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RESUMO

Exercicios em biodiversidade une estudos com parasitos de peixes e andlises referentes a
distribuicao de peixes costeiros. Essa dissertagao foi dividida em trés capitulos, tematicamente
separados, que integram questdoes substanciais referentes a (i) taxonomia morfoldgica
descritiva de duas espécies de parasitos Gyrodactylidae; (ii) filogenias e reconstrucdes de
parentesco entre espécies de Gyrodactylidae com historias morfoldgicas homoplasicas; e (iii)
padrdes de endemismo de peixes na costa brasileira e sua relagdo com eventos geologicos e
climaticos. Nosso objetivo geral ¢ avaliar a biodiversidade através da taxonomia, filogenética
e eventos historicos. No primeiro capitulo, apresentamos a descri¢do taxondmica de espécies
dos géneros Swingleus Rogers, 1969 e Fundulotrema Kritsky & Thatcher, 1977
(Monogenoidea, Gyrodactylidae), parasitos de superficie corporal do peixe Fundulus
heteroclitus (Linnaeus, 1766) (Cyprinodontiformes, Fundulidae), da Carolina do Sul, Estados
Unidos. Apresentamos descri¢gdes morfologicas e discussdes a partir do status taxondmico
atual e aspectos ecologicos dos individuos estudados. Propomos uma redescricdo para
Swingleus cf polyclithroides e para Fundulotrema cf polyclithroides. No segundo capitulo,
analisamos o status filogenético de Polyclithrum Rogers, 1967 (Monogenoidea,
Gyrodactylidae) em relagao a Swingleus, Fundulotrema, Macrogyrodactylus Malmberg, 1956
e Gyrodactyloides Bychowsky & Polyanski, 1953. Espécies de parasitos desses géneros
apresentam caracteristicas congruentes relevantes para a identificagdo, entretanto, nao sao
agrupados em um clado monofilético. Argumentamos sobre a caracterizagdo filogenética
desses parasitos com base na morfologia e sobre caracteres homoplasicos na evolucao destes
parasitos e em sua historia evolutiva. No terceiro capitulo, tivemos como objetivo geral
examinar a distribuicdo geografica e padrao endémico de espécies de peixes litoraneas
brasileiras em bacias hidrograficas costeiras, considerando a influéncia de eventos histéricos,
como a flutuag¢do do nivel do mar no tempo geoldgico, com a hipotese de que quanto maior a
bacia hidrografica e menor a largura da plataforma continental, maior serd a taxa de
endemismo de peixes. Argumentamos a importancia da compreensdo de eventos historicos

para o entendimento dos atuais padroes de endemismo de peixes de d4gua doce costeiros.

Palavras-chave: Descricdo morfoldgica. Filogenia. Fundulotrema. Gyrodactylidae.
Endemismo. Polyclithrum. Pulso de Taxon. Swingleus. Taxonomia.



ABSTRACT

Exercises in biodiversity is a thesis that combines studies on fish parasites and analyses of the
distribution of coastal fish in Brazil. This project was divided into three chapters, thematically
separated, that integrate substantial questions regarding (i) descriptive morphological
taxonomy of two parasite species of Gyrodactylidae; (ii) phylogenies and relationship
reconstructions between Gyrodactylidae species with homoplastic morphological histories;
and (iii) patterns of fish endemism along the Brazilian coast and its relationship with
geological and climatic events. Our overall objective is to assess biodiversity through
taxonomy, phylogenetics, and historical events. In the first chapter, we present the
taxonomic description of species of the genera Swingleus Rogers, 1969 and Fundulotrema
Kritsky & Thatcher, 1977 (Monogenoidea, Gyrodactylidae), body surface parasites of the fish
Fundulus heteroclitus (Linnaeus, 1766) (Cyprinodontiformes, Fundulidae), from South
Carolina, United States. We present morphological descriptions and discussions based on the
current taxonomic status and ecological aspects of the individuals studied. We propose a
redescription for Swingleus cf polyclithroides and for Fundulotrema cf polyclithroides. In the
second chapter, we analyze the phylogenetic status of Polyclithrum Rogers, 1967
(Monogenoidea, Gyrodactylidae) in relation to Swingleus, Fundulotrema, Macrogyrodactylus
Malmberg, 1956, and Gyrodactyloides Bychowsky & Polyanski, 1953. Species of parasites of
these genera present congruent characteristics relevant for morphological identification,
however, they are not grouped in a monophyletic clade. We discussed about the phylogenetic
characterization of these parasites based on morphology and on homoplastic characteristics in
the evolution of these parasites and in their evolutionary history. In the third chapter, we
aimed to examine the geographic distribution and endemic pattern of Brazilian coastal fish
species in coastal watersheds, considering the influence of historical events, such as sea-level
fluctuation in geological time, hypothesizing that the bigger the size of the watershed and
wider the continental shelf extension the bigger the tax of endemics species. We argue the
importance of understanding historical events for the comprehension of current patterns of

endemism of coastal freshwater fish.

Keywords: Morphological description. Phylogeny. Fundulotrema. Gyrodactylidae.
Endemism. Polyclithrum. Taxon pulse. Swingleus. Taxonomy.
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INTRODUCAO GERAL

Para a compreensdao da histéria evolutiva e diversificagdo de organismos, se faz
necessario o estudo das relagdes filogenéticas e processos geologicos que influenciam no
parentesco e distribuicao de espécies (WEBB et al., 2002; FREELAND, 2005; SVENNING
et al., 2015). Andlises filogenéticas e biogeograficas de organismos parasitos e de peixes, por
exemplo, permitem criar fortes inferéncias sobre a interagdo de espécies e sua evolucio
(BROOKS; MAYDEN; MCLENNA, 1992; BOEGER; KRITSKY; PIE, 2003; ALBERT;
REIS, 2011; BROOKS; AGOSTA, 2012). Para que haja uma clara inspecdo quanto estes
aspectos, ¢ preciso estudos que nos levem a elucidar a taxonomia de espécies, seu status
filogenético e locais de ocorréncia.

A lacuna de conhecimento existente quanto a taxonomia de espécies evidencia a
demanda em reconhecer informagdes sobre as espécies para que estudos ecologicos e
subsequentes possam ser realizados (WHITTAKER et al., 2005; DALLAS; SANTINI, 2020).
A fundamentagdo sistematica e taxondmica € essencial por si s6, mas serve de base para
estudos da biodiversidade em distintos aspectos, podendo ser expandida na assimila¢dao de
padrdes e processos das comunidades biologicas globais (HOBERG et al., 2015).

Além do conhecimento taxondmico e molecular utilizado para a identificacdo de
espécies, importantes para o esclarecimento da diversidade e de suas facetas, se torna
necessario desvendar como a biodiversidade atual estd estruturada no espaco a partir da
histéria evolutiva que a mesma carrega (WIENS; DONOGHUE, 2004; HOBERG; BROOKS,
2010; BROOKS, HOBERG; BOEGER, 2019). Padrdes resultantes de reconstrucoes
historicas e hipoteses filogenéticas auxiliam no reconhecimento da estrutura populacional e
distribuicao geografica de espécies, fatores estes interligados com propriedades biologicas e
ambientais, conectados em relagdes estreitas com a trajetoria das espécies ao longo do tempo

(WIENS; DONOGHUE, 2004; HOBERG; BROOKS, 2010; BAGGIO et al., 2017).
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A fim de aprofundar a cerne em torno desses processos e reconstrugdes, o Paradigma
de Estocolmo serve como base para elucidacdo de principios evolutivos, resgatando do
Darwinismo conceitos prévios que auxiliam na explicacao das dinamicas das interacdes e da
biodiversidade, com enfoque na interagdo entre parasitos e hospedeiros (ARAUJO et al.,
2015, BROOKS; HOBERG; BOEGER et al., 2019). Um dos preceitos do Paradigma ¢ o
Pulso de Taxon (do inglés, Taxon Pulse), que pode ser considerado como um processo
associado com propriedades emergentes putativas derivadas da interacdo de espécies e das
perturbagdes periddicas do ambiente (ERWIN, 1985; HALAS; ZAMPARO; BROOKS, 2005
HOBERG; BROOKS, 2010).

O Pulso de Téaxon trata-se, basicamente, do potencial das espécies em oscilar em
diferentes momentos do tempo e espago, postulando eventos de isolamento e expansao
promovidos pela emergéncia de novas associagdes e desequilibrios climaticos (BROOKS et
al., 2019). O Pulso de Taxon esta interligado com o Ecological Fitting (JANZEN, 1985;
AGOSTA, 2006; BAGGIO et al., 2017; BROOKS; HOBERG; BOEGER, 2019), um
processo resulto da interagao entre a flexibilidade dos organismos com a flexibilidade biotica
e abidtica ambiental. O Ecological Fitting abarca a (a) capacidade, sendo estas informagdes
inerentes das espécies e a (b) oportunidade, atuando como regimes de sele¢dao providos pelo
ambiente; Estes aspectos auxiliam na diversificagdo de espécies e formagdo de mosaicos
complexos de diversidade (JANZ; NYLIN, 2008; HOBERG; BROOKS, 2010; HARVEY et
al., 2010, 2012; ARAUJO et al., 2015).

Determinar quais fatores biologicos e fisicos promovem a diversificacdo e
organizacao das espécies no espago ao longo do tempo ¢ de interesse fundamental de diversas
linhas de conhecimento dentro da Biologia, visto que os gradientes ecoldgicos e as flutuagdes
climaticas contribuem com o aumento ou diminui¢do da biodiversidade (KAPPELLE; VAN

VUUREN; BAAS, 1999; GASTON; SPICER, 2013; MOD et al., 2016; HAUNG et al,,
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2019). A busca por padroes dentro dessas variagdes ¢ uma das grandes expectativas dentro da
Ecologia, e o entendimento de processos € mecanismos ecologicos ¢ essencial para o sucesso
na detecgdo de tais padrdes (VELLEND, 2005). A visto destes aspectos ferais, este trabalho
foi dividido a fim de responder um pouco mais sobre a identificagdo e sistematica de espécie
Gyrodactylidae van Beneden et Hess, 1863 (Platyhelminthes, Monogenoidea) e padrdes de
endemismo de espécies de peixes costeiros brasileiros influenciados pela variacao do nivel do
mar.

No primeiro e segundo capitulos trabalhamos com espécies Gyrodactylidae. Os
parasitos dessa familia possuem uma ampla distribuicdo e parasitam diversos grupos de
hospedeiros, sendo facilmente encontrados hospedando peixes (BAKKE; CABLE; HARRIS,
2007). A historia evolutiva desses organismos ¢ complexa, principalmente relacionada com a
biologia destes individuos, que possuem tempo rapido de geracdo, se reproduzem por
hiperiviparidade e possuem alta capacidade de expansao no seu espectro de hospedeiros
(CABLE; HARRIS, 2002; BOEGER; KRITSKY; PIE, 2003). Essas -caracteristicas,
permitiram, ao longo do tempo, ampla distribuicdo geografica ¢ uma grande diversidade
morfologica (BOEGER; KRITSKY; PIE, 2003; BOEGER et al., 2021). Pensando nisso, essa
pesquisa ¢ conceitualmente dividida no estudo desses parasitos a partir da unido do primeiro e
segundo capitulo, com o objetivo de elucidacdo taxondmica e filogenética de parasitos
Gyrodactylidae, espécies de Swingleus Rogers, 1969, Fundulotrema Kritsky & Thatcher,
1977 e Polyclithrum Rogers, 1967

No primeiro capitulo, realizamos a descricdo de espécimes Swingleus e
Fundulotrema registrados em Fundulus heteroclitus (Linnaeus, 1766) (Cyprinodontiformes,
Fundulidae), na Carolina do Sul, Estados Unidos. Os espécimes de peixes foram coletados
em trés distintos sistemas estuarinos de diferentes bacias hidrograficas e os parasitos foram

corados com Tricromico de Gomori e montados em goma de Damar ou clarificados em Gray

17



Wess, enquanto outros foram montados em Hoyer para a identificagdo morfologica.
Espécimes tipos de estudos prévios com Swingleus spp. foram estudados. Realizamos
analises de prevaléncia, intensidade e abundancia média, além do teste ndo paramétrico
Kruskal-Wallis para verificarmos a diferenca da abundancia entre os distintos pontos de
coleta para as populagdes de ambas as espécies estudadas.

No segundo capitulo, avaliamos a morfologia e sequéncias genéticas de Polyclithrum
Rogers, 1967 em relagdo com outros géneros de Gyrodactylidae, evidenciando Swingleus,
Fundulotrema, Macrogyrodactylus Malmberg, 1956, e Gyrodactyloides Bychowsky &
Polyanski, 1953, os quais foram identificadas anteriormente como um agrupamento
monofilético com base em dados morfologicos. Nosso objetivo foi avaliar a relacdo
filogenética desses géneros usando sequéncias de rDNA 18S disponiveis no GenBank, além
da adicao de sequéncias de Polyclithrum sp., Swingleus cf polyclithroides e Fundulotrema ctf
prolongis da Carolina do Sul, EUA, e dados morfologicos de estruturas haptoriais, afim de
identificar estruturas homoplasicas. Construimos arvores filogenéticas usando os métodos de
Miéxima Parcimdnia, Maxima Verossimilhanga e Inferéncia Bayesiana, além de uma matriz
de caracteres morfologicos de estruturais haptoriais.

