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Phylogeny of the family Characidae (Teleostei: Characiformes):
from characters to taxonomy

Juan Marcos Mirande

The family Characidae is the most diverse among Neotropical fishes. Systematics of this family are mainly based on pre-
cladistic papers, and only recently a phylogenetic hypothesis for Characidae was proposed by the author. That phylogen
was based on 360 morphological characters studied for 160 species, including representatives of families related to Characida
This paper is based on that phylogenetic analysis, with the analyzed characters described herein and documented, accompan
by comparisons of their definition and coding in previous papers. Synapomorphies of each node of the proposed phylogeny
are listed, comparisons with previous classifications provided, and autapomorphies of the analyzed species listed. Taxonomi
implications of the proposed classification and the position offriteetae sedis genera within Characidae are discussed. A

discussion of the phylogenetic information of the characters used in the classical systematics of the Characidae is providec

La familia Characidae es la mas diversa entre los pecespieales. La sistematica de esta familia esta basadaaiinente en

trabajos pre-cladisticos, y sélo recientemente una hipétesis filogenética para Characidae fue propuesta por el awtaiaEsa filog
estaba basada en 360 caracteres estudiados en 160 especies, incluyendo representantes de familias relacionadas a Charac
Este trabajo esté basado en ese analisis filogenético, y los caracteres analizados son aqui descriptos y documentadios, compar:
su definicion y codificacion con trabajos previos. Laspongorfias de cada nodo de la filogenia propuesta son listadas,

incluyen comparaciones con clasificaciones previas; también se listan las autapomorfias de las especies analizadagciaas implica
taxonémicas de la clasificacion propuesta y la posicion de los génesdse sedis dentro de Characidae son discutidas.
También se presenta una discusion de la informacion filogaiitios caracteres usados en la sistemética clasica deidderac
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Introduction Anostomidae, Characidae, Chilodontidae, Crenuchidae,
Curimatidae, Ctenoluciidae, Cynodontidae, Erythrinidae,
The order Characiformes includes more than 1,800 speci€sasteropelecidae, Hemiodontidae, Lebiasinidasydontidae,
of which the family Characidae is the most diverse, withProchilodontidae, and Serrasalmidae) (Ratisl., 2003;
approximately 1,200 species (Retsal., 2003); indeed, the Calcagnottoet al., 2005), and one trans-Atlantic family
Characidae is the fourth most diverse family of fishes, after th@\lestidae) (Zanata & Vari, 2005). The families Citharinidae
Cyprinidae, Cichlidae and Gobiidae (Eschmeyer & Fricke, 2009and Distichodontidae constitute the suborder Citharinoidei,
Members of the Characidae occur from southern portions @bnsidered as the sister group of the Characowdeich
the USA to northern Patagonia in Argentina, being especialipcludes all the remaining Characiformes (Vari, 1979; Fink &
diverse in the Amazon, Orinoco, and La Plata River basins. Fink, 1981, 1996; Buckup, 1998; Calcagnadtal., 2005).
According to the currently accepted phylogeneticAmong the Characoidei, the monophyly of a clade composed
hypotheses, based on both morphological and molecular datd the families Anostomidae, Chilodontidae, Curimatjcenel
the Cypriniformes constitute the sister group ofProchilodontidae (Anostomoidea; Vari, 1983; Buckup, 1998),
(Characiformes (Siluriformes + Gymnotiformes)) (Fink & Fink, and a clade formed by the Neotropical families Ctenoluciidae,
1981, 1996; Dimmick & Larson, 1996). According to Erythrinidae and Lebiasinidae and the African family
classifications prior to Mirande (2009), the Characiformes$iepsetidae (Erythrinoidea; Vari, 1995; Buckup, 1998) had been
consisted of three African families (Citharinidae,proposed. Relationships between these suprafamilial groups
Distichodontidae and Hepsetidae) (Géry, 1977, Calsidgn and the remaining Characiformes were unclear, and some
et al., 2005), 14 Neotropical families (Acestrorhynchidae hypotheses that conflicted in varying degrees were proposed
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386 Phylogeny of the family Characidae

(Uj, 1990; Orti & Meyer, 1997; Buckup, 1998; Calcagnottd-ink, 1985; Weitzman & Menezes, 1998), Cheirodontinae
etal., 2005, Huberét al., 2005). (Malabarba, 1998a) arRhracheirodon Géry (Weitzman &
Most families of the Characiformes have evidences &fink, 1983)Charax Scopoli (Lucena, 1987)upiaba Zanata
monophyly (Weitzman, 1954; Roberts, 1973, 1974; Vari, 197& anata, 1997 Roestes Glunther andbilbertolus Eigenmann
1983, 1995; Buckup, 1998; Toledo-Piza, 2000; Zanata & Vafi.ucena & Menezes, 1998%pintherobolus Eigenmann
2005), whereas there are no consensus on the monophseitzman & Malabarba, 1999 reagrutus Ginther and
and composition of the Characidae. Most currentlfiabina Reinhardt (Vari & Harold, 1998, 200D geuterodon
recognized subfamilial and generic groups in the Characideggenmann (Lucena & Lucena, 200Z}yanocharax
are based on the pre-cladistic papers of Eigenneagnl©12, Malabarba & Weitzman (Malabarba & Weitzman, 2003),
1915, 1917, 1918, 1921, 1927) and Eigenmann & Myers (1928}tonitus Vari & Ortega (Vari & Ortega, 2000), and
Eigenmann (1917) was highly influential in terms of ouBryconadenos Weitzman, Menezes, Evers & Burns
present concepts of relationships within the Characida@Veitzmanet al., 2005)]. Most of these papers were focused
Eigenmann defined 17 characters with discrete alternatiea particular groups ofhe Characidae, without enough
states, and used them in different combinations to diagnaseploration of their relationships with the remaining
the genera in the Characidae, considering the most frequ@faracidae. Malabarba (1998a) restricted the subfamily
states as being primitive. The gerst/anax Baird & Girard Cheirodontinae to a subset of the genera recognized in this
has the combination of the most frequent states of all thesgbfamily by Géry (1977), leaving 33 generairertae
characters, and it was consequently considered by Eigenmaadiis. Later, Reis (2003a) restricted the Tetragonopterinae
(1917) as primitive within the family. Eigenmann, howeverto its type genudetragonopterus Cuvier, leaving many
recognized that the less frequent states could hagenera asncertae sediswithin the Characidae. Limet al.
independent origins in different species of the same gen2003) classified also several genera previously included in
producing “polyphyletic” [sic] genera. Given the impossibilitythe subfamilies Bryconinae, Characinae, Cheirodontinae,
to classify the Characidae in a branching scheme, Eigenmanrd Paragoniatinae (Géry, 197 7)aertae sedis within the
(1917) presented a radial pattern, identifying a “nucleus” @haracidae. The subfamilies aitertae sedis genera
generalized morphology (represented by the géstyanax) recognized in the last revisiontbECharacidae are as follows
and different lines of evolution diverging from it. (number of genera in each group in parenthe$esdrtae
Eigenmann'’s classification was followed by Greenwooededis (88) (Limaet al., 2003), Agoniatinae (1) (Lima & Zanata,
etal. (1966) and particularly by Gérg.@. Géry, 1977). Géry 2003), Clupeacharacinae (1) (Lima, 2003a), lguanodectinae
also recognized the polyphyletic nature of this classificatio(2) (Moreira, 2003), Bryconinae (3) (Lima, 2003b),
and that this systematic scheme failed to reflect the phylogeBgrrasalminae (15) (Jégu, 2003), Aphyocharacinae (1) (Lima,
(Géry, 1972). In this pre-cladistic systematic classificatior003c), Characinae (12) (Lucena & Menezes, 2003),
most genera of the Characidae, especially those wiltethaprioninae (4) (Reis, 2003a), Tetragonopterinae (1)
“generalized” morphology, were included in the subfamilfReis, 2003b), Rhoadsiinae (3) (Cardoso, 2003a),
Tetragonopterinae. The remaining genera were distribut€&heirodontinae (15) (Malabarba, 2003), and
across several subfamilies defined by the presence Gfandulocaudinae (19) (Weitzman, 2003). The subfamily
somewhat arbitrarily chosen characters. Géry (1977), followirRhaphiodontinaesénsu Géry, 1977) was included into the
the general classification of Eigenmann recognized th@ynodontidae (Lucena & Menezes, 1998; Toledo-Piza, 2003),
subfamilies (number of genera in parentheses) Agoniatinard all the genera assigned to the Paragoniatinae by Géry
(1), Rhaphiodontinae (2), Characinae (14), Bryconinae ()1977) were included in thacertae sedis-group (Limaet
Clupeachaacinae (1), Paragoniatinae (6), Aphyocharacinae (Hl., 2003). The Acestrorhynchidae was considered as a
Glandulocaudinae (18), Stethaprioninae (3), Tetragonopterinseparate family (Lucena & Menezes, 1998, 2003).
(49), Rhoadsiinae (2) and Cheirodontinae (13 gessm Malabarba & Weitzman (2003) describ@ganocharax
stricto and 36sensu lato). and proposed the monophyly of a group of genera (their clade
The first genus of the Characidae explicitly diagnosed bj) including all members of Glandulocaudinae plus several
shared presumably apomorphic features Brasnocharax incertae sedis genera. Later the glandulocaudin
Gill (Rosen, 1972). Later, Vari (1977) presented evidence badaaphiobrycon Castro, Ribeiro, Benine & Melo (Castebal .,
on shared presumably derived features, supporting tB803), and thencertae sedis generaviyxiops Zanata & Akama
monophyly of the subfamily Iguanodectinae. Weitzman &Zanata & Akama, 2004)Nantis Mirande, Aguilera &
Fink (1983) explicitly explained the problems related with som&zpelicuetgMirandeet al., 2004, 2006ajectobrycon Zarske
generic characters used for the systematic schemes&Géry (Zarske & Géry, 2006), arféhallobrycon Menezes,
Eigenmann and Géry, and the needing of a classificatiberreira & Netto-Ferreira (Menezesl., 2009) were described.
reflecting the phylogeny of the Characidae. A series dfhe phylogeny of Calcagnotébal. (2005) implicitly raised
contributions proposing or corroborating the monophyly adhe Serrasalminae to the family level. Weitzreal. (2005)
some genera and subfamilies of the Characidae were publisdedcribed thdéncertae sedis genusBryconadenos and
subsequently [Serrasalminae (Machado-Allison, 1983)estricted the Glandulocaudinae @ andulocauda
Stethaprioninae (Reis, 1989), Glandulocaudinae (WeitzmanE&genmannl_ophiobrycon andMimagoniatesRegan, shifting
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the remaining genera previously in the Glandulocaudinae to Material and Methods
the subfamily Stevardiinae. Quevedo (2006) phylogenetically
diagnosed the subfamily Paragoniatinae with a compositi@steological preparations
very similar to that proposed by Géry (1977) (the results of Osteological preparations were made following Taylor &
this and other recently completed theses are not discussesh Dyke (1985) on one to five specimens of each species
pending their eventual publications). included in the analysis, according to their availability and
There is no consensus about the phylogenetic relationshiiserved intraspecific variability. Some characters involving
among subfamilies of the Characidae. Some phylogenetimisculature and soft tissues were observed with the aid of
analyses of different scope were performed, both fromon-permanent Methylene Blue staining. A total of 23 species
morphological and molecular data. The phylogenies of Uj (199@f 14 characiform families and one cypriniform form the
Buckup (1991, 1998) and Lucena (1993) were based ontgroup, while 137 species of the Characidae form the ingroup
morphological data. Uj (1990) did not perform a cladistiof this study. Figures 1-124 illustrate most characters and
analysis; he just mapped character transformations orclearacter-states. Most figures are stacks of pictures at different
“phylogenetic” tree obtained without specific criteria. Thidocal depth, constructed with CombineZM software (Hadley,
unpublished thesis, however, was an advance on compa2®d6), running under Linux through Wine software.
morphological knowledge of the Characidae. The doctoral
theses of Buckup (1991) and Lucena (1993) were the firEixon sampling
cladistic analyses othe Characidae, with the main  The taxonomic nomenclature of the Characoidea used in
phylogenetic results of Buckup published later (Buckup, 1998he present paper follows Mirande (2009), while that of
These analyses shared a high proportion of characters, kmaining Characiformes follows Buckup (1998). Terminal taxa
they had different objectives and, consequently, different taxerere included in the data matrix at species-level. The only
sampling. Most of the characters in those theses were analyegdeptions are the root, and the superfamily Citharinoidei,
by Mirande (2008, 2009) and discussed in the present papeihich actually are compound taxa based primarilpamius
As the aim of Buckup (1991, 1998) was to obtain a hypothesirazona (Bleeker) andistichodus maculatus Boulenger
of relationships of the members of the Crenuchidae, he includaat allowing for documented variations within the Cyprinidae
only six genera of the Characidae. Given that the main objectamed Citharinoidei, respectively. Taxon sampling was done
of Lucena (1993) was to recover the phylogenetic relationshipsnsidering the inclusion of members of recognizedly
of the Characidae, the taxon sampling reflected thmonophyletic groups, representatives of the morphological
morphological diversity of the family, in a scope more similar tgariation within the family, members of thiecertae sedis
that of Mirande (2008, 2009). Most of the conclusions of Buckugenera, species with special taxonomic interesg.(type
(1991, 1998) and Lucena (1993) are included on the lagiecies of the most diverse genera), and an outgroup
classification of the Neotropical members of the Characiformégluding members of most families in the Characiformes. The
(Reiset al., 2003). Subsequently, several unpublished thestson sampling focused in the inclusion of as many species
focused on phylogenies of specific groups within thas possible, with studies of intraspecific variations beyond
Characidae (Moreira, 2002; Bertaco, 2003; Cardoso, 2003b; Setine, scope of this paper.
2003; Benine, 2004; Buhrnheim, 2006; Lima, 2006; Quevedo, The analyses are rooted on the compound terminal
2006; Bertaco, 2008). Some of the characters used on theseon based orPuntius tetrazona (Cypriniformes,
theses were also analyzed by Mirande (2008, 2009). Cyprinidae). Cases in which the states observed in this
Molecular phylogenies of the Characiformes wergpecies differed from those considered as plesiomorphic
proposed by Orti & Meyer (1997), Hubettl. (2005), and for Cypriniformes (Howes, 1978, 1979, 1980; Vari, 1979; Fink
Calcagnottoet al. (2005). As in the cited morphological & Fink, 1981, 1996) were coded as polymorphic. Although
studies, the objectives of these analyses differed, and thiiere is enough consensus on the position of the
affected the taxon and gene samplings and tholaraciform families Citharinidae and Distichodontidae
methodologies used. Calcagno#al. (2005) published (Citharinoidei) as the sister group of the remaining
the most comprehensive molecular phylogeny of th@haraciformes (Characoidei) (Vari, 1979; Fink & Fink, 1981,
Characiformes, including 27 taxa of the Characidae. 1996, Buckup, 1991, 1998; Calcagnadtal., 2005), a root
Mirande (2009) proposed the monophyly and a classificatiaxternal to the Characiformes was used to test also such
of the Characidae based on a phylogenetic analysis. Mbsftpothesis.
incertaesedisgenera were assigned to a subfamily or subfamilial- A rather broad sampling of families related to the
level clade, at least tentatively. The paper of Mirande (2009) w&haracidae was carried out, to correctly optimize the characters
however, mainly concerned with analytical issues, leaving maatd to test as rigorously as possible the monophyly of the
morphological descriptions and discussions, and comments©@haracidae. This test was improved analyzing some members
the taxonomic implications or the phylogeny for the presenf the families morphologically closer to Characidae, or
contribution. In the present study some characters were redefimetluded historically in this family, such as the Alestidae,
or added from Mirande (2009) and the results herein obtain€ésteropelecidae, and Serrasalmidae (Weitzman, 1954; Géry,
slightly differ to those of that paper. 1977; Machado-Allison, 1983).
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The ingroup is composed of members of all the subfamili@&imber as used on the cited analysis; those cases in which the
recognized in Reigt al. (2003) excepting the monotypic character states were modified from the cited paper are indicated
Clupeacharacinae; however, most of the effort was orientadth a “m”, and those instances where the ordering of states
towards sampling th@certae sedisgenera which representedwere inverted are indicated with an “i”. Some numbers of the
approximately two-thirds of the diversity of the Characidadist of characters of Malabarba (1998b) do not correspond with
prior to Mirande (2009). The taxon termed “undescribed n. gahose of the data matrix; instead their correspondence was
and sp.” by Mirande (2009) proved to be an undescribel@duced from the information given in the text. In these cases
species oDligosarcus Gunther. Thus, in this paper this speciethe number in parentheses corresponds to the one deduced to
is named a®ligosarcus sp. leaving its description and have each particular character in the data matrix.
discussion of relationships to be published elsewhere. The The principal objective of the proposed taxonomic
species named Bsyconamericusbeta Eigenmann by Mirande nomenclature is to classify members of the Characidae in
(2009) is referred to aB. alpha Eigenmann in this paper, monophyletic units. The proposed nomenclature is as
following the synonymy proposed by Roman-Valencia (2003onservative as possible concerning to the creation of new
The species named Reeboides bonariensis (Steindachner) names for taxonomic groupings, with all the names used in
andR. paranensis by Mirande (2009) are referred to Bs the recent literature which are compatible with the obtained
microlepis(Reinhardt) an®. descalvadensisFowler, following phylogeny retained other than in cases when their
the synonymies proposed by Lucena (2003, 2007). Finally, theeservation necessitates the creation of a number of new
specimens referred to Bemigrammus cf. rhodostomus Ahl  taxa. The new suprageneric names are rooted on the first
by Mirande (2009) proved to bh& bleheri Géry & Mahnert. described genus included within the clade. An evaluation of
The list of examined material is shown in the Appendix 1.  the monophyly and phylogeny of all genera is beyond the

