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To achieve maximum efficacy, taxonomic studies that seek to distinguish amongst species must first account for
allometric shape variation within species. Two recently developed software packages (SMATR and MorphoJ) offer
regression-based allometric approaches that are notable for their statistical power and ease of use and that may prove
highly useful to taxonomists working with linear or geometric morphometric data. We investigate species deli-
mitation of the slender-bodied fishes in the Leporinus cylindriformis group using these programs and demonstrate
the utility of the allometric corrections that they provide. Without allometric correction, many pairs of species are
difficult to distinguish on the basis of morphometrics, but once regressions are used to account for marked allometric
variation within species, most of the recognized species in this group can be readily distinguished with linear or
geometric morphometrics, particularly using variation in the depth of the body. Both approaches returned congruent
patterns of separation amongst putative species, but the geometric approach in MorphoJ distinguished amongst four
more pairs of species than did the linear approach in SMATR and appears to provide slightly more statistical power.
Based on distinctive morphometrics, meristics, and coloration, a highly elongate species of Leporinus from the
Suriname, Corantijn, and Coppename rivers of Suriname is described herein as a new species, Leporinus apollo
sp. nov. The unique L. cylindriformis holotype from Porto de Moz, Brazil differs in morphology, meristics, and
pigmentation from specimens commonly referred to that species from the main basin of the Amazon; the latter
specimens may represent an additional undescribed species. The L. cylindriformis holotype itself may represent a
rare species or a specimen collected at the edge of its native range. Measurements of the holotype and paratype of
Leporinus niceforoi, which were collected in the Amazonian slope of Colombia, differ substantially from similarly
pigmented and putatively conspecific specimens from Amazonian portions of Ecuador and Peru. Recently collected
specimens from Colombia are needed to determine whether the observed morphometric variation encompassed by the
current concept of L. niceforoi indicates a morphocline within a single species, suggests the presence of multiple
cryptic species, or results from shrinkage of the types. In all these cases, linear or geometric morphometric data can
reliably differentiate amongst species, but only after one accounts for allometric shape variation. The new SMATR
and MorphoJ software packages both offer easy and effective approaches to such allometrically informed taxonomy,
and may prove useful to any systematist working on taxa that change shape as they grow.

© 2011 The Linnean Society of London, Zoological Journal of the Linnean Society, 2011, 162, 103–130.
doi: 10.1111/j.1096-3642.2010.00677.x

ADDITIONAL KEYWORDS: Amazon – morphology – regression – relative warps – South America –
taxonomy.

*Corresponding author. E-mail: brian.sidlauskas@oregonstate.edu

Zoological Journal of the Linnean Society, 2011, 162, 103–130. With 12 figures

© 2011 The Linnean Society of London, Zoological Journal of the Linnean Society, 2011, 162, 103–130 103



INTRODUCTION

Morphometrics and meristics have served as
primary methods of species discrimination through-
out the history of ichthyology. Eighteenth and early
19th century works frequently detailed differences in
counts (Bloch, 1794; Cuvier, 1816) and measured
differences amongst species became part of standard
practice by the mid 19th century (Müller & Troschel,
1845, 1848, 1849; Cuvier & Valenciennes, 1850;
Günther, 1864) By the mid 20th century, a detailed
system of standard linear measurements had been
codified (Hubbs & Lagler, 1958, 2004). Differences
amongst species were (and still are) explored com-
monly by comparing means and ranges of raw mea-
sures or ratios of these measures in head or
standard length (e.g. Hubbs & Bailey, 1940), with
bivariate regression often used to control for onto-
genetic variation (Teissier, 1936; Morton & Miller,
1954; Marr, 1955; Miller, 1963; Gould, 1971; Turner,
Pitcher & Grimm, 1989; Fink, 1993). As morphomet-
ric datasets can include dozens of variables,
multivariate techniques like principal components
analysis (PCA; Jolicoeur, 1963) that can sum-
marize many variables on a single axis also
became common practice in the analysis of linear
measurements.

The field of morphometrics underwent a revolution
in the 1980s and 1990s with the advent of image-
based, geometric methods that analyse variation in
coordinate systems (Bookstein et al., 1985; Bookstein,
1991; Rohlf, 1993; Rohlf & Marcus, 1993; Dryden &
Mardia, 1998; Adams, Rohlf & Slice, 2004; Sheets,
2004). Advocates of geometric analysis claim several
benefits, including greater statistical power and
improved ease of visualization (Rohlf & Marcus,
1993). Although the initial analysis of landmark data
requires manipulations that linear data do not, such
as a control for the effects of scaling, rotation, and
translation (Rohlf & Slice, 1990) and the projection of
data from a curved shape space into its linear ana-
logue (Rohlf, 1996), the principles of the eventual
multivariate analysis of traditional and geometric
datasets are similar. Standard statistical techniques
including PCA, regression, and analysis of variance
(ANOVA) can be applied to geometric and traditional
data alike.

All of the above methods, from simple comparison
of mean ratios and their standard deviations to
sophisticated statistical analyses of landmark con-
figurations are used currently in studies of tax-
onomy and population structure. Most studies,
however, employ only one method, and empirical
comparisons amongst methods have been uncommon
(see however Birch, 1997; Fink & Zelditch, 1997;
Parsons, Robinson & Hrbek, 2003; Maderbacher

et al., 2008). This case study explicitly compares the
performance of linear and geometric morphometrics
in discriminating amongst the same set of speci-
mens and finds that, in at least this case, both are
highly effective at discriminating nominal species
once allometric variation within species is accounted
for properly.

Although some studies correct for the influence of
allometric shape variation within species on effec-
tive discrimination amongst species using sheared
PCA, regression, or analysis of covariance (Book-
stein et al., 1985; Fink & Zelditch, 1995; Chernoff &
Machado-Allison, 1999; Rincon, 2000; Fernandes
et al., 2002; Parsons et al., 2003; Chernoff &
Machado-Allison, 2005; Sidlauskas, Chernoff &
Machado-Allison, 2006), many do not. When such
corrections are not employed, analysis may fail to
realise the full potential of a morphometric dataset
and more problematically, may conflate differences
in shape because of differences in the size of the
available specimens with true shape differences
amongst species. This contribution examines the
degree to which the regression-based approaches to
allometry in the relatively new programs SMATR
(Warton et al., 2006) and MorphoJ (Klingenberg,
2008) improve the ability to separate nominal
species in the Leporinus cylindriformis group (an
enigmatic complex of South American freshwater
fishes) on the basis of morphometrics. As is common
in studies of museum specimens, the available
samples of each nominal species differ substantially
in mean, minimum, and maximum size. We find
that either of these two new methods for allometric
correction offers an easily accessible way to draw
meaningful comparisons amongst such samples, and
that the explicit attention to allometry improves the
power of the comparisons dramatically.

Within the species-rich and geographically wide-
spread characiform fish genus Leporinus (family
Anostomidae), the L. cylindriformis group is a cluster
of elongate species possessing a series of dark spots
centred along the lateral line. The central species in
this assemblage, L. cylindriformis, was described by
Borodin (1929) based upon a single holotype (Fig. 1)
collected at Porto de Moz, Brazil, and a series of notes
and illustrations prepared by Louis Agassiz of the
Harvard Museum of Comparative Zoology shortly
before his death. In later years, several similar
species were discovered throughout central and
northern South America, including the more highly
patterned Leporinus niceforoi, described from the
Colombian Amazon (Fowler, 1943). Populations
referred to L. niceforoi were later reported from Ama-
zonian Peru and Ecuador. Description of species of the
L. cylindriformis group continued with Leporinus
klausewitzi from the Amazon River near Manaus,
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Brazil (Géry, 1960), and Leporinus ortomaculatus
from the Orinoco and Negro river basins (Garavello,
2000). The L. cylindriformis group recently attracted
additional taxonomic interest with the description of
Leporinus amazonicus from the vicinity of Manaus,
Brazil (Santos & Zuanon, 2008) in a study that cited
an extensive series of L. cylindriformis amongst the
materials examined (see Fig. 2 for a specimen from
the same series) albeit not the holotype of the
species.

During an ichthyological survey of the Cop-
pename River, Suriname, a single enigmatic speci-
men of an elongate Leporinus (Fig. 3) was discov-
ered and tentatively referred to an undescribed
species similar to L. cylindriformis (Willink & Sid-
lauskas, 2006). However, the original illustration of
the L. cylindriformis type shows an individual with
three narrow, horizontally elongate dark spots
centred along the lateral line but no other mark-
ings, whereas the specimen from Suriname pos-
sesses a large fourth spot along the lateral line,
distinct bars across the dorsal surface of the body,
and several additional series of dark spots reminis-
cent of, but not identical to, the colour pattern of L.
niceforoi. The subsequent collection of a larger
series of this possibly new species from the Coran-
tijn and Suriname Rivers, including juveniles
(Fig. 4), and the discovery of a lot of similar speci-
mens in the National Museum of Natural History
prompted us to initiate a thorough comparison of
the putatively new species with the holotype of L.
cylindriformis and similar species in South America.
In addition to confirming the novelty of the Suri-
name material, this analysis provided an excellent
opportunity to test the relative power of allometri-
cally informed linear and geometric morphometrics
to distinguish amongst the nominal species in the L.
cylindriformis group and to identify potentially new
species.

This study had three major objectives:

1. To evaluate and contrast the ability of linear and
geometric morphometrics to distinguish amongst
nominal species after allometric corrections have
accounted for ontogenetic shape variation within
nominal species, using the L. cylindriformis
complex as a case study.

2. To determine whether the enigmatic samples of
Leporinus recently collected in Suriname match
a previously recognized species or represent an
undescribed species.

3. To compare the type material of the earliest
described species in this group (L. cylindriformis
and L. niceforoi) with putative conspecifics, and to
determine whether those names are being cor-
rectly applied.

MATERIAL AND METHODS

The list of examined specimens (Appendix) includes
examples of all described Leporinus species that
closely match the L. cylindriformis holotype or the
material from Suriname in morphometrics and pig-
mentation. All specimens are alcohol preserved except
those marked as cleared-and-stained (CS), which
were prepared according to Taylor & Van Dyke (1985).
Institutional abbreviations are as listed at http://
www.asih.org/node/204 (Sabaj Pérez, 2010), with the
addition of NZCS, the National Zoological Collection
of Suriname, Anton de Kom University, Paramaribo.
Other distinctly elongate species of Leporinus pos-
sessing colour patterns that differed from those of the
species in the L. cylindriformis complex were
excluded from the analysis. For example, both Lep-
orinus brunneus and Leporinus nigrotaeniatus are
very slender but possess a dark midlateral stripe on
the body that easily separates them from members of
the L. cylindriformis group. Most of the many species
in the Leporinus friderici complex possess a spotted
colour pattern reminiscent of that in L. cylindrifor-
mis, but also have obviously deeper bodies. Leporinus
friderici and the similar L. lebaili were included for
comparative purposes and to demonstrate the clear
morphometric differences between the L. cylindrifor-
mis complex and the L. friderici complex, but no effort
was made to sample comprehensively the dozens of
species allied to L. friderici.

Prior taxonomy, pigmentation, geography, and mer-
istics were used to identify ten a priori groups repre-
senting potentially distinct species. These a priori
designations were intended to separate out any poten-
tially distinct groupings of specimens for the purposes
of morphological analysis. Although these groupings
follow the most current taxonomy, it is worth men-
tioning that these groups represent an underlying
morphological species concept and do not explicitly
address the genetic, reproductive, or phylogenetic
divisions that could help determine the biological
reality of these nominal species. Nevertheless, the
morphospecies approach provides the only way to
analyse historical specimens for which DNA is not
available, such as the critically important type speci-
mens. The a priori groups included seven previously
described species: Leporinus amazonicus, L. cylindri-
formis, L. friderici, L. klausewitzi, L. lebaili, L. nice-
foroi, and L. ortomaculatus. Nontype specimens
assigned to L. niceforoi and L. cylindriformis were
treated as a putative separate species and appear
throughout as L. cf. niceforoi and Leporinus sp.,
respectively. The elongate specimens from the Suri-
name, Corantijn, and Coppename rivers of Suriname
comprised the tenth a priori group and were found in
the course of analysis to represent a distinct species.
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That species appears throughout the remainder of the
text as Leporinus apollo, the name given to it in its
formal description in the Discussion section.