No terceiro capitulo, investigamos sobre peixes costeiros brasileiros com o objetivo
de avaliar a taxa de endemismo influenciada por eventos histdricos relacionados com a
flutuagdo do nivel do mar. O papel da mudanga do nivel do mar na formag¢do dos padrdes de
riqueza e diversidade de espécies marinhas marginais e espécies estritamente dulcicolas tem
recebido muita atencao (WEITZMAN; VARI, 1988; LUNDBERG et al., 1998; ALBERT;
REIS, 2011), mas muito ainda precisa ser investigado acerca dos processos propulsores de
endemismo em distintas drenagens hidricas (ALBERT; REIS, 2011; TEDESCO et al., 2012).
A histéria de interconexdes entre distintas bacias hidrograficas no Ultimo Méximo Glacial,

ha aproximadamente 18 mil anos atrés, influenciou, a partir da configuragcdo geoldgica da
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largura da plataforma continental, conexdes entre paleodrenagens, o que reflete na
distribuicdo ictia atual ao longo da planicie costeira (DIAS et al., 2014, BAGGIO et al., 2017,
TSCHA et al., 2017, THOMAZ; KNOWLES, 2018, DOLBY et al., 2018). Com dados
provenientes do artigo de Tedesco et al. (2017), avaliamos a relagao entre o endemismo com
o tamanho das mesobacias costeiras e largura da plataforma continental, trabalhando com a
hipoétese de que quanto maior a drea da mesobacia e menor a largura da plataforma, maior o
endemismo identificado. Avaliamos essa relagdo a partir de modelos lineares generalizados.
Exercicios em biodiversidade une importantes estudos em distintas areas de
conhecimento afim de avangar a respeito da diversidade de parasitos e de peixes. Este estudo
traz diferentes abordagens aplicadas ao Paradigma de Estocolmo. E necessario reconhecer a
biodiversidade para estuda-la e para entender a interagdo das espécies no meio a partir de
suas capacidades e oportunidades, além da compreensao acerca de eventos de Pulso de Taxon

dentro da historia evolutiva.
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Abstract

Species of Swingleus and Fundulotrema genera are body surface parasites from mainly
Fundulidae species. These parasites are poorly studied and represent a knowledge gap about
the exact number of existing species for each genus. We provide a detailed morphological
analysis and descriptions of specimens collected from Fundulus heteroclitus in estuarine
systems of South Carolina, United States of America. In addition, ecological aspects of the
parasites were explored. We found differences between the specimens herein studied and
those previously described. Despite the contrast, including the MCO structure and the clef
shield for both Swingleus and Fundulotrema specimens, we propose a redescription for S. cf
polyclithroides and F. cf prolongis based on voucher specimens and dissimilarities in these
identifications following the method of making slides from previous studies. Besides that, we
found a significant difference in F. cf prolongis abundance in Charleston, even with a lower
sampling effort. There is still much to be understood about these species in morphological
and ecological aspects and flaws in the morphological descriptions made previously represent
a problem to be better investigated. We recommend further research including molecular
characterization of specimens of these species for further identification on a large geographic
scale.

Keywords: Description, Fundulidae, South Carolina. United States.

1. Introduction

Gyrodactylidae von Nordmann, 1832 is the most diverse family of the order
Gyrodactylidea Byrchowsky, 1937 (Monogenoidea Bychowsky, 1937) with more than 500
species described (Bakke et al. 2007; Boeger et al. 2003; Bychowsky 1957). Most species of
this family are hyperviviparous ectoparasites and have a monoxenic life cycle, being
transmitted during the pre-adult and adult life stages (Boeger et al. 2003; Cable and Harris
2002). Despite its diversity, the taxonomy and classification of Gyrodactylidae undergoes
constant alterations due to their complex evolutionary history and the lack of phylogenies
with high representation of some groups and detailed morphological species descriptions
(Boeger et al. 2021). These species are distributed among 24 genera (Boeger et al. 2021),
including Swingleus Rogers, 1969 and Fundulotrema Kritsky & Thatcher, 1977. Species of
both genera are parasites widely reported from Fundulus spp. (Harris and Vogelbein 2006).

Diversity of these genera is still unknown since many proposed species remain

questionable. This is especially true for species of Swingleus — their respective descriptions
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are often based on poor morphological analysis to support their identity. Currently, two
species of Swingleus (S. polyclithroides Rogers, 1969 from Fundulus grandis Baird & Girard,
1853 (Rogers 1969) and S. ancistrus Billeter, Klink & Maugel, 2000 from F. majalis
(Walbaum, 1792) (Billeter et al. 2000)) and six species of Fundulotema (F. prolongis
(Hargis, 1955) Kritsky & Thatcher, 1977 from F. grandis (Hargis 1955), F. megacanthus
(Wellborn & Rogers, 1967) Kritsky & Thatcher, 1977 from F. olivaceus Storer, 1845
(Wellborn and Rogers 1967), F. trematoclithrus (Rogers, 1967) Kritsky & Thatcher, 1977
from Lucania parva (Baird & Girard, 1885) (Rogers 1967a), F. stabieri (Hathaway &
Herlevich, 1973) Kritsky & Thatcher, 1977 from F. kansae German, 1895 (Hathaway and
Herlevich 1973), F. foxi (Rawson, 1973) Kritsky & Thatcher, 1977 from F. heteroclitus
(Rawson 1973), and F. porterensis King & Cone, 2009 for the latter from F. heteroclitus
(King and Cone 2009) (Kritsky and Thatcher 1977)) are presently known.

Fundulus heteroclitus (Linnaeus, 1766), the focal host of this study and popularly
known as mummichog, is found along the coast of Canada and the United States (Page and
Burr 2011), and also reported in Europe as an invasive species (Kottelat and Freyhof 2007).
F. heteroclitus is widely studied as a biological model in several areas of knowledge -
genetic, ecological, toxicology and biochemical (e.g., Powers and Schulte 1998; McMillan et
al. 2006; Fangue et al. 2009; Whitehead et al. 2017). However, research on parasites of
mummichogs is not extensive and there is a large shortage of exploring its parasites at the
species level (Harris and Vogelbein 2006). Probably it occuers due to the reduced urgency of
taxonomic studies related to parasites without medical importance (Scholz and Choudhury
2014).

Hence, the present study redescribes Swingleus cf. polyclithroides Rogers, 1969, and
Fundulotrema cf. prolongis (Hargis, 1955) Kritsky & Thatcher, 1977 (Gyrodactylidae) from

F. heteroclithus from the coast of South Carolina, USA. We propose that S. ancistrus is a

22



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

junior synonym of S. polyclithroides, re-evaluate the diagnosis of each respective genus, and
present a preliminary analysis of the parasitological parameters for these species in three

estuarine systems within the state.

2. Material and methods
2.1 Sampling

Populations of F. heteroclitus were sampled between October and November 2017, in
three estuarine systems in the state of South Carolina: (1) Winyah Bay, at Baruch Institute of
Marine and Coastal Sciences (in Georgetown) (33°20'59.02"N 79°11'46.98"0), (2) Ashley
and Cooper rivers (in Charleston) (32°44'46.10"N 79°54'13.41"0), and (3) Waddell
Mariculture Center (next to Bluffton) (32°16'46.44"N 80°49'6.27"0) (Fig. 1). The fish were
captured with the help of minnow traps and taken to the Grice Marine Laboratory at the
College of Charleston, where they were individually processed, along with their parasites.
The fish were anesthetized with MS-222 (Tricaine Methane-sulfonate), euthanized by bone
marrow destruction, and subsequently washed with hot water (approx. 68°C), which was
agitated for a short period of time to release the ectoparasites from the body surface of the
hosts' body, as described by Boeger et al. (2021). Subsequently, the fish were removed from
the container. The liquid and sediment were separated for fixation of the parasites in
molecular-grade ethanol and subsequent screening for counting and morphological analysis.

Despite intensive attempts, no sequences were obtained from the available specimens.
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Figure 1. Sampling points of collection of Fundulus heteroclitus hosts in estuarine systems of the state of South
Carolina, United States: (1) Winyah Bay, at the Baruch Institute for Marine and Coastal Sciences (Georgetown)
(Pee Dee watershed); (2) Ashley and Cooper rivers (Charleston) (Santee watershed); and (3) Waddell
Mariculture Center (next to Bluffton) (Salkehatchie watershed).

2.3 Morphological analysis

Monogenoid ectoparasites were stained with Gomori's trichrome and mounted in
Damar's gum or subjected to clarification in Hoyer's medium for morphological studies
(Kritsky et al. 1978). Other were stained in trichrome and mounted and cleared in Gray and
Wess’ media (Humason 1962) to study details of the haptoral sclerites. Drawings were
prepared with an Olympus microscope (B50) coupled with a camera and projector. Specimen
measurements were performed with the ImageJ software (Schneider et al. 2012), given in
micrometers (um) - the measurement is presented, followed by the measurement amplitude of
the structures and the number of structures in parentheses. In addition, type and voucher
specimens of S. polyclithroides (USNM 1366025) from Fundulus grandis and S. ancistrus
(USNM 1384051) from Fundulus heteroclitus were studied. Voucher specimens of

organisms from Swingleus and Fundulotrema (present study) were deposited in collections in
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the USA (HWML, Smithosinian) and Brazil (IOC), according to specific legislation of each

country.

2.3 Parasitological parameters

The infracommunity composition was determined and quantified and, later,
parasitological parameters were determined as proposed by Bush et al. (1997). The
nonparametric analysis of variance (Kruskal-Wallis) was performed to test differences
between the abundance of S. cf. polyclithroides and F. cf. prolongis between the sampling
points, in addition to running DunnTest post-hoc test with “bonferroni” correction method.

Analysis was made using R 4.0.2 (R Development Core Team, 2020).

3. Results
Taxonomy

Class Monogenoidea Bychowsky, 1937
Subclass Polyonchoinea Bychowsky, 1937
Order Gyrodactylidea Bychowsky, 1937
Gyrodactylidae van Beneden & Hesse, 1863

Swingleus cf polyclithroides Rogers, 1969

(Figs. 2-5, 13)

Host: Fundulus heteroclitus (Linnaeus, 1766), (Fundulidae, Cyprinodontiformes),
mummichog.

Localities: South Carolina, United States of America (USA), (1) Winyah Bay, Baruch
Institute for Marine and Coastal Sciences (Georgetown), (2) Ashley and Cooper rivers
(Charleston), and (3) Waddell Mariculture Center (next to Bluffton).

Location on host: Body surface.

Specimens deposited: -
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Description of specimens (based on 15 specimens, 9 stained, 6 cleared): Gyrodactylidae.
Body elongate, divisible into cephalic region, trunk, peduncle, haptor. Body 582 (550-628,
n=6) long; 68 (59-80, n=7) wide at level posterior cephalic glands; 108 (85-150, n=6) wide at
level of uterus. Eyes absent. Cephalic region composed by two cephalic lobes each one
containing spike sensilla. Head organs present, with ducts connected to cephalic glands;
cephalic glands unicellular, divided into a pre-pharyngeal group, presenting a small
agglomerated unicellular glands and pharyngeal group with larger ovoid cells dorsally and
smaller cells ventrally. Pharynx composed of two bulbs, 44 (37-54, n=6) long; anterior bulb
muscular with eversible digitiform projections, 30 (22-38, n=6) wide; posterior bulb
muscular, glandular, 42 (30-52, n=6) wide. Esophagus short. Two caeca ending blindly,
exceeding to midlength between gonads and haptor. Male Copulatory Organ (MCO) ventral,
positioned left of central line of body, armed with a large spine with broad base, two spinelets
with broad bases and sclerotized expansions. Two groups of gland-like structures cells at
level of MCO. Seminal vesicle elliptical, connected to base of MCO. Uterus positioned in
central portion of trunk, pre-germarian. Germarium ovate, (23-25, n=2) long, (26-27, n=2)
wide. Testis post-germarium, oval, (33-38, n=2) long, (32-36, n=2) wide. Variable syncytial
and cellular glands distributed between testis and peduncular bar. Peduncular bar 85 (83-89,
n=8) long, 22 (15-27, n=8) wide, lightly sclerotized, small fold on posterior margin, oblong to
elongated pits, distributed along anterior margin, striations across the mid-posterior portion.
Haptor oval, 168 (117-173, n=8) long, 136 (122-152, n=8) wide, anterior margin muscular,
comprising pair of ventral anchors, 16 hooks, superficial bar, complex set of sclerites.
Anchors elongate 120 (106-127, n=5) long, 14 (13-17, n=5) wide, with elongate superficial
root, 69 (59- 74, n=5) long; knob-shaped deep root; long straight shaft, 68 (64-72, n=5) long;
recurved point 22 (19-25, n=5) long; concave accessory bar associated to superficial root

(Fig. 13, AS) with posteriorly directed digitiform process. Superficial bar, 37 (29-49, n=8)

26



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

long, 11 (9-13, n=8) wide with anterolateral saddle-horn-shaped processes; shield with
posterior indentation presenting irregular connectors anteriorly, with thickened lateral
margins with longitudinal ridges (Sclerite R1) 61 (53-68, n=8) long, 44 (39-56, n=8) wide.
Deep bar absent. Sclerite R2 proximally bifid, not embedded in shield. Anchor filament
present. Bilateral lateral winglike bars with distal radial ribs (Fig. 13, LWB), proximal
condyle-like, concave articulation, posterior projection with proximal flaps, subterminal
pointed processes. Subtriangular accessory bar (Fig. 13, AB), poorly sclerotized, located
between radial sclerites and elongate posterior projection of winglike bars. Hooks 16,
discontinuously distributed at the margin of haptor; three pairs positioned in anterior region
of haptor; five pairs evenly spaced at the posterior margin of haptor; hooks with hooklet
composed by short point, straight elongate shaft, toe projecting beyond level of point tip,
platform with proximal elevation, base concave; hook shaft long, distally bulbous, with
poorly sclerotized tapering process. A comparison of measurements between distinct studies

and species are shown in Table 1 (Supplementary Material).