All species (with the exception Bfycon meeki Eigenmann scope of this paper; therefore, new generic names are not
& Hildebrand that was coded following Weitzman, 1962) werproposed nor are species reassigned between genera.
observed by the author. The coding of each species was made
upon all its available information. If a particular state wa€ladistic methodology
observed in a species, but published data indicate the Additive characters were recoded as binaries and are
alternative condition in that species, such species were codegdresented by two or more character numbers; this improve
as polymorphic. Meristic characteesd. anal-fin rays counts) greatly the efficiency of searches under self-weighting
were coded according to the ranges cited in the literature. optimization (Goloboff, 1997) in terms of time and optimality.

Binary coding of the additive characters has no effects on the
Nomenclature and Abbreviations results obtained under implied weighting and relatively small

Abbreviations mentioned on the list of examined materiahfluence to the results under self-weighted optimization (see
are as following: Al (Asociacion Ictiolégica, La Plata), ANSPMirande, 2009 for details). Conditions that resulted as
(Academy of Natural Sciences of Philadelphia), CI-FMlintermediate between the defined states were coded as
(Coleccion Ictiolégica de la Fundacion Miguel Lillo, Tucuman)polymorphisms; although both situations are conceptually
LACMNH (Los Angeles County Museum of Natural History),different, it was preferred over coding them as inapplicable or
MCNi (Coleccion ictioldgica del Museo de Ciencias Naturalesnissing entries. Analyses were performed by parsimony,
Salta), MCP (Museu de Ciéncias e Tecnologia da Pontifidallowing the methods described by Hennig (1966) and
Universidade Catdlica do Rio Grande do Sul, Porto Alegrejeveloped by Farrise(g. 1969, 1970, 1983) among others.
MHNG (Muséum d’histoire naturelle, Genéve), MNHNAnalyses under implied weighting (Goloboff, 1993) and self-
(Muséum national d’histoire naturelle, Paris), and MZUSReighting optimization (Goloboff, 1997) were performed with
(Museu de Zoologia da Universidade de Sao Paulo). TNT software (Goloboftt al., 2003a, 2008). Details of this

Osteological nomenclature follows Weitzman (1962) witlanalysis were described elsewhere (Mirande, 2008, 2009), and
the modifications adopted by Zanata & Vari (2005), which arhey are not treated here. In this analysis the number of explored
based principally on Nelson (1969), Patterson (1975), and Fioinditions were almost duplicated from Mirande (2009). In the
& Fink (1981, 1996). Abbreviations in character definitions arpresent study, 21 values of k were used under each of the
references to the following papers: El (Eigenmann, 1917), kkeighting schemess¢. 11 in Mirande, 2009). Measures of
(Fink & Fink, 1981, 1996), AM (Machado-Allison, 1983), UJ (Uj,stability and support are expressed in the discussion of each
1990), VA (Vari, 1995), BU (Buckup, 1998), LU (Lucena, 1993)node. Stability measures consider all the range of explored
LC (Lucena, 1998), MA (Malabarba, 1998a), WM (Weitzman &arameters (see Mirande, 2009), while support measures were
Menezes, 1998), LM (Lucena & Menezes, 1998), CM (Malabarbzglculated for k = 13, under implied weighting. Those measures
1998b), TP (Toledo-Piza, 2000), VH (Vari & Harold, 2001), MCare, respectively, GC values as stability measures, relative
(Moreira, 2002), VB (Bertaco, 2003), CA (Cardoso, 2003b), Steequencies, GC values as support measures (Golettadff
(Serra, 2003), BE (Benine, 2004), ZV (Zanata & Vari, 2005), BA003b), and relative Bremer support (Bremer, 1994; Goloboff &
(Buhrnheim, 2006), LI (Lima, 2006), QU (Quevedo, 2006), PEarris, 2001). Cases in which the support measures are
(Toledo-Piza, 2007), MW(Menezes & Weitzman, 2009). Théartificially) negative are indicated with a dash (-), whereas
number following these abbreviations refers to the charactability measures are indicated as negative.



J. M. Mirande 389

Results and Discussion Lagenar capsule:
3. Ventral projection of lagenar capsule: (0) not extending
Description of phylogenetic characters ventrally to horizontal through articulation between

Most analyzed characters are osteological (90%), while thasioccipital and parasphenoid; (1) extending ventrally to
remaining ones come from coloration, external features aadiculation between basioccipital and parasphenoid. (UJ5m,
reproductive biology. Of these, 135 were not described previouzy47m, PZ25m).
in the literature (published or not), and represent new definitions. The extension of the lagenar capsules lateral to the cranial
Some characters about bony hooks on fins of adult males weoaidyle is a synapomorphy of the Characiformes according to
redefined from Mirande (2009). The characters proposed Bink & Fink (1981) and was observed in all the characiforms
Menezes & Weitzman (2009) to be evidence for the monophyierein examined. The ventral extension of these capsules, in
of their Glandulocaudinae and Stevardiinae are herein analyzedtrast, is variable among the examined species. In most species
together with the characters from Mirande (2009). Also, seveualthe outgroup, the lagenar capsules do not extend ventrally to
missing entries in the analysis of Mirande (2009) were coded tbe articulation between the basioccipital and parasphenoid (state
this study. With that modifications, the data matrix herein
analyzed has 365 characters and is provided as Appendix 2 51 32 B4{-35{0h

Neurocranium

Epiphyseal bar:

1. Posterior laminar expansion of epiphyseal bar: (0) absent;
(1) present. (LU13i, LC4).

The frontals articulate each other via the epiphyseal b
which transversely crosses the medial cranial fontanel. Inm
examined species, the epiphyseal bar is slender a
approximately cylindrical in cross-section (state O; Fig. 1), whi
a group of species has a laminar projection on the poster,
margin of the epiphyseal bar, making it proportionally broad
in dorsal view (state 1; Fig. 2). Lucena (1993, 1998) coded t
presence of this expansion in several characins a
Rhaphiodon vulpinusAgassiz. A small laminar expansion was ; Y
also observed in examined specimen€ludrax stenopterus U 100
(Cope) andGaleocharax humeralis (Valenciennes). Since Fig. 1.Neurocranium oBario steindachneri, MHNG 2184.46,
Lucena (1998) noted the absence of such an expansion in tHe&8 mm SL, dorsal view, anterior to left. EPB: epiphyseal bar,
species, they are coded as polymorpl8errasalmus FRO: frontal, MES: mesethmoid. Scale bar =1 mm.
maculatus Kner has a broad epiphyseal bar that apparenth._______ _ :
lacks the laminar expansion. This condition is considered to '*'%:n:'-,'u"n: BN} 3?:”: 1: Y
different from the states herein defined for this character, a 1 1 / I
this character is coded as inapplicabl&taaculatus. This
character is also considered as inapplicable to the specie:
which the fontanel is completely covered by the frontals.

