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Systematicsand biogeogr aphy of Ster nar chellini (Gymnotifor mes:
Apteronctidae): Diver sification of electricfishesin largeAmazonianrivers

Stephen J. Ivanyisky |11 and James S. Albert

The Sternarchellini (Gymnotiformes, Apteronotidae) isaclade of 10 electric fish speciesthat inhabit deep river channels of the
Amazon and Orinoco basins, attain moderate adult body sizes (15-50 cm TL), and have apredatory life style. Herewetracethe
evolutionary origin and diversification of Sternarchellini using standard phylogenetic and biogeographic procedures and a
dataset of 70 morphological characters. The main results are: 1) the genus Sernarchella includes both species currently
assigned to the genus Magoster narchus; and 2) neither of the multi-speci es assemblages of Sternarchellini inthe Amazon and
Orinoco basins are monophyletic. Historical biogeographic analysis suggests that sternarchelline evolution was linked to the
large-scaleriver capture event that formed the modern Amazon and Orinoco basins, i.e. the Late Miocene rise of the Vaupes
structural arch and concomitant breaching of the Purus structural arch. This event is hypothesized to have contributed to
formation of the modern sternarchelline species, and to the formation of the modern basin-wide sternarchelline species
assemblages. Theresultsindicate that cladogenesis (speciation) and anagenesi s (adaptive evol ution) were decoupled processes
inthe evolution of Sternarchellini.

Sternarchellini (Gymnotiformes, Apteronotidae) é um clado de 10 espécies de peixes el étricos que habitam canais profundosde
rios das bacias do Amazonas e Orinoco, que atingem um tamanho moderado quando adultos (15-50 cm CT), e possuem habito
predatério. Rastreamosaorigem evolutivae diversificacdo de Sternarchel lini utilizando técnicasfilogenéticas e biogeograficas
padrdes e um conjunto de dados de 70 caracteres morfol 6gicos. Os principais resultados séo: 1) o género Sernarchellainclui
duas espécies atual mente atribuidas ao género Magoster nar chus; e 2) as assembl eias de multi-espécies de Sternarchellini nas
bacias A mazbnica e do Orinoco ndo formam grupos monofiléticos. A andlise biogeografica historica sugere que aevolucéo do
Sternarchellini esteve ligada ao evento de capturaderio de grande escalaque formou as atuai s bacias do Amazonas e Orinoco,
i.e., 0 soerguimento do arco estrutural Vaupés no Mioceno Superior e o rompimento concomitante do arco estrutural Purus. E
proposto que esse evento contribuiu para o surgimento das espécies atuais de Sternarchellini, e paraaformacdo das assembl eias
modernas de espécies de Sternarchel lini com ampladistribui¢éo nas bacias. Osresultadosindicam que cladogénese (especiagéo)
e anagenése (evolucdo adaptativa) foram processos desacoplados na evolucéo de Sternarchellini.
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Introduction catfishes, and therefore contribute to the food web, supporting

a mgjor fishery of the region (Lundberg & Lewis, 1987,

The Sternarchellini (Gymnotiformes: Apteronotidae) isa
cladeof medium-sized (15-50 cm TL) knife-shaped (culteriform)
electric fishesthat inhabit deep river channelsin tropical South
America(Lundberg et al., 1996; Albert, 2001). Sternarchellines
inhabit the main stems of the Amazon and Orinoco riversand
some of their larger lowland tributaries, where they are
predatorsof small aquatic animals(Albert & Crampton, 20054).
The genus Sernarchellaincludes some of the most abundant
species of electric fishes that live in deep channels of the
Amazon and Orinoco basins (Lundberg et al., 2013).
Sternarchellines are an important food source for large river

Crampton, 1996).

Sternarchelline species possess a suite of morphological
and behavioral phenotypes associated with activelocomotion
and foraging in swiftly flowing riverine water. These traits
include: robust oral and pharyngeal jaws with many large
conical teeth, a reticulated skeleton riddled with lipid filled
cavities, and large lamellar attachment sitesfor axial and jaw
muscles. Sternarchellinesalso produce avery high-frequency
wave-type electric organ discharge (EOD) for use in object
location and social communication, generating discharge
frequenciesranging from about 940 to 2,180 cyclesper second
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(Hz). Some sternarchellines produce the highest electrical
dischargefrequenciesof all electricfishes, with the electrogenic
system of S. schotti being the fastest known biological
oscillator (Albert & Crampton, 2005b; Crampton & Albert,
2006).

The Sternarchellini isamember of the A pteronotidae, the
most species-rich family of Gymnotiformes, with 87 currently
valid species. The Apteronotidae is an ancient group that
originated in the early Cenozoic or late Cretaceous (Albert,
2001; Near et al., 2012) and which ranges over thewhol e extent
of the South American platform, from northern Argentinato
Panama (Eigenmann & Allen, 1922). Within Apteronotidae,
Sternarchellini isamember of the Navajini, including thegenera
Compsaraia, Magosternarchus, Porotergus, Sternarchella,
and Sernarchogiton (Albert, 2001). Members of the Navajini
arehighly specialized for living in the deep channels (10 - 50
meters) of large lowland Amazonian rivers (stream orders 6-
10). The Navajini, from the Spanish word navaja, blade, is
named for itshighly derived body shape, strongly compressed
laterally, semi-translucent with apink hueinlife, with few or
no melanophores and few large scales over most of the body
surface, large thin translucent and rhomboid-shaped scales
along the lateral line, and a relatively deep body with long
bony supports (anal-fin pterygiophores) used to anchor the
muscles that undulate the elongate anal fin. The character
definitionsfor Sternarchellini arefromAlbert (2001), amended
herein.

Sternarchellini iscurrently known from ninevalid species
and one undescribed species allotted to three genera:
Magoster narchus with two species (M. duccisand M. raptor,
Lundberg et al., 1996), Pariosternarchus with one species,
and Sernarchella with seven species (Albert, 2001; Albert &
Crampton, 2006; Table 1). Magosternarchus is notable in
having one of the most specialized head and jaw morphologies
for grasping prey items within the Apteronotidae.
Magosternarchus also exhibit extreme behaviors, such as
feeding on thetails of other gymnotiform fishes (L undberg et
al., 1996), and discharging electric signals at frequencies up
to 2,000 Hz (Albert & Crampton, 2005b). The monotypic
Pariosternarchus amazonensis (Albert & Crampton, 2006)
has a very broad and flat ventral surface of the head, with
greatly expanded mandibular laterosensory canals,
presumably used in object detection on the river benthos.
Species of Magosternarchus and Pariosternarchus are rare
in collections, and are presumably present in low densitiesin
the wild. Sernarchella is known from six valid species: S
calhamazon (Lundberg et al., 2013), S. orinoco (Mago-L eccia,
1994), S orthos(Mago-Leccia, 1994), S. schotti (Steindachner,
1868), S sma (Starks, 1913), S terminalis(Eigenmann & Allen,
1942), and one undescribed species (Sernarchella sp. A,
Crampton, 2011). Most species of Sternarchella (except S.
schotti and Sernarchella sp. A) arecommonly takeninmiddle
and bottom water trawls in large rivers of the Amazon and
Orinoco basins, and these species are presumably present in
high abundances in these habitats.

Systematics and biogeography of Sternarchellini

The genus Sternarchella was introduced by Eigenmann
(in Eigenmann and Ward, 1905) to include S. schotti
(Steindachner, 1868), originally described as Sernarchus
schotti from Barra do Rio Negro (Manaus), Brazil.
Steindachner (1868) also described S. capanemae from
Manaus, but this is now treated as a junior synonym of S.
schotti (Lundberg et al., 2013: 170-171). Sernarchellasima
(Starks, 1913) was described from thevicinity of Para, Brazil.
Sernarchella terminalis (Eigenmann & Allen, 1922) was
described from lquitos, Peru, although originally placed in
another apteronotid genus, Porotergus. Sternarchella
curvioperculata (Godoy, 1968) was described from the Rio
M ogi-Guassu in the upper rio Paranabasin, and subsequently
placed in the genus Porotergus by Mago-Leccia (1994).
Sternarchella curvioperculata was not found to share
characters with other Sternarchella species or
Magosternarchus in a subsequent morphological study by
Triques (2005). Sernarchella orthos and S. orinoco were
described by Mago-L eccia (1994) from localitiesin Orinoco
basin, Venezuela. Sernarchella calhamazon was recently
described by Lundberg et al. (2013) as the most abundant
species of apteronotid electric fish in the Amazonian river
channels.

Understanding the phylogeny and historical
biogeography of Sternarchellini will contribute to answering
some important questions in Neotropical 1chthyology. How
did so many apteronotid species cometo inhabit therelatively
small habitat space presented by deep river channels of
lowland Amazonia? Doesthe deep channel faunarepresent a
case of adaptive radiation by means of ecological
specialization? What are the relative roles of geographic
isolation and ecological specialization in the origin of these
species, and in the formation of the basin-wide assemblages?
Herewe provide aphylogenetic revision of the Sternarchellini
from examination of specimens representing all known
species, and use the results to help interpret its history of
biogeographic and adaptive evolution.

Material and M ethods

Material used in this study included 69 museum lotswith
239 specimens, including 57 lots of ingroup taxa with 220
specimens. Specimens examined are listed in Appendix 1.
Museum abbreviations are: American Museum of Natural
History (AMNH), Academy Natural Sciences, Philadelphia
(ANSP), Field Museum of Natural History (FMNH), Museum
University San Marcos (MUSM), California Academy of
Sciences-Stanford University (CAS-SU), University of Florida
(UF), University of Michigan Museum of Zoology (UMMZ),
and United States National Museum (USNM).

External characters, morphometrics, and meristics, were
examined from specimens of 16 apteronotid species, all
originally fixed in 10% formalin and preservedin 70% ethanol.
Morphometric methods were modified for Sernarchella
speciesfromAlbert (2001). Morphometric measurementsare:
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Table 1. Summary of taxonomic dataon valid species of Sternarchellini.

