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ABSTRACT We examined the mandibles of 377 individ-
uals representing 25 species, 12 genera, 5 tribes, and 2
subfamilies of the Loricariidae, a species-rich radiation of
detritivorous–herbivorous neotropical freshwater fishes
distinguished by having a ventral oral disk and jaws spe-
cialized for surface attachment and benthic feeding. Lori-
cariid mandibles are transversely oriented and bilaterally
independent, each rotating predominantly around its long
axis, although rotational axes likely vary with mandibu-
lar geometry. On each mandible, we measured three tradi-
tional and three novel morphological parameters chosen
primarily for their functional relevance. Five parameters
were linear distances and three of these were analogous to
traditional teleost in- and out-levers for mandibular
adduction. The sixth parameter was insertion area of the
combined adductor mandibulae muscle (AMarea), which
correlated with adductor mandibulae volume across a sub-
set of taxa and is interpreted as being proportional to
maximum force deliverable to the mandible. Multivariate
analysis revealed distributions of phylogenetically diag-
nosed taxonomic groupings in mandibular morphospace
that are consistent with an evolutionary pattern of basal
niche conservatism giving rise to multiple adaptive radia-
tions within nested clades. Correspondence between man-
dibular geometry and function was explored using a 3D
model of spatial relationships among measured parame-
ters, potential forces, and axes of rotation. By combining
the model with known loricariid jaw kinematics, we devel-
oped explicit hypotheses for how individual parameters
might relate to each other during kinesis. We hypothesize
that the ratio [AMarea/tooth row length2] predicts inter-
specific variation in the magnitude of force entering the
mandible per unit of substrate contacted during feeding.
Other newly proposed metrics are hypothesized to predict
variation in aspects of mandibular mechanical advantage
that may be specific to Loricariidae and perhaps shared
with other herbivorous and detritivorous fishes. J. Morphol.
273:24–39, 2012. � 2011Wiley Periodicals, Inc.
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INTRODUCTION

The Loricariidae (Siluriformes: Loricarioidei) is
a species-rich radiation of benthic herbivores and
detritivores that are broadly distributed across the
tropical freshwaters of South America and south-
ern Central America. The over 800 known species

in Loricariidae (Reis et al., 2003) are readily distin-
guished from other fishes by having bodies armored
with ossified dermal plates and by having a special-
ized, ventrally positioned oral disk (Fig. 1). The
loricariid oral disk encloses a highly mobile, tooth-
bearing upper jaw comprising medially fused pre-
maxillae and a lower jaw comprising independent,
medially separated mandibles (Figs. 2 and 3). Each
mandibular ramus is constructed of a medial,
tooth-bearing dento-mentomeckelium (dentary)
fused to a lateral anguloarticular. The anguloartic-
ular receives most of the adductor mandibulae mus-
cle and has a prominent lateral condyle, allowing
the mandible to rotate around its long axis within a
shallow socket at the anteroventral corner of the
quadrate (Geerinckx et al., 2007a). Loricariid upper
and lower jaw elements are adpressed to substrates
via attachment of the oral disk and can be abducted
at least 1808 and then adducted rostrocaudally to-
ward each other to scrape, gouge, pry, or winnow
benthic food items that include flocculant detritus,
algae, wood, and invertebrates.

Loricariidae is the most derived family in the
neotropical-endemic superfamily Loricarioidei,
within which an evolutionary series of biomechani-
cal jaw decouplings has been described (Schaefer
and Lauder, 1986). Trichomycteridae, the most ba-
sal loricarioid family, appear to represent a plesio-
morphic condition in which mandibles are medially
linked and premaxillae are either fused to the
mesethmoid or have some mobility but no muscle
insertion. Callichthyidae and Astroblepidae, which
are lineages between Trichomycteridae and Lori-
cariidae, have highly mobile premaxillae lacking
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direct muscle insertion, but only the latter more-
derived family has bilaterally independent mandi-
bles. Loricariidae, which is sister to Astroblepidae,
is the only loricarioid lineage with a novel division
of the adductor mandibulae inserting directly on
the premaxilla. In addition to increasing upper and
lower jaw kinesis, biomechanical decouplings in
Loricarioidei may have permitted increased rates of
morphological diversification via the removal of
constraints on evolutionary freedom (Lauder, 1982;
Schaefer and Lauder, 1986). A study quantifying
morphological diversity across small subsamples of
the four loricarioid families above found support for
this hypothesis by correlating increased cranial
morphological diversity with extent of jaw decou-
pling (Schaefer and Lauder, 1996); however, the
small taxonomic range of this study (eight species
per family) likely underrepresented total diversity
across each of the sampled clades.