Basioccipital:

2. Ventral longitudinal lamellae of basioccipital: (0) falling
short of posterior border of basioccipital; (1) reaching
posterior border of cranium. (PZ24).

The prootic and basioccipital have two bilateral lamella
articulating with two longitudinal dorsal processes of th
parasphenoid, forming the limits of the posterior myodome whe
part of the extrinsic musculature of the eye attaches, as descri
by Weitzman (1962: 24). In most examined members of ti
Characidae, these lamellae are restricted to the area of cor | !
between the basioccipital and parasphenoid, and the surfac 831} TR
the basioccipital lacks any bilateral lamellae or ridges posterigig. 2. Cranium ofRoeboides microlepis, CI-FML 3881, 82.9
to that region (state 0; Fig. 3). In most members of the outgroopm SL, dorsal view, anterior to left. EPB: epiphyseal bar, ETC:
and some of the Characidae these lamellae extend posteriorigttumoid cartilage, FRF: frontal fontanel, FRO: frontal, 106:
the parasphenoid in the region ventral to the lagenar capsudixh infraorbital, LET: lateral ethmoid, MES: mesethmoid, NAS:
and reach the posterior margin of the cranium (state 1; Fig. 4hasal. Scale bar =1 mm.
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0; Fig. 5), while in most species of the Characidae and soimmeHasemania nana (Lutken) andPyrrhulina australis
members of the outgroup these capsules are conspicuolsigenmann & Kennedy. This character, however, is variable
extended, continuing ventrally beyond the area of articulatidm the two examined specimens of the latter species, which is
of those bones (state 1; Figs. 6 and 7). coded as polymorphic.

4. Epioccipital bridge over posttemporal fossa: (0) absent; 5. Form of epioccipital bridge: (0) cylindrical or vertically

(1) present. (BU7i). expanded in transverse section; (1) depressed in its middle
The posttemporal fossa in Characiformes is longitudinalkggion.

crossed by the epioccipital bridge (state 1; Fig. 6) except in The epioccipital bridge over the posttemporal fossa is

some miniature species of the Characidae and Crenuchidaeally cylindrical or slightly expanded dorsally (state O; Fig.

(state 0; Weitzman & Fink, 1983: figs. 6, 8, 15, and 17). Althoud8). In the studied specimensRramocharax bransfordii Gill,

this character was considered to be related wit@ligosarcus bolivianus (Fowler),O. cf. jenynsii (Glnther),

miniaturization, its phylogenetic value has to be tested. TlamdO. sp., the middle region of this bridge is dorsoventrally

absence of an epioccipital bridge was herein observed oulgpressed (state 1; Fig. 8).

6. Anterior articulation of epioccipital bridge: (0) with both
parietal and pterotic; (1) only with parietal.

In most examined species the anterior region of the
epioccipital bridge articulates with the parietal and pterotic
(state 0; Fig. 6). InGrundulus cochae (Humboldt) and
Paracheirodon axelrodi (Schultz), the epioccipital bridge is
displaced dorsally and its anterior portion articulates only with
the parietal (state 1; Weitzman & Fink, 1983: figs. 4, 5, and 7).

7. Posteriorly-oriented epioccipital spine: (0) present; (1)
absent. (LU21m, LC3i).

Most examined species lack projections on the posterior
surface of the epioccipital (state 1; Fig. 5). A posterior
projection of the epioccipital aligned with the epioccipital
bridge that serves as a point of attachment of the epaxial
musculature was observed in some species (state 0; Fig. 7).
In Brycon orbignyanus (Valenciennes) andalminus

Fig. 3.Neurocranium oBario steindachneri, MHNG 2184.46,
62.0 mm SL, dorsal view, anterior to left. BOC: basioccipital, EXQ:
exoccipital, INT: intercalar, PTO: pterotic. Scale bar =1 mm.
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Fig. 5. Posterior region of neurocranium and anterior
vertebrae oPiabucusmelanostomus, CI-FML 3894, 67.0 mm

Fig. 4. Posterior region of neurocranium ofiportheus SL, lateral view, anterior to left. BOC: Basioccipital, EPO:
nematurus, CI-FML 3948, 82.1 mm SL, ventral view, anteriorepioccipital, HYO: hyomandibula, NCO: neural complex of
to left. BOC: basioccipital, PSP: parasphenoid, VLB: ventralMeberian apparatus, PSP: parasphenoid, PTO: pterotic, SOC:
lamellae of basioccipital. Scale bar =1 mm. supraoccipital. Scale bar =1 mm.
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brasiliensis (Cuvier), the posterior tip of this process isopening was described in the Citharinidae and Distichodontidae
rounded, differing from most species with state 0, in whichy Vari (1979). This opening was later referred as ventromedial
itis pointed; these species are coded with state O regardlepening of the posttemporal fossa by Buckup (1991, 1998) and
this difference. Weitzman (1962: fig. 3) illustrated a smallucena (1993). This opening is situated posteriorly on the
lobe inBrycon meeki, similar to that herein observedBn  cranium, and is margined by the epioccipital and exoccipital or
falcatus Miller & Troschel,B. pesu Miller & Troschel, completely contained by the epioccipital (state 1; Zanata &
Bryconexodon juruenae Géry, Cynopotamus argenteus Vari, 2005: fig. 10). The ventromedial opening of the
(Valenciennes){emibrycon dariensisMeek & Hildebrand, posttemporal fossa was observed by Buckup (1998) and Lucena
Markiana nigripinnis (Perugia) andMoenkhausia (1993)in members of the Alestidae, Crenuchidae, Curimatidae,
xinguensis (Steindachner). These species are coded &ynodontidae, Hemiodontidae, and Parodontidae. Vari &
polymorphic. Contrary to the observations of Lucena (1993jarold (2001) and Zanata & Vari (2005) defined the different
in the examined species @fphyocharax Gunther this positions of this opening as two separate states, which is
process is absent, and they are coded as st&enfius treated in the following character. Benine (2004) cited the
tetrazona, as in all other Cypriniformes, lacks a posttemporgiresence of this openinglifoenkhausia barbouri Eigenmann,
fossa, and the form of the epioccipital differs slightly. ThisA. dichroura (Kner), andV. intermedia Eigenmann; however,
character was coded as inapplicable to the root of thisis opening is absent in the examined specik®oenkhausia
analysis. In Carnegiella strigata (Gunther) and Eigenmann, and they are herein coded as state 0. According to
Thoracocharax stellatus (Kner), the epineurals extend Lucena (1993) this opening is presentAicestrorhynchus
anteriorly to the cranium, reaching a position occupied tpantaneiro Menezes, although in the examined specimen it is
this spine when present. Indeed, the anteriormost epineuralsent, and the species is consequently coded as polymorphic.
are fused with the epioccipital. This character is also coded
as inapplicable to these species. 9. Position of ventromedial opening of posttemporal fossa:
(0) between epioccipital and exoccipital; (1) bordered entirely

8. Ventromedial opening of posttemporal fossa: (0) absent; by epioccipital. (ZV43m, VH45m).
(1) present. (UJ24, BU19, LU20, VH45m, TP23, BE17,  As previously mentioned, the ventrolateral opening of the
Z\43m, LI35). posttemporal fossa is limited by the epioccipital and exoccipital

Most examined species have only two openings of thiesome species (state 0; Vari, 1979: fig. 15) while it is completely
posttemporal fossa situated posterolateral in the cranium, withntained within the epioccipital in others (state 1; Roberts,
these separated by the epioccipital bridge (state 0). A thit@74: figs. 5 and 59; Zanata & Vari, 2005: fig. 10). This opening
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Fig. 6. Posterior region of neurocranium and anterioFig. 7. Posterior region of neurocranium and anterior
vertebrae oAstyanax chico, CI-FML 3913, 60.2 mm SL, lateral vertebrae ofriportheus nematurus, CI-FML 3948, 82.1 mm
view, anterior to left. BOC: basioccipital, EPO: epioccipitalSL, lateral view, anterior to left. BOC: basioccipital, EPO:
LET: lateral ethmoid, OBB: olfactory bulb of brain, OLN:epioccipital, HYL: hyomandibular ligament insertion site,
olfactory nerve, OSP: orbitosphenoid, PAR: parietal, PTONP3: neural pedicle of third vertebra, NS4: neural spine of
pterotic, PSP: parasphenoid, PTS: pterosphenoid, RSBurth vertebra, NCO: neural complex of Weberian apparatus,
rhinosphenoid, SPH: sphenotic, TP3: transverse processR8P: parasphenoid, SN1: first supraneural, TP3: transversal
third neural arch, TRI: tripus. Scale bar =1 mm. process of third neural arch, TRI: tripus. Scale bar = 1 mm.
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is completely enclosed by the epioccipital in some species@flontostoechus lethostigmus Gomes,Aphyocharacidium
Creagrutus (Vari & Harold, 2001) and most members of thebolivianum Géry, Aulixidens eugeniae Bohlke, Axelrodia
Alestidae (excepEhal ceusCuvier,among taxa examined here),lindeae Géry, Exodon paradoxus Miuller & Troschel,
Curimatidae, Hemiodontidae, and Parodontidae (Roberts, 19F&migrammus bleheri, Hollandichthys multifasciatus
Zanata & Vari, 2005). A third opening partially margined by th&igenmann & NorrisNematobrycon palmeri Eigenmann,
exoccipital was cited for members of the Citharinidae)ligosarcus bolivianus, Parecbasis cyclolepis Eigenmann,
Crenuchidae, Cynodontidae, and Distichodontidae (Vari, 1972obolodus heterostomus Eigenmann, an@hayeria obliqua
Zanata & Vari, 2005). Species in which this opening is abseBigenmann, the sphenotic spine is hardly reaching the

are coded as inapplicable to this character. articulation between this bone with the hyomandibula, and
they coded as polymorphic. Puntius tetrazona this spine
Sphenotic: reaches the ventral limit of the sphenotic, but it is variable in

10. Length of sphenotic spine: (0) not extending ventrally to theCypriniformes (Howes, 1978) and consequently the root of
articulation between sphenotic and hyomandibula; (1) this analysis is also coded as polymorphiédiyanax lineatus
extending ventrally to articulation between sphenotic and (Perugia) this character is apparently variable during the growth.
hyomandibula. (VB28m, VB29m). Examined juvenile specimens have state 1, while the adults
The sphenotic spine extends ventrally to the fossa for thave state 0, and this species is coded as polymorphic.
dilator operculi, being bordered posteriorly by that muscle
and partially by thdevator arcus palatini. The ventral 11.Position of sphenotic spine relative to hyomandibula: (0)
development of this spine is variable among the examineather aligned with anterior margin of hyomandibula; (1)
species. In some species it falls short of the ventral margindiEplaced anteriorly relative to anterior margin of
main body of the sphenotic (state 0), whereas in other spedigsmandibula.
this spine is longer, anteriorly bordering tlegator arcus In most examined species, the sphenotic spine is aligned
palatini and ventrally extending past the region of articulatioor slightly anterior to the anterior margin of the hyomandibula
of the sphenotic with the hyomandibula (state 1; Fig. 9). Thistate 0; Fig. 9), while in a group of species, such spine is
character was only coded with states 0 or 1 in the species in
which the sphenotic spine is clearly either not reaching

surpassing the articulation with the hyomandibula, respective o
In the examined specimens Biistichodus maculatus, e
Acestrorhynchus pantaneiro, Carlana eigenmanni (Meek), '.r!