Remarks

Specimens collected during this study depict unique features, including a shield
distally cleft and a MCO armed with a large spine two bilateral spines with expanded base
and three spinelets. However, despite the above differences, the specimens of Swingleus from
the mummichogs studies herein are not unquestionably distinct from S. polyclithroides and S.
ancistrus. This is mostly associated with problems with the original descriptions and
illustrations of both species previously known. Furthermore, the studied specimens of S.
polyclithroides and S. ancistrus were excessively cleared and did not allow an adequate study
of the complete haptoral sclerites. Besides, the proposal of S. ancistrus as a new species by

Billeter et al. (2000) is also questionable — size differences reported are questionable in
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association with the morphological plasticity known for species of Gyrodactylidae, host and
locality differences are irrelevant to taxonomical delimitation of species, and many of the
features associated with the haptor are prone for misinterpretation in overly cleared
specimens (see Figs. 6-8). Hence, S. ancistrus is conserved here as a junior synonym of S.
polyclithroides. The differences in descriptions of the present specimens and that of S.
polyclithroides are also likely the result of the different methodology in specimen
preparation.

Examination of type specimens of Swingleus spp. (S. polyclithroides and S. ancistrus),
it was possible to observe, for example, the presence of an accessory bar in the lateral region
of the haptor for all species (Figure 6-8). This same structure had already been recorded by
Kritsky & Boeger (2003), although it was not reported in the original descriptions of the
species of Swingleus. The studied specimens described by Kritsky and Boeger (2003) have
sclerites R1 and R2, and the R1 sclerites have already been reported in the described species,
but without a name for the structure, the same for the R2 sclerites in S. polyclithroides
(Rogers 1969). The distal clef in the shield, on the other hand, is difficult to be observed in
the type specimens and electron scanning images for S. ancistrus presented by Billeter et al.

(2000) for S. ancistrus.
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Figure 2-5. Swingleus cf polyclithroides. (Gyrodactylidae) from the body surface of Fundulus heteroclitus. (2).

Body and haptor, ventral view; (3). Male Copulatory Organ (MCO); (4). Hook; (5). Anchor. Measures in pm.
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Figure 6-8. Microphotographs of specimens of Swingleus spp. cleared (Figs. 6-7) or prepared according to
Kritsky et al. (1978) (Fig. 8). (6). Paratype of Swingleus polyclithroides (USNM 1366025). (7). Paratype of S.
ancistrus (USNM 1384051). (8). Swingleus cf. polyclithroides (this study). AB) Acessory bar.

Fundulotrema cf prolongis (Hargis, 1955) Kritsky & Thatcher, 1977

(Figs. 9-12, 14)

Host: Fundulus heteroclitus (Linnaeus, 1766), (Fundulidae, Cyprinodontiformes),
mummichog.

Other hosts: see Table 2 (Supplementary Material).

Localities: South Carolina, United States of America (USA), (1) Winyah Bay, Baruch
Institute for Marine and Coastal Sciences (Georgetown), (2) Ashley and Cooper rivers
(Charleston), and (3) Waddell Mariculture Center (next to Bluffton).

Location on host: Body surface.

Specimens deposited: -

Description (based on 16 specimens, 8 stained, 8 cleared): Body elongate, fusiform, divisible
into cephalic region, trunk, peduncle, haptor. Body 442 (426-479, n=5) long; 78 (65-91, n=7)
at midlength. Cephalic region with two cephalic lobes, each containing single spike sensilla.
Eyes absent. Head organs connected to cephalic glands; cephalic glands unicellular, pre-,
posterolateral to pharynx; pre-pharyngeal group composed by small oval cells; post-

pharyngeal group composed by two types of glands, one group of large cells ventral, one
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group of smaller cells, dorsal. Pharynx composed of two bulbs, 33 (31-38, n=5) long;
anterior bulb 23 (18-30, n=5) wide, with digitiform eversible projections; posterior bulb 30
(19-30, n=5) wide, muscular, glandular. Esophagus short. Intestinal caeca double, lacking
diverticula, ending blindly in posterior trunk. MCO (11, n=1), positioned to left body
midline, armed by one central spine with wide base, three distal small spinelets, two laterals
larger spinelets with wide base, sclerotized expansion. Seminal vesicle elliptical, connected to
MCO. Bilateral prostates posterior to MCO. Uterus in central portion of body. Germarium
(16-24, n=2) long, (24-28, n=2) wide, ovate, posterior to uterus. Testis (37, n=1) long, (43,
n=1) wide, oval, post-germarium. Peduncular bar 68 (65-71, n=7) long, 18 (16-21, n=7) wide,
wide, lightly sclerotized, small fold on posterior margin, oblong to elongated pits, distributed
along anterior margin, striations across the mid-posterior portion. Many unicellular and
syncytial glands located in region of reproductive organs, peduncle; bilateral mass of
syncytial glands lateral to germarium, testis; multiple scattered unicellular glands around end
of caeca; elongate unicellular glands with ducts direct towards peduncular bar. Haptor 104
(96-113, n=6) long, (55-68, n=6) wide, subovate, elongate, ventrally concave, length,
containing pair of ventral anchors, deep and superficial bars, 16 hooks. Anchor 99 (89-134,
n=8) long, 10 (8-14, n=8) wide (at level of deep root); superficial root 53 (47-72, n=8) long;
deep root knob-like; point 32 (17-33, n=8) recurved; shaft length 57 (52-77, n=8), slightly
curved. Superficial bar 23 (20-27, n=6) long, 7 (6-9, n=6) wide, with mid-anterior knob,
anterolateral saddle-horn-shaped processes. Bar shield 38 (35-40, n=6) long, 22 (20-25, n=6)
wide, with bilateral anterior constrictions, posterior indentation reaching half-length of shield,
sub-medial to lateral longitudinal thickening distally concave with striations (Sclerite R1).
Deep bar 18 (15-22, n=6) long, submedial notch. Hooks distributed into two inconspicuous
groups at margin of haptor; anterior group composed by three pairs at anterior region of

haptor; posterior group composed by five pairs at posterior haptor margin; hooks 56 (44-69,
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n=8) long; hooks with hooklet composed by evenly curved point and shaft, toe acute
projecting beyond level of point tip, platform with proximal elevation, base concave; hook
shaft long, distally bulbous, with poorly sclerotized tapering process. A comparison of
measurements among distinct studies and species are shown in Table 1 (Supplementary

Material).

Remarks

Compared to previous descriptions and illustrations of species presently allocated in
Fundulotrema, the studied specimens present unique features that could be considered
enough to propose a new species. However, many previous descriptions and illustrations
(with few exceptions) do not allow an adequate comparison, and this precludes the decision
about the delimitation of a putative new species to accommodate the parasites of
mummichogs studies herein. Among unique features observed in this study is the armature
of the MCO (composed by one pine, two bilateral smaller spines with enlarged base and 3
spinelets) and a cleft on the distal margin of the shield. The later was registered for at least
one species through Scanning Electron Microscopy (F. prolongis in Cone and Odense (1988)
but it was never actually recognized nor described.

F. prolongis is the type species of Fundulotrema, proposed by Kritsky and Thatcher
(1977) and it was originally described a member of Gyrodactylus from Fundulus grandis
Baird and Girard (see Hargis 1955) and subsequently in Cyprinodon variegatus Lacépéde
(Williams and Rogers 1971). As in the present specimens, the shield clearly presents a distal
cleft in F. porterensis (see photographs of King and Cone 2009) which suggests that it may
indeed be a widespread feature of species of Fundulotrema shared with S. cf. polyclithorides.
The similarities on the general morphology off the haptoral sclerites and, in special, the

dorso-anterior process on the superficial bar (see Williams and Rogers 1971) are evidence
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296  suggesting that the specimens collected from mummichogs in the present study are members

297  of this family.

wr oL

o

wrl 6z

wrl ¢z

12

298
Figure 9-12. Fundulotrema cf prolongis (Gyrodactylidae) from the body surface of Fundulus heteroclitus. (9).

299
300 Body and haptor, ventral view; (10). Male Copulatory Organ (MCO); (11). Hook; (12). Anchor. Measures in
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Figure 13-14. Haptor structures (13). Swingleus cf polyclithroides. and (14). Fundulotrema cf prolongis. from
Fundulus heteroclitus. PB) Peduncular bar; AS) Accessory bar and digitiform process; AC) Anchor; LWB)
Lateral winglike bar with radial ribs; DB) Deep bar; AB) Accessory bar; SB) Superficial bar with anterolateral
process; SH) Shield; AF) Anchor filament; HK) Hook.

Parasitological parameters

A total of 123 Fundulus heteroclitus were collected - 52 in Baruch (Location 1), 14 in
Charleston (Location 2), and 48 in Waddell (Location 3) (Fig. 1, 11). We have found 65
individuals of Swingleus cf polyclithroides and 73 individuals of Fundulotrema cf prolongis
in those fish. It was recorded 41, 7, and 17 specimens of the S. cf polyclithroides for these
localities, respectively; and 42, 19, and 12 specimens of the F. cf prolongis, for these
localities, respectively.

Despite the lower sampling effort (n=14), the population of F. cf prolongis from
Charleston presented the highest prevalence (Table 1). Mean Intensity values were higher in
Baruch for both species, however F. cf prolongis shows the highest value of mean intensity
in Waddell. Furthermore, the highest Mean Abundance corresponds to F. cf prolongis in
Charleston, with a significant difference for abundance (p=0.0002552, Kruskal-Wallis)

(Figure 15), with difference between Charleston and Waddell localities (p=0.0005574195,
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323 DunnTest). On the other hand, the abundance of S. cf polyclithroides does not differ
324  significantly by location.

325

326 Table 1. Ecological parameters estimated for different geographic populations of Fundulus heteroclitus and
327 parasitic info communities of Swingleus ct polyclithroides and Fundulotrema cf prolongis (Prevalence (%);
328 Mean intensity + Standard deviation; Mean abundance + Standard deviation).

Prevalence (%) Mean intensity (=SD) Mean abundance (£SD)
Swingleus cf Fundulotrema cf Swingleus cf Fundulotrema cf Swingleus cf Fundulotrema cf
polyclithroides prolongis polyclithroides prolongis polyclithroides prolongis
Baruch (1) 36,54 38,46 2,16 (£1,66) 2,10 (£1,21) 0,79 (£1,44) 0,81 (+1,26)
Charleston (2) 28,57 71,43 1,75 (£0,83) 1,90 (£1,48) 0,50 (£0,91) 1,35 (x1,54)
Waddell (3) 20,83 10,42 1,70 (£1,55) 2,40 (0,80) 0,35 (£0,99) 0,25 (x0,77)
329
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331  Figure 15. Heat map of the parasitic intensity of infection of Swingleus cf polyclithroides and Fundulotrema cf
332  prolongis. according to the sampled location and parasites abundance. The number inside the boxes indicates the
333 amount of Fundulus heteroclitus analyzed for each abundance value of parasites species.
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4. Discussion

Recognition of species of the clade composed by Swingleus and Fundulotrema
(Kritsky and Boeger 2003) is facilitated by the presence of a sclerotized peduncular bar
(Hendrix 1994; Hoffman 1998; Kritsky and Boeger 2003; Kritsky and Thatcher 1977), a
feature unique within the Gyrodactylidae. Indeed, the shared morphological characteristics
between these two genera and similar groups of hosts (mainly Fundulus spp.) support the
hypothesis of Kritsky and Boeger (2003) (morphology) and Boeger et al. (2021) (molecular)
that these genera are sister clades. Species of both genera also present a longitudinal
thickening in the plate-like shield with longitudinal ridges and terminating concave (also
known as sclerite R1); have similar structure of hooks (with slightly sclerotized portion of
shank); a MCO composed by a large spine, two bilateral large spinelets with broad base and
variable number of smaller spinelets; and shield with a posterior cleft (but see below).

The differences between species of the genera include the absence of deep bar in
species of Swingleus (present in Fundulotrema spp.) and the presence of numerous diverse
accessory bars in species of Swingleus. Species of both genera are armed with 16 hooks.
While the hooks are distributed in two distinct groups, one anterior with 3 pairs anterior and 5
pairs posterior in the haptor in Swingleus spp., Kritsky and Thatcher (1977) diagnosis of
Fundulotrema spp. indicates that they are arranged radially in the haptor (evenly distributed).
However, the specimens of F. c¢f. prolongis studied herein present a hook distribution like
that reported and observed herein for S. cf. polyclithroides but with anterior and posterior
groups that are not as clearly defined (see Fig. 10). This hooks distribution may, in fact,
represent another shared feature for Swingleus and Fundulotrema, since it has been reported
for other spcies of Fundulotrema by Cone and Odense (1988).

The morphological analyses of the species of Swingleus and Fundulotrema from F.

heteroclithrus reveal individuals with distinct characteristics in comparison with those

36



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

anteriorly proposed for these genera. However, many of the original and previous
descriptions of species presently allocated in these genera are unprecise and lack adequate
illustrations, precluding a robust comparison. On the other hand, our specimens have been
prepared using the technique of Kritsky et al. (1978) which reveals details often missed by
simple clearing methods (see comparison of cleared types and specimens prepared this way
in Fig. 6-8). In fact, the posterior cleft observed in the studied specimens S. cf.
polyclithroides and F. cf. prolongis considered potentially unique for species of these genera
are, indeed, visible in many other Gyrodactylidae whenever a careful study is performed
(preferable under phase contrast microscopy) or when Kritsky et al. (1978) method is applied.
The staining of the sclerotized armature of the haptor facilitated the adequate and more
detailed description of haptoral accessory bars and should be applied for gyrodactylids in
general. Unfortunately, types deposited in collections were also not adequate to resolve the
questions of morphological identity as they were overly cleared (Fig. 6-7).

