species richness compared to other rivers in the
Upper Parand ecoregion (e.g. compared to the Parana,
Paranaiba, Grande and Tieté rivers) (Agostinho et al.
1997). It is now apparent that the Paranapanema has a
relatively high number of introduced fishes compared
with other rivers in the ecoregion (Ortega et al. 2015),
suggesting it can be considered as a regional fish
invasion hotspot. In other areas of the world that have
been studied for their non-native taxa, 15 non-native
fish species were recently recorded in the River
Thames, England (of 96 non-native species recorded
in total) (Jackson and Grey 2013) and in Lake
Naivasha, Kenya, 11 non-native fish were introduced
between the 1920s and 2000s (Gherardi et al. 2011).
Kolar and Lodge (2002) identified 45 non-native fishes
in the North American Great Lakes for development of
their invasion predictions and risk assessment. As each
of these freshwater systems were described as highly
invaded (Kolar and Lodge 2002; Gherardi et al. 2011;
Jackson and Grey 2013) then the Paranapanema River
can also be considered as a highly invaded freshwater
system at the global scale.

The construction of the Itaipu Dam was responsible
for over 50% of the non-native fish present in the
Paranapanema River basin. The construction of this
dam flooded the Sete Quedas Falls in 1982. These falls
had historically functioned as a semi-permeable
biogeographic barrier (a small number of large-bodied
migrant fishes could pass under high discharge
conditions) via its sequence of 19 groups of waterfalls
that physically separated the fish fauna of Upper and
Lower Parand basins (Bonetto 1986; Vitule et al. 2012;
Lima Junior et al. 2015b). Its flooding thus enabled the
upstream dispersal of a number of fishes from the
Lower Parand basin into the Upper Parana basin (Julio
Junior et al. 2009). The movement of these fishes
through the Paranapanema River was restricted by the
Capivara Dam, built in 1978 without fish passage.
However, species such as Pterygoplichthys ambroset-
tii (Holmberg, 1893) and Loricariichthys platymeto-
pon Isbriicker & Nijssen, 1979 have since moved
above this dam following their rescue from its
hydropower turbines and their subsequent release into
the reservoir upstream (Casimiro et al. 2017). In
addition, the 11 hydroelectric reservoirs now present
along the Paranapanema River has resulted in
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increased use of cage aquaculture and sport fishing
(Britton and Orsi 2012). Both activities are heavily
reliant on non-native fishes, especially O. niloticus
(aquaculture) and Cichla fishes (sport fishing) (Britton
and Orsi 2012). In addition, at least 13 million fish
across seven non-native species were released in the
reservoirs in stocking events between 1978 and 1992
to mitigate the effects of impoundment, with these
fishes now having established populations (CESP
1997). This number of released fishes could be
considered as representing high propagule pressure,
an important factor that tends to increase the proba-
bility of introduced species establishing (Lockwood
et al. 2005, 2009). In entirety, these findings strongly
suggest that the major engineering of the Parana-
panema basin specifically, and the Parand River more
generally, has been the primary reason for most of the
non-native fish introductions occurring, with the other
introduction vectors secondary to this.

Although this study has documented 47 introduced
fish in the basin, the status of these fishes, such as
whether they were established or invading, was not
always apparent. However, with their repeated report-
ing in the literature and/or recording in field samples, it
was assumed that most of the fishes have at least
established sustainable populations. The high propor-
tion of these fishes within the reservoirs, rather than
the main river channel, suggests that these impound-
ments are important habitats in their establishment and
colonisation of the basin. Indeed, studies generally
suggest that impoundments enhance the probability of
non-native fishes establishing populations (e.g. John-
son et al. 2008). The high proportion of invasive
cichlids in the Paranapanema reservoirs is also sup-
ported by other studies suggesting Neotropical
impoundments are prone to dominance by introduced
cichlids (e.g. Agostinho et al. 2007; Langeani et al.
2007; Ortega et al. 2015). The relative importance of
Cichla fishes in the altered hydro-geomorphic condi-
tions might also relate to the shift in abiotic conditions
caused by river impoundment, for example, the initial
reduction in water turbidity in the reservoirs when
compared to the river channel. This is because
increased water clarity can assist Cichla fishes in their
prey detection and capture, even when macrophytes
are present that usually provide effective prey refugia
(Pelicice and Agostinho 2009). A potentially impor-
tant factor in the success of Cichla fishes in the
reservoirs is also their reproductive plasticity. For
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example, the spawning of Cichla piquiti Kullander &
Ferreira, 2006 is seasonal in their native Amazonian
rivers, with increased reproductive activity at the
beginning of the rainy season (Munoz et al. 2006). In
contrast, in their invasive population of the Itumbiara
Reservoir (Paranaiba River basin, Southeast Brazil),
their reproduction occurred throughout the year and
was asynchronous with rainfall and temperature
patterns (Vieira et al. 2009). This plasticity in
reproductive behaviour potentially facilitates estab-
lishment through elevated annual recruitment. Indeed,
plasticity in life history traits is a general feature of
many successful invaders, as it usually enables rapid
adaptive responses to new conditions (Gozlan et al.
2010).

The high number of non-native fishes introduced
into the Paranapanema River means it is important to
consider their ecological impacts, especially as the
river also has a relatively high native fish species
richness (at least 127 fishes: Castro et al. 2003; Duke
Energy 2008). In the reservoirs, there has been an
increased number and abundance of invasive pisci-
vores, especially Cichla fishes (Orsi and Britton 2014).
The impacts of introduced Cichila fishes have already
received considerable attention in the Parana basin
more generally, where deleterious impacts on native
fish species richness have been consistently recorded
(e.g. Pelicice and Agostinho 2009; Menezes et al.
2012; Pelicice et al. 2015). A study documenting
temporal changes in the fish assemblage of the
Capivara Reservoir between 1992 and 2010 revealed
that of 50 native fishes present in the initial samples,
there were only 23 remaining in final samples, with an
additional 11 non-native fish present by 2010 (Orsi
and Britton 2014). However, as this native fish
diversity started to decrease prior to Cichla establish-
ment, then it was most likely driven initially by the
substantial alterations to the hydro-geomorphology of
the river, with losses only then exacerbated by high
Cichla predation pressure (Orsi and Britton 2014).

The importance of vectors such as the Itaipu Dam
for non-native fish introductions in the Paranapanema
River was reflected in the origin of most introduced
fishes being other Neotropical basins and South
American ecoregions. Indeed, this is typical of the
non-native fish fauna of Neotropical reservoirs more
generally (Ortega et al. 2015; Latini et al. 2016).
However, non-native fishes were also present in the
Paranapanema River from four other continents,
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revealing how globalization of activities such as the
ornamental fish trade and aquaculture has resulted in
some fishes, such as Cyprinus carpio Linnaeus, 1758
and O. niloticus, achieving a global distribution
(Gozlan et al. 2010; Britton and Gozlan 2013).
Moreover, given the propensity of fish farmers to
diversify their cultured fishes using fish from different
countries and continents (Gozlan 2008), it is probable
that more non-South American fish will be introduced
into the Paranapanema basin via this vector in future.
From a management perspective, the increased
non-native fish diversity and decrease in native fish
diversity in the Paranapanema River basin raises
substantial conservation concerns. The results here
suggest that strategies that prevent new introductions
via better regulation of the important introduction
vectors should be considered. For example, the
aquaculture sector is an important economic activity
in the Paranapanema basin and is a key introduction
vector (Agostinho et al. 2007; Ortega et al. 2015;
Latini et al. 2016). Non-native fishes, including
Clarias gariepinus (Burchell, 1822) and O. niloticus
are cultured (Orsi and Agostinho 1999); both are
highly invasive and harmful to native fish diversity
(Forneck et al. 20106; Latini et al. 2016; Padial et al.
2016). Brazilian aquaculture also tends to prefer
cultivating non-native species (Agostinho et al.
2007), with a proposed bill (Law 5989/09) encourag-
ing this further (e.g. Pelicice et al. 2014). In combi-
nation, this suggests there is a pressing requirement for
increased education of fish farmers on the risks their
activities pose to native fish diversity. This should be
allied with enhanced biosecurity of aquaculture sites
to prevent fish escapes, with a concomitant shift
towards farming indigenous fishes (Britton and Orsi
2012; Forneck et al. 2016). It is also recommended that
all policies that promote introducing non-native fishes
in reservoirs (e.g. for sport angling) are terminated,
with increased regulation and supervision on the
keeping and release of ornamental fishes by the public.
Unfortunately, given the large spatial distribution of
many of the non-native fishes that have already been
introduced into the Paranapanema River basin, there
are few management options available that would be
effective at preventing their further dispersal and
impact (Britton et al. 2011). Consequently, manage-
ment priorities should aim to prevent new introduc-
tions and implement mitigation actions to promote the
protection and restoration of native fish diversity.

In summary, the Paranapanema River is a highly
altered river system due to the construction of
hydroelectric reservoirs. These altered conditions, in
conjunction with human activities, such as aquaculture
and sport angling, have facilitated the introduction and
subsequent invasion of non-native fishes. Thus, it is
apparent that the fish fauna of this river within the
Upper Parana ecoregion has been heavily modified
due to a range of human activities that have altered its
physical and biological characteristics, and facilitated
the introduction and invasion of many non-native
fishes.
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Diet and feeding ecology of invasive fish under different habitat conditions
Running title: Diet and feeding ecology of invasive fish

Paranapanema River is most frequently invaded by non-native fish from the Upper
Parana River Freshwater Ecoregion. To understand how the diet of invasive species
varies by different habitat types, we studied 12 non-native populations belonging to:
Serrasalmus marginatus, Loricariichthys platymetopon, Ossancora eigenmanni,
Auchenipterus  osteomystax,  Trachelyopterus  galeatus, and  Plagioscion
squamosissimus. The feeding was described in the lentic and lotic habitat of the
Paranapananema River basin between August 2014 and March 2016. The fish were
caught with a seine and gillnets. PERMANOVA revealed differences between habitat
in the diet of O. eigenmanni (Pseudo-F121 = 1.75; P = 0.042), A. osteomystax (Fy12 =
2.31; P = 0.004) and T. galeatus (F1,70 = 1.94; P = 0.005). Eight trophic guilds were
identified, and S. marginatus, L. platymetopon, and T. galeatus have the same trophic
guild (piscivorous, detritivorous and omnivorous, respectively) in both habitat. In
contrast, the trophic guilds of O. eigenmanni, A. osteomystax and P. squamosissimus
varied according to the habitat. Most populations of the lotic habitat have wider trophic
niche breadth, except for O. eigenmanni and T. galeatus. All populations have specialist
habit. In conclusion, invasive fish species have the ability to explore different food
resources and increase the niche breadth according to habitat.