Species Year Author(s) Typelocality State, Country Basin

Magoster narchus duccis 1996 Lundbergetal. Rio Branco near confluence Rio Negro Roraima, Brazil Amazon
Magoster narchus raptor 1996 Lundbergetal. Rio Solimdes, near confluence Rio Purls Amazonas, Brazil Amazon
Pariosternarchus amazonensis 2006  Albert & Crampton Mamiraud reserve, Alvardes near Tefé Amazonas, Brazil Amazon
Sernarchella calhamazon 2013  Lundberg et al. rio Madeira, 35 km above confluencewith  Amazonas, Brazil Amazon

rio Amazonas

Sernarchella orinoco 1994 Mago-Leccia Delta of Rio Orinoco at Islalguana Amacuro, Venezuela Orinoco
Sernarchella orthos 1994 Mago-Leccia Rio Apure near mouth Rio Boqueronis Apure, Venezuela Orinoco
Sernarchella schotti 1868  Steindachner Mouth of Rio Negro at Manaus Amazonas, Brazil Amazon
Sernarchellasima 1913  Starks Para (Belem) Pard, Brazil Amazon
Sernarchella terminalis 1942  Eigenmann & Allen near lquitos Loreto, Peru Amazon

total length (TL), length to theend of theanal fin (LEA), anal
fin length (AF), head length (HL), preorbital distance (PR),
eye diameter (ED), postorbital distance (PO), interorbital
distance (10), mouth width (MW), head depth through the
nape (HD1), head depth through the eye (HD2), head width
(HW), length from anusto anal-fin origin (PA) (Fig. 1); body
depth through end of the body cavity (BD), and body width
at the end of the body cavity (BW) are not depicted in Fig. 1.
Specimens with damaged or incompletely regenerated tails
were not measured for TL. Due to proportion of specimens
with incompletely regenerated tails, HL was used as the
standard measure of overall specimen size. PC1 may also be
used as a measure of overall body size. Morphometric data
aresummarizedin Table 2.

Principal Components Analyses (PCA) including
specimens of all Sternarchella species were conducted with
the software package PAST (Hammer et al., 2001) in order to
understand morphometric variation and to discover
phenotypic discontinuities in a multivariate morphospace.

Twelve log-transformed morphometric characters were used
inthe PCA. Total length, LEA, and AF measurements were
not used due to the occurrence of incompletely regenerated
tailsin severa specimens. Thefirst principd axis (PC1) variable
loadingswereall positive and varied littlein magnitude. PC1
wasinferred asageneral sizefactor (Jolicoeur & Mosimann,
1960; Jolicoeur, 1963; McElroy & Douglas, 1995).

Clearing and staining for bone and cartilage followed the
procedure of Taylor & Van Dyke (1985). The following
modification to the clearing and staining procedure was
utilized to manage the high lipid content of many
Sternarchellini: before starting the protocol for clearing and
staining, specimens were placed in xylene for one day.
Specimens were then washed in three separate 95% ethanol
baths to remove xylene from tissues. Specimens were
subsequently transferred directly to Alcian Blue solution to
maximize uptake of the hydrophobic stain. Cleared and stained
specimens were stored in a final solution of 70% glycerol
(with thymol). Dissection of cleared and stained specimens
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Fig. 1. Linedrawing of the holotype of Sternarchella sima (SU 22220), illustrating landmarks used in morphometric analysis.
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Table 2. Summary of morphometric data collected from 217
specimensin six Sernarchella species.

S calhamazon S. orinoco

n range avg. n range avg.
HL 52 12.8-30.6 24.1 37 13.4-33.5 20.5
PR% 52 0.29-0.33 0.31 37 0.28-0.32 0.3
ED% 52 0.06-0.08 007 37 0.05-0.08 0.06
PO% 52 0.60-0.66 0.64 37 0.64-0.70 0.67
10% 52 0.18-0.23 0.2 37 0.14-0.21 0.17
MW% 52 0.17-0.23 0.19 37 0.17-0.23 0.21
HD1% 52 0.57-0.67 062 37 0.44-0.53 0.48
HD2% 52 0.72-0.85 078 37 0.63-0.76 0.70
HW% 52 0.38-0.51 043 37 0.36-0.49 0.42
PA% 52 0.51-0.77 0.63 37 0.17-0.46 0.31
BD% 52 0.92-1.17 102 37 0.69-1.20 0.84
BW% 51 0.26-0.38 0.32 36 0.16-0.32 0.21
BW/BD 51 0.26-0.35 031 36 0.20-0.34 0.25

S sma S orthos

n range avg. n range avg.
HL 19 14.6-25.4 19.8 54 16.4-43.9 30.3
PR% 19 0.28-0.35 031 54 0.29-0.34 0.32
ED% 19 0.05-0.07 006 54 0.05-0.08 0.06
PO% 19 0.63-0.71 066 54 0.60-0.66 0.63
10% 19 0.22-0.26 024 54 0.13-0.19 0.16
MW% 19 0.16-0.22 020 54 0.17-0.22 0.19
HD1% 19 0.49-0.64 0.57 54 0.44-0.61 0.53
HD2% 19 0.72-0.88 079 54 0.60-0.77 0.68
HW% 19 0.43-0.52 048 54 0.31-0.51 0.41
PA% 19 0.35-0.59 045 54 0.34-0.68 0.50
BD% 19 0.93-1.27 1.07 54 0.75-1.14 0.92
BW% 19 0.24-0.42 0.33 54 0.16-0.38 0.27
BW/BD 19 0.26-0.35 031 54 0.20-0.34 0.29

S terminalis S schotti

n range avg. n range avg.
HL 45 15.9-41.6 303 10 18.0-38.2 24.3
PR% 45 0.29-0.37 0.32 10 0.29-0.32 0.32
ED% 45 0.05-0.07 0.06 10 0.07-0.09 0.08
PO% 45 0.60-0.66 063 10 0.59-0.63 0.61
10% 45 0.12-0.24 016 10 0.12-0.16 0.14
MW% 45 0.16-0.25 019 10 0.16-0.19 0.20
HD1% 45 0.47-0.66 053 10 0.51-0.54 0.52
HD2% 45 0.62-0.84 068 10 0.63-0.71 0.66
HW% 45 0.36-0.59 041 10 0.33-0.39 0.37
PA% 45 0.32-0.57 0.50 10 0.30-0.67 0.45
BD% 45 0.78-1.18 092 10 0.66-0.93 0.82
BW% 45 0.18-0.38 0.27 8 0.16-0.30 0.25
BW/BD 45 0.22-0.34 0.29 8 0.24-0.33 0.29

followed the method outlined by Weitzman (1974) using
microdissection tools under an Olympus SZX — 12 dissecting
stereomi croscope equipped with acamera lucida. Boneswere
disarticulated to functional groups (neurocranium,
suspensorium, pectoral girdl€) or to individual bony elements.
Specimensfrom atotal of 16 specieswere dissected and coded
for phylogenetic analysis. Cleared and stained specimens
were examined and illustrated following conventions for
gymnotiform osteology (Albert, 2001). Outlines and
standardized features of each bone weretraced in lateral and
medial views, and images were digitized using an Epson
Perfection V300 scanner and edited in Adobe Photoshop and
[ustrator. Illustrations of the neurocraniumindorsal, lateral,
and ventral views are provided in Figs. 2-3, and of the
suspensoriumin lateral view in Figs. 4-5.

Characters were selected based on their phylogenetic
informativeness (Pimentel & Riggins, 1987) and analyzed
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Fig. 2. Diagrammatic representation of neurocranium of
Sernarchdlaterminalis(MUSM 45236, 235mmTL).A. Dorsad
view. B. Lateral view. C. Ventral view. Scalebar =5 mm.

using Maximum Parsimony (MP). Osteol ogical nomenclature
follows Peatterson (1975) and Albert (2001). All characterswere
coded from mature specimens, inferred from the degree of
ossification in the sphenoid region of the neurocranium and
coracoid region of the pectoral girdle (Albert, 2001). The data
matrix is provided in Appendix 2. The general principles of
phylogenetic systematics outlined by Hennig (1966) and
Wiley (1981) were employed during parsimony analysis.
Microsoft Excel (2010) and MacClade 4.08 PPC (Madison &
Madison, 2005) software packages were used to assemble a
data matrix of 16 taxa and 70 morphological characters.
Character states were polarized using six apteronotid
outgroup species, as per the tree topology of Albert (2001).

A heuristic search with Tree-Bisection-Reconnection
(TBR) agorithm was performed using PAUP* v. 4.0 b10
(Swofford, 2003) in the parsimony analysis. All multistate
charactersweretreated asunordered. Bremer Support (Bremer,
1988) was conducted using TNT (Goloboff et al., 2008) to
assess branch support, using 1000 replicates. A bootstrap
analysis (resampling characters with replacement; Hillis &
Bull, 1993) was also performed to assess branch support,
using 1000 replicates. Consistency (Cl) and retention indexes
(RI) are provided as measures of character fit to agiven tree
topology (Farris, 1989).
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Fig. 3. Diagrammatic representations of neurocraniain sternarchelline species. Dorsal, lateral, and ventral viewsinleft, middle
and right columns, respectively. Species arranged from top to bottom: A. Parioster narchus amazonensis, ANSP 192996. B.
Magoster narchusraptor, UF 116762. C. Sernarchellaterminalis, MUSM 45236. D. S. orthos, USNM 228725. E. Sernarchella
n. sp.A. F. Sernarchella schotti, UF 11657. G. S calhamazon, MUSM 45234. H. S sima, ANSP192107. 1. S. orinoco, USNM
228727. Note neurocrania range from rounded and gracile (paedomorphic) at top, to elongate and robust (peramorphic) at
bottom. Scalebars=5mm.
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Fig. 4. Lateral view of suspensorium in selected sternarchelline
species. A. Sernarchella schotti, UF 116570. B. S terminalis,
MUSM 45236. C. Magoster narchusraptor, UF 116762. Scale
bars=3mm.