Many biodiversity studies tend to ignore the vast species diversity and ecological
importance of parasitic taxa (Dougherty et al. 2016). Studies based exclusively on
morphological identification of parasites need extra care since errors in the identification of
new and known species are common when old descriptions are based on poor morphological
analysis. This may be directly related to the scarcity of studies that explore these specific
genera and other groups of Monogenoidea parasites of small fishes in general (Boeger et al.
2014; Roudnicky et al. 2020). However, it becomes another point that makes the specific
identification of these underexplored species difficult. This misidentification generates a
domino effect can lead to misinterpreted studies on ecological aspects of interactions between
host-parasite (Brooks et al. 2014; Hoberg et al. 2015).

The parasitological parameters for S. c¢f. polyclithroides and F. cf. prolongis help a

little more the understanding of ecological interactions of specimens analyzed herein differ
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among the sampled populations of mummichogs from distinct estuaries of the coast of South
Carolina. For instance, the prevalence of F. cf. prolongis were higher in Charleston. The
mean intensity was higher for F. cf. prolongis in Waddel. The demographic variability of
ecological parameters of parasites in the same host may be related to intrinsic traits of the
species, varying even within the same parasite community, depending on the compatibility of
interaction (Arneberg et al. 1997; Krasnov et al. 2006; Lambrechts et al. 2006; Patella et al.,
2017). The distribution of parasite species may be related also to differences in abiotic and
biotic factors (Budischak et al. 2015), which may indicate spatial heterogeneity in the
differentiated communities studied. Morphologically, the individuals from the same species
did not present distinct structures, so, quite possibly, the difference in ecological parameters
may reflect of the local ecological diversity (Poulin 2007).

These parasites are often found on the body surface of fish and are either not
recognized or poorly sampled and may be related to studies that focus only on the search for
monogenoid parasites in gills Billeter et al. (2000). Other revisions of species, including
molecular data, are needed to produce adequate resolutions to the problems in Swingleus and
Fundulotrema taxonomy, as well as to understand more about their biology. As the species of
these genera are geographically limited to the Nearctic, we suggest a review of species from
the type locations, with the addition of new locations on the coast of the United States and

Canada.
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Table 2. Data of locality from Swingleus and Fundulotrema species, fish host, locality, and reference.

Species Host Locality

Reference

Swingleus

Swingleus polyclithroides Fundulus grandis Baird Alabama, USA
Rogers, 1969 & Girard, 1853
F. majalis (Walbaum,
1792)

Fundulus heteroclitus
(Linnaeus, 1766)

New York, USA

S. cf polyclithroides South Carolina, USA

Rogers, 1969

Billeter, 1974
Hendrix, 1994
This study

S.  ancistrus  Billeter,
Klink & Maugel, 2000

F. majalis New Jersey, USA

F. heteroclitus Delaware, USA
Maryland, USA

New Jersey, USA

North Carolina, USA

Virginia, USA

Georgia, USA

Billeter, 1974
Billeter, Klink & Maugel, 2000

Billeter, Klink & Maugel, 2000
Prikrylova et al., 2013

Billeter, Klink & Maugel, 2000
Anderson, Sukhdeo, 2010
Anderson, Sukhdeo, 2011
Anderson, Sukhdeo, 2013
Billeter, Klink & Maugel, 2000

Billeter, Klink & Maugel, 2000

Dunn, 2015
Alfieri & Anderson, 2019

Swingleus sp.
specified)

(not F. majalis Virginia, USA
Lucania parva (Baird &

Girard, 1885)

Virgnia, USA

Able, 1976

Able, 1976

Fundulotrema

Fundulotrema prolongis Florida, USA
(Hargis, 1955) Kritsky &

Thatcher, 1977

Fundulus grandis

F. grandis Alabama, USA
F. grandis Florida, USA
F. majalis Virginia, USA

F. diaphanus (Lesueus,

1817)
F. diaphanus

Ontario, Canada

Nova Scotia, Canada

F. confluentus Goode &  Nova Scotia, Canada

Bean, 1879
F. confluentus

F. heteroclitus

F. heteroclitus
F. heteroclitus
F. heteroclitus

F. heteroclitus

Ontario, Canada

Massachusetts, USA

Alabama, USA
Georgia, USA
New foundland, Canada

Connecticut, USA

Hargis, 1955

Rogers, 1969
William & Rogers, 1971
William & Rogers, 1971

Dillon, 1966

Hanek & Fernando, 1971
Cone & Odense, 1988
Cone & Odense, 1988

Dechtiar & Christie, 1988
Hanek & Fernando, 1971
Linton, 1940
Hargis, 1955
Williams & Rogers, 1971
Williams & Rogers, 1971

Rawson, 1973
Alferi & Anderson, 2019
Dickinson & Threlfall, 1975

Barkman & James, 1979
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F. heteroclitus
F. heteroclitus
F. heteroclitus

F. heteroclitus

F. heteroclitus
F. heteroclitus
F. heteroclitus
F. heteroclitus

Cyprinodon
rubrofluviatilis Fowler,
1916
C. rubrofluviatilis

C. variegatus Lacepede,
1803

F. cf prolongis F. heteroclitus

Virginia, USA
Lousiana, USA
Delaware, USA

New Jersey, USA

New York, USA
Nova Scotia, Canada
Kansas, USA
Maryland, USA

Kansas, USA

Texas, USA
Alabama, USA

South Carolina, USA

Lawler, 1982
Harris & Volgelbein, 2006
Hoffman, 1998

Billeter,
2000
Bass & Weis, 2009
Anderon & Sukhdeo, 2009
Anderon & Sukhdeo, 2011
Anderon & Sukhdeo, 2013
Bass & Weis, 2009

Klink & Maugel,

King, 2009
Alfieri & Anderson, 2019
Prikrilova et al 2013

McAllister et al., 2019

McAllister et al., 2019
Williams & Rogers, 1971

This study

F. megacanthus  Fundulus olivaceus
(Wellborn &  Roger, (Storer, 1845)
1967) Kritsky &

Thatcher, 1977
F. olivaceus

F. notti Agassiz, 1854)

F. notatus (Rafinesque,

Mississipi, USA

Arkansas, USA
Alabama, USA

Illinois, USA

Wellborn & Rogers, 1967

Wellborn & Rogers, 1967
Wellborn & Rogers, 1967

Kritsky & Thatcher, 1977

1820)
F. notatus Kentucky, USA Kozel & Whitaaker, 1985
F trematoclithrus Lucania parva Alabama, USA Rogers, 1967

(Rogers, 1967) Kritsky &
Thatcher, 1977

F. stableri (Hataway & F. kansae German, 1895
Herlevich, 1973) Kritsky
& Thatcher, 1977

Colorado, USA

Hathaway & Herlevich, 1973

F. foxi (Rawson, 1973) F. heteroclitus
Kritsky &  Thatcher,
1977
F. waccamensis Hubbs &
Raney, 1964

F. heteroclitus
F. heteroclitus

F. porterensis King & F. heteroclitus

Cone, 2009
F. heteroclitus

F. waccamensis

Georgia, USA

Nova Scotia, Canada
North Carolina, USA
Delaware, USA
Nova Scotia, Canada
Nova Scotia, Canada

North Carolina, USA

Rawson, 1973

King & Cone, 2009

Burge & King, 2015

Billeter, Klink & Maugel,
2000
King, 2009

King & Cone, 2009

Burge & King, 2015
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Fundulotrema sp. F. heteroclitus Maryland, USA Barse, 1998
F. heteroclitus Virginia, USA Harris & Volgelbein, 2006

F. heteroclitus New Brunswick, Canada Blanar, 2011
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Abstract

Understanding of morphological characters and evolutionary history often needs to be based
on studies with precise molecular data that note a kinship relationship between species and
changes of morphological structures over time. We investigated this character’s variation
between the organisms of the genera Polyclithrum, Swingleus, Fundulotrema,
Macrogyrodactylus, and Gyrodactyloides. Specimens of Polyclithrum from Mugil cephalis,
and Swingleus and Fundulotrema specimens from Fundulotrema hetercolitus were collected
from estuarine systems of South Carolina, United States, and analyzed with morphological
and molecular proceedings. Phylogenetic trees based on maximum likelihood and Bayesian
inference were performed. A character morphological matrix was constructed. Polyclithrum
did not form a monophyletic clade with any of the cited genera, except for Gyrodactylus,
while Swingleus and Fundulotrema were identified as a sister group. Our results indicate an
evolutionary convergence of morphological characters of homoplastic origin, which reveals
inconsistencies in the molecular results of the phylogenies in comparison with the
morphological data. This appears to be a common pathway within the morphological features
of Gyrodactylidae within its evolutionary history.

Keywords: Evolutionary history; Homoplasy; Phylogenetic position.

1. Introduction

Gyrodactylidae Van Beneden et Hess, 1863 (Platyhelminthes, Monogenoidea) is a
family of ectoparasites formed by a monophyletic group of viviparous species (Brooks and
McLennan, 1992; Cable and Harris, 2002; Bakke et al., 2007; Kritsky and Boeger, 2003).
Haptoral structures are widely used in the recognition of these species, together with the
understanding of the homology and loss of these structures throughout the evolutionary
history of this group (Brooks and Kritsky, 2003; Shinn et al., 2004; Vignon and Sasal 2010;
Boeger et al., 2021).

Species of Gyrodactylidae are easily recognized by their hyperviviparity, the presence
of 16 hooks, a pair of ventral anchors supported by superficial and deep bars, shield of ventral
bar present (eventually absent), Male Copulatory Organ (MCO) bulbous and armed with
spines and spinelets, two head organs with a single spike sensilla each (Boeger et al., 2021).
Besides the importance of morphological features in the species delimitation and
determinations within the family, molecular markers have been used in studies of taxonomy

and phylogeny to expand our understanding on the evolution of these characters in this family
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(Cunningham, 1997; Matejusova et al., 2001; Zietara and Luumme, 2004, Huyse and
Malmberg, 2004; Kuusela et al., 2008; Hahn et al., 2011; Boeger et al., 2021).

Previously phylogenetic analysis based solely on morphology of the Gyrodactylidae
considered the close relationship of Polyclithrum Rogers, 1967 with Macrogyrodactylus
Malmberg, 1956, Gyrodactyloides Bychowsky & Polyanski, 1953, Swingleus Rogers, 1969,
and Fundulotrema Kritsky & Thatcher, 1977 (Kristsky and Boeger, 2003). Species of these
genera share putative apomorphies including the presence of sclerites R1 and R2 sclerites,
accessory bars, and hooks distributed unevenly in the haptor (organized in anterior and
posterior clusters) (Kristsky and Boeger, 2003). More inclusive relationships in Kritsky and
Boeger (2003) and Vianna et al. (2008) based on morphological hypotheses suggested direct
relationship of Polyclithrum with Macrogyrodactylus and Gyrodactyloides, within a same
clade which shared a common hypothetical ancestor with Fundulotrema + Swingleus.
Additionally, Vianna et al. (2008) considered two newly erected genera as closely related to
genera within this clade — Mormyrogyrodactylus, considered closely related to Swingleus +
Fundulotrema, and Diechodactylus, considered a basal species in the Polyclithrum + clade.
Figure 1-4 summarizes some of the haptoral features considered homologous by Kritsky and
Boeger (2003) a priori, some of which supported the putative clade that includes
Polyclithrum and subordinate relationships.

Species of Polyclithrum are characterized by a complex system of haptoral sclerites,
including superficial and deep bar, thread-like shield, sclerites R1 and R2, and rib-like
sclerites organized bilaterally and radially (Rogers, 1967; Ernst et al., 2000; Kritsky &
Boegers, 2003). The genus is presently composed by five species: P. mugilini Rogers, 1967
from Mugil cephalus Linnaeus, 1758 (Georgia, USA), P. alberti Ernst, Whittington e Jones,
2000 from M. cephalus (Queensland, Australia), P. corallense Ernst, Whittington e Jones,

2000 from M. cephalus (Heron Island, Australia), Polyclithrum boegeri Ernst, Whittington e
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Jones, 2000 from M. platanus (Rio de Janeiro, Brazil) e P. ponticum Gerasev, Dmitrieva e
Gaevskaja, 2002 from M. cephalus (Black Sea) (Rogers, 1967; Ernst et al., 2000; Gerasev et
al., 2002). In addition, two unidentified species of Polyclithrum were reported from Brazilian
mullets (Vianna et al., 2007).

Recent molecular phylogenetic analyses (Piikrylova et al., 2013; Boeger et al., 2021)
questioned the phylogenetic relationship based on morphological characters and posed
questions on the homology of the features used by Kritsky and Boeger (2003) to support the
proximity between Polyclithrum, Swingleus, Fundulotrema, Gyrodactyloides, Accessorius,
and Paragyrodactylus. Hence, this study evaluates the phylogenetic relationship of
Polyclithrum using newly produced 18S rDNA sequences and evaluate the homology of
similar sclerites of the haptor of the putative clade hypothesized by Kritsky and Boeger

(2003).