Keywords. Biodiversity, Biological invasions, Food resources, Niche breadth,
Reservoir, Stomach contents, Upper Parana River.
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Introduction

Agquatic invasive species have extended their range distribution in the
worldwide ecosystems by the barrier removal, increasing trade and human mobility
(Leprieur et al. 2008; Panov et al. 2009; Gozlan et al. 2010; Thomaz et al. 2015;
Seebens et al. 2017). Aquatic invaders have the capacity to disrupt ecosystem processes
by the reduction in the abundance and diversity of native communities (Gallardo et al.
2016). The disturbance occurs because of the influence on established trophic
interactions in aquatic communities (Vitousek 1990; Shea and Chesson 2002; Gallardo
et al. 2016). In addition to environmental, biological and human factors responsible for
the successful establishment of invasive species, it is important to determine the features
common to species and invaded areas (Shea and Chesson 2002).

Invasive fish species are particularly pervasive and may cause food web
disruption (Khan and Panikkar 2009; Britton et al. 2010; Gallardo et al. 2016; Copp et
al. 2017) and threats biodiversity (Pelicice and Agostinho 2009; Matsuzaki et al. 2016).
However, food resources affect the fitness of populations and define the permanence of
the non-native species (Zambrano et al. 2010). Furthermore, the spatial and temporal
variability promoted by human activities favors non-native species with higher
tolerances to changes in physicochemical characteristics and plasticity of life history
traits (Marchertti et al. 2004; Gozlan et al. 2010).

Among the goals of the biological invasion studies is to predict which
environments are most susceptible to invasion and to identify which factors facilitate
establishment (Marchetti et al. 2004). Improved knowledge of feeding ecology of
invasive fishes and their variations is needed to understand the invasion process (Moyle
and Ellsworth 2004; Kornis et al. 2013) and to elaborate management strategies
(Garcia-Berthou 2007; Guinan Jr. et al. 2015; Leuven et al. 2017). Therefore, to
describe the use of food resources under the influence of different environmental
conditions is important to predict susceptible habitat to species invasion and provide
information to control their spread (Ricciardi and Rasmussen 1998; Kolar and Lodge
2001; Sepulveda 2017).

Plasticity in life history traits is a feature of successful invaders, due to its rapid
ability to respond to new conditions (Gozlan et al. 2010). In Brazil, although several
studies address fish escapes, impacts on other species or the invasion status (Pelicice
and Agostinho 2009; Vitule et al. 2009; Pelicice et al. 2014; Ortega et al. 2015; Garcia
et al. 2017; Padial et al. 2017; Casimiro et al. in prep) few aim to understand the
mechanisms and conditions that determine the invasion success (Agostinho et al. 2015;
Pazianoto et al. 2016; Cassemiro et al. 2017; Franco et al. 2017; Tonella et al. 2018).
Some studies on the biology of Neotropical fish species have focused on the comparison
between its native and invasive ranges (Garcia et al. 2014; Agostinho et al. 2015; Lima
Junior et al. 2015; Tonella et al. 2018). Thus, the limited information available on food
ecology for most invasive fish species makes it even more difficult to assess the
stability of populations and their ability to interfere with the availability of prey
(Charlebois et al. 2001). Therefore, with this study we aimed to describe the diet
composition, trophic guild, and niche breadth of invasive fish species based on samples
of damming (lentic) and free from dam (lotic) habitat of a same watershed. The species
occur in different habitat in the invaded area in relation to hydro-geomorphological
characteristics due to natural features and types of impacts. Environmental differences
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may reflect food disponibility, and it is expected that the invasive fish populations will
present different feeding behavior. It will be tested the hypothesis that invasive fish
populations present wider trophic niche breadth in lotic habitat without damming
impact. It is expected that lotic environments provide more food resources and are more
susceptible to the establishment of non-native species.

Methods
Study area

The Paranapanema River sources are located in the Serra de Paranapiacaba
(southeastern Brazil) at 900 m altitude, and it flows 930 km to the west before its
confluence with the Parand River (Figure 1). Originally, Paranapanema River basin
contained the Atlantic Rainforest and Brazilian Savannah biomes (hotspots) that have
been converted to agriculture and livestock.

The study was performed in two types of habitat of the Lower Paranapanema
River basin: lentic (Lagoon 1 and Lagoon 2) and lotic (Pirapozinho and Anhumas
rivers) (Figure 1; Table 1). Lagoons are environments that were formed after the filling
of the Rosana Reservoir in 1986. Lagoon 1 is located in the state of Sdo Paulo and
borders of the Morro do Diabo State Park, whereas Lagoon 2 is located in the state of
Parana. Pirapozinho and Anhumas rivers are located in the state of Sdo Paulo and flow
directly into the reservoirs of Rosana and Taquarugu, respectively.

Sampling

Fishes were sampled seasonally from August 2014 to March 2016. Fishes were
captured with seine (6.0 m?, 0.5 cm mesh) and sieve (0.4 m?, 0.5 cm mesh) which were
operated for one hour by five people. Furthermore, 14 gillnets were used (2 to 14 cm
meshes between opposing knots), with 1,000 m? of net per site. Nets were disposed at
the sunset and removed the following morning, with approximately 12 hours of
exposure. Fishes were anesthetized by immersion in water solution with clove oil
(Animal Ethics Committee of Universidade Estadual de Londrina n. 30992.2014.33).
After this procedure, fishes were fixed with 10% formalin buffered with calcium
carbonate.

In the laboratory, fishes were identified using specialized literature (Britski et
al. 2007; Graca and Pavanelli 2007) and by specialists from the Museu de Zoologia of
the Universidade Estadual de Londrina (MZUEL), and then transferred to 70% ethanol.

A total of 290 individuals belonging to six invasive species were studied:
Serrasalmus marginatus Valenciennes, 1837 (Serrasalmidae) (27 individuals analysed;
standard length [SL] range = 8.8 - 29.5 c¢cm); Loricariichthys platymetopon Isbriicker &
Nijssen, 1979 (Loricariidae) (51 individuals analysed; SL = 13.4 - 26.5 cm); Ossancora
eigenmanni (Boulenger, 1895) (Doradidae) (26 individuals analysed; SL = 6.4 - 9.5
cm); Auchenipterus osteomystax (Miranda-Ribeiro, 1918) (Auchenipteridae) (27
individuals analysed; SL = 12.0 - 24.0 cm); Trachelyopterus galetaus Linnaeus, 1766
(Auchenipteridae) (98 individuals analysed; SL = 10.7 - 18.0 cm); and Plagioscion
squamosissimus (Heckel, 1840) (Sciaenidae) (61 individuals analysed; SL = 8.0 - 47.0
cm). Stomachs were removed and deposited in 70% ethanol for later analysis in the
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laboratory. The first quarter of the intestine of L. platymetopon was also used in the
analysis.

Data analysis

Fish diet was determined from the analysis of stomach contents with the use of
stereoscopic and optical microscopes. Food items were identified to the lowest possible
taxonomic level using specific identification keys. Dietary analysis was based on the
volume of each food item (Hyslop 1980), which was obtained by displacing the item in
the water column using a graduated cylinder (0.1 ml) for large items and a glass
millimeter plate (mm?3) for smaller items. The volume obtained in mm?® was converted to
ml when the volume was less than 0.1 ml (Hellawel and Abel 1971).

Differences in the diet composition of the species between lentic and lotic
habitat were tested by permutational multivariate analysis of variance (PERMANOVA)
(Anderson et al. 2008), which was applied to a matrix of food items per analyzed
stomach, with volume values of items for each species separately. The Bray-Curtis
distance was used as a measure of dissimilarity, and 9999 permutations to test the
significance of the pseudo-F statistics derived from PERMANOVA. Statistical analyzes
were conducted in the R Programming Environment using the Vegan package (Oksanen
et al. 2007) (The R Project for Statistical Computing, http://www.r-project.org/).

Trophic guilds were based in Delariva et al. (2013) adapted from Mérona et al.
(2001): detritivorous: more than 50% detritus/sediment in the stomachs; planktivorous:
more than 50% plankton in the stomachs; detritivorous-planktivorous: more than 50%
detritus/sediment and plankton in the stomachs; terrestrial insectivorous: more than 50%
terrestrial insects in the stomachs; carcinophagous: more than 50% decapods (crab and
shrimp) in the stomachs; invertivorous: more than 50% invertebrates in the stomach;
piscivorous: more than 50% fish (including scales and ray of fish fin) in the stomachs;
omnivorous: none of the above statements and adding items of animal and plant origins
(leaf, flower, fruit and seed of higher plants).

Trophic niche breadth was estimated for each species by the Levin’s
standardized index (Ba): Ba = (B-1)/(n-1), where Ba is the Levin’s standardized index
by the number of items (n) and B = 1/(X"-, pi~), where B = trophic niche breadth, pi =
proportion of item i in the diet and n = number of food items (Krebs 1998), which
calculates the evenness of distribution of items among the various food resources. The
values were established as: low (< 0.4), intermediate (0.4 to 0.6) and high (> 0.6). Low
values indicate a specialized diet (S), while intermediate and high values indicate
generalist diet (G) (Levins 1968).


http://www.r-project.org/

33

Results
Diet composition

Diet of O. eigenmanni, A. osteomystax and T. galeatus was different between
the types of habitat, whereas the diet of S. marginatus, L. platymetopon and P.
squamosissimus did not varied (PERMANOVA, Table 2). Diet of S. marginatus was
composed mainly of fish in lentic and lotic habitat (Figure 2A, Table 3).

Loricariichthys platymetopon primarily fed on organic detritus (volume ~
80%) in both habitat (Figure 2B, Table 3). Diet of O. eigenmanni was composed
predominantly by Gastropoda, Ostracoda, Acari and Trichoptera (larvae) in the lentic
habitat, whereas organic detritus, inorganic detritus and Copepoda predominated in the
lotic habitat (Figure 2C, Table 3).

Cladocera was the main food item of A. osteomystax in the lentic habitat,
whereas Coleoptera and terrestrial insect (non-identified) dominated in the lotic areas
(Figure 2D, Table 3). Trachelyopterus galeatus had the highest richness of food items.
Coleptera and plant material predominated in the lentic habitat, whereas plant material
(volume > 45%), Decapoda, Aranae, terrestrial insects (non-identified) and Orthoptera
in the lotic habitat (Figure 2E, Table 3). Diet of P. squamosissimus was composed
primarily by Decapoda and fish in both habitat (Figure 2F, Table 3).