Mimagoniates rheocharis Menezes & Weitzman,
Bryconamericus alpha, Cyanocharax alburnus (Hensel),
Hemibrycon dariensis, Knodus breviceps Eigenmann,
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Fig. 8. Posterior region of neurocranium and anterior
vertebrae oOligosarcushbolivianus, CI-FML 3366, 83.4 mm
SL, lateral view, anterior to left. EPO: epioccipital, NA4: neural
arch of fourth vertebra, NCO: neural complex of Weberiahig. 9.Cranium oHyphessobrycon socolofi, CI-FML 3933, 37.7
apparatus, NP3: neural pedicle of third vertebra, SO@Gm SL, lateral view, anterior to left. HYO: hyomandibula, |02-3:
supraoccipital. Scale bar =1 mm. second and third infraorbitals, SPH: sphenotic. Scale bar =1 mm.
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anterior to the margin of the hyomandibula (state 1; Fig. 1@)ateral ethmoid:

Bryconexodon juruenae and Hollandichthys multifasciatus ~ 14. Form of anterior process of lateral ethmoid: (0) broad in

have intermediate states that are coded as polymorphismeentral view, contacting proximal region of vomer in its entire
length; (1) slender and separated from vomer. (CM10m).

12. Position of sphenatic spine relative to the orbit: (O) bordering In most examined species the lateral ethmoid has an anterior
orbit posteriorly and aligned with anterior border of fourthand ~ process oriented in the direction of the vomer. In many species
fifth infraorbitals; (1) distinctly posterior to orbital margin. of the outgroup and some examined members of the Characidae,

As stated in the previous character, the sphenotic spinghgs process is broad in ventral view and contacts the entire
usually aligned with the anterior margin of the hyomandibuléength of the parasphenoid and vomer in the region anterior to
thereby forming the posterior margin of the orbit (state 0). Inthe main body of the lateral ethmoid (state 0). In most members
group of species the sphenotic spine is situated posteriorofdhe ingroup this process is, in contrast, comparatively more
the anterior margin of the fourth and fifth infraorbitals andlender and, as a consequence, leaves a broad space between
distant from the posterior margin of the orbit (state 1). the lateral ethmoid process and the lateral margin of the posterior

portion of the vomer (state 1; Fig. 12).@ymnocharacinus
13. Temporal fossa: (0) well developed; (1) absent or much bergii Steindachner the process is much reduced, and this
reduced. (VH41, LI27). character is coded as inapplicableAitixidens eugeniae and

In most examined species the entire anterior margin of tB&graulisoma taeniatum Castro this process is displaced
pterotic articulates with the sphenotic, without an interveningedially, and it contacts the parasphenoid and vomer in its
space between these bones, or only a small pore (statertjre length. Although the origin of this condition seems to be
Figs. 6 and 11). The temporal fossa is an opening limitelifferent, resulting in a contact due to a different mechanism
anteriorly by the sphenotic and posteriorly by the pteroti¢medial displacement, rather than broadening of the process),
and is present in some examined species (state 0; Weitznthese species are tentatively coded with state 0.

1962: fig. 3). Vari & Harold (2001) reported the presence of

this fossa irPiabina argentea Reinhardt and several speciesl5. Lateral opening between ventral diverging lamellae of

of Creagrutus not analyzed herein. Although Lima (2006)mesethmoid and anterior process of lateral ethmoid: (0) broad,;
mentioned its absence Brycon falcatus, among other (1)small, ovate and partially occluded by diverging lamellae of
species of the genus, this fossa is present in the examimegsethmoid and anterior process of lateral ethmoid. (LU2).
specimen of this species, and is coded as polymorphic. In the The anterior process of the lateral ethmoid is situated
examined specimens Aftyanax troya Azpelicueta, Casciotta approximately in the same plane as the corresponding
& Almirén and Piabina argentea, this fossa has a size diverging lamella of the mesethmoid (Weitzman, 1962)
intermediate to the defined character states, and these spel@asing, in most cases, a broad space between these
are coded as polymorphic for this character. In the examinstluctures, which is evident in lateral view (state O; Fig. 13).
specimens dflarkiana nigripinnisthe presence of this fossaln a few examined species, the diverging lamellae are much
is variable and this species is also coded as polymorphicdeveloped ventrally and both the vomer and the anterior
process of the lateral ethmoid are expanded dorsally, with
both articulating broadly with the mesethmoid. As a result
the space delimited by these structures has an ovate shape
and is much reduced compared with state O (state 1; Fig. 14).
This character is coded as inapplicable in species lacking
ventral lamellae of the mesethmoid.

16. Dorsal margin of lateral ethmoids: (0) aligned; (1)
situated obliquely in dorsal view, converging in an anteriorly
directed angle.

The dorsal margin of lateral ethmoids articulate with the
frontals and, usually, with the ventral diverging lamellae of the
mesethmoid. The medial region of the lateral ethmoids articulate
with the roof of the mesethmoid through a cartilage. In most
examined species the medial portion of the lateral ethmoids
form a rather straight line from dorsal view, with its margin

i visible through the frontals and/or mesethmoid (state 0; Figs.
8811) [ 15 and 16). In a relatively small group of species the medial
Fig. 10. Posterior region of cranium dbdaleocharax portions of the lateral ethmoids meet each other along an anterior
humeralis, CI-FML 3951, 94.6 mm SL, lateral view, anterior toangle (state 1; Figs. 17 and 18). Apparently such configuration
left. HYO: hyomandibula, 103-5: third to fifth infraorbitals, of the lateral ethmoids allows an anterior displacement of the
SPH: sphenotic. Scale bar =1 mm. extrinsic musculature of the eye, which inserts in the anterior
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myodome.Engraulisoma taeniatum and Prodontocharax

The dorsal margin of the lateral ethmoid is synchondrally

melanotus Pearson have intermediate situations that are codadiculated with the ventral surface of the the lateral portion of

as polymorphic for this character.lhpaichthyskerri Géry &

the frontal, contacting also the orbital lamella of the frontal and

Junk andVlimagoniates rheocharis the medial portion of the the ventral diverging lamellae of the mesethmoid, when present.
lateral ethmoid is much reduced and this character is codedrasnost examined species the region of the lateral ethmoid

inapplicable.

17. Articulation between medial region of lateral ethmoid and
frontal or mesethmoid: (0) absent, lateral ethmoid articulated
principally with ventral diverging lamellae of mesethmoid; (1)
extensive articulation of entire lateral ethmoid dorsal margin

43 1311}
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Fig. 11. Posterior region of neurocranium kfoenkhausia

situated just medial to the orbital lamella of the frontal does not
articulates with the mesethmoid or the frontal (state O; Fig. 19).
In these species the variably broad space between the lateral
ethmoid and the ventral surface of the frontal and mesethmoid
is occupied by the ethmoid cartilage (Weitzman, 1962). Instead,
in some species the entire dorsal margin of the lateral ethmoid
articulates synchondrally with the frontal and/or mesethmoid,
depending on the posterior extent of the mesethmoid under
the frontal (state 1; Fig. 18). The species with state 1 have
reduced ventral diverging lamellae of the mesethmoid; however,
there are species in which these lamellae are much reduced, as
some Cheirodontinae, with state 0 of this character.

Exoccipital:
18. Subtemporal fossa: (0) medially extended to middle
exoccipital; (1) restricted to pterotic and prootic.

The subtemporal fossa is formed by an usually shallow
depression of the pterotic and is limited posteromedially by
the intercalar. In most examined species the intercalar is
restricted to the region of articulation of the exoccipital and
pterotic, and the subtemporal fossa is consequently excluded
from the exoccipital (state 1; Fig. 3). In some species the
intercalar is more medially situated and articulates principally
with the exoccipital. In these cases the subtemporal fossa is
partially formed by the exoccipital (state O; Fig. 20). According

cf. intermedia, CI-FML 3417, 33.7 mm SL, lateral view, anteriorto Miquelarena & Aramburu (1983) the intercalar articulates
to left. PRO: prootic, PTO: pterotic, PTS: pterosphenoid, SPHolely with the exoccipital irGymnocharacinus bergii,

sphenotic. Scale bar = 0.5 mm.

corresponding with state 0; however, the position of this bone

¥
1411) |
Fig. 12.Anterior region of neurocranium Bério steindachneri,
MHNG 2184.46, 62.0 mr8SL, ventral view, anterior to left.

LET: lateral ethmoid, PSP: pagdsenoid, VOM:vomer.
Scale bar =1 mm.
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Fig. 13.Anterior region of cranium dfriportheus pantanensis,
CI-FML 3949, 774 mm SL, léeral view, anterior to left. AOR:
antorbital, 101: first infraorbital, |O6: sixth infraorbital,
LET: lateral ethmoid, MES: mesethmoid, SOR:rapbital.
Scale bar=1 mm.
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varies among the examined specimens, and this specie2lisContact between frontals anteriorly to frontal fontanel:

coded as polymorphic. In the examined specimens @) absent; (1) present. (VH37, MO35, SE2, BE9, ZV36m).

Hasemania nana the intercalar is situated entirely on the

pterotic; although this condition is not exactly that describe2l. Frontal fontanel: (0) present; (1) totally occluded by

in the state 1, this species is coded with such state given tliantals. (BU9, LU7, CM1(2), SE1i, ZV36m; PZ15).

the subtemporal fossa is also excluded from the exoccipital. In most examined species the frontals do not contact each

other anterior to the epiphyseal bar and the anterior margin of

19. Ascending process on posterodorsal angle of exoccipitalthe frontal fontanel is formed by the posterior margin of the

directed to neural complex of Weberian apparatus: (0) mesethmoid (character 21, state O; Fig. 2). In a number of species

absent; (1) present. the frontals are rather in contact anterior to the frontal fontanel
The posterior margin of the exoccipital in almost all thécharacter 21, state 1; character 22, state 0; Figs. 18 and 22). Both

examined species is smoothly rounded in the area situated fasitius tetrazona and some morphologically generalized

anterior to the neural complex of Weberian apparatus (statef@embers of the CypriniformeBdriliusHamilton,Opsariichthys

The presence of a process on the exoccipital oriented to the

neural complex (state 1; Uj, 1990: fig. 20d) was considered 18[00

Uj (1990) as a synapomorphy of his Aphyocharacida

(Aphyocharax + Prionobrama Fowler). This state was

observed only il\phyocharax anisits Eigenmann & Kennedy

and this character is uninformative, although possibly

synapomorphy of some group withiphyocharax.

Frontal:

20. Anterior extension of frontal: (0) reaching posterior
margin of nasal opening; (1) extending between nasals and
reaching middle length of nasal opening.