2. Material and methods
2.1 Sampling

Samplings of Mugil cephalus (Linnaeus, 1758) (host of Polyclithrum sp.) and
Fundulus heteroclitus (Linnaeus, 1766) (host of Swingleus sp. and Fundulotrema sp.) were
obtained between October and November 2017, in three estuarine systems in the state of
South Carolina: (1) Winyah Bay, at Baruch Institute of Marine and Coastal Sciences (in
Georgetown) (33°20'59.02"N 79°11'46.98"0), (2) Ashley and Cooper rivers (in Charleston)
(32°44'46.10"N 79°54'13.41"0), and (3) Waddell Mariculture Center (next to Bluffton)
(32°16'46.44"N 80°49'6.27"0). The fishes were captured with the help of minnow traps and
taken to the laboratory, where they were individually processed along with their parasites. The
fish were anesthetized with MS-222 (Tricaine Methanesulfonate), sacrificed by bone marrow

destruction, and subsequently washed with hot water (approx. 68°C), which was agitated for a
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short period of time to release the ectoparasites from the body surface of the hosts' body, as
described Boeger et al. (2021). Subsequently, the fishes were removed from the container.
The liquid and sediment were separated for fixation of the parasites in Merck ethanol and
subsequent screening for counting and morphological analysis. Ectoparasites were previously

identified and preserved in ethanol for further morphological characterization in Brazil.

2.2 Morphological analysis

Monogenoid ectoparasites were stained with Gomori's trichrome and mounted in
Dammar's gum or subjected to clarification in Hoyer's medium for morphological studies
(Kritsky et al., 1978). Other were stained in trichrome and mounted and cleared in Gray and
Wess’ media (Humason, 1962) to study details of the haptoral sclerites. Microphotographs of
Polyclithrum sp., Swingleus sp., and Fundulotrema sp., and Macrogyrodactylus sp. were
taken using an Olympus microscope (B50) coupled with a camera. Voucher specimens of
Polyclithrum sp., Swingleus sp., and Fundulotrema sp. (present study) were deposited in
collections in the USA (HWML, Smithsonian) and Brazil (IOC), according to specific

legislation of each country.

2.3 Sequencing

The parasites - fixed in 96% ethanol - were separated for extraction of their total
DNA, using the Dneasy kit (Qiagen), adapted for the Monogenoidea. For each parasite
extracted, a voucher slide (hologenophore senso Pleijel et al., 2008) was made containing the
haptor of each specimen.

The polymerase chain reaction (PCR) was carried out in an Applied Biosystems
ProFlex PCR thermocycler (Life Technologies) with the following primer couples: Worm-A

(5’-ACGAATGGCTCATTAAATCAG-3’) and Worm-B (5°-
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CTTGTTACGACTTTTACTTCC-3’) (Littlewood and Olson, 2014) and contained 20-30 ng
of DNA, 2,5 uL of Buffer (10X), 0,4 uL of MgCl> [S0 mM KCl], 0,3 uL of each primer (50
pmoles), 0,4 uL. of ANTPs (25 mM), 0,3 uL of Taq Polymerase Platinum Invitrogen® (5 U),
and ultrapure water g.s. 25 pL.. The PCR conditions used were initial denaturation at 95° for 5
min, followed by 40 cycles at 95° for 45 s, 48°C for 30 s for Swingleus and Fundulotrema,
and 50°C for Polyclithrum, 72 °C for 24 s, and a final cycle at 72°C for 5 min (modified from
Hebert et al., 2003).

The PCR products were analyzed on 1,5 % agarose gel, stained with GelRed™ and
observed under ultraviolet light. The amplified products of the parasites were purified with
PEG 8000 protocol (Amresco Inc., USA) and MiniElute (Qiagen) following the
manufacturer's protocol. The purified PCR products were subjected to a sequencing reaction.
The sequencing reactions were carried out using the ABI 3700 automated sequencer. The
sequencing reactions were performed under the following conditions: ~30 ng of template, 1
uL of BigDye Terminator v 3.0, 1 puL of each Primer (1,6 mol), 1 uL of Buffer (5x) and ultra-
pure water to complete 10 pL of reaction. Our sequences were edited using Geneious Prime
(https://geneious.com) and compared to those available in GenBank using BLAST

(https://blast.ncbi.nlm.nih.gov/).

2.4 Phylogenetic analysis

Sequences from other Gyrodactylidae parasite species deposited in GenBank were
added to the analysis (SM, Table 1). Guidance 2 Server was used for alignment of all
sequences and removal of questionably aligned columns — only residues with cutoff above
0.038 were reained (99.9% of the residues). A phylogenetic hypothesis based on the
Maximum Parsimony (MP) criterion was constructed with PAUP*4.0 (Swofford and Bell,

2017) in Geneious Prime® (version 2022.1.1) (https://www.geneious.com/), and bootstrap
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values were obtained using FastStep search and 500 replications. Maximum Likelihood (ML)
and Bayesian Inference (BI) were done through RaxML v8.2.X (Stamatakis, 2016) and
MrBayes 3.2 (Ronquist et al., 2012), respectively. The nucleotide substitution models were
inferred using JModelTest (Posada, 2008) based on the Akaike information criterion (AIC).
For ML analysis we implemented 100 generations sampled following HKY85+G+I model of
substitution, while for BI we used the same model and we implemented MCMC runs for 20
million generations sampled at each 5,000 trees with 10% burn-in. Sequences of species of

Oogyrodactylidae were used as outgroup according to the proposal of Boeger et al. (2021).

2.5 Morphological character analysis

Reconstruction of Ancestral Character States was done in Mesquite 3.70 (Maddison and
Maddison, 2021) < http://www.mesquiteproject.org> with a morphological matrix constructed
based on previous taxonomic accounts on genera and species (Table 1), reconstructed at the
phylogeny using Parsimony Ancestral States Reconstruction (ASR) method. Only haptoral
structures pertinent to the phylogenetic position of Polyclithrum and closely related species as
proposed by Boeger and Kritsky (2003) were used, totalizing 12 characters which were
strongly based on Kristky & Boeger (2003), and Vianna et al. (2007). The final

morphological matrix is in Supplementary Material, Table 2.

Table 1. Selected morphological characteristics used to perform character reconstruction morphology in
molecular phylogenies. Numbers in parentheses preceding the definition of a character state refer to respective
coding in the matrix (SM, Table 2).

N° Character State

1 Peduncular bar (0) Absent. (1) (2) Sclerotized. (2)
Partially sclerotized.

2 Deep root of anchor (0) Conspicuous. (1) Knob-like,
inconspicuous.

3 Sclerotization at the end of the superficial (0) Absent. (1) Present.

root of the anchor

4 Shield of the superficial bar (0) Absent. (1) Plate-like. (2) Thread-

like.
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5 Haptoral sclerite R1 (0) Absent. (1) Present, connected of
superficial bar. 2) Present,
incorporated into shield. (3) Present,
free of superficial bar and shield.

6 Haptoral sclerite R2 (0) Absent. (1) Connected of shield. (2)
Free of shield.
7 Anterolateral process of the superficial(0) Absent. (1) Present.
bar
8 Bilateral sclerotized ribs in haptor (0) Absent. (1) Present.
9 Hook distribution (0) 14 marginal, 2 central. (1) 16 (8

pairs) marginal, evenly distributed
along margin of haptor. (2) 6 (3 pairs)
anterior, 10 (5 pairs) on posterior
margin of haptor. (3) 8 (4 pairs)
anterior, 8 (4 pairs) in posterior lappet
dorsal to haptoral cup. (4) 2 (1 pair)
anterior, 14 (7 pairs) on posterior
margin of haptor. (5) 10 (5 pairs)
anterior, 6 (3 pairs) on posterior

margin.

10 Superficial and deep bars (0) 1 superficial, 1 deep. (1) Deep
absent. (2) Superficial and deep
absent.

11 Accessory anterior bar (0) Absent. (1) Present.

12 Accessory lateral bar (0) Absent. (1) Present.

3. Results
3.1 Molecular phylogeny

Sequence of a single specimen of Polyclithrum sp. (about 1.200 bp) and two sequences
from Swingleus ct. polyclithroides (about 1.600 bp each) - one from Baruch and the other
from Waddell - and two sequences from Fundulotrema cf. prolongis (about 1.700 bp each) -
both from Baruch — were successfully obtained. The taxonomic details of the species
determination and morphology are provided by Ciccheto (Chapter 1).

The tree topologies using MP and BI criteria (Fig. 5, B) were identical, with variable
support of Bootstrap and Posterior Probability, respectfully. Parsimony reconstruction was
greatly unresolved and resulted in 28 Equally Parsimoniously Trees (EPT) with topologies

similar to ML and BI but with low bootstrap values for the majority of the branches (Fig 5,
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A). The consensus tree and respective values of bootstrap supports many of the clades
suggested by ML and BI. In general, groupings close to the root of the phylogeny presented
low branch support values in all trees reconstructed with the ML and BI criteria, in especial in
the ML tree.

Gyrodactylus von Nordmann, 1832 was recovered non-monophyletic for all criteria
(Fig. 5). Macrogyrodactylus was recovered as the most basal clade, followed by a well-
supported clade composed by species of Gyrodactyloides + Laminiscus + leredactylus +
Scleroductus (clade B, Fig. 5). Subsequently, a clade with African species (but with reduced
support) follows (clade C, Fig. 5). Citharodactylus gagei appears separate in the sequence
(clade D, Fig. 5) followed by a clades containg species of Gyrodactylus (clades E, F, H, Fig.
5) with the independent branching of the sequence of the single species of Diechodactylus
(Clade G, Fig. 5) emerging within this group.

In all phylogenetic reconstruction criteria (MP, ML, BI), sequences of species of
Swingleus and Fundulotrema grouped with previously available sequences of species of the
same genera (Clade J, Fig. 5). The clade composed by these species depicts relatively large
branch support values but Swingleus resulted in a paraphyletic group in BI and ML. The
Fundulotrema + Swingleus clade is sister to species of Gyrodactylus sp. from Astyanax sp.
from Brazil (Fig. 5), a freshwater species from the Netropical Region.

The single sequence of Polyclithrum sp. did not cluster closely to clade J (Fig 5, B) (as
suggested by Boeger & Kritsky, 2003 and Vianna, 2007), but as a sister species of a clade
containing species of Gyrodactylus (G. rutilensis, G. rhodei, G. salaris, G. gobiensis, G.

salmonis) (Fig. 5, Clade J). Clade J and I, however, are sister groups.
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Figure 1-4. (1). Polyclithrum sp. from Mugil cephalus; (2). Swingleus cf polyclithroides from Fundulus
heteroclitus, (3). Fundulotrema cf. prolongis. from Fundulus heteroclitus, (4). Macrogyrodactylus sp. from
Clarias sp. PB) Peduncular bar; As) Accessory bar — Sclerotization at the end of superficial root of the anchor;
AHG) Anterior Hook Grouping; BR) Bilateral ribs; S) Shield.
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Figura 5. Molecular phylogenies of Gyrodactylidae 18S rDNA fragments estimated by A) Maximum Parsimony
(MP); and B) Maximum Likelihood (ML) and Bayesian Inference (BI). Number on the node is Bootstrap Value
(BV) and Posterior Probability Value (PPV), respectively. BV and PPV greater than 95% is omitted from
respective branches (same for MP). Of the representatives obtained from the Genbank, the code for verification
precedes the species name.

3.2 Reconstruction of ancestral states
The Parsimony Ancestral States Reconstruction (PASR) of selected morphological

features onto the ML phylogenetic hypothesis using Mesquite is presented in Figure 6.
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Previously considered as putative homologous features (character states) supported by

morphological phylogenetic hypotheses (Kritsky and Boeger, 2003; Vianna et a., 2008) were

rejected by this process. While some features were, in some instances, reconstructed as

synapomorphies, all have recovered one or more independent origins or non-homologous

character sates within the phylogeny.
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Figure 6. Reconstruction of the history of relevant morphological characters onto the fragment 18S rDNA
Maximum Likelihood phylogenetic hypothesis. Arrows indicate the relative position of Polyclithrum sp. in the

phylogeny.
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4. Discussion

In general, the phylogenetic relationship of the genera in both ML and BI trees (Fig. 4-
5) is similar to those previously proposed (i.e., Piikrylova et al., 2021, Boeger et al., 2021).
The introduction of a sequence of a species of Polyclithrum in a revised molecular phylogeny
of the Gyrodactylidae revealed a striking scenario on the evolutionary dynamics of
morphological features. The disclosed scenario is rich in homoplasious events - mostly
representing evolutionary convergence - some were recognized previously by both
morphological and molecular phylogenies. This large proportion of homoplasious events may
explain the inconsistencies between the morphological and molecular phylogenies (compare
the present phylogeny with that of Kritsky and Boeger, 2003 and Vianna et al., 2007).

The resulting phylogeny indicate that Polyclithrum sp. does not have a close
phylogenetic relationship with Gyrodactyloides, Macrogyrodactylus, Swingleus, and
Fundulotrema, as suggested by Kritsky and Boeger (2003) and to these with
Mormyrogyrodactylus and Citharodactylus in the analysis by Vianna et al. (2007), based on
the morphological characteristics of the genera. Macrogyrodactylus is distantly related to
Polyclithrum, Swingleus, and Fundulotrema, being basal in the evolution of the family (Fig.
5). The same occurs for the clades that comprise Gyrodactyloides, Mormyrogyrodactylus and
Citharodactylus (Fig. 5). Although more proximately related than these genera, the clade of
Swingleus + Fundulotrema (clade J, Fig. 2, B) and Polyclithrum are not each other sister
groups since they have respectively closer relationship with several species of Gyrodactylus
(Fig. 5).