Trophic guild

Fish exhibited eight trophic guilds (Table 4). Serrasalmus marginatus
(piscivorous), L. platymetopon (detritivorous) and T. galeatus (omnivorous) maintained
their trophic habits in both types of habitat. In contrast, there was a clear shift in: O.
eigenmanni was invertivorous and detritivorous-planktivorous in lentic and lotic habitat,
respectively; A. osteomystax planktivorous and terrestrial insectivorous; P.
squamosissimus carcinophagous and piscivorous (Figure 2; Table 4).

Trophic niche breadth

Wider niche breadth was verified for A. osteomystax, S. marginatus, L.
platymetopon, and P. squamosissimus in lotic habitat, where there was highest richness
and evenness of food items (Table 4). On the other hand, O. eigenmanni and T. galeatus
presented wider niche breadth in lentic habitat. All species were characterized with
specialist habit in both habitat (TH < 0.4) (Table 4).

Discussion

Non-native species invade new areas when they overcome environmental
barriers and establish (Colautti and Maclssac 2004; Blackburn et al. 2011). The
piscivorous Serrasalmus marginatus, detritivorous L. platymetopon and omnivorous T.
galeatus are among the most abundant species in different biotopes of the Upper Parana
River floodplain (Agostinho et al. 2004; Luiz et al. 2004; Bailly et al. 2011), due to their
feeding plasticity and the greater availability of food resources (Tonella et al. 2018). In
this study, such species maintained the same trophic guild in lentic and lotic habitat.
The ability to maintain large populations through the same food resources ingestion
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provide the invasion success (Gido and Franssen 2007). In contrast, O. eigenmanni, A.
osteomystax and P. squamosissimus differed their trophic guild in both types of habitat.
All populations showed a specialized diet and most of them wider trophic niche breadth
in lotic habitat. In addition, the specialist habitat has been shown to be advantageous in
the colonization of new environments.

The success of the establishment of S. marginatus into Upper Parand River
basin can be attributed to its piscivorous habit (Pereira et al. 2016; Tonella et al. 2018).
In the lentic habitat, the species showed high ability (volume ~ 90%) to feed on fish,
probably of juveniles and small fish that inhabit the studied lagoons (Casatti et al.
2003). Individuals of S. marginatus feed on fish parts and fins that are nutritious and
high availability in the environment (Winemiller 1989). Therefore, high food
availability and its aggressive territorial behavior may be responsible for the population
decline of its native congener Serrasalmus maculatus Kner, 1858 in the Upper Parana
River basin (Agostinho and Julio Junior 2000; Agostinho 2003).

Detritivory is one of the most specialized fish trophic habits (Gerking 1994)
and may explain the similarity of diet among the habitat used by L. platymetopon. The
dominance of detritus and sediment in the diet of L. platymetopon contributed to the low
trophic niche breadth. However, species that feed at low levels in the food web tend to
become integrated into the community (Gido and Franssen 2007), since detritus is rarely
limited in aquatic environments (Moyle and Light 1996a; Winemiller and Kelso-
Winemiller 2003). Therefore, detritivory is considered a useful food strategy for
invasive species (Gido and Franssen 2007; Agostinho et al. 2015; Liew et al. 2016;
Pazianoto et al. 2016).

Ossancora eigenmanni showed a specialist habit in invertebrates in lentic
habitat and in detritus/sediment and plankton (Copepoda) in lotic habitat. The
invertivorous habit adopted in lentic habitat is due to the abundance of this resource in
lagoons bottoms and morphological adaptations to fed on benthic organisms (Fugi et al.
1996) and contributed to wider trophic niche breadth. On the other hand, in lotic habitat
there was higher consumption of detritus and associated organisms, resulting in
narrower trophic niche. Despite this, detritivorous/planktivorous habit adopted by O.
eigenmanni in lotic habitat may be an indication that the species has the ability to adopt
this strategy and facilitate the invasion (Gido and Franssen 2007, Agostinho et al.
2015). So, bottom-feeders species, like as L. platymetopon and O. eigenmanni, have
high probability of establishing in areas where they are introduced since their resources
are unlimited. The impacts of detritivorous species include feeding on eggs of
invertebrates and other fish, and competition with bottom-dwelling fish for food
(Chaichana and Jongphadungkiet 2012).

Auchenipterus osteomystax fed mainly on Cladocera in lentic habitat
(planktivorous), and Coleoptera and terrestrial insects (non-identified) in lotic habitat
(terrestrial insectivorous). The species is generally characterized as aquatic
insectivorous (Hahn et al. 1998; Barili et al. 2012; Tonella et al. 2018). The presence of
riparian vegetation interfered positively in the diet of A. osteomystax due to the
contribution of allochthonous materials as food items (Coleoptera and terrestrial insect).
On the other hand, its ability to eat aquatic and terrestrial insects, and microcrustaceans
(e.g., Cladocera) guaranteed success in the colonization of reservoirs of the Upper
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Parand basin (Barili et al. 2012; Tonella et al. 2018), since these food items are highly
available in reservoirs (Bonecker et al. 2001; Rocha et al. 2009).

The diet of Trachelyopterus galeatus was composed by high diversity of food
items. The species showed more ability to explore the food resources in lentic habitat,
where it had wider niche breadth. Omnivorous fish have high food plasticity, i.e., the
ability to shift food resources, and the broad diet of T. galeatus is an advantageous
strategy in the invasion process (Moyle and Light 1996b; Ruesink 2005). In the early
stages of life, the diet of T. galeatus is composed mainly of aquatic insects and
microcrustaceans (Santin et al. 2015). With ontogenetic development, individuals
continue to have insect preference (Andrian and Barbieri 1996; Hahn et al. 1998;
Ximenes et al. 2011). Here, it was reported the opportunism of T. galeatus when
feeding on fruit (i.e., plant material) (Gerkin 1994), which composed a large part of the
diet, mainly in the lotic habitat. The opportunistic feeding is an attribute of invasive
aquatic species which facilitates the establishment (Ricciardi and Rasmussen 1998).
Invasive omnivorous promote increased turbidity and nutrient concentration (Gallardo
et al. 2016). This may lead to a reduction in the abundance of submerged macrophytes
due to changes in nutrient dynamics through excretion and bioturbation (Matsuzaki et
al. 2007). In addition, omnivorous fish can decrease the abundance of benthic
invertebrates by direct consumption, habitat disturbance and uprooting of macrophytes
(Matsuzaki et al. 2009; Gallardo et al. 2016).

Plagiosgion squamosissimus proved to be a shrimp specialist (carcinophagous)
in lentic habitat. In contrast, the species show piscivorous habit (fish > 50%) and wider
niche breadth in lotic habitat. Both in the native (Williams et al. 1998) and in the
invaded range (Hahn et al., 1997; Stefani and Rocha 2009; Capra and Bennemann 2009;
Vidotto-Magnoni and Carvalho 2009) the diet of P. squamosissimus varies from fish,
crustaceans, plant material, and insects (e.g., Ephemeroptera, Odonata and
Chironomidae). The variety of food items consumed by P. squamosissimus proves its
food plasticity and can be considered generalist (Stefani and Rocha 2009). Nevertheless,
in most cases when P. squamosissimus eats shrimp, this is the only type of food item
that occurs (Bennemann et al. 2006). In the Upper Parana basin, the carnivorous habit
has important roles on feeding patterns of the species, from the early stages (feeding on
Cladocera and Copepoda), until adult fase (eating mainly shrimp and fish) (Neves et al.
2015). Therefore, the species has the ability to present trophic specialization in areas
where it is introduced and increase its niche breadth according to the habitat.

Although O. eigenmanni and T. galeatus showed greater ability to exploit food
resources in lentic habitat (wider trophic niche breadth), the riparian vegetation present
in the lotic habitat provided a broader food spectrum to aquatic communities and
enlarged the niche breadth of the other species. The greater availability of food
resources for fish occurs mainly during the high-water period (Junk et al. 1989, Walker
et al. 2013). Thus, the results support the hypothesis that wider niche breadth would be
expected in the lotic environments without damming impact and offers better conditions
for establishment of some non-native fish species.

In summary, the success colonization of these non-native fish species in new
areas is expected, due to the diet plasticity be an adaptive advantage of successful fish
invaders. Whereas S. marginatus, L. platymetopon and P. squamosissimus did not vary
their diet composition according to the habitat, O. eigenmanni, A. osteomystax and T.
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galeatus differed their diet. Furthermore, trophic niche breadth was wider in lotic
habitat for most species, where the riparian vegetation provided higher allochthonous
resouces. Thus, the high availability of food resources in the invaded habitat provide
conditions for the establishment of invasive species. This study was restricted to
invasive fishes, and further research is needed to assess the competition with native
species in Neotropical freshwater.
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Figure 1. Map of the sampling sites of the Paranapanema River basin,
southeast/southern Brazil. A = Rosana Dam; B = Taquarugu Dam; C = Capivara Dam.
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Figure 2. Diet composition (% volume) of invasive fish species caught in lentic and
lotic habitat of the Paranapanema River basin, southern Brazil: Serrasalmus marginatus
(A), Loricariichthys platymetopon (B), Ossancora eigenmanni (C), Auchenipterus
osteomystax (D), Trachelyopterus galeatus (E), and Plagioscion squamosissimus (F).
Cla = Cladocera; Cra = Crab; Shr = Shrimp; Cop = Copepoda; Ost = Ostracoda; Aca =
Acari; Ara = Aranae; EpN = Ephemeroptera (nymph); OdN = Odonata (nymph); OdA
Odonata (adult); Ort = Orthoptera; Hom = Homoptera; Col = Coleoptera; Dip
Diptera; TrL = Trichoptera (larvae); Hym = Hymenoptera; Agi = Aquatic insetc; Tei
Terrestrial insect; Gas = Gastropoda; Fis = Fish; Pla = Plant material; Alg = Algae; Ode
= Organic detritus; Ide = Inorganic detritus/sediment.
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of the sampling sites of the Paranapanema River basin,

Sites Coordinates Habitat D!ameter/ Depth  Average fl_?w Rlparlgn Occupat_lon
width (m) (m) rate (m.s™) vegetation of margins

22°38°04.52” S/ .

Lagoon 1 52909°40.86” W Lentic 143.7 2.63 0 Present -

Lagoon 2 22036°42.27" S | )
52°09°31 817 W Lentic 138.9 2.27 0 Absent Pasture

Pirapozinho

River 2203°2747°S /| . i
52909°05.92” W Lotic 20.7 4.34 0.37 Present

Anhumas

River 223847557 S 1 e 245 277 0.23 Present i

51°26°43.54” W
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Table 2. Results of permutational multivariate analysis of variance (PERMANOVA)
applied to the data on diet of invasive fish species caught in lentic and lotic habitat of
the Paranapanema River basin, southern Brazil.