TRADITIONAL MORPHOMETRICS

All measurements reported in lists of material exam-
ined are standard lengths (SLs), taken from the tip of
the upper jaw to the anterior limit of the hypural
plate as identified by left-right manipulation of the
caudal fin. This definition of standard length parallels
our choice of the most reliable geometric landmark in
this region (see Fig. 5 and its explanation below) and
incorporates (to the degree possible) the same infor-
mation in the linear and geometric datasets. Digital
callipers were used to take 37 additional point-to-
point measurements from the left side of each speci-
men. Of these, 18 follow Sidlauskas, Garavello &
Jellen (2007) who slightly modified the method pro-
posed by Winterbottom (1980). The remaining 19
measures were added to produce a more complete
truss network (Bookstein et al., 1985). These 37 mea-
surements were converted to their base 10 logarithms
to linearize allometries (Huxley, 1932) and roughly
equalize variances (Jolicoeur, 1963) and then sub-
jected to PCA using the covariance matrix as imple-
mented in PAST (Hammer, Harper & Ryan, 2001).
The linear and geometric datasets (see below)
are freely available from Dryad (http://dx.doi.org/
10.5061/dryad.8151).

We expected that at least one principal component
would describe allometric scaling, as identified by a
significant product-moment correlation with log SL

and non-equivalence of principal component loadings
for the various measures (Jolicoeur, 1963). Purely
isometric scaling vectors have identical loadings for
each measure (Jolicoeur, 1963), but these are rare in
biological systems. We tested for difference amongst
species on such size-correlated shape axes by compar-
ing the slopes and elevations of reduced-major axis
(RMA) regression lines via the slope.com and elev.com
routines in the SMATR package of R (Warton et al.,
2006). These significance tests were adjusted with a
sequential Bonferroni correction (Rice, 1989) at a
table-wide alpha level of 0.05. Essentially, this
method compares the characteristic regression line of
each a priori group and can identify differences in
overall allometric trajectories even when the avail-
able specimens differ greatly in size amongst groups.
RMA regression was chosen over ordinary regression
because it summarizes a symmetrical geometric rela-
tionship between the variables in which results are
unchanged if the x and y axes are exchanged (Warton
et al., 2006), rather than describing a predictive rela-
tionship between the variables. RMA regression is
preferred generally over least squares regression in
studies when determination of the equation of the
line of fit is of primary interest rather than demon-
stration of a relationship between the variables, as it
is in studies of allometry (Harvey & Pagel, 1991;
Nunn & Barton, 2000; Warton et al., 2006; Kimmel,
Sidlauskas & Clack, 2009).

Amongst-species structure on eigenvectors from the
PCA not correlated with standard length (non-
allometric eigenvectors) was analysed with one-way
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Holotype of Leporinus cylindriformis, MCZ 20430

21

Figure 5. Radiograph of holotype of Leporinus cylindriformis, MCZ 20430, 188.0 mm standard length, showing position
of 21 landmarks used in geometric morphometric analysis. Landmarks represent: (1) anterior limit of premaxilla; (2)
dorsal tip of ascending process of premaxilla; (3) epiphyseal bar; (4) posterodorsal tip of supraoccipital; (5) origin of first
dorsal-fin ray; (6) insertion of last dorsal-fin ray; (7) origin of adipose fin; (8) posterior extent of vertebral column and
anterior of hypural plate, marked at midpoint of last vertebral centrum; (9) insertion of last anal-fin ray; (10) origin of
first anal-fin ray; (11) pelvic-fin origin; (12) pectoral-fin origin; (13) ventral limit of joint between contralateral cleithra;
(14) anguloarticular-quadrate joint; (15) anterior tip of dentary; (16) anterior limit of orbit; (17) dorsal limit of orbit; (18)
posterior limit of orbit; (19) ventral limit of orbit; (20) joint between basioccipital and first vertebra of Weberian apparatus;
(21) anterior limit of fifth vertebra (first vertebra not incorporated into Weberian apparatus and first bearing full sized
pleural ribs). Image © President and Fellows of Harvard College.

108 B. L. SIDLAUSKAS ET AL.

© 2011 The Linnean Society of London, Zoological Journal of the Linnean Society, 2011, 162, 103–130



ANOVA as implemented in PAST. Significant differ-
ences (P � 0.05) were determined with pairwise
Tukey’s post-hoc tests [a commonly used method to
compare all pairs of subgroup means in an ANOVA
framework (Whitlock & Schluter, 2009)]. Canonical
variates analysis ( Hotelling, 1935) was not employed
because that method can overfit the separation
amongst groups and produce unreliable results
because of inadequate degrees of freedom when
sample sizes are smaller than the number of mea-
sured variables (Weinberg & Darlington, 1976;
Stevens, 2002), as they frequently are in museum-
based studies of rare species.

GEOMETRIC MORPHOMETRICS

Twenty-one landmarks (Fig. 5) were located in tps-
Dig2.1 (Rohlf, 2006) on digital radiographs of the
specimens in lateral view. Most of these landmarks
represent points that serve as endpoints in the set of
linear measurements (Table 1), but several mark
points of internal skeletal anatomy, such as the joint
of the basioccipital with the first vertebra. Landmark
configurations were subjected to Procrustes superim-
position in MorphoJ v. 1.02b (Klingenberg, 2008), and
an exploratory PCA was performed on the covariance
matrix. As initial analyses revealed substantial onto-
genetic shifts in morphology in all species for which
juveniles were available, an allometric correction was
necessary to compare the morphometrics of specimen
series that differed in age and/or size structure. To
that end, a pooled within-group allometric regression
using log centroid size was performed on the Pro-
crustes coordinates in MorphoJ. PCA using the cova-
riance matrix of the residuals from the allometric
regression (without further pooling by species) pro-
duced a size-standardized morphospace permitting
meaningful comparisons of the morphology of speci-
mens of different sizes. Note that because this proto-
col involved separating the predicted and residual
components of variation and further interpreting the
residuals, ordinary least squares regression and not
RMA regression was preferred (Warton et al., 2006).
As the allometrically-corrected PCA yielded a mor-
phospace with more than one important size-
independent axis (see Results), subsequent analysis
of amongst species-structure followed the MANOVA
procedure in PAST. The sequential Bonferroni proce-
dure was used to adjust significance levels for mul-
tiple post-hoc Hotelling’s T2 tests amongst all possible
pairs of nominal species.

The holotype and paratype of L. niceforoi are both
significantly bent, and although they could be physi-
cally straightened during calliper-based measure-
ments, it proved impossible to generate nondistorted
radiographs of these specimens. As a result, they
were excluded from geometric morphometric analysis.

Table 1. Principal component (PC) loadings from tradi-
tional linear morphometrics

PC1 PC2

Eigenvalue 1.362 0.018
Per cent variance explained 97.452 1.294
Snout to dorsal-fin origin 0.159 0.079
Snout to adipose-fin origin 0.164 0.138
Snout to anal-fin origin 0.166 0.138
Snout to pelvic-fin insertion 0.160 0.081
Snout to pectoral-fin insertion 0.144 -0.002
Dorsal origin to pectoral-fin insertion 0.173 -0.047
Dorsal origin to pelvic-fin insertion 0.171 -0.307
Dorsal origin to anal-fin origin 0.172 0.054
Dorsal origin to anal-fin insertion 0.169 0.138
Dorsal origin to hypural joint 0.166 0.170
Dorsal origin to adipose-fin origin 0.173 0.176
Length of dorsal-fin base 0.159 0.007
Dorsal-fin insertion to pelvic-fin origin 0.171 -0.218
Dorsal-fin insertion to adipose-fin

origin
0.178 0.266

Dorsal-fin insertion to anal-fin origin 0.180 0.048
Dorsal-fin insertion to anal-fin

insertion
0.174 0.162

Adipose-fin origin to anal-fin origin 0.167 -0.238
Adipose-fin origin to anal-fin insertion 0.169 -0.164
Adipose-fin origin to hypural joint 0.164 0.183
Length of anal-fin base 0.152 -0.005
Anal-fin insertion to hypural joint 0.152 0.139
Pelvic-fin insertion to anal-fin origin 0.176 0.192
Pelvic-fin insertion to adipose-fin

origin
0.173 0.096

Pelvic-fin insertion to hypural joint 0.168 0.191
Pelvic-fin insertion to pectoral-fin

insertion
0.177 0.201

Greatest body depth 0.171 -0.308
Greatest body width 0.184 -0.065
Caudal-peduncle depth 0.163 -0.200
Head length 0.145 -0.021
Preopercle length 0.147 -0.044
Snout to anterior margin of eye 0.165 -0.018
Head depth 0.161 -0.352
Snout depth 0.162 -0.212
Jaw length 0.161 -0.089
Eye diameter 0.123 -0.012
Interorbital width 0.167 -0.217
Snout to supraoccipital crest 0.143 0.018

The sign of all loadings on PC1 (which is highly correlated
with standard length) have been reversed to facilitate
allometric interpretation; the largest specimens have the
highest, rather than the lowest scores on this axis after
the reversal in sign.
On PC2, loadings with absolute magnitude greater than or
equal to 0.2 appear in bold.
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As the group membership of the types of L. cylin-
driformis and L. niceforoi was under investigation, we
did not group those specimens with putative conspe-
cifics during statistical tests. As a result, those speci-
mens were excluded from some analyses because
their implicit groups of N = 1 and N = 2 failed to meet
minimum sample size requirements.

MERISTICS

Lateral line and transverse scale counts follow
methods used in recent taxonomic studies of Lepori-
nus (Britski & Garavello, 2005; Britski & Birindelli,
2008) with the addition of lower transverse scale
counts reported at the anal-fin origin as well as at the
pelvic-fin origin. The midline scale directly anterior to
the first unbranched anal ray was not included in the
lower transverse counts at the anal-fin origin. Other
meristics follow Sidlauskas et al. (2007), with the only
major difference between that study and those of
Britski & Garavello (2005) and Britski & Birindelli
(2008) being whether the last dorsal- and anal-fin
rays, which are branched to the base, are counted as
one or two rays. Following Fink & Weitzman (1974),
Winterbottom (1980), Sidlauskas et al. (2007), and
many other studies, these terminal divided rays are
counted herein as a single element, a method of
counting that reflects the underlying relationship of
the rays to their pterygiophore.

RESULTS
LINEAR MORPHOMETRICS

PCA of the set of linear measurements summarized
nearly 99% of the variation in these measures in two
axes, with principal component one (PC1) and PC2
explaining 97.5 and 1.3% of total variance, respec-
tively (Table 1). The remaining components explain
negligible and nearly equivalent proportions of vari-
ance (e.g. 0.22, 0.16, and 0.13% on PC3, PC4, and
PC5, respectively) and are indistinguishable from
measurement error.