The incongruence between morphological and molecular phylogenies appears to be
related to the nature of the homologous series proposed by Kritksy and Boeger (2003), which
was also the basis for Vianna et al. (2007) hypothesis. Considering solely the limited

morphological putative homologous series used by these authors (Table 1, Figure 6),
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Polyclithrum shares extensive convergent evolution with the genera proposed as closely
related by Kritsky and Boeger (2003) and Vianna et al. (2007). Eleven out of the 12 putative
homologous series chosen for this study are reconstructed as homoplasies by PASR, many of
them representing multiple independent origins within Gyrodactylidae. The overwhelming
amount of homoplasies in the morphological database of the above-cited studies apparently
hindered the proposal of morphological phylogenies more compatible to the molecular
hypotheses on the phylogenetic relationship of the subordinate clades.

However, while some recovered homoplasies are easily understood due to differences
in shape and structure of the initially putative homologous states within a series, others are
difficult to recognize as evolutionarily unrelated features. For instance, many features are
known to evolved multiple times among Gyrodactylidae (but, some, also among other
families of Monogenoidea). Among those are (see Fig. 6); the conspicuousness of the deep
root of the anchor and the esclerotization at the tip of the superficial root of the anchor. It is
also possible to understand the origin of homoplasies among those groups that depict hooks
distributed into anterior and posterior groups but with different pair number in each group
(Fig. 4, 6). Other putative homoplasies are fundamental similar but differences are detectable
— for instance, the sclerites identified as R1 in Scleroductus, Ileredactylus, and
Mormyrogyrodactylus are structurally differente than those in Macrogyrodactylus,
Polyclithrum, Fundulotrema and Swingleus (Fig. 6).

However, some characters reconstructed as homoplasies are similar on shape and
position and poses questions on its developmental and genetic origin. For instance, although
reconstructed as homoplasies, the haptoral sclerites named R1 are extremely similar among
species of Macrogyrodactylus and Polyclithrum and also between Fundulotrema and
Swingleus (see Fig. 4, 6). Furthermore, species of Macrogyrodactylus and Polyclithrum also

share a homoplasious sclerite R2 (Fig. 2) that are both morphologically and positionally very
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alike. But perhaps the most surprising reconstruction as homoplasies are associated to the
complex of sclerites associated with the rib-like sclerotized rods in Polyclithrum and
Swingleus (See Fig. 4, 6). Although the sclerites that compose this complex are fused in
Swingleus and free in Polyclitrhum they are surprisingly similar in structure and relative
position and without a phylogenetic analysis to indicate their homoplasious status, they would
be considered unquestionably homologous. Indeed, this what Kritsky and Boeger (2003) and
Vianna et al. (2007) proposed initially, but even in their morphological-base phylogeny these
structures were revealed as non-homologous.

These paradoxid situations, in which even complex structures such as the complex of
sclerites associated to the haptoral ribs in species of Polyclithrum and Swingleus are
reconstructed as homoplasious may be the source of observed inconsistencies between
morphological and molecular phylogenetic reconstructions. In fact, at least one mechanistic
explanation exists and has been suggested by many other groups (Mitsiadis et al., 2006;
Cronk, 2009; Collin and Miglietta, 2008). The answer is developmental and likely associated
to the retention of the developmental basis for complex structures despite being previously
lost in evolution (Cronk, 2009). Hall (2007) further suggests that “It should not be surprising
that similar features persist when a feature is present in the nearest common ancestor
(homology). Neither should it be surprising to find that different environments or selective
pressures can trigger the reappearance of similar features in organisms that do not share a
recent common ancestor (homoplasy).” This appear to be the case for the evolutionary
pathway of many features in Gyrodactylidae and likely explains the large number of
contradictions in the phylogenetic analysis produced independently by morphological and
molecular datasets.
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Table 2. Character matrix used in the reconstruction of relationships phylogenetics of Gyrodactylidae. The

numbers indicate the status of the character, and the order represents the characters (available at Table 1).

Species

Character state

Aglaiogyrodactylus ctenistus' Kritsky, Vianna & Boeger, 2007
Aglaiogyrodactylus forficulatus' Kritsky, Vianna & Boeger, 2007
Afrogyrodactylus girgifae Prikrylova & Luus-Powell, 2016
Citharodactylus gagei Piikrylova, Shinn & Paladini, 2017
Diechodactylus joaberi Vianna, Boeger & Silva-Souza, 2008
Diplogyrodactylus martini Ptikrylova et al., 2009
Fundulotrema prolongis (Hargis, 1955) Kritsky & Thatcher, 1977
Fundulotrema cf prolongis (Hargis, 1955) Kritsky & Thatcher, 1977
Gyrodactyloides bychowskii Albova, 1984

Gyrodactylus alekosi Piikrylova, Blazek & Vanhove, 2012
Gyrodactylus carassii Malmberg, 1957

Gyrodactylus corydori Bueno-Silva & Boeger, 2009
Gyrodactylus ergensi Ptikrylova et al., 2009

Gyrodactylus gobiensis Glaser, 1974

Gyrodactylus malalai Ptikrylova, Blazek & Gelnar, 2012
Gyrodactylus nigritae Piikrylova, Blazek & Vanhove, 2012
Gyrodactylus nyanzae Paperna, 1973

Gyrodactylus rhodei Zitnan, 1964

Gyrodactylus rysavyi Ergens, 1973

Gyrodactylus rutilensis Glaser, 1974

Gyrodactylus salaris Malmberg, 1957

Gyrodactylus salmonis (Yin & Sproston, 1948)

Gyrodactylus sedelnikowi Gvosdev, 1950

Gyrodactylus sp. von Nordmann, 1832

Gyrodactylus superbus (Szidat, 1973)

Gyrodactylus synodonti Prikrylova et al., 2012

leredactylus rivuli Schelkle et al., 2011

Laminiscus gussevi (Bychowsky et Polyansky, 1953)
Macrogyrodactylus congolensis (Prudhoe, 1957)
Macrogyrodactylus polypteri Malmberg, 1970
Macrogyrodactylus sp. Malmberg, 1957

Mormygyrodactylus gemini Luus-Powell et al., 2003
Polyclithrum sp. Rogers, 1967

Scleroductus sp. Jara & Cone, 1989

Swingleus ancistrus Billeter, Klink & Maugel, 2000

Swingleus cf polyclithrum Rogers, 1969

Tresuncinidactylus wilmienae Barson & Shinn, 2021

01000 00011 00
01000 00011 00
00000 00010 00
00000 00010 00
00101 01051 00
01000 00010 10
44012 01020 00
44012 01020 00
00121 01030 11
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01010 00010 00
01101 00010 00
00000 00030 00
01023 21040 01
01023 21040 01
01023 21040 01
211111 0010 11
00123 21130 11
01001 00010 00
1111221121 11
1111221121 11
01000 00010 00

! Outgroup taxa.
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Resumo

Documentar e identificar padroes de distribui¢cdes de espécies auxilia na elucidagdo dos
fatores subjacentes da especiacdo e endemismo. A diversidade ictia da costa brasileira foi
fortemente influenciada por fatores histdricos relacionados a variacdo do nivel do mar no
ultimo maximo glacial. Neste contexto, o presente estudo utilizou reconstrugdes de
paleodrenagem e modelos lineares generalizados para a compreensdo do endemismo de
espécies de peixes litoraneos brasileiras em funcdo do tamanho da plataforma continental
litoranea. Avaliamos o endemismo em mesobacias costeiras e encontramos uma relacao
significativa entre o tamanho da mesobacia hidrografica e o endemismo, além de uma
interacdo significativa entre as variaveis preditoras area da mesobacia e largura da plataforma
continental. Nao encontramos uma relacdo significativa entre endemismo e largura da
plataforma. Nossos resultados foram controversos em comparacdo com estudos anteriores
filogeograficos a respeito da taxa de endemismo influenciada por conexdes passadas e largura
da plataforma continental. Muitos estudos, principalmente relacionados com a diversidade
genética de hapldtipos de peixes costeiros, encontram a relacao de isolamento em locais com
uma menor plataforma continental. Acreditamos que estes achados sdo reflexo de
subamostragens quanto a riqueza de espécies, registros de ocorréncia e de limitacdo de
dispersdo. Acreditamos que mais dados precisam ser adicionados para a confirmagdo do
padrdo detectado por estudos anteriores, além de informagdes extras sobre a estrutura das
comunidades de peixes nessas mesobacias costeiras.

Palavras-chave: Costa Brasileira; Ultimo Maximo Glacial; Paleodrenagens; Endemismo;
Flutuagdes do Nivel do Mar.
Introducio

Identificar os fatores e processos que determinam os padroes de distribuigdo de
espécies ¢ importante para o entendimento da estrutura da biodiversidade e para previsdes
quanto ao efeito das mudancas climaticas (Brooks et al., 1992; Ricklefs & Renner, 2012;
Svenning et al., 2015). A diversidade e o endemismo de peixes litoraneos brasileiros sio
impactados por eventos de flutuagdes climaticas passadas, como os ciclos glaciais no
Pleistoceno tardio (Ribeiro, 2006; Leprieur et al., 2011; Dias et al., 2014; Miller et al., 2011).
Niveis do mar eustaticos sdo importantes geradores da diversidade e variacdo da distribuigao
de taxons de peixes, tanto a nivel de espécie, quanto a nivel populacional (Hewitt, 2000; Lima
et al., 2017; Baggio et al., 2017).

Estudos anteriores demonstram a influéncia de eventos geologicos hidrolégicos do
ultimo maximo glacial e da estrutura geomorfoldgica costeira na diversidade de peixes

(Bermingham & Avise, 1986; Weitzman & Vari, 1988; Lundberg et al., 1998; Bernatchez &
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Wilson, 1998; Rundle et al., 2000). Quando o nivel do mar regrediu a -120 metros e a foz do
rio progediu por quilometros na plataforma marinha exposta, conexdes entre bacias
previamente isoladas deixaram uma marca na biodiversidade aquatica global (Martin et al.,
1996; Weitzman & Vari, 1988; Lundberg et al., 1998; Thomaz & Knowles, 2018). A conexao
entre paleodrenagens e o padrao de expansdo das drenagens esta diretamente relacionado com
o tamanho da plataforma continental (Baggio et a., 2017; Dolby et al., 2018). A regressao do
nivel do mar e expansdo das drenagens costeiras oferece oportunidade aos peixes estritamente
dulcicolas dispersarem e, dependendo do tamanho da extensdo da plataforma, ¢ possivel que
peixes costeiros tracem rotas para drenagens em distintas bacias hidrograficas, promovendo
contato entre espécies previamente isoladas a partir de novos arranjos dendriticos de rios ao
longo da plataforma (Thomaz et al., 2015; Hirschmann et al., 2015; Thomaz et al., 2017).
Além da oportunidade de contato, as caracteristicas intrinsecas das espécies relacionadas com
sua capacidade (ex. dispersao, tolerancia a niveis salinicos) influenciam no compartilhando de
espécies e impulsionam a diversificagao (Baggio et al., 2017; Tscha et al., 2017; Brooks et al.,
2019).

Este processo ciclico de contato e isolamento estd relacionado com o conceito de
diversificacao por Pulso de Taxon, que ¢ uma das principais premissas deste estudo para a
variagdo de espécies costeiras (Erwin, 1975; 1985; Halas et al., 2005; Baggio et al., 2017)
Tais movimentos ciclicos sdo atualmente aceitos como propulsores da diversidade genética,
histéria demografica e padrdes de distribuicao regional de peixes de dgua doce em todo
mundo (por exemplo: Chakona et al., 2013; Pereira et al., 2013; Tagliacollo et al., 2015;
Baggio et al., 2017; Tscha et al., 2017; Tscha et al., 2017b). Nesse cenario, os ciclos de
regressao e transgressao marinha permitem a conexao (com expansdo) € o isolamento das
populacdes de peixes das bacias hidrograficas locais (Albert & Reis, 2011; Unmack et al.,

2013). A expansdo resulta na mistura de perfis genéticos que se originaram em alopatria
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durante a transgressao precedente entre as bacias hidrograficas vizinhas (Dias et al., 2014).
Transgressoes com reducao associada de habitat devem resultar em eventos de gargalo, que
sa0 impressos no genoma e na estrutura populacional das comunidades local e regional (Tscha
etal., 2017).

Pensando no fluxo de espécies entre bacias em trechos que apresentam extensdo
reduzida da plataforma continental adjacente € possivel inferir que essas bacias permaneceram
desconectadas mesmo durante periodos glaciais e, portanto, apresentam maiores taxas de
endemismo (Dias et al., 2014; Baggio et al., 2017). Um dos principais fatores propulsores de
especiagdo e endemismo ¢ o isolamento (Coyne & Orr, 2004; Piorski et al., 2008; Tedesco et
al., 2012). Quando comunidades permanecem isoladas por muito tempo, hd um aumento da
taxa de endemismo (Thomaz et al., 2015; Dolby et al., 2018).

O endemismo de peixes tem sido explorado a partir de eventos histéricos que podem
influenciar esses padrdes de distribuicio em ecorregidoes e a partir da aplicagdo da
biogeografia de ilhas com base em drenagens isoladas (Tedesco et al., 2012; Albert et al.,
2020). No entanto, configuragao das drenagens representa um continuo da evolugao
geomorfologica e climatica (Potter, 1997), sendo o endemismo atual de peixes um possivel
resultado de configuragdes passadas da paisagem.