The frontal reaches only to the posterior margin of the nas
opening in most examined species (state 0; Fig. 21). In the exami
species of the Parodontidae draporinus striatus Kner, the
frontals instead extend anteriorly between the nasals (state 1
Puntius tetrazona the frontals are also anteriorly extended bt
this condition is variable within the Cypriniformes (Howes, 197§
and itis absent in basal Siluriformes, sudbipbomystesBleeker.
The root of this analysis is thus coded as polymorphic. Fig. 15.Anterior portion of cranium d8ryconops melanurus,

MCP 15807, 83.4 mm SL, dorsal view, anterior to left. ETC:

ethmoid cartilage, LET: lateral ethmoid. Scale bar =1 mm.

i) 151} a7y 3701 |

/

Fig. 14.Anterior region of cranium d¥larkiana nigripinnis, 1201 18i

CI-FML 3936, 75.3 mm SL, lateral view, anterior to left. LET:Fig. 16.Anterior region of cranium dRoeboexodon geryi,
lateral ethmoid, MES: mesethmoid, OSP: orbitosphenoid, PSRHNG 2188.14, 41.0 mm SL, dorsal view, anterior to left. LET:
parasphenoid. Scale bar =1 mm. lateral ethmoid, PMX: premaxilla. Scale bar =1 mm.
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BleekerandZacco Jordan & Evermanmpompletely lack a frontal families, such as the Alestidae and Characidae. This fontanel is
fontanel (Howes, 1980: 155), whil@iplomystes, which is absent in the examined specimerBofconaethiops macrops
considered a basal siluriform has a well developed fontari&bulenger, although it is present in this species according to
(Arratia, 1987; Azpelicueta, 1994). The presence of a craniéanata & Vari (2005). These authors also described the
fontanel is broadly distributed in Gymnotiformes except in thentogenetic occlusion of the frontal fontanelSalminus

clade formed byElectrophorus Gill and Gymnotus Linnaeus, brasiliensisand this character is coded as polymorphic for both
and it is optimized as present for the root of this order (Albert €pecies. The presence of contact between the frontals anterior
Campos da Paz, 1998). Given the presence of a fully developedhe frontal fontanel is variable or has some intermediate
frontal fontanel in both the Gymnotiformes and Siluriformes, thesendition in examined specimensAsfestrocephalus sardina
characters are coded as polymorphic for the root of the presg@rawler),Astyanax mexicanus (De Filippi), Attonitusephimeros
analysis, despite the absence of this fontanel in théri & Ortega,Bryconamericus alpha, Carlana eigenmanni,
Cypriniformes. The presence of a frontal fontanel is variab@euterodon iguape EigenmannDistichodus maculatus,
within the Characiformes. Itis absent (character 22, state 1; Ritpplocharax goethei Géry, Odontostoechus |ethostigmus,

23) in the Erythrinidae, Gasteropelecidae, HepsetidaBhenagoniates macrolepis (Meek & Hildebrand),
Lebiasinidae, and Parodontidae, and usually present in otRseudochalceuskyburz Schultz andRhoadsiaaltipinna Fowler,

and it is coded as polymorphic in these species. According to
Lima (2006) the frontals do not contact each other in
Acestrorhynchuspantaneiro; however, in the examined specimen

of this species these bones are in contact and this character is
coded as polymorphic for this species. The frontal fontanel is
limited anteriorly by the mesethmoid in the examined specimens
of Engraulisoma taeniatum, Piabucus melanostomus
Holmberg, andPiaractus mesopotamicus (Holmberg), contrary

to the observations of Castro (1984), Moreira (2002), and
Machado-Allison (1986), respectively; this character is coded
as polymorphic also for these species.

23. Relative size of frontal and parietal fontanels: (0) length of
frontal fontanel up to 2/3 length of parietal fontanel; (1) length
of frontal fontanel 3/4 or more of length of parietal fontanel.

The cranial fontanel is divided by the epiphyseal bar to
Bd{1] a frontal and a parietal fontanels. In most examined species,
Fig. 17.Cranium ofBryconamericus alpha, ANSP 130512, the frontal fontanel is conspicuously shorter than the
35.3 mm SL, dorsal view, anterior to left. FRO: frontal, LETparietal fontanel, reaching up 2/3 of the length of the latter
lateral ethmoid. Scale bar =1 mm. opening (state 0). In other species the frontal fontanel is
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Fig. 18.Cranium ofAphyocharax dentatus, CI-FML 3035, 53.2 28{1}
mm SL, dorsal view, anterior to left. FRO: frontal, LET: lateraFig. 19.Cranium ofRhoadsia altipinna, MHNG 2173.31, 59.0
ethmoid, MES: mesethmoid, NAS: nasal, PMX: premaxilla, TS@m SL, dorsal view, anterior to left. LET: lateral ethmoid. PMX:
tube for vertical semicircular canal. Scale bar =1 mm. premaxilla. Scale bar =1 mm.
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relatively longer, achieving 3/4 or more the length of th&lesethmoid:
frontal fontanel (state 1). Intermediate or polymorphi@5. Anterior end of mesethmoid: (0) trifurcate, with processes
conditions were observed Metynnis maculatus (Kner), inserted into depressions on premaxillae; (1) not trifurcate,
Aphyocharax nattereri (Steindachner)Acrobrycontarijae  with a triangular anterior spine and articular processes
Fowler, Bryconamericus exodon Eigenmann,B. reduced orabsent. (UJ22m, UJ23, UJ38, BU1, LU1).
rubropictus (Berg), B. thomasi Fowler, Hemigrammus In some members of the outgroup the anterior portion of
unilineatus (Gill), Oligosarcusbolivianus, O. cf.jenynsii, the mesethmoid has an anterior process of variable size and a
Pristella maxillaris (Ulrey) and Thayeria boehlkei pair of anterolateral processes inserting into small fossae on
Weitzman, which are coded as polymorphisms. Thithe premaxillae. These processes give to the anterior region of
character is considered as inapplicable to species in whittle mesethmoid a trifurcate form, or bifurcate in the cases where
the frontal fontanel is limited anteriorly by the frontalsthe medial process is reduced (state 0). In all members from the
because in these cases the shortening of the froniradroup and some species from the outgroup, the mesethmoid
fontanel is the consequence of a different arrangement than

the one considered in the state 0. 12,::"13' 33(0k3440}

24 .Dilator fossa on lateral surface of frontal: (0) absent; (1)
present. (BU13m, BU78m, LU11m).

In most examined species, the lateral margins of tf
frontal and the sphenotic spine form a depression whe
the anterior end of thdilator operculi muscle inserts, the
dilator fossa (state 1; Fig. 24, Buckup, 1998: fig. 2). In son
species the frontal projects laterally just dorsal to th
dilator operculi, with that muscle inserting onto the
ventral, rather than lateral surface of the neurocraniu
(state 0; Buckup, 1998: fig. 1). l@dontostilbe pequira
(Steindachner) and the examined specie&pbi/ocharax
andMoenkhausia, the dilator fossa is relatively small, but
it is always present and these species are coded as sta
This character is considered inapplicable to the species
Characidium Reinhardtwhere thedilator operculi inserts 2T E/)  LOADRIO500 20
posterior to the vertical through the orbit, in a situatiofrig. 21. Anterior portion of cranium ofrobolodus
not assignable to the states herein defined for thigterostomus, MHNG 2227.89, 67.0 mm SL, dorsal view,
character. Buckup (1998) cod€taracidiumwith a missing anterior to left. FRO: frontal, MES: mesethmoid, NAS: nasal,
entry for this character for the same reason. PMX: premaxilla. Scale bar =1 mm.
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Fig. 20.Posterolateral area of neurocraniunGafeocharax  Fig. 22. Anterior portion of cranium oHyphessobrycon
humeralis, CI-FML 3951, 94.6 mm SL, ventral view, anterior topulchripinnis, CI-FML 3932, 33.2 mm SL, dorsal view, anterior
left. EXO: exoccipital, INT: intercalar, PTO: pterotic, STO:to left. EPC: ethmopalatine cartilage, FRO: frontal, MES:
subtemporal foramen. Scale bar =1 mm. mesethmoid. Scale bar =1 mm.
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has an anterior triangular process (the mesethmoid spine), andThe mesethmoid spine extends to varying degrees
lateral wings that support the ascending processes of tietween the premaxillae. Usually, this spine is slender and
premaxillae (state 1; Fig. 1). The situation in the Cypriniformdeng, almost completely separating the premaxillae, which
is not comparable due to the presence of a kinethmoid bar@nsequently articulate with each other only at their
articulating with the premaxillae. However, the mesethmoid @interoventral tips (state 0; Figs. 21 and 22). In a reduced
the Siluriformes appears to correspond to state 0 and this statenber of species, the mesethmoid spine is much broader
probably is ancestral for Characiformes. The root is herein codmad shorter, approximating the form of an equilateral triangle
as a missing entry pending further studies to resolve this issfrem dorsal view and leaving a comparatively longer area of
In the examined specimenltdémiodus cf. thayeria (Bohlke), articulation between the premaxillae anteriorly (state 1; Fig.
the mesethmoid has an anterior spine and reduced, but pres#it, This spine is relatively broad, but separates completely
lateral wings. This condition is typically present in thehe premaxillae inCharax stenopterus, Heterocharax
Hemiodontidae with the exception Afgonectes Bohlke & macrolepis Eigenmann,Hoplocharax goethei and
Myers(Langeani, 1998) and that species is coded as state 1Phenacogaster tegatus, which are coded as state 0.
Phenacogaster tegatus (Eigenmann) an&oeboexodon geryi
the mesethmoid spine has small lobes slightly projected to t2@. Posterior portion of mesethmoid spine: (0) relatively
medial margin of the premaxillary ascending process. Theskender; (1) as broad as lateral wings of mesethmoid.
lobes are simultaneously present with the lateral wings of the In most examined species the posterior portion of the
mesethmoid, and they are herein considered to be nanesethmoid spine is rather broad but does not reach the tip of
homologous with the processes described in state 0. lateral wings (state 0; Figs. 21 and 22), which are visible as
separate structures. Members of the Rhoadsiinae have the
26. Ventral projection of mesethmoid spine, forming a keel mesethmoid spine greatly expanded posteriorly, being
between premaxillae: (0) absent; (1) present. (VH35). approximately equal to the total width of the lateral wings of the
When present, the mesethmoid spine is rather pointed franesethmoid. In this state, the lateral wings are not visible as
lateral view and does not form a keel between the premaxillae
(state 0). InCreagrutus spp., Piabina argentea, and
Roeboexodon geryi, among the studied species, this spine h:
in addition a ventral laminar projection expanded between t
premaxillae (state 1; Fig. 25). This state is diagnostic for a cla
formed byCreagrutusandPiabina, according to Vari & Harold
(2001). This character is considered as inapplicable for spec
in which the mesethmoid spine is completely absent.

27. Form of mesethmoid spine: (0) long, extending between
premaxillae; (1) relatively short, with premaxillae articulating
with each other anterior to mesethmoid. (BU1m).

22(1) a41i1)