Species PERMANOVA

S. marginatus Pseudo-Fi24 = 1.37; P = 0.205
L. platymetopon Pseudo-Fi 45 = 1.99; P = 0.100
0. eigenmanni Pseudo-F121 = 1.75; P = 0.042
A. osteomystax Pseudo-Fi11, = 2.31; P = 0.004
T. galeatus Pseudo-F170 = 1.94; P = 0.005

P. squamosissimus Pseudo-F140 = 0.75; P = 0.602
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Table 3. Diet composition (% volume) of invasive fish species caught in lentic and lotic habitat of the Paranapanema River basin, southern
Brazil. (Number of total stomachs/number of stomachs with content).

S. marginatus

L. platymetopon

O. eigenmanni

A. osteomystax T. galeatus

P. squamosissimus

Food items/Habitat Lentic Lotic

19/19)  (8/7)

Lentic

(25/25)

Lotic
(26/26)

Lentic

(12/10)

Lotic

(14/13)

Lentic Lotic Lentic Lotic

(29/18)

(8/6) (19/9)  (69/55)

Lentic Lotic

(42/31)

(19/16)

Tecameba

0.31

0.50

0.13

Phylum Arthropoda

Subphylum Crustacea
Class Branchiopoda
Order Diplostraca

Suborder Cladocera
Class Malacostraca
Order Decapoda

Crab
Shrimp

Class Maxillopoda

Subclass Copepoda

Subclass Ostracoda

2.31
2.26

0.02

2.95
0.46

13.79

1.38

11.66
7.14

56.34

10.66
5.02 9.89

0.48

69.95 46.84

Subphylum Cheliceriformes
Class Chelicerata
Order Acari

Order Araneae

13.05

0.72
6.95 9.88




47

Subphylum Hexapoda

Class Insecta

Order Ephemeroptera (nymph) 3.10 0.004
Order Ephemeroptera (adult) 0.64
Order Odonata (hymph) 1.10 0.02 1.52 4.49
Order Odonata (adult) 0.41 1.11 1.35 0.33 0.46
Order Orthoptera 1.12 9.19
Order Hemiptera 1.40 0.45
Homoptera 1.87
Order Coleoptera 0.04 0.09 38.71 31.27 26.68 6.28
Order Diptera (larvae) 0.085
Order Diptera (adult) 0.003 0.55 0.39 7.05 2.00 2.51
Order Trichoptera (larvae) 0.01 13.03 6.89 1.34 0.003 0.38
Order Lepidoptera 0.17 0.67
Order Hymenoptera 0.17 0.71 1.87 1.36
Aguatic insetc 0.64 6.31 0.99
Terrestrial insect 0.91 0.66 3.32 29.88 2.81 9.49
Phylum Mollusca
Class Bivalvia 0.23 0.05
Class Gastropoda 35.96 2.45

Phylum Chordata



Class Osteichthyes
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Fish 90.62 64.90 13.61 1.89 24.73 52.32
Plant material 3.22 34.45 6.81 3.49 1.96 1.99 26.30 48.10 0.51

Algae 0.33 0.04 0.28

Organic detritus 82.22 77.55 4.60 22.46

Inorganic detritus/sediment 4.87 13.90 6.99 21.48
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Table 4. Trophic guild (TG, Delariva et al. 2013 modified from Mérona et al. 2001), niche
breadth (B), and trophic habits (TH, based on Levins 1968) for invasive fish species caught in

lentic and lotic habitat of the Paranapanema River basin, southern Brazil. S = specialist.

Species/Habitat Lentic Lotic

TG B TH TG B TH
S. marginatus Piscivorous 002 S Piscivorous 0.30 S
L. platymetopon Detritivorous  0.06 S Detritivorous 0.11 S
O. eigenmanni Invertivorous 032 S Detritivorous-planktivorous 0.22 S
A. osteomystax Planktivorous  0.19 S Terrestrial insectivorous 0.39 S
T. galeatus Omnivorous 023 S Omnivorous 0.08 S
P. squamosissimus ~ Carcinophagous 0.15 S Piscivorous 0.25 S
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5. CAPITULO 3

TRACOS REPRODUTIVOS DE PEIXES INVASORES DE AGUA DOCE EM UM GRANDE RIO
NEOTROPICAL

(REPRODUCTIVE TRAITS OF INVASIVE FRESHWATER FISHES IN A LARGE NEOTROPICAL RIVER)

Capitulo elaborado e formatado conforme as normas da revista Environmental Biology of Fishes

(http://www.springer.com/life+sciences/ecology/journal/10641)
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Tragos reprodutivos de peixes invasores de &gua doce em um grande rio Neotropical

Programa de PoOs-Graduacdo em Ciéncias Bioldgicas, Laboratorio de Ecologia de Peixes e
InvasBes Bioldgicas, Universidade Estadual de Londrina — UEL, Rodovia Celso Garcia Cid,
86057-970 Londrina, PR, Brazil

Estudos sobre biologia reprodutiva podem fornecer explicacfes sobre 0 sucesso nha
colonizacdo de uma nova area, dado que muitos tracos biolégicos associados a especies
invasoras podem conferir vantagem na invaséo. Deste modo, objetivou-se avaliar variagdes de
tracos reprodutivos de cinco espécies de peixes invasores em lagoas e rios livres de barragens.
Foram estudadas populacdes de Serrasalmus marginatus, Loricariichthys platymetopon,
Ossancora eigenmanni, Auchenipterus osteomystax e Trachelyopterus galeatus em habitat
Iéntico (Lagoas 1 e 2) e lbtico (rios Pirapozinho e Anhumas) durante as estacbes seca e
chuvosa. Fémeas predominaram na maioria das populacdes (x?, P < 0,05). Fémeas de L.
platymetopon e T. galeatus apresentaram maior indice gonadossomatico durante a estacdo
chuvosa no rio Anhumas e na Lagoa 2, respectivamente (teste de Mann-Whitney, P < 0,05).
Populacdes de S. marginatus, L. platymetopon, O. eigenmanni e T. galeatus apresentaram
atividade reprodutiva muito intensa na Lagoa 1. Auchenipterus osteomystax apresentou maior
abundancia de larvas nos rios Pirapozinho e Anhumas. Trachelyopterus galeatus apresentou
atividade reprodutiva muito intensa nas duas lagoas e no rio Pirapozinho, e intensa no rio
Anhumas. Enquanto algumas espécies exibem alto investimento reprodutivo,
independentemente do tipo de habitat (por exemplo, T. galeatus), outras podem apresentar
variagoes entre eles (S. marginatus e L. platymetopon). Fémeas em maiores razdes sexuais,
alto investimento reprodutivo, cuidado parental (S. marginatus e L. platymetopon) ou
fertilizacdo interna (A. osteomystax e T. galeatus), e desova parcelada podem ser
caracteristicas reprodutivas responsaveis pelo sucesso na invasdo da bacia do alto rio Parana.
Portanto, espécies ndo nativas com alta sobrevivéncia da prole podem ter mais sucesso no

estabelecimento de novos ambientes.

Palavras-chave: America do Sul; barragem; espécie ndo nativa; invasdo biologica;

recrutamento; reproducéo.
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Introducéo

Os ecossistemas de agua doce estdo entre os mais ameacados no mundo (Gozlan
2009; Olden et al. 2010). A modificacao de rios por atividades antropogénicas (Nilsson et al.
2005; Liermann et al. 2012) aliada a intensificacdo na mobilidade humana facilita a
transferéncia de espécies e contribui para a crise da biodiversidade (Clavero e Garcia- Berthou
2005; Vitule et al. 2009; Wilson et al. 2009). A introducdo de espécies é uma das principais
ameacas a biodiversidade e intensificou-se nos ultimos anos (Leprieur et al. 2008, Gozlan et
al. 2010; Seebens et al. 2017). Em reservatorios brasileiros, os principais vetores da
introducdo de peixes ndo nativos sdo escapes de pisciculturas, pesca e soltura de peixes
ornamentais por aquaristas (Agostinho et al. 2007; Ortega et al. 2015). Além disso, 0
alagamento promovido por barragens pode eliminar barreiras geogréaficas naturais e conectar
diferentes provincias ictiofaunisticas (Julio Janior et al. 2009; Vitule et al. 2012).

Muitas espécies introduzidas que se tornam invasoras tém a capacidade de tolerar
condicdes e caracteristicas de ambientes diferentes (Williamson e Fitter 1996; Marchetti et al.
2004a; Gutierre et al. 2014). Enquanto muitas espécies falham na invasdo, outras tém maior
potencial para invadir (Olden et al. 2006; Simberloff e Rejmanek 2011).

Caracteristicas reprodutivas associadas as relacGes bioldgicas e ecolégicas entre as
espécies e 0os ambientes podem auxiliar no entendimento do sucesso das invasdes. Assim, 0
conhecimento da historia de vida das espécies em relacdo a reproducdo, o crescimento, e a
manutencdo de populacdo viavel é importante para prever 0 sucesso e 0 impacto de novas
invasdes (Moyle e Marchetti 2006). Apesar da atencdo que as espécies invasoras recebem,
poucos dados sobre a plasticidade reprodutiva estdo disponiveis (Sakai et al. 2001; Peterson et
al. 2004; Garcia-Berthou 2007).

Portanto, objetivou-se avaliar tracos reprodutivos de cinco espécies de peixes
invasores em lagoas e rios livres de barragens da bacia do rio Paranapanema, sudeste/sul do
Brasil. As espécies estudadas foram: piranha Serrasalmus marginatus Valenciennes 1837
(Serrasalmidae), cascudo-chinelo Loricariichthys platymetopon Isbricker & Nijssen 1979
(Loricariidae), armado Ossancora eigenmanni (Boulenger 1895) (Doradidae) e os bagres
palmitinho Auchenipterus osteomystax (Miranda-Ribeiro 1918) e cangati Trachelyopterus
galeatus L. 1766. (Auchenipteridae).
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Métodos

Area de estudo

O rio Paranapanema é um dos maiores afluentes da Ecorregido do alto rio Paran4, e
sua bacia hidrogréafica localiza-se entre as coordenadas 22-26°S e 47 a 54°W. Suas nascentes
estdo no Planalto Atlantico (municipio de Capéo Bonito, estado de S&o Paulo). O rio percorre
por 930 km para oeste e seu desnivel é de 900 m até o rio Parana. Esta variacdo de altitude é
importante, pois permitiu a construcdo de 11 hidrelétricas que alteraram o curso do rio para
uma serie de trechos Iénticos e l6ticos.