Results

Three separate PCAswere run on the morphometric data
set. The first analysis examined only the species present in
the rio Amazon basin (Fig. 6). The results of this analysis
indicate that Sternarchella sima, S. schotti, and S.
calhamazon do not overlap in the multivariate morphospace.
However, S. terminalis does partially overlap in morphospace
with some sympatric species. Morphological differences
between S. sima and S. orinoco are evident from an almost
complete segregation of the two species on the second PCA
axis (Fig. 7). These differences are observed in the loading
factors, which is dominated by two traits of head and body
width: S sima hasmorewidely-set eyes (10) than S. orinoco,
and abroader body at the posterior margin of the body cavity
(BW) (seedso Table2). Thethird PCA examined S terminalis
and S. orthos and recovered no distinguishable differences
in PC1 or PC2 (Fig. 8). Only asingle character wasfound in
this study to be useful in differentiating S. terminalis from
the Amazon basin and S. orthosfrom the Orinoco basin: large

Systematics and biogeography of Sternarchellini

Fig. 5. Lateral view of suspensoriumin selected sternarchelline
species. A. Sernarchella calhamazon, MUSM uncat. B. S.
sima, ANSP 192107. C. Pariosternarchus amazonensis, UF
129334. Scaebars=3mm.

scalesabovethelatera line(5-6 SAL) in S. orthos (see Mago-
Leccig, 1994:85), vs. small scales(7-9 SAL) in S terminalis.

Two equally parsimonious trees of 138 steps were
recovered in the analyses. In one of them, Sernarchella n.
sp. Alissister to S, terminalis, and in the other Sernarchella
sp. A is sister to S. orthos. A strict consensus places
Sernarchella sp. A in atrichotomy with S terminalisand S
orthos (Fig. 9). Sernarchella is paraphyletic according to
the phylogenetic analysis, sinceit includes M. raptor and M.
duccis. Relatively high Bremer support and bootstrap val ues,
which provide further confidence in the monophyly of
Sternarchellini and more inclusive clades, are presented in
Fig. 9. A summary of character state changesis provided in
Appendix 3, and brief descriptions of the characters and
character states are provided in Appendix 4.
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Fig. 6. Scatter plot of PC2 and PC3 for specimensrepresenting
four Sernarchella species from the Amazon basin (n= 126).
Loadings of the 13 variables reported in lower panel.
Sernarchella schotti represented as squares (n= 10), S. sima
ascircles (n=19), S terminalis as Xs (n=45), S n. sp. 1 as
triangles (n= 52). Note this assemblage is not monophyletic.
Morphometric datareported in Tables.
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Fig. 7. Scatter plot of PC1 and PC2 for 56 specimens
representing speciesin the S. sima group. Loadings of al 13
variablesfor PC2 reported in lower panel. Sernarchellasima
represented as circles (n=19), and S. orinoco as squares (n=
37). Note S. simaand S. orinoco arereadily separated by 1O,
MW, and BW.
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Fig. 8. PCA scatter plot of speciesinthe S terminalis species
group. Loadingsof all 13 variablesfor PC2 reported in lower
panel. Sternarchella terminalis represented as squares (n=
45), S. orthos as circles (n= 54), and Sernarchella sp. A
represented asan X (n= 1).

Cladediagnoses

Here we provide diagnoses for eight clades, with clades
namesreferring to lettered nodesin Fig. 9.

Clade E is the Sternarchellini, which consists of all
Sternarchella, Pariosternarchus, and Magosternarchus
species. Monophyly of this clade is supported by 12
characters: MW at least 18% HL; anterior shelf of maxilla
absent (except in Magoster narchus), dentary longer than deep,
dorsal margin of dentary dlightly concave, supraoccipital crest
exceeding dorsal margin of parietals, supraorbital canal not
fused to frontals, endopterygoid process long contacting or
fused to frontals, dorsal margin of opercle concave, first
basibranchia fan or rod shaped as opposed to hour-glassed
shaped except in S. calhamazon, basibranchial two not
ossified except in S. schotti, fourth epibranchial post-medial
bridge present, urohyal blade unossified or poorly ossified
except for S terminalis species group.

Clade G is comprised of all Sternarchella and
Magosternarchus species, and its monophyly is supported
by six characters: premaxillalargein size, wider than maxilla,
anterior hook of maxillaabsent, ventral margin of descending
blade of maxillarounded, as opposed to straight (except in M.
raptor), ventral ethmoid large and robust with a large fan
shaped lateral process, dorsal-medial portion of
orbitosphenoids in contact, seven or less large robust teeth
present on hypobranchial 6.

Clade H is comprised of S. schotti, S. calhamazon,
Magosternarchus, and the “Sernarchella terminal mouth
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Fig. 9. Phylogenetic tree of Sternarchellini and closely related apteronotine species resulting from MP analysis of the data
matrix in Appendix 3. Bootstrap values present above nodes and Bremer support values below nodes.

species group”, consisting of S terminalis, S. orthos, and S.
sp. A. The monophyly of this clade is supported by four
characters: terminal or superior mouth placement, as opposed
to subterminal, premaxilla triangular in shape, tip of
endopterygoid process broad, and twelve or lessteeth present
on the pharyngobranchial, except in S. schotti and S. orthos.
Unlike other Sternarchellini species, S. calhamazon possess
an hour-glassed shaped first basibranchial. Sternarchella
calhamazon also has a superior mouth.

Clade J consists of Magosternarchus, S. schotti, and the
Sernarchella terminal mouth species group (Clade H), and
its monophyly is supported by five characters: 10 less than
20% HL, anterior portion of mesethmoid straight in lateral
view, lateral ethmoid large and robust with an hourglass
shape, supraoccipital crest deeply concave with a dorsally-
oriented process at posterior margin, as opposed to an
elongate blade, endopterygoid process forming an oblique
angle with plane of endopterygoid.

Clade K is comprised of Magoster narchus and S. schotti
and its monophyly is supported by a single unambiguous
character state: presence of 14 or more precaudal vertebra.
Thiscladeisnot well supported, with bootstrap values bel ow
70%, and a Bremer support value of 1. Sternarchella schotti
is unique among Sternarchellini species in having an eye
diameter (EO) 8% or more of head length (HL), amouth width

(MW) lessthan 18% HL, alargeflat space between reduced
lateral parietal ridges, an ossified second basibranchial, 14 or
more teeth present on the pharyngobranchial, and an elongate
swim-bladder which extends posteriorly past the body cavity.

Clade | is the Sternarchella sima species group,
comprised of S. sima and S. orinoco, and its monophyly is
supported by four character states: PO large, over 67% HL,
pectoral fin large, over 80% HL, four distinct rows of teeth
present on the premaxilla, and three to four rows of teeth
present on the dentary. Species of that clade also possesses
ventrally placed mouths. Within the Sernarchella sima
species group, S. sima and S. orinoco are distinguishable
from one another by two characters: S. orinoco has a more
narrow head (10 lessthan 20% HL ), while S sima hasabroader
head (10 larger than 20% HL). Sternarchella orinoco also
has alonger body than S. sima, and aBW lessthan 21% HL,
whereas S. sima has a wider body with a BW greater than
21% HL. The overall difference in morphology between S,
sima and S. orinoco is represented in a PCA, which largely
do not overlap in the morphospace (Fig. 7).

Clade L is comprised of the two Magosternarchus
species. The monophyly of Clade L is supported by four
characters: absence of ashort gape, anterior shelf of maxilla
present, anterior fontanel shorter than posterior fontanel, and
a narrow orbitosphenoid. Magosternarchus raptor is
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diagnosed by six characters. PR greater than 35% HL, BW
lessthan 21% HL, terminal mouth position, ventral margin of
the descending blade of the maxilla strait, as opposed to
curved (which is the state in other Sternarchellini species),
ventral process of the pterosphenoid present, and width of
opercle about half asdeep. Magoster narchusraptor iseasily
distinguished from other sternarchelline species by larger,
more robust oral jaws. Magosternarchus duccis possess a
small PO, unlike any other sternarchelline species.
Magosternarchus duccis is readily distinguished from M.
raptor by a superior mouth.

Clade M is the Sternarchella terminal-mouth species
group, and is comprised of S terminalis, S. orthos, and S.
calhamazon. The monophyly of Clade M is supported by
three character states: terminal mouth position, three rows of
teeth on premaxilla, and urohyal blade unossified or poorly
ossified. A single character distinguishes S. terminalis from
the other two species with a terminal mouth: a narrow
orbitosphenoid.

Discussion

Taxonomic statusof Sernarchellafrom theOrinoco basin

Results of the PCA analyses indicate that Sternarchella
sima and S. orinoco exhibit distinct phenotypes (Fig. 7),
whereas S. terminalis and S. orthos are morphologically
indistinguishable according to the characters examined (Fig.
8). A preliminary analysis using geometric morphometric of
head neurocranial shape in lateral views recovered similar
results (K. Evansand J. Albert, pers. obs.), finding statistically
significant differences between S. sima and S. orinoco (P <
0.001), and no significant differences between S. terminalis
and S. orthos (P = 0.1037). The osteological data reviewed
here indicate that S. orthos has a narrower orbitosphenoid
(character 33) and more pharyngobranchial teeth (character
59) than S. terminalis (14 or more vs. 13 or less). However,
both of these characters may have dubious taxonomic value,
being variable within many apteronotid species (Albert, 2001),
and exhibiting relatively high homoplasy onthetree of Fig. 9
(Cl = 0.25 and 0.20, respectively). The reliability of these
charactersasdiagnostic traitsfor S terminalistherefore needs
to be tested with larger sample sizes. Given the relatively
poor geographic sampling of individualsfrom acrossthelarge
range of these species, it seems premature to advance any
formal nomenclatural changes, and we provisionally recognize
S orinoco and S orthos from the Orinoco basin as valid
species.