Fig. 24.Cranium ofPoptella paraguayensis, CI-FML 3882,

a3} | 39.6 mm SL, lateral view, anterior to left. FRO: frontal, MAX:
Fig. 23.Cranium ofPyrrhulinaaustralis, CI-FML 3873, 26.7 maxilla, MEC: Meckelian cartilage, NCO: neural complex of
mm SL, dorsal view, anterior to left. FRO: frontal, NAS: nasalVeberian apparatus, RSP: rhinosphenoid, SOC: supraoccipital.
PAR: parietal. Scale bar =1 mm. Scale bar=1 mm.
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discrete structures (state 1; Fig. 19). This character is codedBgjenmann), anenagoniates bondi Myers, the nasal
inapplicable for species in which the mesethmoid spine is absesgiptum of the mesethmoid, which in other taxa is a single
longitudinal medial lamella in the ventral surface of the
29. Lateral wings of mesethmoid: (0) present; (1) absent. mesethmoid, is, at least partially, formed by two parallel
(UJ21, BU2, LU3, BUG). lamellae. In these taxa the ventral diverging lamellae of the
The lateral wings of mesethmoid (“lateral ethmoid wingsinesethmoid, as observed in other species, are absent;
of Weitzman, 1962) are expansions that support the ascendmagvever, it is probable that the nasal septum is formed partially
process of the corresponding premaxilla. As mentioned abobg, these lamellae. This character is coded as inapplicable for
in some members of the outgroup the mesethmoid is anteridiye mentioned species pending morphological studies to
trifurcate and has processes articulating with premaxillaslucidate this situation. In the examined species of the
fossae. In these cases, the lateral wings of mesethmoid @heirodontinae these lamellae are reduced to small ridges of
absent (state 1). Most species with a triangular anterigariable degree of development in different genera. They are
mesethmoid spine have lateral wings articulated with tleoded as present in cheirodontin characids. In the examined
premaxillary ascending processes (state 0; Fig. 27). An almepecimens ofAcestrorhynchus pantaneiro and Agoniates
perfect correspondence exist between the absence of articalahovia Eigenmann these lamellae are reduced in size but
processes and the presence of lateral wings; however, inesent and these species are coded as state 1. These lamellae
simultaneous absence of these structurddamiodus cf. are variably present among the examined specimens of
thayeria, Leporinusstriatus, andPyrrhulina australis,among Lonchogenys ilisha Myers and this character is coded as
the examined species, justifies their inclusion as separatymorphic.
characters. This character is coded as inapplicable to the root
of this analysis in light of the different configuration of the31. Anterior convergence of ventral diverging lamellae with
bones of the snout of the Cypriniformes and Siluriformes. nasal septum of mesethmoid: (0) absent, or confluent near
anterior end of nasal septum; (1) confluent at posterior end
30. Ventral diverging lamellae of mesethmoid: (0) absent; of nasal septum.
(1) present. (LUOI, BU3i, TP8i, ZV22) When present, the diverging lamellae of the mesethmoid
The ventral diverging lamellae of the mesethmoid wengsually extend anterior to the articulation with the vomer and
described by Weitzman (1962) #irycon meeki. These paired are independent of the medial nasal septum of the mesethmoid
lamellae are situated ventrally in the mesethmoid posterior(&tate O; Fig. 1). In a group of species, principally composed
the lateral wings (state 1; Fig. 14) and are absent in magtmembers of the clade A of Malabarba & Weitzman (2003),
members of the outgroup (state 0). The condition observétese lamellae converge near the posterior end of the nasal
in Puntiustetrazona is herein considered as hon-comparableseptum, with the olfactory capsules separated from each other
and the root is coded as inapplicable for this character. by this composite septum (state 1; Fig. 28). In some examined
Aphyocharax spp., Paragoniates alburnus Steindachner, species including most members of the Cheirodontinae,
Phenagoniates macrolepis, Prionobrama paraguayensis Hasemania nana, Hemigrammus erythrozonus Durbin, H.
bleheri, Microschemobrycon casiquiare Bo6hlke,

26(1)

271 A1)
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Fig. 25.Anterior region of cranium d@reagrutusanary, Cl-  Fig. 26.Cranium ofParecbasiscyclolepis, MHNG 2228, 61.5
FML 3905 (ExANSP 178135), 46.7 mm SL, lateral view, anterionm SL, dorsal view, anterior to left. FRO: frontal, MES:
to left. MES: mesethmoid, OSP: orbitosphenoid, PSPnesethmoid, NAS: nasal, PAR: parietal, PMX: premaxilla.
parasphenoid, RSP: rhinosphenoid. Scale bar=1 mm.  Scale bar=1mm.
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Paracheirodon axelrodi, Parechasis cyclolepis, and septum resembles state 1, but the ventral diverging lamellae
Phenagoniates macrolepis, the ventral diverging lamellae are present as separate structures. This character is coded as
converge with the nasal septum, but do so anteriorly rathieapplicable to these species, pending future studies. The origin
than posteriorly, and the olfactory capsules are separatti homologies of the different structures forming the nasal
each other, at least partially, by the medial longitudinal nassgptum and their relationships with the olfactory capsules
septum of the mesethmoid. This situation is coded as statedmain to be studied in greater detail.
This character is inapplicable for species in which the ventral
diverging lamellae of the mesethmoid are reduced or absexasal:

33. Nasal: (0) present; (1) absent. (ZV17).
32. Nasal septum of mesethmoid: (0) single longitudinal The nasal bone is present in almost all the Characiformes
lamella; (1) two parallel lamellae apparently formed, in part, as a tubular bone lateral to the mesethmoid (state O; Figs. 2
by ventral diverging lamellae. and 21); its absence was cited among the examined

As previously mentioned, in most examined species tipdylogenies only in the alestigepidarchus adonis Roberts
ventral diverging lamellae of the mesethmoid are independd@danata & Vari, 2005) (state 1; Fig. 27). This bone is presentin
each other, at least posteriorly, and the nasal septum is fornaidhe examined species except Gaptobrycon bilineatus
by a medial single lamella attached dorsally to the ventral surfg&glis) andHyphessobrycon elachys Weitzman. Absence of
of the mesethmoid (state O; Figs. 1 and 28). In some speciesahessified nasal is probably associated with miniaturization,
nasal septum is formed by two closely-positioned and paralithough this bone is present in species of smaller adult sizes
lamellae that articulate posteriorly through cartilages with titean Coptobrycon bilineatus.
medial region of lateral ethmoids. This condition can be
observed dorsally through the somewhat transparent dor34i Bony lamellae bordering sensory canal of nasal: (0) absent
lamella of the mesethmoid (state 1; Fig. 18). As mentioned un@éimore slender than tubular region; (1) wider at some point
character 30, in these species the ventral diverging lamelladi#n tubular region. (VA17, LU31, MO48m, LI7, PZ10).
the mesethmoid are absent as separate structures, but probablin most examined species the nasal is reduced to a
partially form the composite nasal septum. Given that thabular bone, lacking or with distinctly small associated
identity of the ventral diverging lamellae as part of this naskimellae (state 0; Figs. 2 and 21). Vari (1995) reported the
septum was not corroborated herein, this character is considgreglsence of lamellae bordering the sensory canal of the
different from character 31. This character is coded assal dorsally and ventrally (state 1) in members of the
inapplicable td\phyocharax nattereri in which the whole nasal families Ctenoluciidae, Erythrinidae, Hepsetidae, and
septum is much reduced aRtienagoniates macrolepis in  Lebiasinidae.
which the posterior portion of the lamellae forming the nasal
septum diverge slightly at their posterior tips resulting in a n@rbitosphenoid:
directly comparable condition. IHeterocharax macrolepis, 35. Synchondral articulation between lateral ethmoid and
Hoplocharax goethei, and Lonchogenys ilisha, the nasal anterodorsal border of orbitosphenoid: (0) present; (1) absent,
with orbitosphenoid distant from lateral ethmoid.

The anterodorsal tip of the orbitosphenoid (the
orbitosphenoid wingsensu Weitzman, 1962: 20) is usually
distant from the lateral ethmoid, and the area between these
bones is filled by the posterior projection of the ethmoid
cartilage gensu Weitzman, 1962: 20), which also limits
anterolaterally the anterior myodome (state 1; Fig. 6). In some
species, in contrast, the anterior margin of the orbitosphenoid
is much closer to the lateral ethmoid and these bones articulate
synchondrally (state O; Fig. 29). This character is coded as
inapplicable forPuntius tetrazona which, as is usual in the
Cypriniformes, has an extensive contact between the
orbitosphenoid and lateral ethmoid along the entire anterior
margin of the orbitosphenoid. Mestes cf. macrophthalmus
Gunther,Brycinus carolinae (Paugy & Levéque), and
Bryconaethiops macrops Boulenger,the orbitosphenoid
articulates anteriorly with the lateral ethmoid, but contact in
the region lateral of the olfactory nerve and ventral to the region
considered in this character. These species are correspondingly
Fig. 27.Anterior region of cranium &@optobryconbilineatus,  coded as state 1. In the examined specimeBrg/cbnamericus
MCP 39051, 28.9 mm SL, dorsal view, anterior to left. MEf. rubropictus this character is variable and is coded here as
mesethmoid. Scale bar = 0.5 mm. polymorphic.

I 1
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36. Lateral bony coverage of olfactory nerve: (0) absent; (1) close to the parasphenoid (state 1; Fig. 14). In the examined
covered by posterior expansion of lateral ethmoid; (2) covered specimens ofAcestrocephalus sardina, Chalceus
by an anterior tubular projection of orbitosphenoid; (3) macrolepidotus Cuvier, Hollandichthys multifasciatus, and
covered laterally and ventrally by orbitosphenoid and lateral  Salminusbrasiliensisthe orbitosphenoid has an intermediate
ethmoid, which do not form canal. (UJ13m, ZV29m). size and these species are coded as polymorphic.

The orbitosphenoid usually has, from anterior view, an
anterior concavity partially containing the olfactory bulb o88. Distance between posterodorsal margin of ethmoid
the brain, with the olfactory nerve directed anteriorly from theartilage and lateral ethmoids: (0) contacting, or almost
bulb to the olfactory capsule through a foramen in the later@ntacting, lateral ethmoids; (1) distant from lateral ethmoids.
ethmoid. In most examined species, the olfactory bulb and nerve The dorsal region of the orbitosphenoid is margined
have no lateral bony coverage and they are visible through drgeriorly by a cartilage, the ethmoid cartilage of Weitzman
orbit after the eye is removed (state 0; Fig. 13). In some speci@€962), which is arched in dorsal view and anteriorly limits
the olfactory nerve is instead covered laterally in differerhe olfactory bulb of the brain and posteriorly the anterior
modes. In the Parodontidae the lateral ethmoid has a postengrodome. This myodome contains part of the extrinsic
projection that laterally covers the olfactory nerve (state fpusculature of the eye which attaches principally to the
Roberts, 1974: figs. 57, 61, and 63). In most species of thesterior wall of the lateral ethmoid. The position of the
Alestidae, the olfactory nerves are covered by a tubular anteridfactory bulb relative to the lateral ethmoid and,
projection of the orbitosphenoid that reaches the lateral ethmaiohsequently, the development and position of the anterior
(state 2; Zanata & Vari, 2005: fig. 9).Pantiustetrazonathere myodome varies among the examined species. The most
is an extensive articulation between the orbitosphenoid aobvious feature reflecting these differences is the position
the lateral ethmoid that completely covers the olfactory bullif the ethmoid cartilage, which is visible dorsally through
and tract.Distichodus Miiller & Troscheland Xenocharax the frontals. In most examined species the arch formed by
Gunther, as is general in the Citharinoidei (Vari, 1979; Zanatat&is cartilage contacts, or almost contacts, the medial region
Vari, 2005), have a similar condition, but the lateral coverage of the lateral ethmoids (state O; Fig. 2). In other species the
the anterior portion of the brain is not complete (state 3). Tle¢hmoid cartilage is distant from the lateral ethmoids and it
lateral coverage of the olfactory nerve by a tubular projectias, instead, connected to the medial region of the lateral
of the orbitosphenoid was considered as typical of the Alestide#nmoids through a longitudinal cartilage extending dorsally
by Géry (1977), and it was proposed as a synapomorphy fosm the rhinosphenoid, when present (state 1; Fig. 15). In
this family by Murray & Stewart (2002), and a synapomorphthe Cypriniformes and Siluriformes the olfactory bulbs are
for the African alestids by Zanata & Vari (2005). broadly separated from the telencephalon and situated just

posterior to the olfactory organ (Harder, 1975). Although

37. Form of orbitosphenoid: (0) slender, relatively small and this condition is not congruent with any of the states defined
separate from parasphenoid; (1) massive, almost reaching herein, it represents an opposite state to that described on
parasphenoid ventrally. (UJ12, UJ36, LC1, TP18, BE25, BU9). state 1. Thus, the root is herein coded as state 0. State 1 was

In most examined species of the Characidae the
orbitosphenoid is slender, and its ventral margin is dista 3s{0)
from the parasphenoid (state 0; Fig. 25), while in most memb "
of the outgroup and some species of the Characidae,
orbitosphenoid is relatively massive and its ventral margin
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| Fig. 29.Cranium ofAphyocharax dentatus, CI-FML 3035,
2 Shih 53.2 mm SL, ventrolateral view, anterior to left. 102-4: second