Os locais de estudo foram selecionados para representar esses ambientes Iénticos e
I6ticos dentro do rio Paranapanema (Fig. 1). Lagoa 1 e Lagoa 2 (denominados L1 e L2,
respectivamente) foram localizadas nas margens do reservatdrio de Rosana. Ambas as lagoas
tém conexdo direta e permanente com o canal principal do rio. Os ambientes I6ticos foram os
rios Pirapozinho e Anhumas (denominados PZ e AN, respectivamente). Ambos sdo afluentes
livres de barragens do Paranapanema e fluem diretamente para os reservatérios de Rosana e

Taquarugu, respectivamente (Tabela 1).

Amostragem

Amostras de larvas e juvenis foram capturadas durante os periodos reprodutivos
(outubro de 2012 e marco de 2015) como parte de um projeto de monitoramento na bacia do
rio Paranapanema para detectar areas de desova e criadouros naturais de peixes (Orsi et al.
2016). Estes dados foram utilizados apenas para fornecer informacdes sobre a presenca das
fases iniciais das espécies invasoras nos locais de amostragem. Larvas e juvenis foram
capturados com o uso de redes de plancton conicas (0,5 mm de malha), rede de arrasto (6,0
m2 0,5 mm de malha) e peneira (0,4 m?; 0,5 mm de malha), operadas por cinco pessoas
durante uma hora. Os peixes adultos foram capturados no meio e no final das estac0es seca e
chuvosa entre agosto de 2014 e marco de 2016. Os peixes foram capturados com 14 redes de
emalhar (malhas de 2 a 14 cm entre nds opostos), com 1.000 m? de rede por local. As redes
foram dispostas ao pér-do-sol e removidas na manha seguinte, com aproximadamente 12
horas de exposicdo. Os espécimes foram anestesiados por imersdo em solugdo aquosa com
Oleo de cravo (Comité de Etica Animal da Universidade Estadual de Londrina n.

30992.2014.33). Apds este procedimento, os peixes foram fixados com 10% de formalina
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tamponada com carbonato de célcio. No laboratoério, os espécimes foram transferidos para
etanol a 70% e identificados por meio de literatura especializada (Britski et al. 2007; Graca e
Pavanelli 2007) e por especialistas do Museu de Zoologia da Universidade Estadual de
Londrina (MZUEL). Os peixes foram entdo medidos (comprimento padréo, Ls, 0,1 cm),
pesados (Wr, 0,1 g) e dissecados para identificacdo sexual a partir da observacdo
macroscopica de go6nadas, que também foram pesadas (Wg, 0,01 g). Os estdgios do
desenvolvimento gonadal foram definidos como: 1) desenvolvimento (amadurecimento),
individuos que iniciam desenvolvimento gonadal, mas ndo estdo preparados para gerar
gametas; 2) adultos capazes de gerar gametas (amadurecidos), prontos para reproducao; 3)
regressdo (gasto), apds a fase de desova; 4) regeneracdo (em repouso), sexualmente maduros,

mas reprodutivamente inativos (Vazzoler 1996; Brown-Peterson et al. 2011).

Analise de dados

A captura por unidade de esforco (CPUE) padronizou quantos peixes adultos foram
capturados em 1.000 m? de rede por 12 horas de exposicdo. O método do qui-quadrado foi
aplicado para avaliar a propor¢ao sexual entre fémeas e machos (2, P <0,05). O comprimento
padrdo minimo na maturidade foi determinado de acordo com o comprimento de primeira
maturacdo como o menor tamanho onde ocorrem individuos em estadio avancado de
maturacdo gonadal, de acordo com Sato e Godinho (1988). O indice gonado-somatico (lg) foi
estabelecido para fémeas e machos por estagbes seca e chuvosa com base na relacdo
percentual entre o peso gonadal (Wg) e 0 peso total (W) para determinar o estado reprodutivo
(Ie = 100 W Wt -1). Os valores médios do indice gonado-somético para as fémeas em
estadios capazes de desova nas duas estacdes (seca e chuvosa) foram comparados com o teste
ndo paramétrico de Mann-Whitney (P < 0,05). O indice de atividade reprodutiva (Ir) foi
estabelecido apenas para fémeas (Agostinho et al. 1993), e classificada como nula (Ir < 2),
incipiente (2 < Ir < 5), moderada (5 < Ir < 10), intensa (10 < Igr < 20) e muito intensa (Ir >
20).

Os seguintes tracos reprodutivos foram obtidos a partir da literatura, a fim de
complementar e comparar com os dados do presente estudo: comprimento padrdo de primeira
maturacdo de fémeas e machos (Suzuki et al. 2004), guilda reprodutiva (Agostinho et al.
2007), periodo reprodutivo, tipo de desova, didmetro dos odcitos maduros (Vazzoler 1996) e
fecundidade absoluta de fémeas (Vazzoler 1996; Suzuki et al. 2000; Marcucci et al. 2005;
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Bailly et al. 2011; Melo et al. 2017). Todos os estudos foram realizados na bacia do alto rio

Parand, ou seja, na area invadida.

Resultados

As maiores abundancias de larvas foram apresentadas por S. marginatus e A.
osteomystax nos rios Pirapozinho e Anhumas (Orsi et al. 2016, Tabela 2). A maior captura por
unidade de esforco foi apresentada por A. osteomystax também no rio Anhumas durante a
estacdo chuvosa, com baixa ou nenhuma captura nos demais locais (Tabela 3). Serrasalmus
marginatus foi capturada essencialmente durante a estacdo chuvosa na maioria dos locais. As
demais espécies variaram suas capturas durante as estacdes e 0s locais de amostragem.

Em geral, as proporc¢des sexuais foram maiores para as fémeas nas amostras e, além
de S. marginatus no rio Pirapozinho, L. platymetopon no rio Anhumas e T. galeatus em todos
os locais, desviaram-se significativamente de 1F:1M (Tabela 4). A maioria das espécies
apresentou comprimento padrdo minimo na maturidade maior que o ja registrado na literatura
(Suzuki et al. 2004, Tabelas 4 e 5), exceto para O. eigenmanni, cujo comprimento padréo
minimo na maturidade é aqui estimado pela primeira vez.

As populacbes de L. platymetopon no rio Anhumas e T. galeatus na Lagoa 2
apresentaram fémeas com maiores valores de Ig durante a estacdo chuvosa (P < 0,05, Mann-
Whitney) (Tabela 4). Houve mais individuos com atividade reprodutiva muito intensa na
Lagoa 1 (Tabela 4). Trachelyopterus galeatus teve atividade muito intensa na maioria dos
locais (Lagoa 1, Lagoa 2 e rio Pirapozinho).

Os dados da literatura revelaram que S. marginatus tem o periodo reprodutivo mais
longo (oito meses) (Vazzoler 1996, Tabela 5). Nenhuma das espécies estudadas realiza
migracdo reprodutiva e todas possuem desova parcelada e sazonal. Além disso, S. marginatus
e L. platymetopon possuem cuidado parental, enquanto que em A. osteomystax e T. galeatus a
fertilizacdo e interna (Agostinho et al. 2007). Dentre as espécies aqui estudadas,

Loricariichthys platymetopon tem o maior diametro de odcitos maduros.
Discusséo
Fémeas em maiores razdes sexuais, alto investimento reprodutivo, cuidado parental

e/ou fertilizacdo interna podem ser tragos biologicos responsaveis pelo sucesso na invasao de

peixes na bacia do alto rio Parana. Além disso, enquanto algumas espécies exibem alto
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investimento reprodutivo, independentemente do tipo de habitat onde ocorrem (por exemplo,
T. galeatus nas lagoas e rio Pirapozinho), outras podem apresentar acentuada variacdo
espacial (S. marginatus e L. platymetopon). Ambientes Iénticos (tais como as lagoas) criados
pelo represamento facilitam a invasdo de peixes (Johnson et al. 2008). Muitos tracos
bioldgicos associados a espécies invasoras podem conferir vantagem no estabelecimento
(Williamson e Fitter 1996; Sakai et al. 2001; Moyle e Marchetti 2006). Aquelas que se tornam
invasoras, apresentam individuos que se dispersam, sobrevivem, reproduzem em diferentes
tipos de habitat e possuem extensa area de ocorréncia (Blackburn et al. 2011). Além disso,
certas caracteristicas da area invadida podem aumentar a chance da invasao, tais como a
semelhanca entre a area de origem e a &rea invadida, o alto nivel de perturbagdo humana (por
exemplo, reservatorios), e a menor riqueza de espécies nativas na area invadida (Elton 1958;
Moyle e Light 1996; Havel et al. 2005; Johnson et al. 2008).

Serrasalmus marginatus, L. platymetopon, O. eigenmanni, A. osteomystax e T.
galeatus invadiram a bacia do alto rio Parana apds a inundacao da barreira natural do Salto de
Sete Quedas para 0 enchimento do reservatério de Itaipu (Julio Janior et al. 2009; Vitule et al.
2012). Assim, além da provincia ictiofaunistica do baixo rio Parana (area doadora) possuir
relativa semelhanca com o Alto Parana (&rea receptora), este é altamente modificado por
reservatorios hidrelétricos (Agostinho et al. 2008; 2016). A alta abundancia de S. marginatus,
L. platymetopon e T. galeatus na planicie de inundacéo do Alto Parana (Agostinho et al. 2004;
Luiz et al. 2004) pode ser atribuida as caracteristicas tanto do invasor (invasividade) como dos
ambientes invadidos (invasibilidade) (Moyle e Marchetti 2006). Ainda, o rio Paranapanema
possui a menor riqueza de espécies nativas de peixes dentre os grandes afluentes da bacia do
Alto Parana (Agostinho et al. 1997).

A plasticidade reprodutiva é uma caracteristica da historia de vida necessaria para a
colonizagdo e a estabilidade das espécies em diferentes habitat, visto que os colonizadores
devem se adaptar as condi¢cdes dos novos ambientes (Williamson e Fitter 1996; Moyle e
Marchetti 2006). Apos a colonizacgéo inicial, as espécies introduzidas investem fortemente em
atributos reprodutivos, tornando a populacdo auto-sustentdvel e conferindo sucesso no
estabelecimento (Blackburn et al. 2011). As fémeas de L. platymetopon apresentaram maiores
valores de indice gonadossomatico no rio Anhumas durante a estagcdo chuvosa. Na bacia do
rio Cuiaba (area nativa) as intensas enchentes favorecem o desenvolvimento gonadal de
espécies com cuidado parental (Bailly et al. 2008), tais como S. marginatus e L.

platymetopon.
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Ao contrério de muitas espécies nativas, as invasoras sao capazes de se reproduzir
em diferentes ambientes (Sakai et al. 2001; Williamson e Fitter 1996; Moyle e Marchetti
2006; Olden et al. 2006). Assim, apds o estabelecimento em areas Iénticas, S. marginatus e L.
platymetopon conseguiram colonizar ambientes I6ticos. Enquanto a espécie de piranha nativa
do Alto Parana Serrasalmus maculatus Kner 1858 possui maior atividade reprodutiva apenas
em ambientes Iénticos (Agostinho e Jalio Jr. 2002; Agostinho 2003), a invasora S. marginatus
apresentou alto investimento reprodutivo tanto em habitat Iéntico (Lagoa 1) quanto em Idtico
(rio Anhumas). Foram necessarios seis anos apos a introducdo para que S. marginatus
ultrapassasse S. maculatus em abundéncia na planicie de inundacdo do alto rio Parand, e
desde entdo manteve sua dominancia (Alves et al. 2017). Além disso, a auséncia de captura de
S. marginatus na estacdo seca sugere gue a espécie nao permanece todo seu ciclo de vida
dentro dos locais amostrados.