A scatterplot of PC1 versus PC2 shows considerable
structure amongst a priori groups, although there
is a complicated pattern of overlap (Fig. 6). Inter-
pretation of amongst-group differences in this space
is confounded by PC1’s high correlation with
standard length (Pearson product-moment correla-
tion = 0.9932). If PC1 represented a pure scaling
(size) isometric vector, the loadings of all variables on
this axis would be 0.164 [calculated as 1/√37 (Joli-
coeur, 1963)], but the observed loadings rather range
from 0.123 to 0.184, indicating that PC1 is instead an
allometric vector describing correlated changes in
shape and size. The measures with highest loading on
PC1 include the width and depth of the body, whereas

the measures with lowest loading include the diam-
eter of the eye and the length of the head (Table 1).
Taken as a whole, these PC1 loadings indicate that
within each nominal species, as SL increases, the
measures in the head region increase at a slower rate
than do the postcranial measures. Juveniles have
proportionally larger heads than do adults, a condi-
tion typical in fishes.

As PC1 represents allometric variation, raw sepa-
ration amongst groups on this axis reflects differences
in the size or age structure of the various samples and
necessitates regression to test for amongst-group dif-
ferences. Regressing the PC1 scores for the various
species against SL (Fig. 7) reveals visually that the
allometric trajectory describing proportionally larger
heads and eyes in juveniles is universal for the exam-
ined species. Pair-wise tests for deviation from a
common RMA slope reveal no amongst-species differ-
ences (Table 2, values below the diagonal). As a result
of that shared slope, the variation in the y-intercept of
the regression lines can be used as an additional test
for amongst-group differences, and in fact there are
interpretable differences in the y-intercepts of the
regression lines amongst many pairs of species
(Table 2, values above the diagonal). For example, the
y-intercepts for L. friderici and L. lebaili are indistin-
guishable from each other but differ from all other
species, reflecting the fact that these species have
higher PC1 scores at any given standard length. In
other words, the noticeably deeper bodies in L. frid-
erici and L. lebaili are reflected by slightly longer raw
linear measures. Similar, although more subtle varia-
tion is also revealed within the L. cylindriformis
group proper (Table 2). Leporinus apollo in particular
has a statistically lower intercept than all other
examined species, and many other pairs of examined
species are distinguishable on the basis of the PC1
intercept.

PC2 is not highly correlated with standard length
(Pearson product-moment correlation = 0.1083), indi-
cating that amongst-group differences on that axis
are independent of specimen size and are interpret-
able directly as differences in shape. The measures
with highest absolute loading on PC2 (Table 1) are
primarily cross-body measures (dorsal-fin origin to
pelvic-fin origin, head and body depth, adipose fin to
anal-fin origin, etc.), indicating that PC2 indexes
overall body depth, with the deepest-bodied species
(L. lebaili, L. friderici) located at the negative
extreme and the most slender species (L. apollo, L.
cylindriformis, L. niceforoi) at the positive extreme
(Fig. 6).

ANOVA on the PC2 scores reveals amongst-group
structure similar but not identical to that returned
by the intercept-based tests on PC1 (Table 3). In
general, species at one extreme of variation (e.g. L.
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apollo) can easily be distinguished from those at the
opposite extreme, whereas more intermediate
species are indistinguishable based on PC2 alone.
For example L. ortomaculatus, L. cf. niceforoi, and
Leporinus. sp. cluster closely, have largely overlap-
ping PC2 scores, and cannot be reliably separated
on PC2 (Table 3).

The holotype and paratype of L. niceforoi, which
originated in Colombia, proved statistically separable
from the putatively conspecific specimens from
Ecuador and Peru on the basis of slightly lesser body
depth (Table 3). Although it could not be included in
statistical tests, the holotype of L. cylindriformis also
falls outside the range of its putative conspecifics
(Leporinus sp.) on PC2 (Fig. 6). The only examined
specimens as slender as the types of L. cylindriformis

and L. niceforoi were the series of recently collected
specimens from Suriname described herein as L.
apollo.

GEOMETRIC MORPHOMETRICS

Prior to allometric correction, PCA of the landmark
configurations taken from radiographs yielded results
that were generally similar to those from the analysis
of linear measurements. Three components summa-
rized in total 80.4% of the variance in the landmark
coordinates following Procrustes superimposition,
with PC1, PC2, and PC3 summarizing 48.6, 16.9, and
14.9% of that variance, respectively. The remaining
components each indexed 4.7% or less of total
variance.

-3.2 -2.4 -1.6 -0.8 0 0.8 1.6 2.4
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Figure 6. Scatterplot of principal component two (PC2) versus one from traditional linear morphometrics for species of
Leporinus discussed in text. PC1 is an allometric vector describing size and shape variation, whereas PC2 is essentially
size-free. Polygons indicate convex hulls.
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Despite the removal of variation because of
scaling, translation, and rotation during the Pro-
crustes fit, all three of the most important compo-
nents correlate at least moderately with log centroid
size (Pearson product-moment correlations of -0.340,
-0.756 and 0.318, for PC1-3, respectively). Those
values indicate that the allometric shape change is
distributed across multiple axes rather than being
confined to a single axis as it was in the analysis of
linear measurements. This effect is apparent in a
scatterplot of PC2 versus PC1 (Fig. 8), which
resembles a rotated and reflected version of the
similar scatter from the linear analysis (Fig. 6).
Both figures reveal similar patterns of overlap and
non-overlap amongst groups, but in the two-
dimensional visualization from geometric morpho-

metrics (Fig. 8) the line of allometry runs obliquely
from upper right to lower left and is not aligned
with PC1 as it was in the analysis of linear mea-
surements (Fig. 6).

As a result of the strong allometric signal in the
geometric data, effective analysis of amongst-group
structure required separating the scale-dependent
and scale-independent aspects of variation through
least-squares regression of the Procrustes coordinates
on log centroid size. The scale-dependent (allometric)
shape variation described by the regression line pri-
marily indexes variation in the relative size of the
head and eye, as visualized by the wireframe diagram
in Figure 9. This variation matches precisely the
variation described by the allometric PC1 from the
linear analysis (Table 1).
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Figure 7. Reduced major axis regression of principal component one (PC1) scores from traditional linear morphometrics
on log standard length for species of Leporinus discussed in text. Trendline represents a universal regression that does
not take species membership into account; tests for equivalence of slope and intercept as reported in Tables 2 and 3
estimate a separate regression line for each putative species.
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PCA of the residuals from the allometric regression
returned a dataset with three important axes. 53.3%
of the scale-independent variance was summarized on
PC1, 18.4% on PC2, and 6.2% on PC3 for a total of
78.0%. The wireframes in Figure 10 visualize the
shape change on each of these axes. PC1 clearly

describes the overall depth of the body and is similar
in interpretation to PC2 from the analysis of linear
measurements. The geometric PC2 describes subtle
variation in the position of the mouth and curvature
in the profile of the body, with positively scoring
specimens having slightly more subterminal mouths,
higher dorsal-fin bases, and more ventrally positioned
caudal peduncles. PC3 describes variation in the
anteroposterior elongation of the head and the dors-
oventral tapering of the posterior half of the body.
Although the variation indexed by PC3 is subtle, it is
biologically interpretable and exhibits clear structure
amongst putative species (see below). The remaining
axes each summarize 5.1% or less of total variance.

A scatterplot of the allometrically corrected axes
from geometric analysis reveals clear separation of
nominal species along PC1 and PC3 (Fig. 11). PC1
segregates species by average body depth. Leporinus
lebaili has the most positive score on this axis and the
deepest body morphology, with L. friderici a close
second. Leporinus amazonicus and L. klausewitzi
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Figure 8. Scatterplot of principal components one and two from geometric morphometric analysis without allometric
correction for species of Leporinus discussed in text. Both axes show significant correlations with log centroid size.

Figure 9. Wireframe visualization of allometric shape
change along the least squares regression line of Pro-
crustes coordinates on log centroid size. Grey landmarks
represent the average configuration amongst all speci-
mens, whereas black landmarks represent the approxi-
mate extreme of variation (1.2 log centroid size units) in
the direction of the smallest specimens, which have pro-
portionally larger heads and eyes.
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have overlapping and intermediate morphologies.
Leporinus ortomaculatus, L. cf. niceforoi, and Lepori-
nus sp. form a fourth closely overlapping group that is
more dorsoventrally slender than are the previous
four species. Finally, L. apollo occupies the slender
extreme of observed variation on PC1, with the L.
cylindriformis holotype falling near the least slender
examples of L. apollo and the most slender examples
of L. ortomaculatus.

Despite its relatively small percentage of overall
variation, PC3’s information on head length and the
degree of tapering of the posterior half of the body
provides information that is critical to the separation
of several nominal species (Fig. 11B). Notably, PC3
completely segregates L. apollo from L. cylindrifor-
mis, L. amazonicus from L. klausewitzi, and L.
ortomaculatus from L. cf. niceforoi and Leporinus sp.,
despite the similarity of these species on PC1. When

PC1 and PC3 are considered simultaneously in a
scatterplot (Fig. 11B), only the convex hulls for L. cf.
niceforoi and Leporinus sp. overlap substantially.
MANOVA on the set of all three geometric axes con-
firms the statistical separation of all species pairs
except this last (Table 4, values above the diagonal).
When PC3 is excluded (Table 4, values below the
diagonal), four comparisons amongst species lose
significance.

Contrasting with the PC1 and PC3 results, very
little separation amongst species exists on PC2. The
curvature in body form described by that axis
(Fig. 10) might be a general biological characteristic
of Leporinus, or could reflect an artefact of preserva-
tion or parallax related to the random offset of speci-
mens under the point source of X-rays rather than
biological variation.

Meristics
Variation in the number of vertebrae and transverse
scales is useful in further distinguishing species in
the L. cylindriformis complex (Table 5). In particular,
the upper transverse scale count serves to distinguish
L. cylindriformis and L. apollo (typically with six
scales in this series) from all other examined species
(five scales in this series except for six in one speci-
men of L. cf. niceforoi). The 38 or 39 vertebrae pos-
sessed by L. cylindriformis and L. apollo further
distinguish those species from L. amazonicus (which
invariably has 41 vertebrae) and from L. friderici, L.
ortomaculatus, L. lebaili, and L. klausewitzi, all of
which consistently have 37 or fewer vertebrae. Lep-
orinus sp., L. niceforoi, and L. cf. niceforoi all contain
individuals with 38 or 39 vertebrae. The species in
the L. cylindriformis group also assort partially in
lateral-line scale counts, but there is significant
overlap in the range of this count amongst species
(Table 5). The remaining examined meristics are not
diagnostic with respect to species membership.

DISCUSSION
ALLOMETRY AND MAJOR AXES OF SHAPE VARIATION

Analyses of linear measurements and of landmark
coordinates confirmed independently that allometry
contributes importantly to shape variation within the
examined species of Leporinus. The combined effects
of scale and allometry summarized on PC1 dominated
the linear measurements, including over 97% of total
variation (Table 1, Figs 6, 7). In the geometric
dataset, even with removal of isometric scaling via
the Procrustes fit, scale-correlated shape change con-
tributed to the most important remaining axes of
variation (Fig. 8). Tests for changes in the slope of the
allometric trajectory amongst all pairs of species

PC1
53.3%

PC2
18.4%

PC3
6.2%
Figure 10. Wireframe visualization of variation along the
allometrically corrected principal components one (PC1),
two, and three from geometric morphometric analysis.
Grey landmarks represent the configuration of the average
specimen, black landmarks represent one approximate
extreme of variation on that axis. The deformation on PC1
represents 0.07 units, that on PC2 represents 0.04 units,
and that on PC3 represents 0.03 units. Percentages indi-
cate the proportion of total variance amongst the Pro-
crustes residuals explained by each axis.
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revealed that examined species all share the basic
nature of the allometry (Table 2, Fig. 7). Visualization
of the allometric trajectory after it had been regressed
out of the geometric dataset indicated that the size of
the head and eye becomes proportionately smaller as
juveniles grow into adults (Fig. 9). As the effects of
within-species allometry were so strong in this
dataset, regression-based corrections for those effects
were required to reveal size-independent shape dif-
ferences amongst the a priori groupings of specimens.