Fig. 28.Mesethmoid oBryconamericuscf. rubropictus, CI-FML  to fourth infraorbitals, LET: lateral ethmoid, MAX: maxilla,
3902, 47.3 mm SL, ventral view, anterior to left. Scale bar = 0.5 m@SP: orbitosphenoid, POP: Preopercle. Scale bar =1 mm.
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observed in a juvenile specimenS#fminus brasiliensis; the parietal fontanel (state 1; Fig. 23). Among the members of the
however, Zanata & Vari (2005) described an anteridCharacidae, Lucena (1998) mentioned the absence of this fontanel
displacement of the olfactory bulb Balminus Agassiz only inBryconpesu, while Buckup (1998) coded it as preseti.in
during the growth, and this character is coded apatemalenss Regan. According to Zanata & Vari (2005) this
polymorphic for this species. fontanel is present in specimendBopesu of 27.0 mm SL, and
absent in specimens of 49.7 mm SL, indicating that at least in some
39. Opening between orbitosphenoid and pterosphenoid: (0) species this character is variable during the growth. The parietal
present, rounded or ovate, usually margined by frontal fontanel is present in specimens of 256 mm SB.afeeki
dorsally; (1) absent. (AM15m). (Weitzman, 1962), and itis coded as present for this species. In the
In most members of the outgroup the posterior margin ekamined specimensBifal catusandB. orbignyanusthis fontanel
the orbitosphenoid is broadly articulated with the anterias present; as there is no published evidence indicating
margin of the pterosphenoid, leaving no gaps between thesgogenetic elimination of the parietal fontanel in these species,
bones (state 1). Almost all the examined characids instethis character is also coded with state 0.
have incomplete articulations between these bones, resulting
in an opening margined anteriorly by the orbitosphenoirootic:
posteriorly by the pterosphenoid, and dorsally by the orbitdP. Trigemino-facialis foramen: (0) broad, largely limited
lamella of the frontal (state O; Figs. 6 and 30). Weitzman (1968y sphenotic dorsally; (1) narrow, as a cleft with sphenotic
described a small foramen situated between tremostexcluded from its margin.
orbitosphenoid and pterosphenoid Brgycon meeki, which In most examined species the trigemino-facialis foramen is
serves as passage for the trochlear nerve. The correspondsiigated in an approximately triangular chamber on the anterior
of the opening discussed herein and that described syrface of the prootic, with the chamber limited dorsally by the
Weitzman (1962) was not corroborated, 8ngcon meeki is  sphenotic (state 0; Figs. 11 and 31). In the examined species of
coded as a missing entry. A similar opening between tighyocharax the trigemino-facialis foramen is reduced to a
orbitosphenoid and pterosphenoidd, not limited by the cleft, narrow in anterolateral view and almost completely limited
frontal), is present iMarkiana nigripinnisand the examined by the prootic and pterosphenoid (state 1; Fig. 30); in this state
species offriportheus Cope. These species are coded witthe dorsal margin of the trigemino-facialis foramen is much
the state 0. The presence of this opening is variable in ttegluced and the sphenotic, which limits dorsally the foramen,
examined specimens dbplocharax goethei and this species is almost excluded from its margin.
is coded as polymorphic.

Pterosphenoid:
Parasphenoid: 43. Large foramen on pterosphenoid: (0) absent; (1) present,
40. Anterior paired projections of parasphenoid: (0) absent; well developed.
(1) present. (BE26). In most examined species the lateral surface of the

The anterior region of the parasphenoid articulates wigiterosphenoid is flat or has a shallow ridge ventrally limiting
the posterior lamella of the vomer and the ventral margin of
the lateral ethmoids. Usually, the lateral edges of t )
parasphenoid are entire and parallel in all their extent acr¢
the orbit, lacking any projections (state 0). The paraspheng
of some examined species instead has paired acute proce
situated near its anterior end, oriented towards t
posteroventral margin of each lateral ethmoid (state 1; F
12). Benine (2004) defined three states for this charact
considering an intermediate situation, in which sucf
processes are present but reduced in size. Only the specice
which these processes are present and well developed i
the examined specimens are herein coded as state 1, lea]
as polymorphic those species in which these process are
variable occurrence or much reduced.

Parietal:
41. Parietal fontanel: (0) present in adults; (1) absent in
adults. (BU15, LU12, ZV37, PZ16). 4201

The parietal fontanel, when present, is limited laterally by tHeig. 30. Posterior region of neurocranium Aphyocharax
frontals and parietals, anteriorly by the epiphyseal bar, aadisitsi, CI-FML 2951, 29.6 mm SL, lateral view, anterior to
posteriorly by the supraoccipital (state 0; Fig. 26). In some specieft. OSP: orbitosphenoid, PRO: prootic, PTS: pterosphenoid,
the contralateral frontals and parietals meet medially, occludi§§?H: sphenotic. Scale bar = 0.5 mm.
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the supraorbital nerve, which is directed to the trigemindrhinosphenoid:
facialis foramen (state 0; Figs. 11, 30, and 31). In th&/. Rhinosphenoid: (0) absent; (1) present. (UJ35, BU7, LUS,
examined specimens @phyocharacidium bolivianum CM11(13), TP16i, VB15, SE15, BE20i, ZV31i, LI28, BUS,
and Axelrodia lindeae there is a large foramen situatedQU21i, PZ13).
in the middle of the pterosphenoid (state 1; Fig. 32). The The rhinosphenoid is a medial bone situated anterior to the
association of this foramen with blood vessels or nervesbitosphenoid, which is present in most characiforms (state
was not confirmed. The presence of this foramen i5 Figs. 6, 24, and 34) albeit is absent in many groups in the
variable among the examined specimens ofharaciformes and the remaining Ostariophysi (state O; Fig.
Microschemobrycon casiquiare and this species is coded14). Buhrnheim (2006) mentioned the presence of rhinosphenoid,
as polymorphic. among others, i€harax stenopterus; this bone is, however,
absent in the specimens of this species herein examined, and
44. Small foramen near posterior margin of pterosphenoid: this species is coded as polymorphic. The presence of this
(0) absent, or not pierced by nerves; (1) present, pierced by a bone is intraspecifically variable among the examined specimens
branch of supraorbital nerve.

The supraorbital nerve runs through the orbit in th
region of articulation between the frontal anc
orbitosphenoid/pterosphenoid, entering to the brainca
through the trigemino-facialis foramen in most examine
species (state 0). In some species, mostly of the Stevardii
a branch of this nerve enters to the braincase throug
small foramen near the posteroventral margin of t
pterosphenoid (state 1; Fig. 31). The examined alcohd
preserved specimens éfstyanax cf. eigenmanniorum
(Cope),Cynopotamus ar genteus, Hemibrycon surinamensis
Géry, Hyphessobrycon bifasciatus Ellis, Moenkhausia
sanctaefilomenae (Steindachner)Qligosarcus spp., and
Roeboides microlepishave small pores in a similar position,
but these pores are not pierced by nerves or blood vess
therefore these species are coded with state 0.

Pterotic:

45, Dorsal process of pterotic where tendon from epaxial Fig. 31.Posterior region of neurocraniunBofconamericusalpha,
musculature attach: (0) absent; (1) present, projecting ANSP130512,42.8 mm SL, anterolateral view, anterior to left. PRO:

dorsally from tube for semicircular canal. prootic, PTS: pterosphenoid, SPH: sphenotic. Scale bar =1 mm.

The examined species usually have a tendon from tp=
epaxial musculature attached to the lateral margin of t
pterotic tube for the horizontal semicircular canal, or to

there is a small process directed dorsally from the tube f
the semicircular canal, onto which this tendon attach
(state 1; Fig. 33). The presence of this process is varia
among the examined specimens Mimagoniates
rheocharis, Nematobrycon palmeri, and Phenagoniates
macrolepis which are coded as polymorphic.

46. Relative length of pterotic spine: (0) projected more
posteriorly than attachment site of ligament from
hyomandibula; (1) restricted to attachment region of
hyomandibular ligament.

In all the examined members of the outgroup and so
characids, the pterotic spine is projected posterior to t
attachment site of a ligament from the hyomandibula (state
Figs. 5 and 7). In most examined members of the Characidég. 32. Posterior region of neurocranium Akelrodia
the pterotic spine is relatively reduced and its extension lisdeae, MCP 37314, 18.7 mm SL, lateral view, anterior to left.
limited to the posterior extension of the attachment site f®RO: prootic, PTS: pterosphenoid, SPH: sphenotic, TSC: tube
the hyomandibular ligament (state 1). for semicircular canal. Scale bar =1 mm.
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of Astyanax correntinus (Holmberg), A. latens Mirande, Supraoccipital:
Aguilera & Azpelicueta,Diapoma terofali (Géry), and 51. Anterior margin of supraoccipital: (0) situated completely
Hyphessobrycon bifasciatus, in which this character is coded behind vertical through posterior orbital margin; (1) situated
as polymorphic. anterior to vertical through posterior orbital margin.
The anterior margin of the supraoccipital that forms the

48. Dorsal expansion of rhinosphenoid: (0) absent; (1) the posterior margin of the parietal fontanel, when that
present and forming a bony wall between olfactory nerves. opening is present, is located posterior to the vertical through
(SE17, BE21). the posterior margin of the orbit in most examined species

The form of the rhinosphenoid is variable among théstate 0). In some species, in contrast, the anterior margin of
examined species. In some species this bone hasha supraoccipital is situated anterior to the vertical through
rectangular form and is situated completely ventral to ththe posterior margin of the orbit (state 1; Fig. 24). The examined
olfactory nerves (state 0; Figs. 6 and 34)Characidium
spp., Hemiodus cf. thayeria, and many species of the 4541
Characidae, the rhinosphenoid is expanded dorsally and
forming a bony wall between the olfactory nerves (state
Fig. 24). Benine (2004) coded, among otheBario
steindachneri (Eigenmann) andietragonopterus argenteus
Cuvier as lacking a dorsally expanded rhinosphenoi
however a well developed process was observeB. in
steindachneri and a relatively smaller process was found i
T. argenteus and these two species are coded &
polymorphic. A relatively reduced or intraspecifically,
variable dorsal projection of the rhinosphenoid was als
observed imphyodite grammica EigenmannHemigrammus
unilineatus, Hyphessobrycon elachys, H. pulchripinnis Ahl,
Microschemobrycon casiquiare, and Moenkhausia
sanctaefilomenae which are coded as polymorphic. This
character is coded as inapplicable to species lacking
ossified rhinosphenoid.

|
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Fig. 33.Cranium ofPhenacogaster tegatus, CI-FML 3880,
49. Posterior extension of rhinosphenoid cartilage: (0) 35.3 mm SL, lateral view, anterior to left. |02-3: second and
projected only to middle horizontal length of orbitosphenoid, third infraorbitals, MAX: maxilla, POP: Preopercle, PTO:
or less; (1) extended to vertical through region of articulation pterotic. Scale bar =1 mm.
between orbitosphenoid and pterosphenoid.

The rhinosphenoid cartilage is situated between t
rhinosphenoid, lateral ethmoid, and parasphenoid. In alm
all of the examined species, this cartilage extends posteri
along the dorsal margin of the parasphenoid to a point
surpassing the vertical through middle horizontal length ¢
the orbitosphenoid (state 0; Fig. 35). Ilmpaichthys kerri
and Xenagoniates bondi, this cartilage extends more
posteriorly and reaches the vertical through the region
articulation between the orbitosphenoid and pterosphend
(state 1). The examined specimensHifllandichthys
multifasciatus have an intermediate situation that is code
as polymorphic.

AT 11480 T

50. Ventral border of rhinosphenoid: (0) distinctly separate
from parasphenoid; (1) almost contacting parasphenoid.

In most examined species the rhinosphenoid is variab : L. :
but distinctly separated from the parasphenoid (state 0; F _ BE(1] 17E(1] 175115 B
25). In a small group of species, the rhinosphenoid is situateidj. 34.Posterior region of cranium @ligosarcusbolivianus,
near the parasphenoid, and its ventral margin is parallel@-FML 3366, 83.4 mm SL, lateral view, anterior to left. |04-6:
and almost contacts the dorsal margin of the parasphentdrth to sixth infraorbitals, FRO: frontal, OPE: opercle, POP:
(state 1). This character is coded as inapplicable in specpggopercle, PTO: pterotic, RSP: rhinosphenoid, SPP:
without an ossified rhinosphenoid. suprapreopercle. Scale bar =1 mm.
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specimens oHyphessobrycon socolofi Weitzman have an synapomorphy of a clade composed of the Ctenoluciidae and
intermediate situation that is coded as polymorphic. Erythrinidae.Hoplias cf. malabaricus (Bloch), Inpaichthys

kerri, and the root of this analysis are coded with state 1,
52. Length of supraoccipital spine: (0) extends dorsal of entire although based on its position and extension this bone
neural complex of Weberian apparatus; (1) extends dorsal of appears to be fusedlifopliascf. malabaricusand cyprinids
approximately one half extent of neural complex. (AM16m, and absent ih. kerri.
CM8(9), MO34m, VB24m, SE18m, BE19m, QU25m).