Origin of thedeep-channel electricfish fauna

The Sternarchellini represents an excellent taxon in which
to study the contributing roles of geography and ecology in
the formation of the diverse and specialized deep-channel
Neotropical fish fauna. In some clades of deep-channel
apteronotids, several closely-related species occur together
in sympatry and syntopy, such as in Adontosternarchus,
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Porotergus, Sternarchella, Sternarchogiton, and
Sernarchorhynchus (Crampton & Albert, 2006; Crampton et
al., 2011). Other gymnotiform clades are also diversein the
deep-channel habitat, including the sternopygids
Eigenmannia and Rhabdolichops, and the rhamphichthyid
Rhamphichthys (Albert et al., 2011b; Carvalho, 2013). The
presence of multiple sympatric congenerswithin thishabitat,
including several instances of sister-speciespairs, isunusual
among Neotropical fishes, where most sister-species pairs
aredistributed in allopatry (Albert & Crampton, 2001; Albert
& Reis, 2011; Albert et al., 2011a). The Sternarchellini is part
of the diverse assemblage of apteronotid fishes that inhabits
the large rivers of tropical South America (Mago-Leccia et
al., 1985; Lundberg & Lewis, 1987). A high proportion (70 of
85, or 82%) of apteronotid species are restricted to the deep
channels of the Amazon and Orinoco rivers and their large
tributaries. Thisconcentration of speciesin the deep channels
isnotable considering the small proportion (2.6%) of thetotal
bottom areathat these channels occupy in the tropical South
America(Goulding et al., 2003; Winemiller & Willis, 2011).
Even accounting for thelarger volume of largerivers (stream
orders6-10), thetotal amount of habitat spacethey occupy is
small compared to that of all the small rivers and streams
(stream orders 1-5) combined, that drain morethan 11 million
km? (Albert & Crampton, 2005a; Crampton & Albert, 2006;
Cramptonet al., 2011).

The origin of deep-channel habits by the Navajini,
including the Sternarchellini, may have occurred before the
separation of the modern Amazon and Orinoco basins, an
event that followed the rise of the Vaupes Arch in the Late
Miocene (ca. 10-8 Ma; Dobson, 2001; Winemiller & Willis,
2011). TheNavajini includes severa cladeswith multiplesister-
species pairs and other supraspecific taxa distributed across
theAmazon-Orinoco divide. Cladeswith multiple multispecies
assemblages co-exist in both basins (Albert et al., 2011; Albert
& Carvalho, 2011). The Amazon and Orinoco basins are
connected on the modern landscape viathe Casiquiare Canal,
but thiswaterway probably doesnot act asadispersal corridor
for most sternarchelline fishes. Sternarchellines are lowland
species, and to date no sternarchelline species have been
collected from within the Casiquiare Canal or the rivers
connected to it above the rapids around the base of Guiana
Shield, in either the upper rio Negro or upper rio Orinoco
basins (i.e., rapids at Sdo Gabriel and Puerto Ayacucho,
(Winemiller & Willis, 2011).

The phylogenetic position of Magosternarchus, nested
within Sternarchellini, helps explain the evolution of the
extreme phenotypic, behavioral, and ecological specializations
of these deep-channel species. The large jaws and robust
dentition of Magosternarchus are used in predation, in
particular onthetails of other gymnotiforms (Lundberg et al.,
1996). Previous studies concluded that Magosternarchusis
the sister taxon of the clade composed of Sternarchella
(Lundberg et al., 1996), or of Sternarchella and
Pariosternarchus (Albert & Crampton, 2006). Under these
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hypothesesthelargejaws, termina or superior mouth position,
and aggressive behaviors of some Sernarchella species are
interpreted to have independently evolved from the conditions
observed in Magosternarchus. However, according to our
phylogenetic results, the genus Sternarchella is found to be
paraphyletic, including the two species currently assigned to
the genus Magosternarchus (Fig. 9). This result suggests
that the large jaws, terminal or superior mouth positions and
aggressive predatory behaviors of some Sternarchella
species and Magosternarchus are homologous. Five
characters support arelationship between Magoster nar chus,
S schotti and the S terminalis species group: 10 less than
20% HL (CI=0.25), anterior mesethmoid straight in lateral view
(Cl=0.50), lateral ethmoid large and hour-glass shaped
(CI1=1.00), supraoccipital crest dorsal process (Cl=1.00), and
endopterygoid process obliquein orientation (Cl=0.50).

Paleogeography and the origin of species in the
Sernarchéllini

The pal eogeography and geological timeframe over which
sternarchelline species originated is poorly constrained, and
atime-calibrated phylogeny for the group isnot yet available.
However, the tree topology (Fig. 9) and geographic
distributions (Figs. 10-12) of sternarchelline speciesdo invite
inferences regarding aspects of diversification in this clade
(Fig. 13). Divergencetimesof thetwo Amazon-Orinoco species
pairs (S sima + S orinoco; S. terminalis+ S. orthos) before
10 Mawould imply multiple vicariance events across Vaupes
Arch (Fig. 13, right). Alternatively, divergencetimes of these
speciespairsafter 10 Mawould imply multipledispersal events
acrossthe newly formed VaupesArch (Fig. 13, left).

Under a history with more ancient (Middle Miocene or
older) divergencetimes(Fig. 13, right), the origin of themodern
basi n-wide sternarchel line speci es-assembl ages accompanied
the Late Miocene rise of the Vaupes Arch and concomitant
breaching of the PurusArch. If, aswe hypothesize above, the
Sternarchellini was already present by the Middle Miocene
or before, its early divergences could have been affected by
the breaching of the PurusArch (ca. 10-8 Ma), in which the
modern Eastern Amazon basin captured the modern Western
Amazon basin from the lower proto-Amazon-Orinoco basin
(= modern Orinoco basin). The north-flowing proto-Amazon-
Orinoco (i.e., Subandean) basin, which drained into the
Caribbean sea, was the mgjor drainage system of northern
South Americafor most of the early Cenozoic (Lundberg et
al., 1998). The presence of two sister-species pairs in the
lower portions of the modern Amazon and Orinoco rivers, but
not in the Casiquiare Canal or other rivers abovethefall line
of the Guiana Shield, supportsthis more ancient, vicariance,
hypothesis.

Under the more ancient divergence scenario, inferences
can be made about possible extinctions in the area of the
modern Orinoco basin. Several sternarchelline taxa
(Pariosternarchus, Magosternarchus, S. schotti, and S.
calhamazon) occur today only in the Amazon basin. Based
on the tree topology presented in Fig. 9, it is possible that
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Fig. 10. Distribution map of examined lotsof two Sernarchella

species. Sernarchella schotti represented as circles, and S
calhamazon as sguares. Type locality denoted by T.
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Fig. 11. Distribution map of examined lots of the S sima group.
Sernarchella sima represented by circles, and S. orinoco,
by squares. Type localities denoted by T.

B S. orthos
@ S. terminalis
T Type locality

Fig. 12. Distribution map of examined lotsinthe Sernarchella
terminal-mouth species complex. Sernarchella terminalis
represented as circles, S. orthos as squares. Type localities
denoted by T.
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Fig. 13. Alternative time framesfor divergences of sternarchelline taxaacrossthe VaupesArch. A. Younger divergence (Late
Miocene-Pliocene) with multiple dispersal events (red lines) across Vaupes Arch (dashed black ling). B. Older divergences
(Middle Miocene or older) with multiple vicariance events (red lines) across VaupesArch. Tree topology depicted in Fig. 9.
Colored regions depict approximate limits of Middle Miocene Amazonian watersheds separated by PurusArch. Blue: Proto-
Orinoco Amazon; Green: Eastern Amazon. Base map by M. Weitzman.

some or al of these taxa originated before the rise of the
Vaupes Arch, the event that separated the modern Orinoco
and Amazon basins ca. 10 Ma (Lovejoy et al., 2010). Under
these conditions, taxa currently absent from the modern
Orinoco basin may have been present along the longitudinal
extent of the proto-Amazon-Orinoco river system. The
hypothesis of widespread extinction of fish taxafrom thelower
(northern) portions of the proto-Amazon-Orinoco isindicated
by the presence of fossilized plates and fin spines of
freshwater stingrays (Potamotrygon), lungfish (Lepidosiren),
pirarucu (Arapaima), and several familiesof riverine catfishes
from the La Venta Formation (rio Magdalena) of Colombia
(Lundberg et al., 1998; Albert et al., 2006) and Urumaco
Formation (Maracaibo basin) of northern Venezuela. Both
formations are located near the paleomouth of the proto-
Amazon-Orinoco River during themiddle Miocene (10-12 Ma).
Albert et al. (2011b: 53) reported 91 generaof fishesendemic
to the modern Amazon basin that are, by definition, excluded
from the modern Orinoco basin. Many of these genera are
known asfossilsfrom the Miocene Urumaco Formation, and
arenow entirely extinct in the modern Orinoco.

Several apteronotid taxa found only in the deep channels
of the modern Amazon basin are candidates for having once
been present, and later having become extinct, in the area of
themodern Orinoco basin. Thesetaxainclude Parapter onotus,
Pariosternarchus, Magosternarchus, and Orthosternarchus.
The absence of these apteronotid taxa in the La Venta and
Urumaco Formations should not to be taken as strong evidence
that they were in fact absent from these regions. Amazonian
lowlands are an exceptionally poor substrate for fossilization,
with few ancient (non-floodplain) lakes, and high rates of
bioturbation. Most groups of aquatic organisms that live in
tropical rainforests are not represented in the fossil record
(Lundbergetal., 1998; Lovegjoy et al., 2010). Gymnotiformesin
genera are poorly ossified, lacking plates, spines, or other hard
tissues that might become fossilized, and the order asawhole
isknown asfossilsfrom afew body fragmentsin just asingle
locality inBalivia(Albert & Fink, 2007). Finally, deep-channel
apteronotids like Sternarchellini are especially unlikely to be
preserved asfossils, with ahighly demineralized endoskel eton
that devel opsafinely reticulated mesh-liketexture during growth
(Albert, 2001).
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Another possible interpretation for the absence of these
sternarchelline taxain the modern Orinoco basin isthat they
were simply never present in the northern (lower) portion of
the proto-Amazon-Orinoco River, i.e., thellanosbasin. There
is sedimentological evidence for the presence of several
marine incursions into the continental interior during the
interval 20-10 M (Lovejoy et al., 2006; Wesselingh & Hoorn,
2011). These marine incursions may have resulted in local
extinctions of strictly freshwater taxain the northern portion
of the proto-Amazon-Orinoco basin, or they may haveformed
a biogeographic barrier or filter between the northern and
southern portions of this basin.