Once allometric effects were accounted for, the
single most important remaining axis of variation
was body depth. PC2 from the linear analysis and
PC1 from the allometrically corrected geometric
dataset indexed that variation most completely. Anal-
ysing the intercepts of the regression of the linear
PC1 against standard length also recovered variation
in slenderness amongst species, with the slenderest
species possessing the lowest Y-intercepts. PC3 from
the corrected geometric dataset revealed additional
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Figure 11. Scatterplot of (A) principal components one and two and (B) principal components one and three from
geometric morphometrics after allometric correction. Polygons represent convex hulls surrounding nominal species of
Leporinus.
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aspects of variation that were uncorrelated with the
size of the specimens, namely the anteroposterior
length of the head and the degree of dorsoventral
tapering of the posterior half of the body. This subtle
variation on the geometric PC3 proved crucial in
distinguishing amongst several pairs of species, and
would not have been apparent without allometric
correction.

THE ABILITY OF ALLOMETRIC CORRECTION TO

IMPROVE DISCRIMINATION AMONGST GROUPS

Both the linear dataset and the geometric dataset
effectively separated many of the a priori groups, but
such separation was achieved only after allometry
was properly considered via regression. In the geo-
metric dataset, simple PCA following Procrustes
superimposition produced a morphospace in which
nearly every species was broadly overlapping (Fig. 8)
and not statistically distinguishable. Regressing out
the component of variation due to allometry (Fig. 9)
visually (Fig. 11) and statistically (Table 4) separated
all but a single pair of nominal species, greatly
improving the power of the analysis. This point is well
worth emphasizing, because it highlights that the
Procrustes fit used in geometric analysis does not
remove the confounding effects of size on shape from
the dataset. Only by correcting for shape difference
amongst groups resulting from differences in the size
of the available specimens can one test for consistent
shape differences amongst groups.

In the linear dataset, because size and shape varia-
tion both contributed to variation along the most
important component of variation in the linear
dataset (PC1), differences in the size structure of the
samples resulted in spurious separation amongst
groups on PC1 (Fig. 6). This over-separation of groups
presents a slightly different but potentially more
insidious problem than was observed in the geometric
case (in which groups were overlapping prior to allo-
metric correction), because it could lead to over-
splitting of species if not recognized. A simple and
common correction for this problem would discard the
size-correlated PC1 and analyse only the shape varia-
tion orthogonal to that axis (PC2 in this dataset).
Analysing only PC2 (Table 3) would have failed to
distinguish several pairs of species that were highly
separable using the characteristic intercept of the
PC1 regression for each group (Table 2), including L.
ortomaculatus/L. cf. niceforoi and L. friderici/L.
klausewitzi (see also Fig. 7). Even when an additional
correction to the higher numbered PCs is applied
through sheared PCA (Humphries et al., 1981) or
Burnaby’s (1966) method, a significant proportion of
shape variation can be lost through the exclusion of
PC1 if allometry is strong (Bookstein et al., 1985). IfT
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this dataset is at all typical, our analysis implies that
to maximize the discriminatory power of a morpho-
metric dataset, variation on PC1 should be analysed
explicitly using regression rather than discarded.

Based on the clear improvement to both analyses
provided by the allometric correction, we conclude
that such a correction should be more frequently used
in taxonomic studies that rely heavily upon morpho-
metrics. The routines for performing these analyses
in SMATR and especially MorphoJ are easily imple-
mented and freely available, and there should be no
logistical barrier to their wider adoption. At best,
failure to use these or other allometric alternatives
will prevent such studies from realising the full
potential of their data, and at worst, may cause the
resulting diagnoses to be built upon spurious shape
differences that are not consistent across ontogeny.

COMPARISON BETWEEN LINEAR AND GEOMETRIC

APPROACHES

The patterns of separation returned by the two types
of analyses were largely congruent, with all of the
species pairs that were separated by linear morpho-
metrics also segregated by geometric morphometrics.
However, the geometric analysis was able to separate
four more species pairs than did the linear analysis:
L. amazonicus from L. klausewitzi, L. cf. niceforoi and
Leporinus sp., and L. friderici from L. lebaili. At least
in this instance, the geometric methods appear to
have more power than do traditional linear methods.
Fink & Zelditch (1997), Parsons et al. (2003), and
Maderbacher et al. (2008) reached similar conclu-
sions, and if these collective results indicate a general
trend, then the geometric methods for species dis-
crimination should be preferred over their linear
analogues whenever possible. That said, the discrimi-
natory ability of the linear approach is still excellent,
provided that it includes explicit analysis of allomet-
ric vectors (PC1 in this and many other case studies).
Our recommendation in favour of the geometric
approach should not be interpreted as a condemna-
tion of the traditional linear method!

Despite the higher power of the geometric
approach, the traditional approach has two advan-
tages. First, it permits the inclusion of bent speci-
mens like the type series of L. niceforoi, provided one
can straighten them sufficiently to permit accurate
calliper measurements. Such specimens cannot be
imaged without significant distortion or foreshorten-
ing, and cannot be used in geometric analyses.
Second, the traditional approach permitted the inclu-
sion of measurements of width (body width and
infraorbital width in this example) not obtainable
from the radiographs from which the 2D landmark
data were taken. Although geometric techniques exist

for collecting and analysing 3D data, such protocols
require expensive and unusual equipment such as 3D
scanners or microscribes. When such equipment is
unavailable and 3D structure is suspected to contain
important signal, linear measurements present a
workable alternative.

The meristic dataset proved insufficient to distin-
guish amongst most pairs of specimens, but provided
important supplementary information that helped to
separate certain species pairs. Leporinus amazonicus,
for example, was indistinguishable from L. klause-
witzi on the basis on linear morphometrics (Tables 2,
3), but the two species are easily separated on the
basics of lateral-line scale and vertebral counts
(Table 5).

A NEW SPECIES FROM SURINAME

The elongate specimens from Suriname that origi-
nally sparked this study (L. apollo) are widely sepa-
rated in morphometrics from all species in the L.
cylindriformis group except for the holotype of L.
cylindriformis, the holotype and paratype of L. nice-
foroi, and some specimens of L. ortomaculatus (Figs 6,
11). Leporinus ortomaculatus and the L. niceforoi
types are separable from L. apollo on the basis of
meristics (Table 5) and coloration (see formal diagno-
sis below). This leaves only L. cylindriformis as a
potential match. Leporinus apollo is very similar to
the L. cylindriformis holotype; the two groups are
identical in meristic counts (Table 5), and indistin-
guishable via the linear morphometric PC2 (Fig. 6).
However, they are separated via geometric morpho-
metrics (Fig. 11), where the L. cylindriformis holotype
falls outside the convex hull and 95% confidence
ellipse (not shown graphically) surrounding L. apollo.
Body width, which does not load highly on the tradi-
tional PC2 (Table 1), provides a further linear
diagnosis. In the L. cylindriformis holotype the per-
centage of the width of the body in SL (15.2%) falls
outside the range of variation (9.7-14.0%) and more
than two standard deviations from the mean (11.9%)
of L. apollo (Table 6). Although slight, the variation in
the width of the body represents a diagnosable linear
difference, which combined with notable differences in
coloration (see diagnosis below) and the clear geomet-
ric distinction (Fig. 11), reliably separates L. apollo
from L. cylindriformis. Based on those differences, we
describe the new species formally below.

LEPORINUS APOLLO SP. NOV.

Leporinus cf. cylindriformis, Willink & Sidlauskas
2006: 106 (photograph, partial morphometrics and
meristics of specimen designated herein as holotype,
suggestion of undescribed status).
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Table 6. Traditional linear morphometrics for all examined species summarized as observed ranges, with
mean ± standard deviation, in parentheses. Standard length (SL) appears in millimetres. Measures 1 to 29 are
percentages of SL, measures 30 to 37 are percentages of head length

Leporinus apollo
(holotype) L. eporinus apollo

Leporinus
cylindriformis
(holotype)

Standard length 111.1 48.6–133.9 (90.9 ± 27.3) 188.0
1 Snout to dorsal-fin origin 48.5 45.4–48.5 (47.4 ± 1.0) 47.4
2 Snout to adipose-fin origin 86.8 83.7–88.6 (86.5 ± 1.3) 89.1
3 Snout to anal-fin origin 81.6 79.8–84.3 (82.3 ± 1.3) 85.4
4 Snout to pelvic-fin insertion 50.9 47.0–53.1 (50.7 ± 1.4) 49.2
5 Snout to pectoral-fin insertion 25.2 23.8–29.6 (26.5 ± 1.7) 24.4
6 Dorsal origin to pectoral-fin insertion 27.9 25.3–28.9 (26.8 ± 1.0) 28.2
7 Dorsal origin to pelvic-fin insertion 22.4 18.5–22.4 (20.6 ± 1.2) 21.5
8 Dorsal origin to anal-fin origin 40.6 38.8–42.3 (40.7 ± 1.0) 43.8
9 Dorsal origin to anal-fin insertion 49.0 45.7–59.9 (48.3 ± 1.5) 50.8

10 Dorsal origin to hypural joint 54.2 51.4–56.6 (54.6 ± 1.6) 56.3
11 Dorsal origin to adipose-fin origin 41.3 38.0–43.4 (41.0 ± 1.8) 43.4
12 Length of dorsal-fin base 13.6 12.8–14.9 (13.9 ± 0.7) 14.4
13 Dorsal-fin insertion to pelvic-fin origin 21.5 18.2–23.0 (20.5 ± 1.4) 20.4
14 Dorsal-fin insertion to adipose-fin origin 26.7 24.1–29.1 (27.2 ± 1.7) 29.2
15 Dorsal-fin insertion to anal-fin origin 28.6 24.7–30.0 (27.4 ± 1.4) 30.2
16 Dorsal-fin insertion to anal-fin insertion 34.6 31.6–35.8 (34.2 ± 1.2) 36.4
17 Adipose-fin origin to anal-fin origin 14.0 12.0–14.5 (13.6 ± 0.7) 14.0
18 Adipose-fin origin to anal-fin insertion 10.8 9.5–12.1 (10.9 ± 0.8) 11.8
19 Adipose-fin origin to hypural joint 14.3 12.4–15.4 (14.2 ± 0.8) 14.3
20 Length of anal-fin base 8.5 7.6–10.2 (9.0 ± 0.8) 9.0
21 Anal-fin insertion to hypural joint 9.3 9.0–11.6 (9.6 ± 0.7) 9.5
22 Pelvic-fin insertion to anal-fin origin 31.4 30.1–33.6 (32.1 ± 1.1) 35.9
23 Pelvic-fin insertion to adipose-fin origin 39.2 37.5–43.0 (39.7 ± 1.3) 42.7
24 Pelvic-fin insertion to hypural joint 50.3 48.8–52.4 (50.8 ± 1.1) 51.9
25 Pelvic-fin insertion to pectoral-fin insertion 26.7 23.5–28.6 (25.6 ± 1.3) 25.4
26 Greatest body depth 21.8 18.3–22.9 (20.7 ± 1.3) 21.5
27 Greatest body width 12.2 9.7–14.0 (11.9 ± 1.1) 15.2
28 Caudal-peduncle depth 8.0 7.4–9.3 (8.3 ± 0.6) 8.7
29 Head length 23.3 23.1–26.3 (24.6 ± 1.1) 23.5
30 Preopercle length 80.4 74.0–80.4 (77.2 ± 2.1) 78.0
31 Snout to anterior margin of eye 41.7 34.5–42.4 (38.9 ± 2.4) 44.6
32 Head depth 72.3 62.7–72.3 (68.1 ± 2.8) 71.5
33 Snout depth 43.5 39.7–45.3 (42.9 ± 1.4) 46.5
34 Jaw length 22.5 17.1–23.9 (20.8 ± 2.0) 24.8
35 Eye diameter 27.5 25.4–32.0 (28.1 ± 1.7) 24.9
36 Interorbital width 33.4 30.8–38.0 (33.8 ± 1.9) 35.3
37 Snout to supraoccipital crest 94.2 87.2–97.3 (93.6 ± 2.5) 93.7