Knowledge of jaw morphological variation across
the Loricariidae comes mostly from character
descriptions in taxonomic and phylogenetic studies;
fine-scale patterns of jaw morphological and corre-
lated ecological diversity remain largely unde-
scribed. Gross external features of loricariid trophic

morphology, such as tooth row angle, tooth length,
number, size, and cusp shape, have been described
and associated with dietary specializations, but only
among species-poor paraphyletic assemblages and
only in a qualitative or nonstandardized manner
(Delariva and Agostinho, 2001; Fugi et al., 2001;
Mérona et al., 2008). Recent studies of loricariid
ontogenetic series have provided detailed descrip-
tions of jaw osteology and myology, but only qualita-
tively and for few taxa (Geerinckx, 2006; Geerinckx
et al., 2007a). Unfortunately, quantitative descrip-
tion of jaw osteological diversity across a broader
range of Loricariidae is complicated by the small
size, complex three-dimensional shape, and morpho-
logical diversity of these elements (Fig. 4).

In this study, we focus on putatively functionally
relevant morphometrics (e.g., lever arms and mus-
cle insertion area) as an alternative to anatomical
landmarks known or hypothesized to be develop-
mentally homologous across all taxa. Our hypothe-
ses of functional relevance are based primarily on
qualitative aquarium observations and on the only
study quantifying gross aspects of a single loricar-
iid species’ jaw motion (Adriaens et al., 2009).
Adriaens et al. showed that rotation of the loricar-

Fig. 1. Examples of loricariid oral disks: A: Leporacanthicus cf. galaxias, B: Pseudancistrus
sidereus, and C: Loricaria birindellii. Photos by M. Sabaj Pérez.

Fig. 2. Computed tomography images of the medial and sagittal sections through the snout and mouth of three species repre-
sentative of jaw morphological diversity across the Loricariidae: A: Chaetostoma cf. milesi, B: Leporacanthicus joselimai, and C:
Panaque nigrolineatus. Labels: ap, ascending process of the premaxilla, dn, dentary; me, mesethmoid; mec, mesethmoid condyle;
pm, premaxilla; rpf, retractor premaxillae fossa. Digital sectioning was made from CT data using the VG Studio Max software
package.
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iid lower jaw is mainly in the sagittal plane
around a transverse axis like most other verte-
brates. However, Loricariidae differ from most
other vertebrates by having mandibles that extend
medially from a lateral condyle and that lack a
medial stabilizing connection to the opposite
ramus (Fig. 3), permitting limited additional rota-
tional freedom in horizontal and vertical planes. In

most vertebrates, the medial mandibular symphy-
sis restricts lower jaw rotation to the sagittal
plane. The absence of this and other key biome-
chanical linkages in loricariids appears to allow
three-dimensional freedom of independent upper
and lower jaw movement that is unparalleled
among fishes (Adriaens et al., 2009).

Loricariid jaws are specialized for constant or
periodic contact with variable, uneven substrates
throughout adduction, and rotational kinematics
likely vary in response to substrate heterogeneity.
Given this high degree of kinetic freedom, the
scarcity of empirical kinetic data, and the potential
for interspecific variation in mandibular kinetics,
any advancement of a generalized model of loricar-
iid lower jaw function must be done cautiously but
with the goal of generating specific functional
hypotheses that are experimentally testable. Our
goals in this study are 1) to identify several dis-
crete, interspecifically comparable, and function-
ally relevant aspects of loricariid jaw morphology,
2) to measure these aspects across a taxonomically
broad range of loricariids, 3) to examine patterns
among phylogenetically diagnosed taxa in an evo-
lutionary context, and 4) to combine these data
with available kinetic data to make explicit predic-
tions about how interspecific morphological varia-
tion might be linked to functional diversity across
the family.

MATERIALS AND METHODS
Specimen Collection and Preparation

Twenty-five species from two subfamilies within Loricariidae
were examined (2–83 specimens per species; 377 specimens
total; Table 1). All specimens were collected in August 2006 by
seining and electrofishing middle reaches of the Marañon River,
a tributary of the upper Amazon River in northern Peru. Most
sampled species (n 5 20) belonged to subfamily Hypostominae;
within this subfamily, most (n 5 16) belonged to tribe Ancis-
trini. Other species belonged to the Hypostominae, Hypostomini
(n 5 4 spp.); Loricariinae, Harttiini (n 5 3 spp.); and Loricarii-
nae, Loricariini (n 5 2 spp.). ‘‘New Genus’’ refers to New Genus
3 in Armbruster (2008), an undescribed genus and species of
Ancistrini (Hypostominae). Taxonomic delineations follow the
phylogenetic studies of Armbruster (2004, 2008) and Rapp Py-
Daniel (1997), which diagnose subfamilies, tribes, and many of
the genera discussed herein using largely nonmandibular mor-
phological synapomorphies. No phylogenies currently exist that
incorporate all species in this study.