However, ahistory with lessancient (Middle Miocene or
younger) divergencetimesfor the two sternarchelline sister-
species pairs (i.e., S simaand S. orinoco, S. terminalis, and
S orthos) would imply multiple dispersal events from the
Amazon to Orinoco basins (Fig. 13, left). Under this time-
framethereisno need to hypothesize extinction eventsin the
Orinoco basin. The VaupesArchisindeed apermeable barrier
to dispersal for some deep-channel gymnotiform species(e.g.,
Adontosternarchus balaenops, Sternarchorhamphus
muelleri, Steatogenys elegans, Rhamphichthys rostratus),
which are known to occur in both the Amazon and Orinoco
rivers. Further, and quite aside from the modern connection
of the Amazon and Orinoco via the Casiquiare Canal, these
two basins are not well-separated physiographically, with a
broad lowland corridor joining them on the modern landscape,
and a hydrogeographic history of exchanging head-waters
via river capture (Winemiller & Willis, 2011). In fact, the
watershed divide between these basins may more profitably
be viewed as a semipermeable dispersal filter rather than as
animpermeable dispersal barrier for lowland riverine species
(Lovejoy et al., 2010). The complete absence of S. sima from
the Western Amazon (Gdlvis et al., 2006; Crampton, 2011;
Ortegaet al., 2011; Albert et al., 2012), and the presence of
this species in the Negro and upper Orinoco (Winemiller &
Willis, 2011), is consistent with the less ancient dispersal
scenario, rather than the more ancient vicariance scenario.

Ecological and phenotypicdiver sification

One of the remarkable features of diversity within
Sternarchellini is that several closely related species have
highly divergent trophic phenotypes (inferior, terminal, or
superior mouths). These species coexist geographically (in
sympatry) and ecologically (in syntopy), and several species
are frequently caught in the same net (Albert & Crampton,
2005a; Lundberg et al., 2013), indicating that they all live
closely together in the deep river channels (Crampton, 2011).
Phenotypic disparity in these sternarchellinesis observed in
the extent of the development of skeletal structures in the
head, oral jaws and branchial arches. Some sternarchelline
species (i.e., P. amazonensis, S. sima, and S. orinoco) have
short and gracile snouts, around neurocranial vault, and less
well-developed oral jaws with smaller conical teeth, all
relatively paedomorphic phenotypes. At the other end of the
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spectrum are species (i.e., M. raptor, M. duccis, S terminalis,
and Sernarchella sp. A) with more peramorphic skeletal
development, including robust oral jaw bones and dentition,
an elongate neurocranium, few pharyngeal teeth, and small
and less numerous gill rakers.

Doesthediversity of sternarchellinefishesinhabiting deep
Amazonian river channelsrepresent theresult of an * adaptive
radiation’? The term ‘adaptive radiation’ refersto the rapid
diversication of asinglelineage (i.e., amonophyletic clade)
into many phenotypically and ecologically distinct species,
usually in association with a substantial increase in
morphological and ecological diversity (Simpson 1944;
Schluter, 2000). To be ‘adaptive’, the species divergence
results from the action of natural selection, forcing lineages
to diverge in functional aspects, like trophic or habitat use.
Phenotypic changes can either accompany speciation (e.g.,
by natural selection in sympatry), or they can develop after
lineage splitting in allopatry, subsequently followed by range
expansion and ecological co-existence (e.g., Hunt et al., 2007).
In an adaptive radiation, phenotypic changes accompany
speciation because the speciation results from adaptation
(Albertetal., 2011b).

A single sister-species pair in the sternarchelline, in the
genus Magosternarchus, live in sympatry according to the
phylogeny presented in Fig. 9. In the genus Sernarchella
the two documented sister-species pairs are allopatric.
However, the absence of Magosternarchus in the Orinoco
basin could haveresulted from extinction (see above), inwhich
case the distribution of these species would not support a
model of sympatric speciation. The morphological disparity
between the two extant Magoster narchus species is greater
than that of Sternarchella species pairs across the modern
Orinoco-Amazon divide, perhaps suggesting a divergence
timethat pre-datestheca. 10 MY estimated for the formation
of the Vaupes Arch. The hypothesis that Magoster narchus
is older than this divide could be tested using divergence
time estimates from an analysis of phylogenetic relationships
using molecular sequence data (Lovejoy et al., 2010).

There is to date little evidence suggesting habitat
partitioning in the deep river channels. The benthic zone of
large blackwater and whitewater Amazonian riversisdifficult
to study and there is little limnological data on this
environment (Val, 1995). However, these deep river
environments have no light, have avery swift current, stable
oxygen and temperature profiles, low autochthonous
production and presumably high predation pressures
(Crampton et al., 2011). Biotic inventory data indicate high
amounts of longitudinal connectivity (Albert et al., 2011b).
Speciesrichness has been shown to be elevated near tributary
confluencesin deep channel gymnotiforms (Fernandeset al .,
2004). None of these observations indicate a suitable set of
circumstances for adaptive divergence along habitat or other
ecological gradients. Very little is known about breeding in
deep channel apteronotids, although several species (e.g.,
Sternarchorhamphus muelleri) appear to use floodplain
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(varzea) floating meadows as a nursery for eggs and larvae
(Crampton, 1998), and this may also be true for some
sternarchellines. The hypothesis that phenotypic diversity
within the Sternarchellini represents an adaptive radiation
would be supported by stable isotope data documenting
distinct trophic positions of specieswithin the Amazon river
foodweb (e.g., Laymanet al., 2005; Lujanet al., 2011).

Previous studies of diversity in other clades of deep
channel apteronotids include taxonomic revisions of
Adontosternarchus (Mago-Leccia et al., 1985),
Sernarchogiton (de Santana& Crampton, 2007), Porotergus
(de Santana & Crampton, 2010), and Ster nar chor hynchus (de
Santana & Vari, 2010). Thefirst three of these studiesdid not
directly address the ecological and evolutionary topics
addressed here, and no formal hypotheses of
interrelationships have yet been proposed for these clades
(Mago-Lecciaet al., 1985; de Santana& Crampton, 2007; de
Santana& Crampton, 2010). However, multiple speciesin each
of these clades are distributed sympatrically in the Amazon
and Orinoco rivers, and stand as candidates for species-pairs
that may have diverged in sympatry (Crampton, 2011).

De Santana & Vari (2010) interpreted diversification in
Sernarchorhynchusto betheresult of an adaptive radiation.
Their phylogenetic results recovered two of eight sister-
species pairsdistributed in sympatry, in the main stems of the
Amazon (S. cramptoni and S. rezteri) and Orinoco (S. roseni
and S. mendesi) rivers (de Santana & Vari 2010, fig. 23).
However, de Santana & Vari (2010) did not present functional
or ecological data in support of the hypothesis of adaptive
divergence among closely related species. More extensive
taxonomic reviews of deep channel apteronotid species, in
conjunction with species-dense time-calibrated molecular
phylogenies, will help further understanding of fish diversity
in largerivers of the Amazon and Orinoco basins.
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APPENDI X 1: Specimensexamined for morphometrics and
osteology.