Leporinus amazonicus Leporinus friderici Leporinus klausewitzi

Standard length 25.2–170.7 (64.9 ± 75.4) 91.5–148.3 (113.5 ± 18.5) 62.4–132.3 (83.1 ± 25.8)
1 Snout to dorsal-fin origin 46.4–51.6 (48.7 ± 2.6) 48.0–51.8 (49.6 ± 1.2) 48.6–50.1 (49.4 ± 0.6)
2 Snout to adipose-fin origin 85.5–87.5 (86.5 ± 1.0) 87.8–90.3 (88.6 ± 0.9) 85.6–87.5 (86.8 ± 0.8)
3 Snout to anal-fin origin 78.9–83.1 (80.7 ± 2.1) 83.4–87.1 (84.7 ± 1.2) 79.0–81.9 (80.8 ± 1.2)
4 Snout to pelvic-fin insertion 51.3–54.6 (52.6 ± 1.7) 52.3–56.1 (53.8 ± 1.1) 50.3–52.3 (51.2 ± 0.8)
5 Snout to pectoral-fin insertion 28.9–35.7 (32.0 ± 3.4) 27.5–30.3 (28.8 ± 0.9) 27.4–30.5 (28.6 ± 1.1)
6 Dorsal origin to pectoral-fin insertion 27.2–28.7 (27.8 ± 0.8) 30.5–33.2 (32.4 ± 0.8) 29.4–31.8 (30.5 ± 0.9)
7 Dorsal origin to pelvic-fin insertion 24.7–26.6 (25.6 ± 1.0) 29.1–33.6 (31.6 ± 1.4) 25.2–28.3 (26.5 ± 1.2)
8 Dorsal origin to anal-fin origin 39.2–43.6 (41.4 ± 2.2) 43.6–47.8 (46.3 ± 1.2) 40.0–42.6 (41.4 ± 1.0)
9 Dorsal origin to anal-fin insertion 48.8–51.4 (50.0 ± 1.3) 46.3–52.4 (50.6 ± 1.8) 45.9–48.0 (47.2 ± 0.8)

10 Dorsal origin to hypural joint 51.9–55.6 (54.3 ± 2.1) 53.3–56.5 (55.1 ± 1.2) 54.1–56.6 (55.3 ± 1.0)
11 Dorsal origin to adipose-fin origin 40.8–41.6 (41.3 ± 0.4) 41.0–44.0 (42.4 ± 1.0) 39.1–41.2 (40.4 ± 0.7)
12 Length of dorsal-fin base 14.9–17.0 (15.9 ± 1.1) 15.0–17.4 (16.0 ± 0.8) 14.6–15.9 (15.2 ± 0.5)
13 Dorsal-fin insertion to pelvic-fin origin 22.5–24.0 (23.3 ± 0.7) 27.1–30.9 (28.8 ± 1.2) 24.0–25.8 (25.0 ± 0.8)
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Table 6. Continued

Leporinus amazonicus Leporinus friderici Leporinus klausewitzi

14 Dorsal-fin insertion to adipose-fin origin 22.5–24.0 (25.7 ± 0.3) 25.8–28.3 (26.9 ± 0.8) 24.0–26.2 (25.2 ± 1.0)
15 Dorsal-fin insertion to anal-fin origin 22.5–24.0 (27.3 ± 1.9) 29.8–33.4 (32.3 ± 1.1) 26.9–29.2 (27.8 ± 0.9)
16 Dorsal-fin insertion to anal-fin insertion 32.5–34.8 (33.5 ± 1.2) 34.0–36.8 (35.7 ± 1.0) 32.1–34.0 (32.9 ± 0.7)
17 Adipose-fin origin to anal-fin origin 14.5–16.7 (15.6 ± 1.1) 17.9–20.9 (19.2 ± 0.9) 16.4–18.0 (17.0 ± 0.6)
18 Adipose-fin origin to anal-fin insertion 10.8–14.7 (12.6 ± 2.0) 13.1–15.3 (14.6 ± 0.6) 10.9–13.2 (12.1 ± 0.9)
19 Adipose-fin origin to hypural joint 10.8–14.7 (13.7 ± 2.0) 11.6–15.7 (14.0 ± 1.3) 13.6–15.7 (14.5 ± 0.7)
20 Length of anal-fin base 9.0–11.8 (10.0 ± 1.6) 9.7–11.1 (10.2 ± 0.5) 9.2–9.9 (9.5 ± 0.3)
21 Anal-fin insertion to hypural joint 10.5–11.2 (10.9 ± 0.3) 8.6–10.3 (9.2 ± 0.5) 10.3–12.3 (11.2 ± 0.7)
22 Pelvic-fin insertion to anal-fin origin 28.5–34.6 (31.0 ± 3.2) 31.6–35.0 (33.2 ± 1.1) 29.4–32.4 (31.1 ± 1.1)
23 Pelvic-fin insertion to adipose-fin origin 40.7–44.1 (41.9 ± 1.9) 40.9–44.7 (43.1 ± 1.3) 38.9–42.3 (40.7 ± 1.3)
24 Pelvic-fin insertion to hypural joint 47.9–53.9 (50.1 ± 3.3) 49.1–51.1 (50.1 ± 0.6) 48.8–52.2 (50.6 ± 1.1)
25 Pelvic-fin insertion to pectoral-fin insertion 20.9–23.8 (22.0 ± 1.6) 24.1–27.5 (25.8 ± 1.2) 22.8–25.4 (23.9 ± 1.2)
26 Greatest body depth 24.7–26.3 (25.7 ± 0.9) 29.2–33.5 (31.8 ± 1.5) 25.4–28.4 (26.6 ± 1.0)
27 Greatest body width 12.4–14.5 (13.4 ± 1.1) 12.7–18.5 (15.3 ± 1.6) 11.8–16.4 (13.2 ± 1.8)
28 Caudal-peduncle depth 9.0–11.0 (9.8 ± 1.1) 10.9–11.8 (11.3 ± 0.3) 9.5–10.8 (10.2 ± 0.5)
29 Head length 28.0–34.0 (30.5 ± 3.1) 26.3–28.2 (27.3 ± 0.7) 26.2–27.1 (26.6 ± 0.3)
30 Preopercle length 72.5–74.3 (73.1 ± 1.0) 77.7–80.0 (78.8 ± 0.8) 74.3–80.1 (77.7 ± 1.9)
31 Snout to anterior margin of eye 34.2–41.1 (36.8 ± 3.7) 37.9–42.1 (39.9 ± 1.4) 36.3–38.5 (37.3 ± 0.8)
32 Head depth 74.3–78.4 (75.9 ± 2.2) 89.8–99.0 (94.8 ± 2.8) 84.0–90.5 (86.9 ± 2.6)
33 Snout depth 40.6–47.2 (43.5 ± 3.3) 48.5–55.2 (52.3 ± 2.3) 48.0–52.3 (50.2 ± 1.7)
34 Jaw length 20.9–24.7 (22.2 ± 2.1) 21.3–24.9 (23.1 ± 1.2) 16.9–20.7 (19.2 ± 1.6)
35 Eye diameter 16.6–27.0 (23.3 ± 5.8) 24.1–29.9 (27.5 ± 2.0) 24.4–29.9 (27.7 ± 2.3)
36 Interorbital width 31.0–42.1 (36.8 ± 5.6) 40.1–46.1 (43.4 ± 1.8) 37.7–42.5 (39.2 ± 1.7)
37 Snout to supraoccipital crest 80.0–85.7 (82.6 ± 2.9) 84.9–94.0 (90.2 ± 2.5) 85.8–96.3 (92.2 ± 4.5)

Leporinus lebaili Leporinus niceforoi (types) Leporinus cf. niceforoi

Standard length 48.9–95.3 (64.9 ± 21.2) 117.1–128.0 (122.5 ± 7.7) 33.6–158.9 (80.6 ± 44.8)
1 Snout to dorsal-fin origin 50.3–53.5 (52.3 ± 1.4) 44.6–46.1 (45.4 ± 1.0) 45.9–52.1 (48.5 ± 1.4)
2 Snout to adipose-fin origin 85.6–89.4 (87.2 ± 1.7) 84.4–86.7 (85.5 ± 1.7) 83.3–89.6 (86.4 ± 1.9)
3 Snout to anal-fin origin 82.2–84.1 (82.9 ± 0.9) 81.0–81.2 (81.1 ± 0.1) 78.0–86.3 (83.0 ± 2.1)
4 Snout to pelvic-fin insertion 53.0–54.8 (54.2 ± 0.8) 47.0–49.3 (48.1 ± 1.6) 49.2–53.3 (50.7 ± 1.1)
5 Snout to pectoral-fin insertion 30.5–32.5 (31.2 ± 0.9) 24.2–25.8 (25.0 ± 1.2) 25.0–32.1 (28.1 ± 2.5)
6 Dorsal origin to pectoral-fin insertion 32.1–33.9 (33.1 ± 0.9) 26.6–27.4 (27.0 ± 0.6) 23.9–30.5 (28.3 ± 1.8)
7 Dorsal origin to pelvic-fin insertion 31.1–33.7 (32.3 ± 1.2) 20.6–22.7 (21.6 ± 1.5) 22.0–26.6 (24.8 ± 1.1)
8 Dorsal origin to anal-fin origin 43.1–46.2 (44.5 ± 1.5) 42.0–43.6 (42.8 ± 1.2) 39.6–46.9 (43.6 ± 2.2)
9 Dorsal origin to anal-fin insertion 46.8–49.1 (48.4 ± 1.1) 49.1–51.7 (50.4 ± 1.9) 44.6–53.0 (49.5 ± 2.5)