Levando em conta o episddio de regressio marinha no Ultimo Méximo Glacial
(UMG), que resultou em conexdes entre paleodrenagens dependendo da largura da
plataforma, resolvemos investigar como o endemismo ¢ influenciado pela largura da
plataforma continental e pelo tamanho da area das mescobacias costeiras. Nossa hipdtese foi
de que quanto menor a largura da plataforma e maior a mesobacia hidrografica, maior a taxa
de endemismo de espécies de peixes de agua doce. Dessa forma, o objetivo deste estudo foi
compreender se estas variaveis estdo interligadas e dar suporte a politicas de conservagdo com

base no reconhecimento de areas com altos valores de espécies endémicas.
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2. Material e métodos
2.1 Obtengdo e organizagdo dos dados

Os dados de composicao ictioldgica de bacias hidrograficas foram obtidos a partir do
banco de dados de Tedesco et al. (2017), com a sele¢do de espécies de bacias brasileiras. As
bacias e os dados de ocorréncia das espécies foram agrupados por mesorregides hidrograficas,
segundo o catilogo de metadados da classificagio da Agéncia Nacional de Aguas e
Saneamento Basico (ANA) (IBGE, 2021). As mesobacias costeiras selecionadas foram
aquelas com dados disponiveis no dataset utilizado, totalizando 17 mesorregides hidrograficas
costeiras inclusas nas analises (do nordeste ao sul: Contas, Doce, Itanhém Mucuri Sao
Mateus, Itapecuru, Itapicuri Paraguacu, Jaguaribe, Jequitinhonha, Jucu Itapemirim
Itabapoana, Litoral de Pernambuco e Alagoas, Litoral de Sao Paulo, Litoral do Parand e Santa
Catarina, Litoral do Rio de Janeiro, Litoral Rio Grande do Norte e Paraiba, Paraiba do Sul,
Pato Mirim, Pianco Piranhas Agu e Ribeira de Iguape) (Fig. 1, A).

A classificagdo a partir de mesorregides foi feita considerando o tamanho da area da
bacia e distancia entre as drenagens. Nao utilizamos dados das macrorregides hidrograficas do
Amazonas, Parana, Sdo Francisco, Parnaiba e Tocantins-Araguaia devido ao tamanho da
bacia e sua posicao em relagdo a costa, além de considerarmos que essas bacias possuem um
histérico de padrdes de endemismo relacionados com outros fatores histdricos, nao
diretamente relacionados com a variagdo do nivel do mar no tltimo méaximo glacial, como
capturas de cabeceiras, refigios biogeograficos, entre outros, relacionadas com a formagao
geologica local (Albert et al., 2011; Tagliacollo et al., 2015; Albert & Reis, 2020).

No ArcGis 10.4.0, a area das meso bacias foi calculada (km?) e o tamanho da
plataforma continental foi calculado (m) a partir da proje¢do conica equivalente de Albers.
Uma unica medida de tamanho de plataforma foi feita por meso bacia com base na drenagem

principal da mesorregido considerada. O registro “Species.Name.in.Source” foi utilizado para

67



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

contabilizagao de espécies por local e contagem de espécies endémicas, usando o pacote
Tidyverse (Wickham, 2021). As espécies foram filtradas a partir da classificagdo como
“natives” com o registro “Native.Exotic.Status” e como “freshwater” a partir da Salinity pelo
rfishbase (Boettiger et al., 2017), usando o registro Fishbase.Species.Code. A confirmagao da
validade das espécies foi feita a partir do comando name backbone checklist do pacote rgbif
(Chamberlain et al., 2022), o endemismo em funcdo do tamanho de area da bacia e da largura
da plataforma continental podem ser observados na Figura 2 (A, B). A riqueza de espécies se
refere ao numero total de espécies nativas presente em uma mesorregido hidrografica e
espécies endémicas ao numero de espécies que ocorrem exclusivamente em uma mesorregiao.

A organizagdo dos dados foi feita software R (R Core Team, 2021).

2.2 Mapa de paleodrenagens

Dados topograficos e batimétricos fornecem recursos para a reconstrucao da exposi¢ao
da terra e declividade dessas areas expostas a partir de leitos de rios putativos, bem como
limites de vazdo e bacias, postulando a paisagem passada exposta durante as regressoes
marinhas em periodos glaciais (Dias et al., 2014; Thomaz et al., 2018, Thomaz & Knowles,
2020). Os rios antigos (paleodrenagens) que existiam durante os baixos niveis do mar na costa
brasileira, foram inferidos a partir da topografia do fundo, modelada pelo modelo de elevagao
digital (DEM) GEBCO 08 com resolu¢do de 30 arcos e com base em dados batimétricos e
topograficos (disponiveis em http://www.gebco.net/). As paleodrenagens foram reveladas em
ArcGIS v.10.4.0 com ferramentas superficiais e hidroldgicas. As imperfei¢des do raster foram
corrigidas através da op¢ao de preenchimento e opcao de bacias para identificar as lacunas no
DEM. A partir da imagem corrigida, geramos a direcao de fluxo e o fluxo acimulo de raster.

Assim, o sistema de drenagem foi reconstruido com o operador de algebra do mapa com um
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limiar de 1000 e 200 pixels. O grafico da variagdo do nivel do mar foi feito a partir dos dados

de Spratt e Lisiecki (2016). (Fig 1, B).

2.3 Analises

As analises foram baseadas na quantidade de espécies endémicas por mesorregiao
hidrografica, nomeadas mesobacias. Modelos lineares generalizados (GLM, com familia de
distribuicao Poisson) foram utilizados para descrever o efeito do tamanho das plataformas
continentais ¢ areas das bacias sobre o valor de endemismo de peixes. Os GLMs foram
construidos com diferentes abordagens. Primeiramente, utilizamos como resposta valor bruto
de endemismo, onde as variaveis preditoras foram a largura da plataforma ¢ area da
mesobacia, incluindo a riqueza como covariavel. Em seguida, foram testados modelos entre a
relacdo de endemismo e a riqueza afim de testar se havia uma correlacdo significativa entre
essas variaveis, além de modelos entre a relacdo de endemismo ¢ a area da mesobacia. Afim
remover o efeito da area no endemismo, testamos novos modelos (com familia de distribuigao
Gaussiana) utilizando o percentual de endemismo e area como variavel resposta em funcao da
largura da plataforma. Além disso, foram realizadas tentativas a partir dos residuos entre o
endemismo e a area, usando esses residuos como variavel resposta.

Todos os modelos foram testados quanto a distribuicdo, homogeneidade e outliers dos
residuos pelo pacote DHARMa (Hartig & Lohse, 2022). A presenga de outliers para o
endemismo foi testada com a funcdo “identify outliers) do pacote rstatix (Kassambara, 2021),
apenas outliers extremos foram removidos das andlises (Itapicuru Praguagu - ItaP). O fator de
inflagdo da variancia das varidveis foi testado com o pacote car, comando vif, e considerados
inflados as com valor > 5 (Fox et al., 2019). Foi considerado um nivel de significincia de

0,05. A selecao de modelos foi baseada no valor de AICc (Burnham et al., 2011) e no valor
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Delta-AICc comparando modelos usando o pacote MuMIn (Barton, 2022) (SM, Table 2). As

analises foram feitas no ambiente de programagao R versao 4.1.0 (R Core Team, 2021).
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Figura 1. A) Mapa de paleodrenagens da costa brasileira, indicando o tamanho da plataforma continental em -
120 m no ultimo maximo glacial e as mesorregides hidrograficas utilizadas neste estudo; B) Variagdo do nivel do
mar nos ultimos milhares de anos, dados fornecidor por Spratt e Lisiecki (2016). Itapecuru = Ita, Jaguaribe = Ja,
Pianco6-Piranhas-Agu = PPA, Litoral do Rio Grande do Norte e Paraiba = LRNP, Litoral de Pernambuco e
Alagoas = LPA, Itapicuru Paraguacu = ItaP, Contas = Co, Jequitinhonha Pardo = Je, Itanhém Mucuri Sao
Mateus = IMSM, Doce = Do, Jucu Itapemirim Itabapoana = JII, Paraiba do Sul = PaS, Litoral do Rio de Janeiro
= LRJ, Litoral de Sao Paulo = LSP, Ribeira de Iguape = RI, Litoral do Parana e Santa Catarina = LPSC, Patos
Mirim = PM.
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Figura 2. A) Relagdo entre area e mesobacia; B) Relagdo entre largura da plataforma continental e mesobacia, o
tamanho dos pontos indica a quantidade de espécies endémicas. O tamanho dos pontos indica o endemismo; As
cores indicam as macrorregides hidrograficas; Itapecuru = Ita, Jaguaribe = Ja, Pianc6-Piranhas-Agu = PPA,
Litoral do Rio Grande do Norte e Paraiba = LRNP, Litoral de Pernambuco e Alagoas = LPA, Itapicuru
Paraguagu = ItaP, Contas = Co, Jequitinhonha Pardo = Je, Itanhém Mucuri Sao Mateus = IMSM, Doce = Do,
Jucu Itapemirim Itabapoana = JII, Paraiba do Sul = PaS, Litoral do Rio de Janeiro = LRJ, Litoral de Sao Paulo =
LSP, Ribeira de Iguape = RI, Litoral do Parana e Santa Catarina = LPSC, Patos Mirim = PM.

Resultados

Os melhores modelos para a inferéncia entre a relagao do endemismo com as variaveis
preditoras foram aqueles em que utilizamos o valor bruto (ndo corrigido) de endemismo. A
riqueza de espécies e area da mesobacia nao apresentaram correlagdo com o endemismo.
Foram observadas diferencas significativas na relacdao entre a varidvel resposta, endemismo,
com a variavel preditora area da mesobacia (z value= 2.037, *p= 0.01, GLM, distribuicao
Poisson) (Fig. 3, A). Por outro lado, a relagdo entre endemismo e largura da plataforma
continental ndo foi significativa (Fig. 3, B), como esperado pela nossa hipdtese, a relagdo nao
foi observada isoladamente. Foi observada interacdo significativa entre as varidveis area e
largura da plataforma (z value= -4.699, ***p= 0.001).

No modelo estatistico de interagdes com o do percentual de endemismo e area em
fung¢do da largura da plataforma, utilizado com o intuito de remover o efeito da area no

endemismo, ndo foi significativa.
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Figure 3. A) Relagdo entre area da meso bacia e endemismo; B) Relag@o entre largura da plataforma continental
e endemismo. As cores indicam as macrorregioes hidrograficas. Itapecuru = Ita, Jaguaribe = Ja, Pianc6-Piranhas-
Acgu = PPA, Litoral do Rio Grande do Norte e Paraiba = LRNP, Litoral de Pernambuco e Alagoas = LPA,
Itapicuru Paraguagu = ItaP, Contas = Co, Jequitinhonha Pardo = Je, Itanhém Mucuri Sdo Mateus = IMSM, Doce
= Do, Jucu Itapemirim Itabapoana = JII, Paraiba do Sul = PaS, Litoral do Rio de Janeiro = LRJ, Litoral de Sao
Paulo = LSP, Ribeira de Iguape = RI, Litoral do Parana e Santa Catarina = LPSC, Patos Mirim = PM.

O tamanho da bacia apresentou maior relevancia na determinagdo do endemismo. As
maiores bacias amostradas foram as mesobacias Itapecuru Paraguacu (ItaP), Jequitinhonha
Pardo (Je), Doce (Do) e Itapicuri (Ita) (>75.000 km?), enquanto os maiores valores de
endemismo foram registrados nas mesobacias ItaP, do Atlantico Nordeste Ocidental e Ribeira
do Igurape (RI), do Atlantico Sudeste, seguidos pela mesobascia do Litoral do Rio de Janeiro
(LRJ) e Je, ambas do Atlantico Sudeste.

A largura da plataforma continental ¢ extensa na regido das Mesobacias Itanhem
Mucuri Sao Mateus (IMSM), Litoral de Sao Paulo (LSP), Patos Mirim (PM), Ribeira de
Iguape (RI), Litoral do Parand e Santa Catarina (LPSC) e Ita (>100.000 m), sendo que o
endemismo foi alto em RI (18 espécies endémicas). Percebemos que o endemismo foi

relativamente alto em locais com a largura da plataforma continental curta, como ItaP e Je.
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Discussao

Usando uma abordagem a partir de modelos lineares generalizados, encontramos uma
relacdo significativa entre o endemismo e o tamanho da area das mesorregides hidrograficas.
Nossas observagdes, no entanto, corroboram parcialmente com as hipoteses propostas.
Encontramos endemismo altos em dareas hidrograficas maiores e essa relacdo foi mais
importante no endemismo, como esperado. Por outro lado, ndo encontramos relagdo entre o
numero de espécies endémicas e a largura da plataforma.

A relacdo riqueza-area ¢ altamente reconhecida dentro da Ecologia, inclusive em
sistemas aquaticos (Albert & Reis, 2020). O mesmo ocorre com a relagdo riqueza-endemismo
(Vari, 1988; Weitzman et al., 1988; Bizerril, 1994; Buckup, 2011). Entretanto, nao
detectamos relagdo entre o numero de espécies por mesorregido e numero de espécies
endémicas. Apesar disso, existe uma relacdo significativa quanto ao numero de espécies
endémicas e area. Essa relagdo parece esperada dentro da propor¢do documentada entre
numero de espécies e endemismo em regioes hidrograficas periféricas, que se da de forma
inversamente proporcional (Hubert & Renno, 2006; Albert & Reis, 2020). Essa relagdo entre
um percentual maior de endemismo em regides costeiras ¢ reconhecida como uma
consequéncia da variacdo do nivel do mar e eventos de isolamento continuos no passado,
possiveis propulsores de endemismo (Dias et al., 2014; Baggio et al., 2017; Albert & Reis,
2020).