Apteronotus albifrons: UF 29921 (4, 2 C& S), Venezuela, Managas
Province, Matooin, Laguna Grande, A. Bolten and K. Bjorndal.
Apteronotus bonapartii: MUSM uncat. (AP 2011) (2 C&S), Peru,
Los Amigos Ecological Station, rio Los Amigos, Dept. Madre
Dios, 2001. M. Goulding. Compsaraia compsus: ANSP 163033
(2 C&S), Venezuela, Balivar, rio Orinoco, rio Orinoco, rio Caura
confluence, 07°38’ 36" N 64°50' W. ANSP 165223 (2), Venezuel
Apure, rio Apure, between rio Portuguesamouth and S. Fernando
de Apure. Parapteronotus hasemani: UF 116563 (1), Peru,
Maynas, Loreto, rio Amazonas. UF 129334 (1 C&S), Peru,
Loreto, rio Pacaya in Reserve Nacional Pacaya Samiria.
Porotergus gimbeli: UMMZ 233253 (2 C& S), Solimdes, Brazil.
Sternarchogiton nattereri: MUSM uncat. (AP 2011) (2 C&S)
rio Madre de Dios near Pto. Maldonado, Dept. Madre de Dios,
Peru. Magoster narchus duccis: ANSP 192995 (1 C&S), Brazil,
Amazonas, rio Solimdes, below mouth of Purus, 03°35'51;4"S,
061°07'40.8"W, 31-July-1996, A. Zanata et al. UF 116561 (1),
Peru, Maynas, Loreto, rio Amazonas, 28-March-2001, J. Albert
and W. Crampton. USNM 337449 (2), Brazil, Roraima, rio
Branco, 3-11 km upriver from confluence with Rio Negro,
10°16'36"S, 61°50' 20", 8-December-1993, J. Lundberg et al.
Magosternarchus raptor: UF 116762 (1 C&S), Peru, Maynas,
Loreto, Rio Amazonas, 28-March-2001, J. Albert and W.
Crampton. USNM 337448 (2), Brazil, Amazonas, rio Solimdes,
6.2 km downriver from confluence with rio Purus, 26-October-
1993, S. Jewett et al. Pariosternarchus amazonensis: ANSP
192996 (2, 1 C&S), Brazil, Amazonas, rio Amazonas above
Madeira, 11.5 km downstream of Novo Oriente, 4.4 km upstream
of S. José do Amatari, 3°17' 21"S, 58°54’ 28" W, 13-October-1994,
F. Langeani et al. Sernarchella orinoco: USNM 228727 (17, 2
C&S), Venezuela, Delta Amacuro, rio Orinoco, old shipping
channel south if IslaPortuguesa nautical mile 117 upstream from
sea buoy, 8°36"00’N, 61°48"00’W, 20-February-1978, D.
Taphorn et al. USNM 228728 (5), Venezuela, Delta Amacuro,
rio Orinoco, river channel below mouth of rio Arature, naut. mile
53, 8.60, -60.90, 24-Febuary-1978, J. Lundberg et al. USNM
228738 (1), Venezuela, Monagas, deep river channel bottom,
158 naut. mile, 8.5433, -62.3667, 10-November-1979, J. Baskin
et al. USNM 228739 (1), Venezuela, Delta Amacuro, shallow
river, mouth of Cano Noina, downstream from Arature 51- 52
naut. mile, 8.6194, -60.8733, 18-November-1979, A. Lopez et
al. USNM 228740 (3), Venezuela, Bolivar, rio Orinoco, deep
river channel near Islote de Fajardo, 183 naut. mile upstream
from sea, . USNM 228742 (1), Venezuela, Delta Amacuro, rio
Orinoco, deep river channel near Los Castillos, 161 naut. mile,
16-February-1978, J. Baskin and J. Lundberg. USNM 228744
(2), Venezuel a, DeltaAmacuro, Boca Grande, 38 naut. mile, 8.625,
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60.6633, 19-September-1979, J. Lundberg et al. USNM 228753
(12), Venezuela, DeltaAmacuro, shallow river, Isla Tres Canos,
131.8 naut. mile, 8.6633, -62.02, 11-September-1979, J. Baskin
and J. Lundberg. USNM 228754 (2), Venezuela, Delta, rio
Orinoco, river channel at IslaPortuguesa, 116 naut. mile, 8.60, -
61.77, 20-February-1978, D. Taphorn et al. Sernarchella orthos:
FMNH 102104, Venezuela, Guérico, rio Apure, at Apure both
above and below bridge, 12-December-1988, B. Chernoff et al.
USNM 228722 (5), Venezuela, Monagas, rio Orinoco, river
channel in front of ferry station Los Barrancos, 182 naut. mile,
8.38, -62.72, 15-February-1978, J. Lundberg et al. USNM
228725 (8, 2 C&S), Venezuela, Monagas, rio Orinoco, river
channel in front of ferry station Los Barrancos, 182 naut. mile,
8.38, -62.72, 15-February-1978, J. Lundberg et al. USNM
228726 (7), Venezuel a, DeltaAmacuro, rio Orinoco, river channel
off downstream mouth of Cano Paloma, 91 naut. mile, 8.48, -
61.42, 21-February-1978, J. Lundberg et al. USNM 228834 (5),
Venezuel a, DeltaAmacuro, rio Orinoco, deep river channel near
Los Castillos, 160 naut. mile, 8.53, -62.40, 16-February-1978,
J. Baskin et al. USNM 228838 (4), Venezuela, Delta Amacuro,
rio Orinoco, deep river channel Brazo Imataca, 86 naut. mile,
8.47,-61.33, 22-February-1978, D. Taphorn et al. USNM 228839
(6), Venezuela, DeltaAmacuro, rio Orinoco, old shipping channel
south of Isla Portuguesa, 116 naut. mile, 8.60, -61.77, 20-
February-1978, D. Taphorn et al. USNM 228840 (5), Venezuela,
DeltaAmacuro, rio Orinoco, deep river channel near Los Castillos,
161 naut. mile, 8.52, -62.40, 16-February-1978, J. Baskin et al.
USNM 228871 (8, 2 C&S), Venezuela, Delta Amacuro, rio
Orinoco, deep river channel near Los Castillos, 162 naut. mile,
8.52, -62.43, 16-February-1978, J. Baskin et al. USNM 233607
(1), Venezuela, DeltaAmacuro, rio Orinoco, old shipping channel
south of Isla Portuguesa, 116 naut. mile, 8.60, -61.77, 20-
February-1978, D. Taphorn et al. Sernarchella schotti: FMNH
54565 (5), Brazil, Para, Santarem, J. D. Haseman. FMNH 115219
(1), Brazil, Para, rio Amazonas, between tributaries Parana de
Santa Rita and Trombetas, between towns Juruti and Obidos,
01956’ 07"S, 055°41'19"W, 23-October-1994, O. Oyakawaet al.
CAS (SU) 54475 (1), Peru, rio Ampiyacu, near Pebas, 28-
November-2001, W. Scherer. UF 26079 (1), Colombia, Meta,
Rio Meta, small temporary pond, 15 km east of Puerto Gaitan,
7-January-1973, H. Boschung et al. UF 116570 (1 C&S), Peru,
Maynas, Loreto, rio Amazonas, locality unknown, 28-March-
2001, J. Albert. Sternarchella sima: AMNH 3864 (1), Paratype,
Brazil, Para, Belem market, 1911, E. Starks. ANSP 192107 (1, 1
C&S), Brazil, Para, rio Jari, downstream of Monte Dourado,
upstream of Bom Jardim, blackwater river type, 13-November-
1994, L. Py-Daniel et al. ANSP 192108 (2), Brazil, Para, rio
Para above rio Tocantins, 83.3 km upriver from town of
Abaetetuba, 9.1 km down river from town of Boa Vista,
1045'22"S, 49°28’48"W, 18-November-1994, A. Zanata, et al.
USNM 373112 (2), Brazil, Parg, rio Tocantins, 11.3 km below
Curucabamba. -2.03819, -49.29153, 20-November-1994, A.
Zanata et al. USNM 373114 (8, 2 C&S), Brazil, Para, rio
Amazonas, 15 km above Breves, 16-November-1994, A. Zanata
et al. USNM 373318 (2), Brazil, Para, rio Amazonas, 47 km
below Almeirim, 62.5 km above Gurupa, -1.48958, -52.18514,
7-November-1994, A. Zanata et al. Sernarchella terminalis:
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FMNH 115218 (1), Brazil, Parg, rio Amazonas, between
tributaries Ituqui and Parana de Monte Alegre, between towns
Santarem and Monte Alegre, 02°05’'16"S, 054°00' 28"W, 5-
November-1994, A. Zanata et al. FMNH 115230 (9), Brazil,
Amazonas, rio Solimdes, between tributaries Parana Porto Alegre
and Parana do Saraiva, between towns Petrolina and Siria,
02044’ 52"S, 066°56’ 16" W, 14-November-1993, J. Lundberg et
al. FMNH 115236 (3), Brazil, Pard, rio Amazonas, between
tributaries Furo de Urucuricaiaand Parana dosArraiol os, between
towns Almeirim and Gurupa, 01°29'11"S, 052°09'46"W, 7-
November-1994, A. Zanata et al. FMNH 115241 (5, 2 C&S),
Brazil, Pard, rio Pard, between tributaries Boa Vista and
Tocantins, between towns Boa Vistaand Abaetetuba, 01°45'30"S,
049°29'17"W, 18-November-1994, A. Zanata et al. FMNH
115251 (6), Brazil, Amazonas, rio Madeira, between tributaries
Parana do Maracaand Parana | piranga, between towns Rosarinho
and Vila Urucurituba, 03°40'49"S, 059°05’'31"W, 17-
October1994, J. Lundberg et al. FMNH 115251 (3), Brazil, Pard,
rio Amazonas, between tributaries Estreito de Breves and Caruaca
between towns Breves and Curralinho, 01°47’ 15" S, 050°20’ 38" W,
17-November-1994, L. Py-Daniel et al. MUSM 45235 (1), Peru,
Madre de Dios, rio Los Amigos, M. Goulding. MUSM 45236
(2), Peru, Madre de Dios, rio LosAmigos, M. Goulding. MUSM
45237 (1), Peru, Madre de Dios, rio Los Amigos, M. Goulding.
MUSM 45240 (1), Peru, Madre de Dios, rio Madre de Dios, J.
Albert et al. MUSM 45241 (1), Peru, Madre de Dios, rio Madre
deDios, J. Albert et al. USNM 373009 (1), Brazil, Roraima, rio
Branco, between Atauba and Caruna, -1.28931, -61.84847. 8-
December-1993, J. Lundberg et al. USNM 373080 (3), Brazil,
Par4, rio Amazonas, 58.5 km below Juruti, 21.1 km above Obidos,
-1.93111, -55.68042, 23-October-1994, O. Oyakawa et al.
USNM 373232 (6), Brazil, Para, rio Amazonas, 22.3 km above
Obidos, -1.92750, -55.65514, 23-October-1994, R. Reis et al.
USNM 373316 (2), Brazil, Para, rio Amazonas, aboverio Xingu,
Gurupa 41.5 km. -1.44722, -51.98389, 11-November-1994, A.
Zanataet al., USNM 375373 (1), Brazil, Amazonas, rio Solimdes,
-3.59528, -61.12097, 31-July-1996, M. Toledo-Pizaet al. USNM
375380 (1), Brazil, Pard, rio Amazonas, 15 km above Breves, -
1.59899, -50.55528, A. Zanata. USNM 375385 (1), Brazil, Para,
rio Amazonas, 64.8 km below Juruti, 9.8 km above Obidos, -
1.91175, -55.54607, 23-October-1994, F. Langeani. Sernarchella
calhamazon: MUSM 45230 (1), Peru, Madre de Dios, rio Los
Amigos, M. Goulding. MUSM 45231 (4), Peru, Madre de Dios,
rio Los Amigos, M. Goulding. MUSM 45232 (3), Peru, Madre
de Dios, rio Los Amigos, M. Goulding. MUSM 45233 (10),
Peru, Madre de Dios, rio Los Amigos, M. Goulding. MUSM
45234 (1), Peru, Madre de Dios, rio LosAmigos, M. Goulding.
MUSM 45239 (13), Peru, Madre de Dios, rio Madre de Dios, J.
Albert et al. USNM 373093 (5), Brazil, Amazonas, rio Amazonas,
11.5 km below Novo Oriente, -3.29056, -58.91514, 13-October-
1994, F. Langeani. USNM 373113 (10), Brazil, Amazonas, rio
Madeira, -3.59819, -58.96875, 6-August-1996, A. Zanata et al.
USNM 375373 (5), Brazil, Amazonas, rio Solimdes, -3.59528, -
61.12097, 31-July-1996, M. Toledo-Piza et al. USNM 375395
(1), Brazil, Para, rio Trombetas, 9.9 km above Vila Aracua, -
1.51500, -56.17014, M. Westneat.
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Appendix 2. Data matrix used in phylogenetic analysis (P
indicates states 0&1). Characters and states defined in
Appendix 4.