10 Dorsal origin to hypural joint 53.4–54.4 (53.9 ± 0.4) 58.9–60.2 (59.6 ± 0.9) 50.9–59.2 (55.7 ± 2.1)
11 Dorsal origin to adipose-fin origin 36.0–39.9 (38.3 ± 1.7) 44.1–45.4 (44.7 ± 0.9) 36.3–45.1 (41.4 ± 2.6)
12 Length of dorsal-fin base 15.5–16.7 (16.4 ± 0.6) 14.7–14.8 (14.7 ± 0.0) 12.8–17.2 (15.2 ± 1.1)
13 Dorsal-fin insertion to pelvic-fin origin 28.2–30.2 (29.2 ± 0.9) 19.1–20.1 (19.6 ± 0.7) 20.0–25.7 (23.3 ± 1.3)
14 Dorsal-fin insertion to adipose-fin origin 20.4–23.5 (22.4 ± 1.4) 29.1–30.5 (29.8 ± 1.0) 21.4–30.2 (26.3 ± 2.4)
15 Dorsal-fin insertion to anal-fin origin 28.8–30.6 (29.9 ± 0.8) 29.7–29.9 (29.8 ± 0.2) 22.9–33.1 (28.9 ± 2.6)
16 Dorsal-fin insertion to anal-fin insertion 32.1–32.8 (32.4 ± 0.3) 34.1–35.8 (35.0 ± 1.2) 29.2–37.9 (34.2 ± 2.5)
17 Adipose-fin origin to anal-fin origin 19.6–20.8 (20.2 ± 0.5) 13.7–13.7 (13.7 ± 0.1) 13.3–16.8 (15.2 ± 0.9)
18 Adipose-fin origin to anal-fin insertion 15.0–15.6 (15.3 ± 0.3) 10.9–12.2 (11.5 ± 0.9) 10.1–13.4 (12.3 ± 0.8)
19 Adipose-fin origin to hypural joint 13.8–15.6 (14.8 ± 0.8) 17.3–18.0 (17.7 ± 0.5) 10.3–18.7 (13.7 ± 1.7)
20 Length of anal-fin base 8.7–10.9 (10.2 ± 1.0) 6.9–8.2 (7.6 ± 0.9) 7.7–11.7 (9.6 ± 1.1)
21 Anal-fin insertion to hypural joint 9.6–11.1 (10.3 ± 0.6) 10.3–10.9 (10.6 ± 0.4) 7.6–12.6 (9.5 ± 1.3)
22 Pelvic-fin insertion to anal-fin origin 28.2–29.8 (28.9 ± 0.8) 30.4–31.8 (31.1 ± 1.0) 29.5–36.6 (33.0 ± 2.6)
23 Pelvic-fin insertion to adipose-fin origin 38.9–42.9 (41.1 ± 1.8) 39.8–39.8 (39.8 ± 0.0) 46.0–44.0 (39.8 ± 2.3)
24 Pelvic-fin insertion to hypural joint 45.7–48.4 (47.0 ± 1.1) 49.3–52.9 (51.1 ± 2.5) 46.4–53.1 (49.8 ± 1.9)
25 Pelvic-fin insertion to pectoral-fin insertion 21.6–24.6 (23.4 ± 1.3) 23.3–25.2 (24.3 ± 1.3) 20.2–26.2 (24.1 ± 1.9)
26 Greatest body depth 31.9–33.9 (32.9 ± 1.0) 20.2–22.8 (21.5 ± 1.8) 23.3–27.3 (25.2 ± 1.1)
27 Greatest body width 13.6–14.9 (14.1 ± 0.6) 11.5–12.4 (11.9 ± 0.6) 11.6–15.9 (13.5 ± 1.1)
28 Caudal-peduncle depth 11.6–12.0 (11.8 ± 0.2) 8.1–8.8 (8.4 ± 0.5) 8.1–10.7 (9.5 ± 0.7)
29 Head length 27.2–31.7 (29.3 ± 1.8) 23.3–23.9 (23.6 ± 0.5) 23.6–30.4 (26.9 ± 2.4)
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Leporinus aff. cylindriformis, Mol et al. 2007: 365
(historic presence in region now spanned by
Brokopondo reservoir, Suriname River drainage,
Suriname).

Holotype: SURINAME: Saramacca: FMNH 116827,
111.1 mm, Coppename River, Sidonkrutu, sand island
and channel (04°31′51″N, 56°30′56″W) J. Mol, B.
Chernoff, P. Willink & M. Cooperman, 9.iii.2004.

Table 6. Continued

Leporinus lebaili Leporinus niceforoi (types) Leporinus cf. niceforoi

30 Preopercle length 76.7–82.4 (80.0 ± 2.8) 75.6–77.1 (76.3 ± 1.0) 73.4–80.9 (76.8 ± 2.1)
31 Snout to anterior margin of eye 36.3–40.7 (38.8 ± 2.2) 37.8–40.6 (39.2 ± 2.0) 30.7–42.1 (36.8 ± 3.2)
32 Head depth 91.7–97.9 (95.2 ± 2.9) 74.1–78.1 (76.1 ± 2.8) 61.4–84.4 (73.0 ± 6.6)
33 Snout depth 50.3–56.9 (52.7 ± 2.9) 45.0–45.8 (45.4 ± 0.6) 39.4–50.5 (44.5 ± 3.5)
34 Jaw length 20.0–24.4 (22.5 ± 2.2) 20.9–23.3 (22.1 ± 1.7) 18.0–25.0 (21.7 ± 1.9)
35 Eye diameter 26.4–28.9 (27.3 ± 1.1) 26.6–26.9 (26.7 ± 0.2) 22.6–35.1 (28.6 ± 3.2)
36 Interorbital width 35.1–43.1 (39.3 ± 3.3) 38.7–40.2 (39.4 ± 1.1) 32.2–42.9 (38.1 ± 3.2)
37 Snout to supraoccipital crest 88.1–95.0 (92.1 ± 2.9) 94.4–95.8 (95.1 ± 1.0) 80.6–97.9 (89.7 ± 4.3)

Leporinus ortomaculatus Leporinus sp.

Standard length 42.0–78.0 (62.3 ± 11.3) 81.6–115.9 (97.2 ± 16.8)
1 Snout to dorsal-fin origin 46.9–51.6 (48.5 ± 1.3) 47.4–50.1 (49.3 ± 1.1)
2 Snout to adipose-fin origin 83.8–88.0 (85.9 ± 1.2) 87.2–89.1 (88.0 ± 0.8)
3 Snout to anal-fin origin 78.2–83.1 (80.9 ± 1.5) 83.3–86.3 (84.8 ± 1.1)
4 Snout to pelvic-fin insertion 48.9–53.3 (51.7 ± 1.2) 52.5–54.4 (53.3 ± 0.7)
5 Snout to pectoral-fin insertion 26.5–30.3 (28.1 ± 1.1) 27.1–30.1 (28.7 ± 1.3)
6 Dorsal origin to pectoral-fin insertion 24.3–29.5 (27.3 ± 1.6) 27.9–29.7 (29.1 ± 0.7)
7 Dorsal origin to pelvic-fin insertion 21.5–24.8 (23.3 ± 1.0) 22.9–25.3 (23.9 ± 1.0)
8 Dorsal origin to anal-fin origin 28.3–42.7 (41.0 ± 1.4) 40.0–44.4 (42.4 ± 1.6)
9 Dorsal origin to anal-fin insertion 46.4–49.9 (47.7 ± 1.1) 47.8–51.6 (50.3 ± 1.5)

10 Dorsal origin to hypural joint 52.9–57.3 (54.9 ± 1.2) 53.6–57.2 (55.3 ± 1.6)
11 Dorsal origin to adipose-fin origin 37.9–41.4 (39.4 ± 1.0) 39.2–42.1 (40.8 ± 1.2)
12 Length of dorsal-fin base 13.9–16.5 (15.2 ± 0.8) 14.2–14.8 (14.5 ± 0.2)
13 Dorsal-fin insertion to pelvic-fin origin 20.5–23.0 (21.8 ± 0.9) 20.6–23.7 (22.6 ± 1.2)
14 Dorsal-fin insertion to adipose-fin origin 24.1–26.6 (25.2 ± 0.7) 24.3–27.7 (26.4 ± 1.7)
15 Dorsal-fin insertion to anal-fin origin 26.0–28.6 (27.5 ± 0.8) 25.5–29.4 (28.1 ± 1.6)
16 Dorsal-fin insertion to anal-fin insertion 309–34.7 (33.0 ± 1.2) 33.6–34.7 (34.2 ± 0.4)
17 Adipose-fin origin to anal-fin origin 14.5–15.8 (15.0 ± 0.4) 14.1–15.6 (14.6 ± 0.6)
18 Adipose-fin origin to anal-fin insertion 10.7–12.4 (11.7 ± 0.5) 11.3–13.2 (12.2 ± 0.7)
19 Adipose-fin origin to hypural joint 13.0–15.2 (14.3 ± 0.6) 13.7–14.6 (14.1 ± 0.5)
20 Length of anal-fin base 9.5–10.8 (10.0 ± 0.4) 7.8–10.4 (9.1 ± 1.0)
21 Anal-fin insertion to hypural joint 8.9–11.8 (10.0 ± 1.0) 8.1–9.8 (8.8 ± 0.7)
22 Pelvic-fin insertion to anal-fin origin 28.2–33.5 (30.5 ± 1.5) 31.4–34.5 (33.0 ± 1.1)
23 Pelvic-fin insertion to adipose-fin origin 35.5–40.4 (38.3 ± 1.5) 38.5–41.7 (40.4 ± 1.2)
24 Pelvic-fin insertion to hypural joint 43.8–50.9 (47.7 ± 2.0) 47.5–50.5 (48.9 ± 1.1)
25 Pelvic-fin insertion to pectoral-fin insertion 20.0–26.5 (24.1 ± 1.8) 24.1–27.2 (26.2 ± 1.2)
26 Greatest body depth 22.1–25.1 (23.5 ± 1.0) 22.2–25.5 (24.1 ± 1.2)
27 Greatest body width 9.9–13.6 (11.9 ± 1.2) 11.7–14.1 (13.0 ± 0.9)
28 Caudal-peduncle depth 8.2–9.9 (9.1 ± 0.5) 8.7–9.2 (9.0 ± 0.2)
29 Head length 24.2–27.2 (25.5 ± 1.0) 25.1–27.7 (26.1 ± 1.0)
30 Preopercle length 74.2–78.1 (76.8 ± 1.0) 76.6–78.8 (77.9 ± 1.0)
31 Snout to anterior margin of eye 33.5–41.1 (37.8 ± 2.1) 36.4–41.3 (38.8 ± 2.3)
32 Head depth 71.7–81.2 (76.1 ± 2.6) 70.1–76.1 (72.8 ± 2.5)
33 Snout depth 40.7–49.0 (44.7 ± 2.5) 44.6–50.2 (47.5 ± 2.2)
34 Jaw length 17.4–22.6 (20.3 ± 1.3) 21.5–23.7 (22.9 ± 0.9)
35 Eye diameter 25.3–31.2 (28.2 ± 1.9) 23.9–28.0 (26.4 ± 1.6)
36 Interorbital width 32.4–39.3 (35.7 ± 2.0) 33.1–36.8 (35.5 ± 1.6)
37 Snout to supraoccipital crest 92.1–101.2 (95.7 ± 2.9) 87.3–93.9 (91.6 ± 2.6)
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Paratypes: SURINAME: Nickerie: USNM 225993, 7
specimens, 68.8–93.6 mm (2 CS, 75.1–89.9 mm); NZCS
F-7067 (out of USNM 225993), 1 specimen, 82.3 mm,
Corantijn River drainage, Matappi Creek (05°01′N,
57°17.5′W), H. M. Madarie, 17.v.1980. Sipaliwini:
MHNG 2672.085, 1 specimen, 113.8 mm; NZCS F-7068
(out of MHNG 2672.085), 1 specimen, 110.8 mm,
Corantijn River at Wonotobo Falls, around camp
(4°11′0.5″N, 57°57′25.1″W), J. I. Montoya-Burgos, R.
Covain & P. Hollanda Carvallo. MHNG 2673.002, 3
specimens, 48.6–127.7 mm, Corantijn River, Kaw Falls
(04°59′48.3″N, 57°37′49.5″W), J. I. Montoya-Burgos, R.
Covain & P. Hollanda Carvallo. MHNG 2673.083, 1
specimen, 118.0 mm, Gran Rio, Suriname River drain-
age, at Assigon (3°57′3.9″N, 55°32′1.6″W), J. I.
Montoya-Burgos, R. Covain & P. Hollanda Carvallo.
MHNG 2673.098, 1 specimen, 133.9 mm, Gran Rio,
Suriname River drainage, at Kossindo in front of
Cajana village (3°54′5.4″N, 55°34′26.5″W) J. I.
Montoya-Burgos, R. Covain & P. Hollanda Carvallo.