O cuidado parental ou a fertilizagéo interna (i.e., esperma depositado dentro do corpo
da fémea com gonopddio do macho) provaram ser caracteristicas de espécies invasoras mais
bem sucedidas na bacia do Alto Parana (Agostinho e Jalio Jr. 1999). Embora os peixes com
qualquer estratégia de historia de vida possam invadir, 0 sucesso na invasdo € mais provavel
em espécies com cuidado parental (Marchetti et al. 2004b; Moyle e Marchetti 2006). Espécies
com cuidado parental realizam desova parcelada por um longo periodo, tem baixa
fecundidade e ovos grandes e adesivos (Vazzoler 1996). Estas espécies investem grande
guantidade de energia por individuo em sua prole (Bailly et al. 2008). Serrasalmus
marginatus é capaz de atacar um predador potencial para defender sua prole e estabelecer seu
territorio (Agostinho 2003). Por outro lado, os machos de L. platymetopon carregam a massa
de ovos sob os labios durante a incubacgdo, sendo esta uma estratégia eficiente em ambientes
que apresentam variacdes nas condicGes limnoldgicas e no nivel da agua, como em
reservatorios (Marcucci et al. 2005). Dentre as espécies estudadas, L. platymetopon possui
odcitos maduros com os maiores diametros (3.197,1 um) (Vazzoler et al. 1996). Apesar de
espécies com cuidado parental ou fertilizacdo interna possuirem menor fecundidade do que as
demais espécies, elas possuem maiores diametros de odcitos maduros (Vazzoler 1996; Suzuki
et al. 2000). Loricariichthys platymetopom totaliza com cerca de 17% de outras espécies que
possuem 00citos maduros entre 2.000 e 5.000 pum de didmetro no rio Parana (Suzuki 1992).
Isto confere ovos maiores que originam larvas mais desenvolvidas (precociais) no momento
da primeira alimentacdo exdgena (Balon 1984), e eclodem em estagio de pos-flexdo (Nakatani
et al. 2001). Portanto, espécies ndo nativas com alta sobrevivéncia da prole podem ter maior

sucesso no estabelecimento de novos ambientes (Olden et al. 2006).
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As caracteristicas reprodutivas intrinsecas, como a atividade reprodutiva e o cuidado
parental, podem ter beneficiado a colonizagdo de diferentes tipos de habitat por L.
platymetopon na bacia do alto rio Parana. Loricariichthys platymetopon é capaz de apresentar
alta abundancia em todos os tipos de bidtopos e sua atividade reprodutiva é considerada maior
em habitat 1éntico e semi-l6tico (Dei Toés et al. 1997; Marcucci et al. 2005; Bailly et al. 2011).
Esse fato pode ser atribuido ao habito de individuos em estadios iniciais que se abrigam na
vegetacdo aquatica para evitar a predacdo (Baumgartner et al. 1997). Esses ambientes
oferecem maior disponibilidade de alimento e abrigo, bem como menores restricdes no
transporte dos ovos (Dei Tos et al. 1997; Bailly et al. 2011).

No reservatério de Rosana, as maiores capturas de espécies com fertilizagdo interna
sdo de A. osteomystax e T. galeatus. Outros representantes de Auchenipteridae nativos do rio
Paranapanema sdo o bocudinho Tatia neivai (lhering, 1930) e o manduvé Ageneiosus
militaris Valenciennes, 1835. As espécies invasoras tiveram suas abundancias aumentadas no
reservatorio de Rosana e na planicie de inundacdo do alto rio Parand, especialmente em éreas
Iénticas e no reservatdrio de Itaipu (Suzuki et al. 2005). As fémeas de Auchenipteridae
fertilizadas sdo capazes de transportar o0citos maduros e espermatozoides antes da
fertilizacdo e da desova (Meisner et al. 2000). Assim, esta estratégia permite que as fémeas
aguardem até que as condi¢Ges ambientais sejam favoraveis a desova (Pusey e Stewart 1989).
Auchenipterus osteomystax e T. galeatus possuem fecundidade relativamente baixa e
geralmente escondem sua prole (Bailly et al. 2008). Suas larvas apresentam desenvolvimento
relativamente rapido e sdo bem desenvolvidas quando eclodem (Sanches et al. 1999; Bialetzki
et al. 2001). Apesar da auséncia de adultos entre 2014 e 2016, as maiores capturas de larvas
de A. osteomystax foram no rio Pirapozinho entre 2012 e 2015, e indicam que este rio é
utilizado como local de atividade reprodutiva (Orsi et al. 2016).

Auchenipterus osteomystax demonstrou utilizar o rio Anhumas como area de
reproducdo. Dentre as demais espécies, A. osteomystax possui 0 periodo reprodutivo mais
curto e a maior fecundidade registrada (Vazzoler 1996). Por outro lado, as populacdes da
Lagoa 1 possuem mais individuos em atividade reprodutiva muito intensa (Agostinho et al.
1993). Trachelyopterus galeatus apresentou atividade reprodutiva muito intensa nas lagoas e
no rio Pirapozinho, e intensa no rio Anhumas. Ainda, ressalta-se o maior indice
gonadossomatico em machos de T. galeatus, como observado em outros Auchenipteridae
(Becker 2001; Mazzoldi et al. 2007). Na area nativa, as enchentes sdo menos importantes para

espécies com fertilizacdo interna. Porém, a ocorréncia de inundagdes parece ser crucial para a
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sobrevivéncia de juvenis das duas estratégias, porque tais inundagdes aumentam a chance de
sobrevivéncia durante o desenvolvimento inicial (Bailly et al. 2008).

As cinco espécies avaliadas possuem desova parcelada e sazonal (Vazzoler 1996;
Nakatani et al. 2001; Orsi 2010). A desova de varios lotes por periodo reprodutivo
(desenvolvimento oocitario sincrénico em mais de dois grupos) favorece o estabelecimento
por aumentar a probabilidade de envolver uma janela de oportunidade em um ambiente
variavel (Agostinho et al. 2007). Assim, deve haver uma vantagem adaptativa na producao de
varios grupos de odcitos, uma vez que o primeiro grupo pode apresentar riscos devido a
flutuacdes no nivel da dgua (Lowe-McConnell 1999), como nas lagoas estudadas, cujo nivel
pode variar de acordo com o controle do nivel do reservatério de Rosana.

A baixa captura de Ossancora eigenmanni pode estar relacionada ao mesmo que
ocorreu com a invertivora Trachydoras paraguayensis (Eingenmann & Ward, 1907)
(Doradidae) (Tonella et al. 2018). No inicio da invasdo, T. paraguayensis era abundante na
planicie do alto rio Parana. Porém, ao longo dos anos houve uma queda drastica e ndo se
manteve abundante. A disponibilidade de organismos bentonicos pode ter influenciado a
gueda de T. paraguayensis ap0s a reducdo no aporte de nutriente e sedimento pelo
reservatorio de Porto Primavera, construida em 1998 (Tonella et al. 2018). Os reservatorios de
Rosana e Taquarugu sdo os Ultimos de uma sequéncia de 11 no canal principal e também
podem ndo estar recebendo aporte de sedimento suficiente para manter populacfes
abundantes de O. eigenmanni.

Em resumo, ndo hd um conjunto de caracteristicas capazes de prever quais espécies
de peixes terdo sucesso na invasdo (Moyle e Marchetti 2006). Contudo, tanto os tracos
biologicos (i.e. invasividade) quanto a &rea invadida (invasibilidade) podem facilitar o
estabelecimento e a dispersdo. O cuidado parental de S. marginatus e L. platymetopon, e a
fertilizacdo interna de A. osteomystax e T. galeatus parecem ser caracteristicas importantes
para o estabelecimento e manutencdo de populagdes abundantes. Portanto, tragos de vida de
peixes invasores devem ser estudados sob diferentes aspectos para entender a dinamica

populacional e assim se propor agdes para se evitar novas introducdes.
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Figura 1 Mapa dos locais de amostragem da bacia do rio Paranapanema. A: barragem de
Rosana; B: barragem de Taquarucgu; C: barragem de Capivara
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Tabela 1 Caracterizacdo dos locais de amostragem na bacia do rio Paranapanema

Diametro . Fluxo x Ocupacéo
Local Coordenadas Habitat /Largura Profundidade médio Vege,ta_gao das
(m) " riparia
(m) (ms?) margens
Lagoa 1
(22°38°04,52” S / A )
(LY 52°09°40,86” O) Léntico 143,7 2,63 0 Presente
Lagoa 2
(22°36°42,27” S / A
(L2) 52°09°31,81” O) Léntico 138,9 2,27 0 Ausente Pastagem
Rio
Pirapozinho  (22°32°01,11” S/ - )
(P2) 52°01°38,29” 0) Lotico 20,7 4,34 0,37 Presente
Rio
Anhumas (22°38°47,55” S/ .
(AN) 51°26°43,54” O) Lotico 24,5 2,77 0,23 Presente -

Tabela 2 Abundéacia de larvas e juvenis de espécies de peixes invasores na bacia do rio
Paranapanema durante os periodos reprodutivos entre outubro de 2012 e marco de 2015 (Orsi
et al. 2016). ‘-* indica que ndo houve captura

Espécies Lagoa 1 Lagoa 2 Rio Pirapozinho Rio Anhumas
Larva Juvenil Larva Juvenil Larva Juvenil Larva Juvenil

S. marginatus 7 - - 2 39 1 12 -

L. platymetopon - - 2 - - - 2 -

O. eigenmanni - - - - - - - -

-

A. osteomystax - 2 - 116 - 35 -
T. galeatus 3 - - - - - - -
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Tabela 3 Captura por unidade de esforco (CPUE) e comprimento padrdo medio (cm) de espécies de peixes invasores na bacia do rio
Paranapanema entre agosto de 2014 e marco de 2016. A variacdo fornecida representa o desvio padrao