56. Position of antorbital relative to lateral ethmoid in lateral
53. Length of supraoccipital spine: (0) extends posteriorly view: (0) antorbital entirely anterior to lateral ethmoid; (1)
to, at least, middle length of neural complex of Weberian antorbital overlapping lateral ethmoid. (TP2).
apparatus; (1) extends only to anterior limit of neural complex. In most examined species the antorbital is situated lateral
(LU23m, MO34m, VB24m, SE18m, BE19m, QU25m). to the olfactory capsules and bordering the nasal openings

When it is present, the supraoccipital spine forms theosteriorly but is positioned entirely anterior to the lateral

posterior margin of the parietal fontanel and extends dorsgthmoid (state 0; Figs. 35 and 36). In some species the
to the modified vertebrae of the Weberian apparatus #mtorbital is relatively broader, extensively overlapping the
different degrees among the examined species. The lengttetéral margin of the lateral ethmoid (state 1; Fig. 37). This
the supraoccipital spine is herein compared to that of theoadening of the antorbital was mentioned by Castro (1984)
neural complex of the Weberian apparatus. In some specéssa possible synapomorphy of a proposed clade formed by
the supraoccipital spine is greatly developed and exten@hipeacharax Pearson anéngraulisoma Castro
dorsal to the entire neural complex (character 52, state 0; Fig.
24). In an intermediate state, it extends onto the middle of théraorbitals:
length of the neural complex (character 52, state 1; charach&r. Relative position of anterior margin of antorbital and
53, state 0; Figs. 5 and 8), whereas in some species fingt infraorbital: (0) anterior margin of antorbital either
supraoccipital spine covers only the anterior vertical porticaligned with or anterior to first infraorbital; (1) anterior
of the neural complex (character 53, state 1; Fig. 35hargin of antorbital posterior to first infraorbital. (ZV6i).
Intermediate states of the character 52 were observed inThe first infraorbital is located just ventral to the
Astyanax abramis (Jenyns)A. cf. abramis, A. correntinus, antorbital and extends to a varying degree along the
Brycon orbignyanus, Markiana nigripinnis, Piaractus longitudinal length of this bone. In most species the anterior
mesopotamicus, Pseudochalceus kyburzi, and Rhoadsia margin of the first infraorbital reaches a point between the
altipinna, which are coded as polymorphic. The examineohiddle and anterior margin of the antorbital, but not projects
specimens oHyphessobrycon socolofi and Roeboexodon — anterior to this bone (state 0; Fig. 37). In several outgroups
geryi have intermediate states of the character 53, and thisd Galeocharax humeralis the first infraorbital
character is also coded as polymorphic in these species.conspicuously projects anterior to the antorbital (state 1).

\Vomer:
54. Dorsolateral processes of vomer: (0) absent; (1) present. (PZ7)
The vomer, in most species, has a medial longitudinal rid
in the dorsal surface aligned with a ridge on the ventral surfag
of the mesethmoid, together with there forming the nas
septum (state 0). In addition to this medial lamella, some spec
have paired dorsal lamellae on the vomer aligned with t
ventral diverging lamellae of the mesethmoid (state 1; Toled
Piza, 2007: fig. 5). These ridges were called dorsolate
processes of vomer by Toledo-Piza (2007).

BE|H 45N (L]

Orbital region
Antorbital: :
55. Antorbital: (0) present; (1) absent or fused with first b
infraorbital. (VA1, BU20, LU25, ZV1).

The antorbital is present as an independent ossificati
in almost all the Characiformes (state 0; Fig. 37), whereas i 2011
presumably fused with the first infraorbital, forming theFig. 35.Cranium ofMicroschemobrycon casiquiare, ANSP
lachrymal, in the Cypriniformes and Siluriformes (Weitzman159704, 26.0 mm SL, lateral view, anterior to left. MAX: maxilla,
1962). The absence of antorbital (state 1) is not usual MEC: Meckelian cartilage, NCO: neural complex of Weberian
Characiformes; it was mentioned for several genera (Lucemrgparatus, OSP: orbitosphenoid, PTS: pterosphenoid, RHC:
1993; Buckup, 1998) and proposed by Vari (1995) asrhinosphenoid cartilage, SOC: supraoccipital. Scale bar =1 mm.
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58. Bony lamellae bordering laterosensory canal of first In most species of the ingroup the first infraorbital
infraorbital: (O) present; (1) absent. (ZV9m). overlaps the maxilla to some degree, while the ventral margin
In most examined species the first infraorbitabf second infraorbital is situated dorsally and does not cover
laterosensory canal is margined by a bony lamella bothe maxilla laterally (state 0). In some examined species, both
dorsally and ventrally, (state O; Figs. 38 and 39). In sontke first and second infraorbitals form part of a sheath that
species the first infraorbital is reduced to the laterosensamgceives the dorsal margin of the maxilla when the mouth is

canal, and these lamellae are lacking (state 1; Fig. 40). Td¢lesed (state 1; Zanata & Vari, 2005: fig. 3) Apareiodon
lamellae of all the infraorbitals are much reduced iaffinis (Steindachner)Characidium spp., Distichodus

Gymnocharacinusbergii differing from other species lacking

maculatus, Hemiodus cf. thayeria, Iguanodectes geisleri

bony lamellae on the first infraorbital, in which the lamellae oBéry, Leporinus striatus, Metynnis maculatus, Parodon

the remaining infraorbitals are well developed. Howe®er,

nasus (Kner), Piabucus melanostomus, and Puntius

bergii is coded as state 1. The first infraorbital is absent tetrazona, the posterior tip of the maxilla falls short of the
Carnegiella strigata and Coptobrycon bilineatus, and this second infraorbital and this character is coded as

character is coded as inapplicable to these species.

inapplicable.

59. Extent of expansion of first infraorbital lateral to maxilla:
(0) covering less than one half length of maxilla; (1) covering
most of maxilla. (PZ30m).

The ventral margin of the first infraorbital forms a groove
that receives the dorsal margin of the maxilla in most examin
species. This grooves usually laterally covers as much as
half the length of the maxillary lamella when the mouth is close
(state 0). IMAcestrorhynchus pantaneiro the first infraorbital
entirely covers the maxilla in lateral view (state. 8, Menezes,
1969: fig. 23), and the maxillary lamella is also significantl
covered by the first infraorbital iAgoniates anchovia,
Bryconexodon juruenae, Engraulisoma taeniatum, Exodon
paradoxus, Heterocharax macrolepis, and Roeboexodon
geryi, all of which are coded as state 1. This character is coc
as inapplicable t@Carnegiella strigata and Coptobrycon
bilineatus, in which the infraorbitals are much reduced.
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60. Lateral overlap of first infraorbital by anterior margin
of second infraorbital: (0) absent; (1) present.

Fig. 36.Anterior region of cranium dRhoadsia altipinna,
MHNG 2173.31, 73.5 mm SL, lateral view, anterior to left. AOR:

In most examined species the posterior margin of tretorbital, LET: lateral ethmoid. Scale bar =1 mm.

al

first infraorbital and the anterior margin of the secon
infraorbital either are not contacting each other or the fir
infraorbital is overlapping laterally the second infraorbita
(state 0; Figs. 40 and 41). The examined specigs/obnops
Kner andTriportheus instead have the anterior margin of
the second infraorbital extensively overlapping the posteri
margin of the first infraorbital, especially in the region of th
laterosensory canal, and covering it from lateral view (sta
1; Fig. 39). This character is coded as inapplicable
Carnegiella strigata andCoptobrycon bilineatus in which
the infraorbitals are reduced. This character differs with th
described by Lucena & Menezes (1998: fig. 4) in which on
the laterosensory canal of the second infraorbital overla
laterally the lamella of the first one, whereas its lamella
situated clearly medial to that of the first infraorbital. In th
state 1 of this character both the laterosensory canal &
the lamella of the second infraorbital overlap laterally th

STiH SNOFSEL)
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lamella of the first infraorbital.

61. Overlap of maxilla by second infraorbital: (0) absent; (1)
present. (LM5).

Fig. 37.Anterior region of cranium @fgoniatesanchovia, MCP
16969, 127.7 mm SL, lateral view, anterior to left. AOR: antorbital,
I01: firstinfraorbital, LET: lateral ethmoid. Scale bar =5 mm.
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62. Articulation between second and third infraorbitals: (0) situation is found in some species in which the posterior
vertical; (1) anteroventrally angled; (2) posteroventrally angled. margin of the second infraorbital is posteroventrally oblique
The articulation between the second and third infraorbitadshd the second infraorbital ventrally borders the anterior
lacks interdigitations among the examined species. The maggion of the third infraorbital (state 2; Fig. 39). The latter
variation in this articulation is the relative angle of contacttate is usually found in species with a long maxilla, although
between these bones. In the most common situation th@me species with a long maxilla have state O or even state 1,
posterior margin of the second infraorbital and the anterisuch asParagoniates alburnus.
margin of the third infraorbital describe an approximately
vertical line perpendicular to the horizontal arm of th&3.Anterior region of third infraorbital: (0) not much expanded
preopercle (state O; Fig. 41). In a relatively diverse group tdlative to posterior region of second infraorbital; (1) abruptly
species the second infraorbital has an approximately triangudsgpanded relative to posterior region of second infraorbital.
shape, with an anteroventrally oblique posterior margin. In In most examined species the ventral margins of the second
this state the third infraorbital partially borders the ventralnd third infraorbitals form a nearly continuous line, without
edge of the second infraorbital (state 1; Fig. 40). The inversenspicuous expansions of these bones (state 0; Fig. 41). In

TE) T4l1)

i
-.l-..
|II' s
|
[
|
| | —
| |
{ |
| | -
| I
GE0| SEB1} 60{3) G631} GEIFHETIH

Fig. 38. Infraorbitals ofChalceus macrolepidotus, MHNG  Fig. 40.Infraorbital series dParagoniatesalburnus, MHNG
2189.13, 64.0 mm SL, anterior to left. |O1: first infraorbital, |042370.12, 65.1 mm SL, anterior to left. |01-4: first to fourth
fourth infraorbital, 106: sixth infraorbital. Scale bar =1 mm. infraorbitals. Scale bar =1 mm.
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Fig. 39.First to fifth infraorbitals oBryconops melanurus,  Fig. 41.Infraorbital series of\styanax cf. asuncionensis, Cl-
MCP 15807, 83.4 mm SL, anterior to left. I0O1-4: first to fourtiFML 3912, 61.1 mm SL, anterior to left. |01-6: first to sixth
infraorbitals. Scale bar=1 mm. infraorbitals. Scale bar=1 mm.
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Hyphessobrycon eques (Boulenger)H. socolofi, andPristella  presence of six well developed infraorbitals that is usually
maxillaris, the anterior margin of the third infraorbital is muchpresent in the Characidae. Therefore it is preferred to include
expanded ventrally relative to the posterior margin of theoth conditions in the same state, instead of coding this
second infraorbital. Thus, the line formed by the ventraharacter for presence or absence of the fourth infraorbital.
margins of these bones is not straight but rather hasrhis character is coded as inapplicable to the species in which
sinusoidal shape in the region of articulation between theakthe infraorbitals are reduced.
elements (state 1; Fig. 9).
67.