Diagnosis: Leporinus apollo can be distinguished
from all other members of Leporinus except L. cylin-
driformis, L. niceforoi, L. cf. niceforoi, L. ortomacula-
tus, and a possibly undescribed species from the
Amazon drainage (Leporinus sp., see discussion
below) by the combination of an extremely dorsoven-
trally slender body (percentage of body depth imme-
diately anterior to the dorsal-fin origin in standard
length in range of 18–23%) and a pigmentation
pattern including three or four large, black spots
centred along the lateral-line-scale row. Leporinus
apollo can be distinguished from L. niceforoi, L.
ortomaculatus, and Leporinus sp. by the possession of
six scales in a transverse series above the lateral line
(in all but one examined specimen, which has five
scales in that series) versus five scales in that series
in all examined specimens of L. niceforoi, L.
ortomaculatus, and Leporinus sp. It can be distin-
guished from L. cf. niceforoi by the percentage of body
depth in standard length of 18.3–22.9% versus 23.3–
27.3% and by the typical transverse scale count at the
dorsal and pelvic fin origins of 6/5 (5/5 and 6/4 each
occur once) versus a typical count of 5/4 (occasionally
5/5, once 6/4, never 6/5). Leporinus apollo can be
distinguished from L. cylindriformis and L. niceforoi
by the presence of a small, dark spot on the body
immediately ventral to the seventh, eighth, or ninth
scale of the lateral line, versus the absence of such a
spot in those two species. Leporinus apollo can be
further distinguished from L. cylindriformis by the
possession of a dark spot centred immediately poste-
rior to the opercle and slightly ventral to the lateral-
line-scale row (versus the lack of such a spot), the
presence of a series of nine to 14 dark bars across the
dorsal surface of the body that terminate ventrally in

darker areas that form an irregular stripe situated
dorsal and parallel to the lateral line scale row
(versus the lack of well-developed transverse bars and
absence of such dark areas), and by the percentage of
body width in standard length in the range of 9.7–
14.0% (versus 15.2%).

Description: Meristic counts for holotype and
paratypes in Table 5, morphometrics in Table 6. Body
fusiform and very slender, with body depth 18.3–
22.9% of SL. Head elongate and roughly triangular in
lateral profile, with depth measured at posterior ter-
minus of opercle 62.7–72.3% of head length. Greatest
depth and width of body located at vertical through
dorsal-fin origin. Profile of predorsal region of body
nearly straight, with only slight convexity. Dorsal
fin-base and profile of body from base of last dorsal-fin
ray to adipose fin straight and posteroventrally
slanted. Body with distinct vertical constriction in
region posterior of adipose fin and anterior of hypural
plate. Adipose-fin origin located on vertical through
base of fourth branched anal-fin ray. Ventral margin
of head and body straight and posteroventrally
inclined from tip of lower jaw to inflection point
directly ventral to dorsal-fin origin. Ventral profile of
body posterodorsally angled posterior to that point.
Pelvic-fin insertion located at vertical through base of
second branched dorsal-fin ray.

Mouth small and slightly subterminal; upper and
lower jaws meet along horizontal tangent to ventral
margin of eye. Ventral margin of upper jaw sinusoi-
dal, reflecting oblique angle between ventral margin
of premaxilla and maxilla. Margins of upper and
lower lips with slight ridges. Premaxilla and maxilla
each typically bear four teeth. Teeth on each jaw
graded in size with symphyseal teeth largest and
terminal tooth of series distinctly smaller. Single row
of replacement teeth present in crypt within dentary.
Dentary teeth fit far behind teeth of upper jaw in
closed mouth, resulting in pronounced overbite.

Anterior nare tubular and anteriorly directed. Pos-
terior nare rhomboidal or in shape of figure of eight,
with approximately ten olfactory ridges visible exter-
nally. Nares situated on horizontal bisecting ventral
hemisphere of pupil. Antorbital, infraorbitals, and
supraorbital with general forms comparable to that
illustrated for L. fasciatus in Sidlauskas & Vari (2008:
fig. 9) other than for a wider nasal and for the fusion
of the fourth and fifth infraorbitals into a single
element with posteriorly directed branch of laterosen-
sory canal midway along its vertical extent.

Four branchiostegal rays with medial ray smallest.
Fleshy opercular membrane fused to isthmus.

Anal fin preceded by single very small additional
unbranched ray, visible in radiographs but not exter-
nally and not included in counts. First externally
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visible unbranched ray of anal fin one-half or less
length of second unbranched ray. Branched rays of
anal fin articulated to second to ninth proximal and
distal pterygiophores. Dorsal fin preceded by single
very small additional unbranched ray, visible in
radiographs but not externally and not included in
counts. First externally visible unbranched ray of
dorsal fin slightly more than one-half length of second
unbranched dorsal-fin ray. Branched rays of dorsal fin
articulated to second through 11th proximal and
distal pterygiophores. First dorsal pterygiophore typi-
cally lies between neural processes of 11th and 12th
or tenth and 11th vertebrae, but in one individual
between neural processes of ninth and tenth
vertebrae.

Pectoral fin elongate, with second and third
unbranched rays longest. Adipose fin elongate with
convex upper margin and straight or concave ventral
margin. Caudal-fin lobes distinctly pointed, with
longest rays those immediately ventral to dorsalmost
rays and immediately dorsal to ventralmost rays.

Body fully scaled. Fins not scaled except for row of
small scales at base of anal fin and overlaying basal
portion of middle caudal-fin rays.

Coloration in alcohol: Overall ground colour pale
yellow to light brown, darkest dorsal to lateral line
and palest on ventral surface of head, gular region
and portion of body ventral to third scale row below
lateral-line scale row. Dorsal surface of head, upper
jaw, and area lateral to infraorbital series dusky. Skin
covering upper margin of maxilla distinctly darker
than skin covering remainder of maxilla, resulting in
pigmentation in the form of thin moustache.

Four large dark spots ranging in shape from circu-
lar to horizontally elongate ellipses located along
lateral surface of body. Anterior spot centred on first
scale row ventral to lateral-line-scale row and poste-
rior three spots centred on lateral-line scale row. First
large spot begins just posterior to fleshy flap of
opercle and extends posteriorly across approximately
three scales. Anterior limit of second large spot situ-
ated at vertical through base of second branched
dorsal-fin ray, with spot extending posteriorly across
six or seven scales. Anterior limit of third large spot
located immediately posterior to vertical through pos-
terior limit of anus, with spot extending posteriorly
across approximately five scales. Fourth large spot
centred over caudal peduncle, spanning approxi-
mately five scales.

Variable number of small accessory spots positioned
along second or third horizontal scale row ventral to
lateral-line scale row. All examined specimens with at
least one such small spot centred on second horizontal
scale row below lateral-line scale row and located
ventral to seventh, eighth, or ninth lateral line scale.

Most specimens with additional small spot located
midway between and slightly ventral to second and
third large spots (this spot absent in all three speci-
mens in MHNG 2673.002, see Fig. 2). Some speci-
mens (MHNG 2673.083, MHNG 2673.098) with as
many as seven additional small spots arranged in
irregular horizontal line across ventrolateral portion
of body.

Nine to 14 (typically 13 or 14) dark transverse bars
extending across dorsal surface of body, each termi-
nating on left and right side in area of more intense
dark pigmentation positioned over third (anteriorly)
or second (posteriorly) horizontal scale row dorsal to
lateral-line-scale row. Contrast between transverse
dorsal bars and ground coloration typically pro-
nounced, but some specimens (MHNG 2672.085,
NZCS F-7068) with pigmentation of dorsal transverse
bars muted and less intense. Rayed fins hyaline
except for widely dispersed melanophores outlining
caudal-fin rays. Adipose fin pale overall, but occasion-
ally with dusky border.

Coloration in juveniles (two smallest specimens in
MHNG 2673.002, both measuring approximately
49 mm SL) similar overall to pigmentation in adults,
with four large lateral spots, transverse dorsal bars,
and horizontal series of smaller spots dorsal and
ventral to lateral-line-scale row all in evidence.
Second and third large lateral spots extend further
ventrally in juveniles than in adults, with dark pig-
mentation in juveniles approaching, but not contact-
ing, bases of pectoral and anal fins.

Coloration in life: Based upon two photographs taken
immediately after capture and kindly provided by R.
Covain: ground colour pale yellow, with pectoral and
pelvic fins and exposed portions of interopercle and
subopercle displaying more intensely yellow colora-
tion. Margin of adipose fin orange or red. Pigmenta-
tion otherwise as described for preserved material.

Growth and ontogeny: Small to moderate sized
species of Leporinus, with maximum known body size
of 133.9 mm SL. Juveniles with proportionally larger
heads than adults, with percentage of head length in
SL about 23% in smallest specimens (~49 mm SL) and
about 26% in largest specimens. Slightly subterminal
mouth position invariant amongst examined speci-
mens, although an ontogenetic shift in mouth position
may occur in very small juveniles as it does in many
other members of the Anostomidae (Santos, 1980;
Sidlauskas et al., 2007).

Geography: Known only from the Coppename, Coran-
tijn, and Suriname rivers of western and central
Suriname (Fig. 12), which flow from the Guyana
Shield into the Atlantic Ocean. The historic distribu-
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tion included the region of the Suriname river cur-
rently spanned by the Brokopondo reservoir, as two
specimens were collected there in 1963–64 prior to
the closure of the dam and the creation of the reser-
voir (Mol et al., 2007, listed as L. aff. cylindriformis in
their appendix 1) Extensive subsequent collections in
Brokopondo have yielded no additional specimens of
L. apollo, suggesting that it is now extirpated from
the reservoir (Mol et al., 2007).

Phylogenetic placement: Dissection of the CS speci-
mens of L. apollo reveals the species to lack the
synapomorphies of Hypomasticus (clade 4 of Sidlaus-
kas & Vari, 2008), but to possess instead a character
distribution that would nest the species within clade
8 of the phylogeny advanced in that publication. As L.
apollo also lacks the synapomorphies of Sidlauskas &
Vari’s (2008) clade 12 (which contains the majority of
genera within the Anostomidae that nest within
clade 8) it clearly fits within the current concept of
Leporinus.

Etymology: We name the species ‘apollo’ after the god
of the sun, music and healing in Greek and Roman
mythology. The extremely slender form of the new
species is reminiscent of the arrow that was Apollo’s
favoured weapon and predominant symbol, and the
yellow cast of the body and fins and the rounded
shape of the lateral markings evoke the sun that was
one of Apollo’s primary aspects.

Comparison with Leporinus gossei: As noted by
Willink & Sidlauskas (2006), L. apollo has a very
similar colour pattern to that of L. gossei, a rare
species known solely from French Guiana (see photo-
graph in Planquette, Keith & Le Bail, 1996: 155).
Although no specimens of L. gossei were available for
study, L. gossei is clearly a much deeper bodied
species than is L. apollo. The meristics reported for
the two species are also highly dissimilar, with six
scales in the upper transverse series and 40–43 total
lateral-line scales in L. apollo versus four (rarely five)
upper transverse scales and 36–37 (rarely 38–39)
lateral-line scales in L. gossei. Notwithstanding the
geographical proximity of the two species, there is no
question that L. gossei belongs to the assemblage of
species centred on L. friderici and that L. gossei and
L. apollo are distinct.

Remarks on differentiation from Leporinus cylindri-
formis: Despite their similarity in meristics and most
morphometrics, the coloration of L. apollo differs sub-
stantially from the current pigmentation of the L.
cylindriformis holotype and from the original illustra-
tion of that specimen, which was prepared around
1870 on behalf of Agassiz and reproduced by Borodin
(1929). In particular, the Suriname material pos-
sesses a dark mark behind the opercle, another mark
ventral to approximately the eighth scale of the
lateral line, and many dark bands across the dorsal
surface of the body that terminate ventrally in yet
darker areas. None of those dark marks appear in the

Figure 12. Geographical distribution of examined specimens of Leporinus amazonicus, Leporinus apollo sp. nov.,
Leporinus cylindriformis, Leporinus niceforoi, Leporinus cf. niceforoi, and Leporinus sp. Some symbols represent more
than one collection locality.
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original drawing of the holotype. Comparison of the
coloration in the Suriname material with the holotype
itself is complicated by the 150 + years since the pres-
ervation of the specimen, which is now rather faded.
Although the three horizontally elongate spots along
the lateral line scale row that appear in Borodin
(1929) can still be seen clearly on the holotype
(Fig. 1), these are less extensive than the marks in
comparable locations in L. apollo. More significantly,
the L. cylindriformis holotype (Fig. 1) and the original
illustration (Borodin, 1929: pl. 10) lack several of the
other prominent dark marks present in L. apollo.
Most notably, there is definitely no dark spot below
the eighth scale of the lateral line in the L. cylindri-
formis holotype, and this spot represents the most
diagnostic aspect of coloration separating the holo-
type from the Suriname specimens.