Espécies

Seca Chuvosa Seca Chuvosa Seca Chuvosa Seca Chuvosa
S. marginatus
CPUE 1,4 3,6 0 1,4 0 1,4 0 3,6
Comprimento médio 17,9+4,2 18,7+4,0 - 14,0+8,2 - 16,8+4,4 - 23,5+3,8
Variacdo do 15,2-22,8 10,3-22,5 - 8,8-23,5 - 13,7-21,8 - 18,0-29,5
comprimento
L. platymetopon
CPUE 9,5 19,1 7,3 3,6 1,4 0,9 21,8 12,3
Comprimento médio 21,7+2,7 22,6+2,2 21,718 21,127 21,8+2,9 20,8+0,7 17,0+2,5 21,5+2,9
Variacdo do 15,3-25,2 18,3-26,5 18,3-24,7 17,5-255 19,8-25,2 20,3-21,3 13,4-22,3 16,0-25,7
comprimento
O. eigenmanni
CPUE 0,5 2,3 0 1,8 0 0 3,6 3,2
Comprimento médio 7,4 8,9+0,6 - 7,4+0,7 - 6,9+0,4 7,61£1,0
Variagdo do - 8,0-9,5 - 6,6-8,2 - - 6,4-7,4 6,5-9,0
comprimento
A. osteomystax
CPUE 0 0 0,5 0,9 0 0 1,4 40,0
Comprimento médio - - 19,4 22,0+2,8 - 13,0+0,9 16,8+1,1
Variagédo do - - - 20,0-24,0 - - 12,0-13,7 14,5-19,6
comprimento
T. galeatus
CPUE 6,8 23,6 4,1 15,5 0 7,3 2,3 3,6
Comprimento médio 14,1+1,3 14,6+1.0 13,1+1,0 14,1+1,3 - 14,4+1,3 14,1+1,2 14,8+1,6
Variacao do 12,7-16,7 11,4-17,7 11,0-144 10,7-18,0 - 12,5-17,2 12,5-15,5 12,0-17,0

comprimento
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Tabela 4 Valores de qui-quadrado () aplicado a razdo sexual, indice gonadossomatico (lg), resultado do teste de Mann-Whitney, e indice de
atividade reprodutiva (Ir) de peixes invasores na bacia do rio Paranapanema. Ls <adu, COMprimento padrdo mimino na maturidade; *, indica
diferenca significativa entre estacdes seca e chuvosa. A variacdo fornecida representa o desvio padrdo. ‘- indica poucos valores para a analise

Espécies Local sReizua; 2 Is Ir
Fémeas Machos Fémeas
Ls <adu Seca Chuvosa  Teste de Mann-Whitney | 5., Seca Chuvosa

L1 2.1 744 18,5 4,29 (+0,00) 4,21 (¥1,39) - 15,6 0,22 (x0,17) 0,40 (x0,27) 38,20 — muito intensa
S. marginatus L2 21 1111* - - 2,79 (+2,98) - - - 0,48 (+0,00) 0,00 — nula

PZ 12 1111 218 - 3,46 (+0,00) - 15,0 - 0,66 (+0,35) 0,00 — nula

AN 71 56,25 180 - 6,94 (+2,60) - - - 0,44 (+0,00) 62,78 — muito intensa

L1 21 567 21,1 2,80 (+1,28) 3,54 (+2,63) P =0,5208 20,7 0,18 (+0,06) 0,18 (+0,10) 26,49 — muito intensa
L. platymetopon L2 21 6,25 22,5 0,86 (¥0,32) 5,73 (+3,43) P =0,0777 - 0,09 (+0,04) 0,25 (0,16) 11,46 — muito intensa

PZ 2:1 4,00* 20,3 1,58 (+0,00) 5,87 (0,27) - - 0,09 (+0,02) - 5,62 — moderada

AN 11 144 19,3 0,93 (¥1,29) 7,34 (+2,95) P <0,0001* 19,5 0,10 (+0,06) 0,19 (x0,19) 10,55 — intensa

L1 21 11,11* 8,6 - 6,79 (£6,39) - 8,9 0,17 (+0,00) 1,42 (+0,00) 25,26 — muito intensa

. _ L2 31  25,00* - - 1,10 (+0,44) - - - 0,85 2,61 — incipiente

O. eigenmanni

PZ - - - - - - - - - -

AN 221 4,00* 7.4 0,72 (+0,23) 6,38 (x0,53) P = 0,0556 - 0,09 (+0,00) 1,69 (+1,19) 4,96 — incipiente

L1 - - - - - - - - - -
A, osteomystax L2 3:0 109;00 - 0,45 (+0,00) 1,57 (+0,10) i - - - 0,00 — nula

PZ - - - - - - - - - -

AN 6:1 51,02 146 - 5,37 (+2,73) - 145 0,11 (x0,09) 2,80 (*1,41) 19,25 — intensa

L1 12 8,04* 12,7 3,89 (£2,04) 4,60 (+2,21) P =0,6088 13,5 4,09 (x1,15) 4,90 (¥2,71) 43,35 — muito intensa

L2 11 0,49 12,7 1,30 (£1,58) 4,72 (+2,82) P =0,0077* 14,0 0,98 (+0,98) 2,42 (+2,53) 30,33 — muito intensa
T. galeatus PZ 11 0,00 12,5 - 6,19 (x1,14) - 14,5 - 6,77 (£3,21) 36,47 — muito intensa

AN B 089 13,2 4.85(+3,80) 4,92 (+1,97) P>0,9999 14,5 052 ' 5 46 (+2,84) 15,13 — intensa

(+0,003)




Tabela 5 Tracos reprodutivos de espécies de peixes invasores baseados em dados de litetatura. * indica espécie com poucos dados na literatura

Espécies Comprimento Periodo Guilda Tipo de Diametro Fecundidade Referéncias para
padrdo de reprodutivo reprodutiva desova de odcitos (ndmero de fecundidade
primeira maduros 00citos)
maturacao (cm) (um)
De N&o migradora,
S. Fémea: 12,2 fertilizacdo Méaxima: 752
marginatus Macho: 11,5 setzrgrti)Iro a externa, cuidado Parcelada 1816,3 Média: 584 Melo etal. (2017)
parental
Maéaxima: 1.451 Suzuki et al. (2000)
. Média: 962,1
N&o migradora,
L. Fémea: 15,7 De outubro fertilizagdo ——— i
platymetopon Macho: 14 5 amarco  externa, cuidado Parcelada  3.197,1 Max[m_a. 850 Marcucci et al. (2005)
parental Maxima: :
1.594,6 Bailly et al. (2011)
Média: 663,95
N&o migradora,
0. _ * - fertilizagdo Parcelada * -
eigenmanni externa, sem
cuidado parental
De N&o migradora,
A, Femea.. 153 setembro a _fert|l|zagao Parcelada 1.315,9 14.950 Vazzoler (1996)
osteomystax Macho: 14,7 interna, sem
novembro .
cuidado parental
De N&o migradora,
T. galeatus Femea F 108 novembro a _fertlllza(;ao Parcelada 1.615,3 10.330 Vazzoler (1996)
Macho: 11,3 fevereiro interna, sem

cuidado parental
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6. CONSIDERACOES FINAIS

O rio Paranapanema situa-se em uma das regides mais populosas do Brasil e seu
curso principal encontra-se altamente modificado por reservatorios hidrelétricos. Tais
condicdes foram facilitadoras para que este rio seja um dos mais invadidos da Ecorregido do
alto rio Parand. Ressalta-se que o Paranapanema € uma bacia representativa na América do
Sul onde as atividades humanas e as alteracdos ambientais estdo modificando a composi¢ao
da fauna de peixes ha décadas. Ao comparar diferentes tipos de habitat (Iéntico e I6tico) na
area invadida, as espécies mostraram plasticidade tanto na dieta quanto em tracos
reprodutivos. A conscientizacdo da populacdo em geral deve ser priorizada, uma vez que esta
medida tem custo mais baixo do que qualquer acdo de controle ou erradicacdo. Estudos sobre
tracos de vida de peixes invasores no alto rio Parana irdo contribuir para o conhecimento de
caracteristicas importantes para prever espécies mais invasivas e locais mais sucetiveis a
invasdo. Novos tipos de habitat devem ser estudados, tais como riachos e regides lotica, semi-
I6tica e Iéntica de reservatorios. Por Ultimo, poderdo ser determinados padrdes que ajudem a

explicar o sucesso das invasdes de peixes no alto rio Parana.



7. ANEXO — MATERIAL SUPLEMENTAR DO CAPITULO 1
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Appendix 1 Composition and distribution of the non-native fish species introduced into the Paranapanema River basin between 1950 and 2014 (Ros = Rosana Reservoir; Taq
= Taquarucu Reservoir; Cap = Capivara Reservoir; Tib = Tibagi River; Can | = Canoas | Reservoir; Can Il = Canoas Il Reservoir; Sgr = Salto Grande Reservoir; Our =
Ourinhos Fish Ladder; Cha = Chavantes Reservoir; Jur = Jurumirim Reservoir; Upper = Tributaries of the Upper Paranapanema River). Distribution was based in CESP
(1994)%, Shibatta et al. (2002)?, Barrella and Petrere Jr. (2003)3, Carvalho et al. (2003)*, Casatti et al. (2003)°, Luiz et al. (2003)¢, Carvalho et al. (2005)’, Pelicice et al. (2005)8,
Britto and Carvalho (2006)°, Shibatta et al. (2007)%°, Duke Energy (2008)!, Branddo et al. (2009)*, Vidotto-Magnoni (2009)%, Orsi (2010)%, Zanatta et al. (2010)*°,
Ferrareze and Nogueira (2011)%, Kipper et al. (2011)*, Arcifa and Esguicero (2012)'¢, Garcia et al. (2012)*°, Pagotto et al. (2012)%, Souto et al. (2012)?*, Britto and Carvalho
(2013)%, Galindo (2014)%, Garcia et al. (2014)*, Kurchevski and Carvalho (2014)?®, Orsi and Britton (2014)%, Frantine-Silva et al. (2015)%’, Garcia et al. (2015)%%; Hoffmann
et al. (2015)%%; Vidotto-Magnoni et al. (2015)%, Cerqueira et al. (2016)%, and Cetra et al. (2016)%.