Apteronotus albifrons
011011000000000010011111110000010000
0000010000000000000100000111070010
Apteronotus macrolepis
110001001001000010011111110010010001
000001000100000010011010011107?0070
Compsaraia compsus
110001100111100000011111110010010001
0000111001100000100100000111111100
Magoster narchus duccis
100000100111102100000101001101121111
P01111010001010111101111?001111010
Magosternarchus raptor
110100110111100100000111000100121101
00111101000101010110112111001111010
Parapteronotus hasemani
001011000000001000001110000000011000
0000000000000000000000000000700010
Pariosternarchus amazonensis
000110110111110010001011001010010011
0010110110011011100011001001111110
Porotergus gimbeli
000111000111111070101110111010101011
0100111000000000100000100011011100
Sernarchella calhamazon
100110000111112100000001001111010111
00101101000111011110012111001111110
Sernarchella orinoco
100200111111110112000002001110010111
0010110100011001111011011001111110
Sernarchella orthos
100100100111111101000001001101020111
001111010001010111101P0O11011111110
Sernarchella schotti
1011011101111121000000010011000201P1
1011110100010101111010011001111011
Sernarchella sima
000210001111110112000002001110010111
0010110100011001100011011001111110
Sernarchella sp. A
100100100117111101000001001101020111
0011110100010101111012121211011111110
Sernarchella terminalis
100100100117111101000001001101021111
0011110100010101111012121211011111110
Sernarchogiton nattereri
000111001111110070101110111010101011
0100111001000000100000100011011100
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Appendix 3. Summary of character state changes on

phylogeny of Figure 9.

# Character States s CI Rl RC
1 Head width 0.25 0.40 0.10
2 Preorbital distance 0.330.33 0.11
3 Eyediameter 0.50 0.50 0.25
4 Post orbital 0.67 0.80 0.53
5 Interorbital distance 0.25 0.50 0.13
6 Mouth width 0.50 0.83 0.42
7 Body depth 0.25 0.50 0.13
8 Body width 0.25 0.00 0.00
9 Pectord finsize 0.330.33 0.11
10 Body translucence 1.00 1.00 1.00
11 Scales on middorsum 1.00 1.00 1.00
12 Scalesize 1.00 1.00 1.00
13 Scale shape 1.00 1.00 1.00
14 Gape short 0.50 0.80 0.40

0.40 0.50 0.20
1.00 1.00 1.00
0.33 0.50 0.17
1.00 1.00 1.00
1.00 1.00 1.00
0.50 0.50 0.25
1.00 1.00 1.00
0.50 0.86 0.43
0.50 0.86 0.43
0.67 0.67 0.44
0.50 0.75 0.38
0.50 0.75 0.38
0.50 0.75 0.38
1.00 1.00 1.00
0.50 0.86 0.43
0.33 0.50 0.17
0.50 0.67 0.33
1.00 1.00 1.00
0.25 0.40 0.10
1.00 1.00 1.00
0.67 0.75 0.50
1.00 1.00 1.00
1.00 0.00 0.00
1.00 1.00 1.00
1.00 1.00 1.00
1.00 1.00 1.00
1.00 1.00 1.00
1.00 1.00 1.00
0.50 0.50 0.25
1.00 1.00 1.00
1.00 0.00 0.00
0.33 0.00 0.00
1.00 0.00 0.00
1.00 1.00 1.00
0.50 0.67 0.33
1.00 1.00 1.00
1.00 0.00 0.00
1.00 1.00 1.00
0.50 0.50 0.25
0.50 0.86 0.43
0.50 0.86 0.43
0.50 0.50 0.25
0.33 0.60 0.20
0.67 0.83 0.56
0.20 0.43 0.09
1.00 1.00 1.00
1.00 1.00 1.00
0.50 0.50 0.25
0.330.71 0.24
1.00 0.00 0.00
0.50 0.67 0.33
1.00 0.00 0.00
1.00 1.00 1.00
0.33 0.60 0.20
0.50 0.50 0.25
1.00 0.00 0.00

15 Mouth position

16 Premaxillasize

17 Premaxilla shape

18 Premaxilla teeth

19 Premaxillagracile

20 Premaxillamedial teeth

21 Anterior hook of maxilla

22 Anterior shelf of maxilla

23 Descending blade maxilla

24 Rows of dentary teeth anteriorly
25 Dentary shape

26 Dorsal margin of dentary

27 Snout short

28 Ventral ethmoid size

29 Anterior mesethmoid

30 Mesethmoid tip

31 Anterior fontanel

32 Lateral ethmoid size

33 Orhitosphenoid shape

34 Dorso-medial contact of orbitosphenoids
35 Ventral process of pterosphenoid
36 Lateral process of parasphenoid
37 Distance between parietal ridges
38 Parasphenoid ventral margin

39 Supraoccipital crest

40 Supraoccipital crest blade

41 Internal carotid foramen

42 Basioccipital groove

43 10 subnasal extension

44 Supraorbital canal

45 Mandibular canal size

46 Mandibular canal ossicles

47 Supratemporad lateralis canal
48 Endopterygoid process

49 Endopterygoid process orientation
50 Endopterygoid process tip

51 Hyomandibula

52 Opercular dorsal margin

53 Width of opercle

54 Gill raker configuration

55 Gill raker shape

56 Basihyal blade

57 Basibranchial 1

58 Basisbrachia 2

59 Pharyngobranchial teeth

60 6th hypobranchial teeth

61 Epibranchial 4 post-med. process
62 Hypobranchia 2

63 Urohyal blade

64 Cleithrum limb proportions

65 Posttemporal

66 DHS 1 proximal surface

67 Anal-fin pterygiophore length
68 Body cavity short

69 Tail length

70 Swim bladder
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Appendix 4. Characters and character states descriptions.

1. Head width. 0: Head wide, distance between lateral margins
greater than 45% HL . 1: Head narrow, distance between lateral
marginslessthan 45% HL.

2. Preorbital (snout) length. O: Preorbital distance small, less
than 35% HL . 1: Preorbital distance large, greater than 35%
HL.

3. Eyediameter. 0: Eyediameter small, lessthan 8% HL. 1: Eye
diameter large, 8% HL or larger.

4. Postorbital distance. O: Postorbital distance small, lessthan
60% HL. 1: Postorbital moderate, between 60 and 66% HL . 2:
Postorbital distancelarge, 67% HL and larger.

5. Interorbital distance. O: Interorbital distance small, lessthan
20%HL. 1: Interorbital distancelarge, 20% HL or larger.

6. Mouth width. 0: Mouth wide, distance between ricti 18%
HL or greater. 1: Mouth narrow, distance between ricti less
than 18% HL.

7. Body depth. O0: Body depth equal or greater than HL. 1:
Body depth less than HL.

8. Body width. O: Body width greater than 21% HL. 1: Body
width small, 21% HL or less.

9. Pectoral finsize. 0: Pectoral finlength small, lessthan 80%
HL. 1: Pectoral finlength large, 80% HL or greater.

10. Body translucence. 0: Body opaguein living and formalin-
fixed specimens. 1: Body translucent in living specimens,
yellow or pink hueinliving specimens.

11. Scales on middorsum. O: Scales present on posterolateral
portion of body. 1: Scales absent on posterolateral portion of
body (Albert, 2001).

12. Scalesize. 0: Scalessmall insizewith 9-11 present above
lateral line (LL) at midbody. 1: Scaleslargein size with 5-8
present above lateral line at midbody.

13. Scale shape. 0: Scales dorsal to lateral line ovoid at
midbody. 1: Scalesdorsal to lateral line rhomboid at midbody
(Myers, 1936).

14. Gape short. 0: Rictus extends ventral to nasal capsule,
gape morethan threetimes eye diameter. 1: Rictus extendsto
avertical with mental symphysis, gape very small, less than
twiceeyediameter (Albert, 2001).

15. Mouth position. 0: Oral apertureterminal, upper and lower
jawsequal inlength. 1: Oral aperture superior, lower jaw extends
anteriorly to upper jaw. 2: Oral aperture subterminal, upper
jaw extends anteriorly to lower jaw (Albert, 2001).

16. Premaxillasize. 0: Small, lateral margin of premaxillaequal
to or terminating anterior to articulation of maxilla with
autopalatine. 1: Large, lateral margin of premaxillalonger than
lateral margin of maxilla(Albert, 2001; fig. 6).

17. Premaxillashape. 0: Premaxillatriangular in ventral view. 1:
Premaxillasguarein ventral view.

18. Premaxillateeth. 0: Two, one, or no rows of teeth present
on premaxilla. 1: Threerows of teeth present on premaxilla. 2:
Four rows of teeth present on premaxilla.

19. Premaxillasize. 0: Premaxillabroad and triangular, threeto
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four rowsof irregular teeth. 1: Premaxillagracile, lateral margin
concave, anterior margin laminar, fewer than three rowsteeth
at itsmidlength (Albert, 2001; fig. 6).