Apesar dos nossos resultados ndo apresentarem uma relacdo significativa entre
endemismo e largura da plataforma continental, estudos filogeograficos sugerem que eventos
historicos deixaram assinaturas na biodiversidade de dgua doce ao longo da costa brasileira a
nivel populacional (e.x: Beheregaray et al., 2002; Hubert et al., 2007; Pereira et al., 2012;
Pereira et al., 2013; Thomaz et al., 2015; Tscha et al., 2017; Baggio et al., 2017; Tscha et al.,

2017; Thomaz & Knowles, 2018; Abreu et al., 2020; Argolo et al., 2020; Pio & Carvalho,
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2021; Barreto et al., 2022). A discrepancia entre esses estudos e os resultados desse estudo
sugerem que a diversidade e endemismo sejam mais dificeis de serem explicados a nivel de
comunidade em comparacao com a diversidade de haplotipos em populagdes, principalmente
pela dificuldade de identificagdo de espécies cripticas (Fiser et al., 2018). Além disso, a
oscilagdo lateral de rios (e subsequentes conexdes com bacias vizinhas), € outros processos
biogeograficos podem mascarar a a relacao esperada entre largura da plataforma e endemismo
(Albert & Reis, 2011).

Mesobacias associadas a plataformas menos extensas, tal como Itapicuru Paraguacu
(ItaP), Jequitinhonha Pardo (Je) e Doce (Do), apresentaram altos valores de endemismo, mas
esse resultado parece estar diretamente relacionado com a area das mesobacias em questao, ao
invés do tamanho da plataforma. Algumas mesobacias ao nordeste do pais, diferente do
esperado, apresentaram baixo endemismo ainda que com a auséncia de conexdo entre
paleodrenagens. No entanto, as paleodrenagens, a partir do escoamento dos rios, nao
representam as Unicas formas de conexao e troca de espécies entre bacias adjacentes. Essas
trocas também podem estar relacionadas com a formagdo de lagunas (Di Dario et al., 2013;
Guimaraes et al., 2020), as quais interligam rios em distintos locais da plataforma (Villwock,
1984; Villwock & Tomazelli, 1995).

Essas lagunas, muitas mais recentes (~8 mil anos atrds), nao sao facilmente detectadas
em batimetrias e sistemas de identifica¢do do terreno por serem areas temporarias e de facil
aterramento. No entanto, lagunas costeiras sdo importantes para a formagdao de habitats
costeiros (Dolby et al., 2021), principalmente na regido sul do pais, mas sdo comuns em toda
plataforma (Guimaraes et al., 2020). Portanto, esse cendrio pode estar relacionado ao baixo
endemismo em mesobacias do Atlantico Nodeste Ocidental.

Na costa brasileira, a plataforma continental altera sua extensdo, aumentando sua

largura, proxima a mesobacia Itanhém Mucuri Sdo-Mateus (IMSM), no Atlantico Leste. As
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areas mais extensas sao localizadas na plataforma continental imediatamente a frente das
mesobacias mais ao sul. IMSM est4 localizada na regido de maior largura de plataforma,
mesobacias proximas, localizadas ao sul, apesar de possuirem uma plataforma continental
larga, possuem um alto endemismo, como a mesobacia Litoral do Rio de Janeiro (LRJ) e
Ribeira do Iguape (RI).

Apesar de possuir a plataforma continental larga, a mesobacia Litoral do Rio de
Janeiro (LRJ) possui regides com distintas larguras de plataforma em sua extensdo, visto a
acentuacdo da costa brasileira nessa regido. Fica evidente que a largura da plataforma
continental nas areas vizinhas a uma bacia ¢ importante para favorecer conexodes dendriticas
entre bacias adjacentes. O que pode estar relacionado com o nimero de espécies endémicas
na regido. A reconstru¢do das paleodrenagens sugere que a mesobacia LRJ ndo teve conexodes
com bacias vizinhas (1000 px, Fig. 1).

Portanto, a auséncia de conexdo entre paleodrenagens inferidas ndo € o unico fator
gerador de endemismo de peixes (Vari, 1988; McDowall, 2004). Bacias mais ao sul, com uma
extensa plataforma, apresentaram um endemismo elevado, tais como as bacias do Ribeira de
Iguape (RI) e Pato Mirim (PM). Além da formagdao de paleodrenagens, o isolamento de
populagdes e o surgimento de espécies endémicas também pode ser resultado de relagdes
simpatricas locais dependendo da biologia das espécies e condi¢des ecoldgicas (Waters &
Burridge, 2016; Baggio et al., 2017; Thomaz & Knowles, 2020; Guimaraes et al., 2020). A
regido sul também ¢ reconhecida pelo seu endemismo relacionado a historia geologica local, o
que pode estar associado com o isolamento entre subprovincias biogeograficas e
caracteristicas geomorfologicas locais (Camelier & Zanata, 2014).

Além disso, esse endemismo pode estar relacionado com espécies restritas a
ecorregides e com tolerancias e capacidades de dispersdo especificas (Albert & Reis, 2011;

Baggio et al., 2017; Pio & Carvalho, 2021), tais como a baixa vagilidade e comportamento
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reprodutivo (Tscha et al., 2017; Baggio et al., 2017; Thomaz & Knowles, 2020). O esperado ¢
que as espécies que residem mais proximas a costa tenham tido uma maior oportunidade de
dispersarem por paleodrenagens, quando combinadas a capacidade inerente de dispersao ¢ a
oportunidade de conexao (Baggio et al., 2017; Brooks et al., 2019). Algumas espécies ficam
restritas a suas ecorregioes ou condigdes ecologicas, sendo que a biologia da espécie pode agir
como uma barreira de dispersao, mesmo quando a oportunidade de transitar entre bacias foi
possivel (Tedesco et al., 2012; Radinger & Wolter, 2014; Hirschmann et al., 2015; Thomaz et
al., 2015; Thomaz et al., 2020; Guimaraes et al., 2020).

A falta de estudos referentes ao limite de dispersdo de espécies, subamostragens e
mesmo a relacdo entre espécies cripticas e suas diferencas genéticas sdo variantes importantes
para analises baseadas na riqueza de espécies (Vari & Weitzman, 1990; Tedesco et al., 2017;
Albert & Reis, 2020). A necessidade de estudos taxondmicos e entendimento da historia de
vida das espécies ¢ fundamental para a compreensdo de suas caracteristicas e capacidades
ecologicas. Igualmente importante ¢ a incorporacao de dados de ocorréncia de espécies em
bacias costeiras ndo amostradas no presente estudo (Jaguaribe, Vaza-Barris, Litoral do Ceara,
Mearim e Gurupi). A inclusdo desses dados mais pode incrementar a robustez da analise e
confirmar se esse padrao ¢ encontrado além dos dados aqui utilizados.

Os dados utilizados ndo contemplam toda a informacao existente para as mesobacias
costeiras brasileiras. Eles ndo incluem dados de ocorréncia para peixes em todas microbacias
inclusas nas mesobacias amostradas (SM, Fig. 1). Quando transformamos a area de
microbacias com ocorréncia de dados para porcentagem de area amostrada, com base na area
total das mesobacias, observamos que apenas nove, entre as 17 mesobacias estudadas,
apresentavam mais de 50% dos dados de amostragem. Acreditamos que o uso de um conjunto
de dados atualizados poderia auxiliar na investigacdo dos fatores macroecologicos e

evolutivos que influenciam o grau de endemismo (Tonella et al., 2022).
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Entender como processos historicos moldaram a diversidade ainda ¢ um desafio e
compreender a resposta das diferentes espécies a diferentes condigdes ecologicas também
exige um laborioso detalhamento das condi¢des ambientais e aspectos biologicos, além do
reconhecimento das espécies envolvidas. No entanto, identificar padrdes gerais de como as
comunidades bioldgicas respondem a condigdes ambientais e interagdes pode ser valioso para
estudos onde visamos a conservagdo de espécies raras, por exemplo (Myers et al., 2000;
Moritz, 2002; Brooks et al., 2006). E esperado que com o aumento do nivel do mar,
progressao esperada em estudos que visam a resposta dessa variacdo a partir do aquecimento
global (Wright et al., 2019; Lionello et al., 2021), o isolamento entre drenagens e bacias
hidrograficas aumente, impedindo o fluxo entre popula¢des e trocas de espécies entre
comunidades adjacentes.

Encontramos relacdo entre tamanho da area e espécies endémicas, fatores estes que
podem ser considerados de importancia para tomadas de decisdes em conservacgdo de espécies
e manuten¢ao da biodiversidade aquatica (Hermoso & Clavero, 2011; Hill et al., 2021).
Assim, ¢ necessario avaliar continuamente o valor da conserva¢do em maiores escalas para a
maximizacdo da biodiversidade de forma sustentavel (Carr et al., 2017; Bem-Hasan &
Christensen, 2019). Dentre as analises subsequentes seria importante incluir dados sobre a
composi¢do e o compartilhamento de espécies entre diferentes bacias e a relagdo filogenética
entre essas espécies. Acreditamos que clados de peixes com maior capacidade de dispersdo e
maior tolerancia a distintos niveis de salinidade estardo presentes com maior frequéncia em
bacias adjacentes, com comunidades mais semelhantes. Por outro lado, peixes com menor
capacidade de dispersdo, postura de ovas e menor tolerancia a salinidades varidveis estardo
mais restritos as suas bacias, ainda que a oportunidade de dispersdo a partir das

paleodrenagens tenha sido prevalente no passado.
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Informagdes como essas sao essenciais para a compreensao das comunidades locais e
regionais ¢ endemismo. Concluimos que o tamanho da area possui uma forte relagdo com o
endemismo, sendo relacionado com a riqueza e, consequentemente, com o numero de
espécies endémicas e essa relagdo foi mais importante que a largura da plataforma.
Acreditamos que as mesorregides com alto endemismo, apesar do tamanho da plataforma,
possuem importantes excegoes a serem consideradas para estudos posteriores, com uma maior

amostragem de espécies.
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Figura 1. Porcentagem de informacao disponivel referente a amostragem de areas de bacias hidrograficas para
cada Meso Bacia com base nos dados disponiveis a partir de Tedesco et al. (2017). Areas sem informagdo ndo
foram adicionadas nas analyses (Gur, Mea, LC, VB). A linha pontilhada indica 50% de informagdo. As cores
indicam as macrorregides hidrograficas. Gur = Gurupi, Mea = Mearim, Itapecuru = Ita, LC = Litoral do Ceara,
Jaguaribe = Ja, Pianco-Piranhas-A¢u = PPA, Litoral do Rio Grande do Norte e Paraiba = LRNP, Litoral de
Pernambuco e Alagoas = LPA, VB = Vaza-Barris, Itapicuru Paraguacu = ItaP, Contas = Co, Jequitinhonha
Pardo = Je, Itanhém Mucuri Sdo Mateus = IMSM, Doce = Do, Jucu Itapemirim Itabapoana = JII, Paraiba do Sul
= PaS, Litoral do Rio de Janeiro = LRJ, Litoral de Sdo Paulo = LSP, Ribeira de Iguape = RI, Litoral do Parana e
Santa Catarina = LPSC, Patos Mirim = PM.
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CONCLUSAO GERAL

Os trés trabalhos apresentados nessa dissertagdo representam distintos exercicios para
aprofundamento do conhecimento em biodiversidade e sdo importantes em suas respectivas
areas de conhecimento. No primeiro capitulo, ao explorar espécies de parasitos
Gyrodactylidae nos deparamos com descricdes taxondmicas erroneas ou insuficientes para
comparagao e identificacdo dos espécimes aqui estudados. Concluimos que a identificacao
correta de espécies ¢ um dos pontos cruciais para o registro da biodiversidade e interacao
entre espécies. No segundo capitulo, apresentamos dados que contrastam estudos anteriores a
partir da comparagdo entre morfologia e dados moleculares de espécies. A familia
Gyrodactylidae ¢ muito diversificada, mas algumas caracteristicas morfologicas identificadas
em alguns géneros sdo convergentes, ainda que a relacdo filogenética entre essas espécies seja
distante — grupos nao monofiléticos. Caracteristicas homoplédsicas s3o mais comuns na
evolucdo e revelam a complexa historia evolutiva do grupo. Concluimos que estudos de
relagdes morfologicas em espécies, muitas vezes, precisam ser baseados em dados
moleculares, tendo em vista a diversidade do grupo e a existéncia de elementos genéticos de
reversao a partir de caracteristicas de pressdao seletiva semelhantes. No terceiro capitulo,
fornecemos subsidios para ampliar as discussdes a respeito do papel do tamanho da
plataforma continental e da area hidrografica na diversificacdo e endemismo de peixes. Muito
ainda precisa ser explorado nesse aspecto e pretendemos continuar explorando esses dados em
estudos subsequentes, ampliando a amostragem de informagdes de endemismo e comunidades
ictias para uma futura publicacdo. Contudo, com este estudo, concluimos a importancia de
compreender a biodiversidade a partir da dtica historica para o entendimento da configuragao
espacial das espécies. Os processos que moldaram as comunidades, como o Pulso de Téxon,
auxiliam na formacdo de um mosaico complexo da biodiversidade, e a resposta das espécies

diante essas mudancas nos ddo sutis dire¢des respostas lteriores diante variagdes climaticas.
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27  Identificar, entender a relagdao filogenética das espécies e sua distribui¢do no espago sao

28  importantes questdes na Ecologia e revelam a complexidade da biodiversidade.
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