Species Ros Taq Cap Tib Canl Canll Sgr Our Cha Jur Upper References

CHONDRICHTHYES

Myliobatiformes
Potamotrigonidae
Potamotrygon cf. motoro (Mdller & X X - - - - - - - - - 11,16
Henle, 1841)

OSTEICHTHYES

Cypriniformes

Cobitidae

Misgurnus anguillicaudatus - - - - - - - - - - X 32

(Cantor, 1842)

Cyprinidae

Cyprinus carpio Linnaeus, 1758 - - X X - - - - - X X 3,4,6,7,23

- - - X - - - - - - 6,31


mailto:diegoazgarcia@hotmail.com

Ctenopharyngodon idella
(Valenciennes, 1844)
Characiformes
Curimatidae
Steindachnerina brevipinna
(Eigenmann & Eigenmann, 1889)
Anostomidae
Schizodon borellii (Boulenger, 1900)
Leporinus macrocephalus Garavello
& Bristki, 1988
Characidae
Bryconamericus exodon Eigenmann,
1907
Hyphessobrycon eques
(Steindachner, 1882)
Triportheus angulatus (Spix &
Agassiz, 1829)
Triportheus nematurus (Kner, 1858)

Metynnis lippincottianus (Cope,
1870)
Serrasalmus marginatus
Valenciennes, 1837
Aphyocharax dentatus Eigenmann &
Kennedy, 1903
Roeboides descalvadensis Fowler,
1932
Erythrinidae
Erytrhinus erythrinus (Bloch &
Schneider, 1801)
Hoplias lacerdae Miranda-Ribeiro,
1908

Siluriformes
Loricariidae
Loricariichthys platymetopon
Isbriicker & Nijssen, 1979
Pterygoplichthys ambrosettii
(Holmberg, 1893)

X X X X

X X X X X

75

20

1,3,8,9 26
2,12,14,22,27

11

2,4,5,12, 14, 18,
22, 25, 26, 30
2,3,7,26

7,9,11, 13, 14, 25,
27

2, 7,9, 11, 12, 14,
16, 22, 25, 26
1,4,57,9,13

11, 23,30

3,4,5,9,11,30

20, 28

3,7

2,7,9, 11, 14, 16,
21, 26, 30
11, 14, 19, 26



Pimelodidae
Hypophthalmus edentatus Spix &
Agassiz, 1829
Pimelodus ornatus Kner, 1858
Sorubim lima (Bloch & Schneider,
1801)
Doradidae
Ossancora eigenmanni (Boulenger,
1895)
Pterodoras granulosus
(Valenciennes, 1821)
Trachydoras paraguayensis
(Eingenmann & Ward, 1907)
Auchenipteridae
Auchenipterus osteomystax
(Miranda-Ribeiro, 1918)
Trachelyopterus galeatus (Linnaeus,
1766)
Clariidae
Clarias gariepinus (Burchell, 1822)
Ictaluridae
Ictalurus punctatus (Rafinesque,
1818)
Gymnotiformes
Rhamphichthyidae
Rhamphichthys hahni (Meiker,
1937)
Hypopomidae
Brachyhypopomus pinnicaudatus
(Hopkins et al. 1990)
Apteronotidae
Apteronotus caudimaculosus
Santana, 2003
Cyprinodontiformes
Poeciliidae
Poecilia reticulata Peters, 1859

Xiphophorus hellerii Heckel, 1848

76

3,11, 17

1,911
1,9, 10, 11, 14, 27

1, 11, field sampling
911

9,11

1,7,9, 11,17

1,3,9, 11, 16, 30
2,7,9,11

7,15

9,11,16

12

23

2,12,18, 20, 23, 29,
30
13,20



Perciformes
Centrarchidae
Micropterus salmoides (Lacepede,
1802)
Sciaenidae
Plagioscion squamosissimus Heckel,
1840

Cichlidae

Astronotus crassipinnis (Heckel,
1840)

Cichla kelberi Kullander & Ferreira,
2006

Cichla monoculus Spix & Agassiz,
1831

Cichla ocellaris Block & Schneider,
1801

Cichla piquiti Kullander & Ferreira,
2006

Cichla temensis Humboldt, 1821
Laetacara araguaiae Ottoni &
Costa, 2009

Oreochromis niloticus (Linnaeus,
1758)

Satanoperca pappaterra (Heckel,
1840)
Coptodon rendalli (Boulenger, 1897)

Pleuronectiformes
Achiridae
Catathyridium jenynsii (Gunther,
1852)

Total

30

23

22

15

11

77

24

1,237,911, 12,
13, 14, 16, 18, 26,
27

12,14, 18, 22, 26
12,13, 16

11, 14, 25, 26

18

12,13

3,18
Field sampling

2,3,6,7,11, 12, 13,
14, 20, 22, 26, 27,
29, 30, 31

4,5,11

2, 6,7, 14, 18, 20,
25

3,11, 17
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Appendix 2 List of the non-native fish species introduced into the Paranapanema River basin betwen 1950 and 2014, from different continents (*) and freshwater ecoregions
of South America (i. e., ecoregions where the species was considered a native species, Abell et al. (2008)). The identification of the year and vector of introduction was based
in CESP (1997), Orsi and Agostinho (1999), Bennemann et al. (2000), Graca and Pavanelli (2007), Langeani et al. (2007), Pelicice and Agostinho (2009), Julio Jr. et al.
(2009), Britton and Orsi (2012), and Ortega et al. (2015). The identification of the native range of occurrence was based in Reis et al. (2003), Britski et al. (2007), and

Eschmeyer et al. (2016).

Species Year Vector Native Freshwater Ecoregion
CHONDRICHTHYES
Myliobatiformes
Potamotrigonidae
Potamotrygon cf. motoro 1982 Itaipu Dam Orinoco, Amazonas, Uruguay, Paraguay and Lower Parana
River basins
OSTEICHTHYES
Cypriniformes
Cobitidae
Misgurnus anguillicaudatus™ 2014 Aquarium trade Asia
Cyprinidae
Cyprinus carpio* 1979 Fish stocking/Fish farming  Black, Caspian and Aral Sea basins (Asia)
Ctenopharyngodon idella* 1995 Fish farming China and Russia (Asia)
Characiformes
Curimatidae
Steindachnerina brevipinna 1982 Itaipu Dam Uruguay, Paraguay and Lower Parana River basins
Anostomidae
Schizodon borellii 1982 Itaipu Dam/Fish stocking Paraguay and Lower Parana River basins
Leporinus macrocephalus 1997 Fish farming/Fish stocking  Paraguay and Lower Parana River basins
Characidae
Bryconamericus exodon 1982 Itaipu Dam Paraguay and Lower Parana River basins
Hyphessobrycon eques 1992 Aquarium trade Amazonas, Paraguay and Lower Parand River basins
Triportheus angulatus 1978 Fish stocking Amazonas River basin
Triportheus nematurus 1982 Itaipu Dam/Fish stocking Paraguay and Lower Parana River basins
Metynnis lippincottianus 1982 Itaipu Dam/Fish farming Guianas, Amazonas, Paraguay and Lower Parana River basins
Serrasalmus marginatus 1982 Itaipu Dam Paraguay and Lower Parana River basins
Aphyocharax dentatus 1982 Itaipu Dam Paraguay and Lower Parana River basins
Roeboides descalvadensis 1982 Itaipu Dam Paraguay and Lower Parana River basins
Erythrinidae
Erythrinus erythrinus 1982 Itaipu Dam/Bait Orinoco, Guianas, Amazonas, Paraguay and Lower Parana
River basins
Hoplias lacerdae 1978 Fish stocking Ribeira de Iguape and Uruguay River basins



Siluriformes
Loricariidae

Loricariichthys platymetopon
Pterygoplichthys ambrosettii

Pimelodidae
Hypophthalmus edentatus

Pimelodus ornatus
Sorubim lima

Doradidae

Ossancora eigenmanni
Pterodoras granulosus
Trachydoras paraguayensis
Auchenipteridae
Auchenipterus osteomystax

Trachelyopterus galeatus

Clariidae

Clarias gariepinus*

Ictaluridae

Ictalurus punctatus*
Gymnotiformes

Rhamphichthyidae

Rhamphichthys hahni

Hypopomidae

Brachyhypopomus pinnicaudatus

Apteronotidae

Apteronotus caudimaculosus

Cyprinodontiformes
Poeciliidae
Poecilia reticulata

Xiphophorus hellerii*

1982
1982
1982
1982
1982

1982
1982
1982
1982

1982

1992

1997

1982

2005

1982

1988

2004

Itaipu Dam

Itaipu Dam/Aquarium
trade

Itaipu Dam

Itaipu Dam

Itaipu Dam/Fish stocking

Itaipu Dam
Itaipu Dam
Itaipu Dam
Itaipu Dam

Itaipu Dam

Fish farming

Fish farming

Itaipu Dam

Bait

Itaipu Dam

Biological
control/Aquarium trade
Aquarium trade

Uruguay, Paraguay and Lower Parana River basins
Uruguay, Paraguay and Lower Parana River basins

Orinoco, Guianas, Amazonas, Paraguay and Lower Parana
River basins

Orinoco, Amazonas, Paraguay and Lower Parana River basins
Orinoco, Amazonas, Parnaiba, Paraguay and Lower Parana
River basins

Amazonas, Paraguay and Lower Parana River basins

Guianas, Amazonas, Paraguay and Lower Parana River basins
Paraguay and Lower Parana River basins

Amazonas, Tocantins-Araguaia, Uruguay, Paraguay and Lower
Parana River basins

Orinoco, Guianas, Amazonas, Paraguay and Lower Parana
River basins

Africa

North America

Paraguay and Lower Parana River basins

Orinoco, Guianas, Amazonas, Uruguay, Paraguay and Lower
Parana River basins

Paraguay and Lower Parana River basins
Orinoco, Guianas, Amazonas (Northern South America) and

Barbados and Trinidad (Caribbean Islands)
Central America
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Perciformes
Centrarchidae

Micropterus salmoides™ 1950 Fish stocking North America
Sciaenidae

Plagioscion squamosissimus 1992 Fish stocking/Fish farming  Orinoco, Guianas and Amazonas River basins

Cichlidae

Astronotus crassipinnis 1979 Itaipu Dam/Fish Amazonas, Paraguay and Lower Parana River basins
stocking/Fish
farming/Aquarium trade

Cichla kelberi 2004 Fish stocking Tocantins-Araguaia River basin

Cichla monoculus 1998 Fish stocking Amazonas River basin

Cichla ocellaris 2008 Fish stocking Guianas River basin

Cichla piquiti 2005 Fish stocking Tocantins-Araguaia River basin

Cichla temensis 2008 Fish stocking Orinoco and Amazonas River basins

Laetacara araguaiae 2013 Aquarium trade Tocantins-Araguaia River basin

Oreochromis niloticus* 1979 Fish stocking, Fish Africa
farming

Satanoperca pappaterra 2000 Fish farming/Aquarium Amazonas, Paraguay and Lower Parana River basins
trade

Coptodon rendalli* 1993 Fish farming Africa

Pleuronectiformes
Achiridae
Catathyridium jenynsii 1982 Itaipu Dam Uruguay, Paraguay and Lower Parana River basins
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