20. Premaxillamedial teeth. O: Teeth present on medial anterior
portion of ventral surface of premaxilla. 1: Teeth absent on
medial anterior portion of ventral surface of premaxilla.

21. Anterior hook of maxilla. 0: Anterior hook of maxillaabsent,
anterior process broad and triangular with a continuous
ventral margin with descending blade. 1: Anterior hook of
maxilla present, anterior process extending perpendicular to
main axis of maxilla, ventral margin not continuous with
descending blade (Lundberg & Mago-Leccia, 1986).

22. Anterior maxillary shelf. O: Anterior process of maxilla
extending as a shelf of bone less than one-third length of
descending blade. 1: Anterior process of maxilla large and
broad, extending more than one half length of descending
blade in mature specimens (Albert, 2001; figs. 7-8).

23. Descending blade maxilla. O: Ventral margin of maxillary
blade curvesevenly towardsitsdistal tip. 1: Ventral margin of
maxillary blade strait to distal tip (Figs. 7-8; Albert, 2001)

24. Rows of dentary teeth anteriorly. 0: Absence of teeth on
dentary, presence of asinglerow of teeth on dentary. 1: Two
rows of teeth present on dentary. 2: Three to four rows of
teeth present on dentary.

25. Dentary shape. 0: Dentary longer than deep, oral margin
of dentary longer than length of angular articular. 1: Dentary
deeper than long, oral margin of dentary shorter than length
of angular articular (Fig. 10; Albert, 2001).

26. Dorsal margin of dentary. 0: Dorsal margin of dentary
dlightly concavein lateral view. 1: Dorsal margin of dentary
straight or slightly convex in lateral view.

27. Snout length. O: Length of snout (preorbital length) about
one third total head length in adult specimens. 1: Length of
snout lessthan onethird total head in adult specimens (Albert,
200).

28. Ventral ethmoid size. 0: Small withaconical lateral process.
1: Large and robust with a large fan shaped lateral process
(Albert, 2001).

29. Anterior mesethmoid. O: Dorso-anterior portion of
mesethmoid straight. 1: Dorso-anterior portion of mesethmoid
strongly curved from anterior tip to frontal boundary.

30. Mesethmoid tip. O: Anterior tip of mesethmoid convex
and rounded. 1: Anterior tip of mesethmoid possessing
concave divot on dorsal surface.

31. Anterior fontanel. 0: Anterior fontanel longer than posterior
fontanel. 1: Posterior fontanel longer than anterior fontanel
(Fig.2).

32. Lateral ethmoid size. O: Lateral ethmoid thin and tube-like
shaped. 1: Lateral ethmoid large hour-glass shaped, most
narrow portion at midlength. 2: Lateral ethmoid very robust
and large, may contact ventral portion on frontals, hour-glass
shaped with most narrow portion at midlength.

33. Orbitosphenoid shape. 0: Orbitosphenoid broad; well
ossified in median nasal septum with ventral margin longer
than dorsal margin. 1: Orbitosphenoid narrow; anterior portion
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not ossified with ventral margin equal or shorter than dorsal
margin (Triques, 1993).

34. Dorso-medial contact of orbitosphenoids. 0: No contact
between orbitosphenoids. 1: Dorso-medial portion of
orbitosphenoidsin contact (visible through anterior fontanel
indorsal view).

35. Ventral process of pterosphenoid. 0: Process originating
from ventral portion of most anterior part of pterosphenoid
present, sometimes contacting parasphenoid. 1: absence of
ventral process of pterosphenoid, anterior ventral margin of
pterosphenoid similar to posterior ventral margin of
orbitosphenoids.

36. Lateral process of parasphenoid. O: Large, lateral margins
of parasphenoid extending as broad dorsolateral processes
anterior to prootic. 1: Small, lateral margins of parasphenoid
not extending to ahorizontal with trigeminal foramen (Albert,
2001; fig. 16).

37. Parasphenoid ventral margin. 0: Parasphenoid ventral
margin straight or slightly curved. 1: Parasphenoid ventral
margin sharply angled at base of lateral process.

38. Distance between parietal ridges. 0: Widewith ridges near
lateral margins of neurocranium, ridges are less pronounced
with alargeflat surface between them. 1: Narrow, just lateral
to supraoccipital, parietal ridges are very large and
pronounced.

39. Supraoccipital crest. 0: Dorsal margin of supraoccipital
crest even with dorsal margin of parietals. 1: dorsal margin of
supraoccipital crest exceed dorsal margin of parietals.

40. Supraoccipital crest blade. 0: Supraoccipital crest present
as awide blade. 1: Supraoccipital crest extends to a dorsal
distal tip.

41. Internal carotid foramen. O: Internal carotid foramenlarge;
nearly half size of prootic foramen. 1: Internal carotid foramen
reduced.

42. Basioccipital groove. 0: Ventral surface of basioccipital
smooth. 1: Shallow groove present on ventral surface of
basioccipital.

43. 10 subnasal extension. 0: Anterior portion of infraorbital
canal extending anterior fromfirst infraorbital ventral to nasal
capsule, anterior canal pore of infraorbital anterior to first
infraorbital. 1: Anterior extension of infraorbital canal shorter
than width of canal pore, anterior canal pore of infraorbital
near first infraorbital (Fig. 19; Albert, 2001).

44. Supraorbital canal. 0: Supraorbital canal fused to frontal.
1: Supraorbital canal not fused to frontal.

45, Mandibular canal size. 0: Mandibular canal sizesmall. 1:
Mandibular canal size expanded.

46. Mandibular canal ossicles. 0: Mandibular canal ossicles
long slender tubes. 1: Mandibular canal ossicles dumbbell-
shaped (Albert & Crampton, 2006).

47. Supratemporal laterosensory canal. 0: Supratemporal
laterosensory canal straight, extending dorsally onto posterior
portion of parietal, terminal pore oriented dorsoposteriorly,
epidermis overlying supratemporal canal indistinguishable
from general epidermis. 1. Supratemporal laterosensory canal
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curved at a sharp angle on surface of parietal, extending
posterior onto epaxial surface of body, terminal canal pore
oriented posteriorly, epidermisoverlying supratemporal canal
depigmented (Mago-L eccia, 1994).

48. Endopterygoid process. 0: Endopterygoid process small,
not contacting frontal. 1: Endopterygoid large, contacting
frontal.

49. Endopterygoid process orientation. 0: Angle of
endopterygoid process with dorsal margin of endopterygoid
oblique (greater than ninety degrees). 1: Endopterygoid
process extends vertically at or near a 90° angle with dorsal
surface of endopterygoid.

50. Endopterygoid process tip. 0: Endopterygoid process
slender with anarrow tip. 1: Endopterygoid broadensdorsally
with alargetip contacting frontal.

51. Hyomandibula. 0: Hyomandibulalong and slender; over
twice aslong aswide. 1: Hyomandibula short, its width half
its length.

52. Opercular dorsal margin. 0: Dorsal margin of opercle
straight. 1: Dorsal margin of opercle concave (Fink & Fink,
1996).

53. Opercle width. 0: Opercle narrow, width approximately
half depth. 1: Opercle broad, width over half depth.

54. Gill raker configuration. 0: Base of gill rakersnot contacting
gill arch. 1. Base of gill rakers contacting gill arch (Albert &
Fink, 1996).

55. Gill raker shape. 0: Gill rakers short with unossified distal
tips. 1: Gill rakerslong with ossified distal tips (Mago-Leccia,
1978).

56. Posterior ridge of basihyal. 0: Dorsal surface of basihyal
flat; small ridge may be present posteriorly. 1: Dorsal surface
of basihyal convex forming arobust ridge posteriorly (Triques,
1993).

57. Basibranchial 1. O: First basibranchial hour-glasswith most
narrow portion at midlength. 1: First basibranchial fan or rod
shaped.

58. Basibranchial 2. 0: Second basibranchial ossified. 1:
Second basibranchial unossified.

59. Pharyngobranchial teeth. 0: Fourteen or more teeth present
on pharyngobranchial. 1: Twelve or less teeth present on
pharyngobranchial.

60. Sixth hypobranchial teeth. O: Eight or more teeth present
on Ceratobranchial. 1: Seven or less teeth present on
ceratobranchial.

61. Epibranchial 4 process. 0: Posterior surface of fourth
epibranchial flat. 1: Posterior surface of fourth epibranchial
with adorsoventrally oriented process (Triques, 1993).

62. Hypobranchial 4: 0: Medial surface smooth; 1: Medial
surfacewith aprocessor bridge extending to meet contral ateral
process on midline.

63. Urohyal blade. O: Posterior blade of urohyal ossified,
extending posterior to fourth basibranchial. 1: Posterior blade
of urohyal unossified (Albert, 2001: fig. 32).

64. Cleithrum limb proportions. 0: Ascending limb of cleithrum
length greater than cleithrum anterior limb length. 1. Anterior
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limb of cleithrum length greater than cleithrum ascending limb
length.

65. Posttemporal ossification. 0: Posttemporal bone
independent from supracleithrum in mature specimens. 1:
Posttemporal fused with supracleithrum in mature specimens.
66. Displaced hemal spine (DHS) 1 proximal surface. O:
Proximal surface of first displaced hemal spine narrower then
descending blade. 1: Proximal surface of first displaced hemal
spine as broad as descending blade (Albert, 2001).

67. Anal-fin pterygiophore length. 0: At midbody, anal-fin
pterygiophore equal to or shorter than hemal spine. 1: At
midbody, anal-fin pterygiophore longer than haemal spine
(Albert, 2001).

68. Body cavity short. 0: Body cavity short; 12-13 pre-caudal
vertebrae present. 1: Body cavity long; 14-16 pre-caudal
vertebrae present.

69. Tail length. O: Tail long, TL 17% HL or greater. 1: Tail short,
TL lessthan 17% HL.

70. Swim bladder. 0: Swim bladder not extending posterior to
body cavity. 1: Swim bladder elongate past posterior limit of
body cavity.