Although the holotype definitely does not currently
have the prominent markings that characterize L.
apollo, the possibility exists that it did at an earlier
point in ontogeny. The L. cylindriformis holotype at
188.0 mm SL is approximately 45 mm longer than the
largest known specimen of L. apollo (133.9 mm SL),
and thus the apparent differences in coloration might
diagnose different developmental stages of the same
species, not separate species. Such a scenario would
require the loss of a very considerable amount of
pigment over a fairly short interval of growth. Given
that the largest examined specimens of L. apollo are
as darkly pigmented as the smallest, we consider this
scenario to be highly unlikely. Unfortunately, a search
of several museums has revealed no additional mate-
rial of L. cylindriformis that could clarify the issue.

Identification of the material described herein as L.
apollo as L. cylindriformis would also require expla-
nation of the disjunct distribution of the species in the
Amazon and in three of the coastal drainages of
Suriname, without that species also occurring in Bra-
zil’s Amapá state or in French Guiana. Such a geo-
graphical distribution is not entirely implausible and
could result from vicariance, dispersal via the Ama-
zonian freshwater plume (Muller-Karger, McClain &
Richardson, 1988; Hu et al., 2004), or local extinction
in the intermediate drainages. Although such a dis-
tribution is not impossible, this would be a novel
biogeographical pattern; amongst the fish species that
have been critically reviewed in recent years we are
not aware of any that are distributed in Suriname
and the central Amazon without intervening popula-
tions. Taken as a whole, the scenario of synonymy is
significantly more convoluted than the alternative
that L. apollo represents a new species closely allied
to L. cylindriformis.

As a final enigma, the absence of additional speci-
mens of L. cylindriformis begs explanation. Is the
species naturally rare or an inhabitant of rarely

sampled habitats such as rapids? Does the specimen
represent a species that is now extirpated in the
vicinity of Porto de Moz? If so, might a population still
exist elsewhere, perhaps further upriver along the
Rio Xingu? The possibilities are numerous, but any
answers must remain speculative unless new speci-
mens are discovered in a museum collection or in the
vastness of the Amazon.

LEPORINUS CYLINDRIFORMIS OF RECENT YEARS: NOT

WHAT WAS THOUGHT

The holotype of L. cylindriformis clearly does not
match the series of specimens assigned to that species
by Santos & Zuanon (2008), which are referred herein
to Leporinus sp. Both linear and geometric methods
revealed the L. cylindriformis holotype to have a
shallower body than does Leporinus sp. (Figs 6, 11).
The L. cylindriformis holotype falls well outside the
95% confidence ellipse for Leporinus sp. in the scat-
terplot of PC2 versus PC1 from the geometric analy-
sis. Furthermore, the L. cylindriformis holotype has
six scales in the transverse series above the lateral
line, whereas all examined specimens of Leporinus sp.
have five scales in that series.

It is important to note that the lot of Leporinus sp.
examined in this study (INPA 15405) does not appear
in the series of comparative material that Santos &
Zuanon (2008) assigned to L. cylindriformis during
their description of L. amazonicus, presumably
because it was on loan to us at the time that they
prepared their manuscript. The lot that we examined
is from the same general region of Brazil as Santos &
Zuanon’s (2008) specimens (Fig. 12) and it was origi-
nally identified by staff at INPA as Leporinus cylin-
driformis. There is no doubt that Santos & Zuanon’s
(2008) concept of L. cylindriformis matches the Lep-
orinus sp. of this contribution.

Although Leporinus sp. clearly does not belong to
the same species as the L. cylindriformis holotype, its
taxonomic status is unresolved. It might represent an
undescribed species, but it is morphometrically
(Tables 2–4) and meristically (Table 5) indistinguish-
able from L. cf. niceforoi despite inhabiting a separate
region of the Amazon drainage. These two groups also
share similar colour patterns. If Leporinus sp. is
conspecific with all, or part of, the current concept of
L. niceforoi, this would represent a major range
extension for L. niceforoi. Many more specimens from
a broader geographical range are required to resolve
this question. Until such specimens are available, we
prefer to put the taxonomic status of Leporinus sp.
into abeyance.

LEPORINUS NICEFOROI: ONE SPECIES OR TWO?

Surprisingly, traditional linear morphometrics
suggest that the holotype and paratype of L. niceforoi
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from Colombia are separable from putative conspecif-
ics from Ecuador and Peru (L. cf. niceforoi) on the
basis of the more slender bodies in the two Colombian
specimens. These type specimens fall well outside the
range of L. cf. niceforoi on the PC2 from traditional
morphometrics (Fig. 6), and Tukey’s post-hoc test on
the PC2 scores returned a P-value of 0.0001 for sepa-
ration of these two groups (Table 3). Indeed, simple
examination of the ratios of body depth in standard
length (Table 6) reveals that the types of L. niceforoi
fall within the range of L. apollo and L. cylindrifor-
mis, which are the two most dorsoventrally slender
examined species in the genus. As only the two type
specimens of L. niceforoi are available, the regression-
based test for variation in the intercept of the linear
PC1 as reported in Table 2 cannot be performed for
this group. Furthermore, because the specimens are
bent, these specimens cannot be included in the geo-
metric morphometric analysis. Other than the mor-
phometric difference and the slight geographical
separation (Fig. 12), L. cf. niceforoi and L. niceforoi
have identical colour patterns and meristic counts
(Table 5).

Although the presence of two cryptic species within
the current concept of L. niceforoi is a possible expla-
nation for the described differences in body depth, at
least two other scenarios are possible. First, a mor-
phocline may exist within this species, which would
be revealed by the incorporation of more extensive
geographical samples of specimens. Second, the type
specimens may have shrunk over the course of more
than 70 years of storage (Buchheister & Wilson, 2005;
Thorstad et al., 2007). Only the examination of
recently collected material from at or near the type
locality in Colombia complemented by additional
samples from Peru and Ecuador will resolve these
questions.

GEOGRAPHICAL AND DEVELOPMENTAL NOTE ON L.
AMAZONICUS

Santos & Zuanon (2008) described L. amazonicus
from a small series of adult specimens collected near
Manaus, Brazil. In their discussion Santos & Zuanon
noted that the species appears to be rare near
Manaus, and that those collections might be from the
margin of the species’ distribution. We were able to
locate only three specimens of L. amazonicus in North
American collections, suggesting that it is indeed
quite rare. Importantly, one of our three examined
specimens (UF 162283, an adult from the Río Ucayali,
Peru) represents a major range extension for the
species. The record suggests that L. amazonicus may
occur throughout the upper and central Amazon
basin. The other two specimens (USNM 305164 and
USNM 305230, both from near Manaus) are much

smaller than the material examined by Santos &
Zuanon (63.6 and 25.2 mm SL, respectively) and dem-
onstrate that the single dark lateral spot that char-
acterizes L. amazonicus is present in juveniles as well
as adults of the species.
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APPENDIX
MATERIAL EXAMINED

Leporinus amazonicus Santos & Zuanon – Brazil,
Amazonas: USNM 305164, 1 specimen, 63.6 mm;
USNM 305230, 1 specimen, 25.2 mm: Ilha de March-
antaria. Peru, Loreto: UF 162283, 1 specimen,
170.7 mm, Río Ucayali drainage, Caño Yarina, Pacaya
Samiria National Reserve, flooded forest (5°22′0″S,
74°30′48″W).

Leporinus cylindriformis Borodin – Brazil, Pará: MCZ
20430, holotype, 188.0 mm, Rio Xingu at Porto de
Moz. (1°45′S, 52°10′W).

Leporinus friderici (Bloch) – Suriname: Nickerie:
USNM 225412, 10 specimens, 91.5–148.3 mm, Coran-
tijn River drainage, small stream behind Kamp Infra-
structure (opposite Avanavero Airfield).

Leporinus klausewitzi Géry – Venezuela, Amazonas:
ANSP 159349, 1 specimen, 88.3 mm, small caño c.
5 km below Raudal Peresa, Río Autana (04°46′N,
67°19′W). ANSP 159353, 4 specimens, 62.4–75.6 mm,
caño entering Río Sipapo at Raudal del Caldero, c.
3 km above confluence with Río Orinoco. ANSP
161703, 1 specimen, 132.3 mm, Caño Caripo, first right
caño off Río Casiquiare c. 5 min by boat from origin of
Río Casiquiare from Río Orinoco (03°06′N, 65°50′W).

Leporinus lebaili Géry and Planquette – Suriname,
Sipaliwini: ANSP 189011, 1 specimen, 63.7 mm,
Litani River at mouth and confluence with Marowini

River, just upstream from settlement of Konya
Kondre (03°17′24″N, 54°04′38″W). ANSP 189043, 23
specimens, 48.9–95.3 mm, Lawa River (Marowijne
River drainage), base camp c. 8 km south-south-west
of Anapaike/Kawemhakan airstrip (03°19′31″N,
54°03′48″W).

Leporinus niceforoi Fowler – Colombia, Caqueta:
ANSP 70491, holotype, 128.0 mm; ANSP 70492,
paratype, 117.1 mm; Florencia, Rio Orteguasa basin,
Amazon watershed.

Leporinus cf. niceforoi Fowler – Ecuador, Napo:
FMNH 102150, 2 specimens, 33.6–75.3 mm, Río
Yasuni, 1–2 km downstream from confluence with Rio
Jatuncocha (0°59′6″S, 75°25′36″W). FMNH 102153, 6
specimens, 35.4–101.9 mm, Río Tiputini, near mouth
in Río Napo and quebradas (0°49′S, 75°31′W). FMNH
102156, 5 specimens, 117.8-158.9 mm; upper Río
Tiputini, upstream from bridge (0°44′30″S,
76°53′00″W). USNM 311303, 1 specimen, 58.5 mm;
Estero Triniti, 45 min by boat from Rocafuerte on left
margin of Río Yasuni. Peru: Loreto: FMNH 111343, 1
specimen, 54.5 mm, Punto Caño, about 7 km above
mouth of Río Chambira in Río Maranon (5°0′S,
74°53′W). FMNH 111344, 2 specimens, 40.6–46.4 mm;
Río Chambira and small tributaries above mouth in
Río Maranon (5°0′S, 74°53′W). FMNH 111608, 1
specimen, 81.3 mm; Río Amazonas drainage,
upstream from Iquitos.

Leporinus ortomaculatus Garavello – Venezuela,
Amazonas: ANSP 182671, 6 specimens, 54.9–
74.2 mm; Río Orinoco, 117 km east of La Esmeralda
(03°17′24″N, 66°36′00″W). Bolivar: ANSP 159346, 5
specimens, 50.2–78.0 mm; caño (possibly Caño
Curimo) feeding Río Caura near confluence of Río
Caura and Río Orinoco (07°37′48″N, 64°50′42″W).
ANSP 160346, 2 specimens, 42.0–47.3 mm; confluence
of Río Orinoco and Río Caura at Las Piedras
(07°38′36″N, 64°50′00″W).

Leporinus sp – Brazil, Rondônia: INPA 15405, 5 speci-
mens, 81.6–115.9 mm; Rio Ucupá ± 5 km above Ji
Paraná.

130 B. L. SIDLAUSKAS ET AL.

© 2011 The Linnean Society of London, Zoological Journal of the Linnean Society, 2011, 162, 103–130