Functional examination and homologous comparison of lori-
cariid premaxillae are complicated by their extreme reduction
or near-absence in some taxa (e.g., Reganella and Pseudohemio-
don; Rapp Py-Daniel, 1997) and by their loose suspension via a
highly variable cartilaginous meniscus in all taxa. For this
study, we examined the right mandible, which was dissected
from each specimen and individually cleared and stained (Fig.
4). Loricariid mandibles examined in this study were small,
ranging from 3 to 15 mm in greatest dimension. To facilitate
their manipulation and imaging, all soft tissue was removed fol-
lowing clearing and staining and ossified elements were allowed
to air dry. All dissections were made from voucher specimens
cataloged at the Auburn University Museum Fish Collection,
Auburn, Alabama.

Fig. 3. Computed tomography images of the ventral views of
the snout and mouth of three species representative of jaw mor-
phological diversity across the Loricariidae: A: Chaetostoma cf.
milesi, B: Leporacanthicus joselimai, and C: Panaque nigroli-
neatus. Labels: dn, dentary; pm, premaxillae; aac, anguloarticu-
lar condyle.
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Digital images were captured of each lower jaw element in at
least two orthogonal perspectives of the three illustrated in Fig-
ure 5 using a Nikon Coolpix 990 digital camera mounted to a
Leica MZ6 stereomicroscope. Twisting along the long axis of the
lower jaw and major evolutionary shifts in the relative position
and orientation of distal versus proximal jaw regions preclude
the designation of homologous perspectives from which all jaw
regions could be imaged in a standardized manner. Jaw orienta-
tions were therefore arbitrarily standardized using the broad
anguloarticular-dentary coronoid flange as a reference, ensuring
that this flange was either parallel or perpendicular to the field
of view. Horizontal orientations in vertical (Fig. 5A,D) and dor-
sal (Fig. 5C,F) perspectives were defined as having the flange
parallel with the stage, and vertical orientations (Fig. 5B,E)
were defined as having the flange perpendicular to the stage.
These positions were also stable resting positions for many
mandibles, and they presented at least one and often two pa-
rameters in parallel with and proximal to the stage, minimizing
potential error from parallax. Wire mesh was used as a support
for specimens that were unstable in a given orientation. Length
and area measurements were made digitally using tpsDIG2
software (Rohlf, 2008, v. 2.12) and were individually standar-
dized to a scale bar visible in each frame.
To maximize the functional and anatomical homology of our

measurements and minimize the ramifications of tooth loss dur-
ing clearing and staining and soft tissue removal, parameters
defined as distances to or between teeth were measured to tooth
insertions rather than tooth cusps, and dentition was not ex-
plicitly examined. Loricariidae exhibit considerable variation in
tooth number, morphology, length, rigidity, and cusp dimensions
(e.g., Fig. 3; Muller and Weber, 1992; Delariva and Agostinho,
2001; Geerinckx et al., 2007b), each of which has potential func-
tional ramifications that remain to be investigated. We excluded
such variation but acknowledge its importance and hope that
our results might spur its future study.

Computer-Aided Tomography Data

Single specimens of three loricariid species (Chaetostoma cf.
milesi, Panaque nigrolineatus, and Leporacanthicus joselimai)
selected to represent jaw diversity across the Loricariidae were
sent to the Digimorph High-Resolution X-ray Computer-Aided

Fig. 4. Representative sample of lower jaws from Loricariidae examined in this study: Hypostominae: Ancistrini: A: Ancistrus
sp. ‘‘longjaw,’’ B: Ancistrus sp. ‘‘shortjaw,’’ C: Chaetostoma sp. 1, D: Panaque albomaculatus, E: Panaque gnomus, F: Panaque cf.
bathyphilus, G: Panaque nocturnus, H: Peckoltia bachi; Hypostominae: Hypostomini: I: Hypostomus emarginatus, J: Hypostomus
niceforoi, K: Hypostomus pyrineusi (H. cochliodon group), L: Hypostomus unicolor; Loricariinae: Harttiini: M: Farlowella amazo-
num, N: Lamontichthys filamentosus, O: Rineloricaria lanceolata; Loricariinae: Loricariini: P: Spatuloricaria puganensis. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE 1. Species, taxonomic rank affiliations, sample sizes,
and angular mean of the tooth row angle (TRangle) for

individuals examined herein

Species N jaw N AMvol

Mean
TRangle

Subfamily: Hypostominae
Tribe: Ancistrini
Ancistrus sp. ‘‘longjaw’’ 5 88
Ancistrus sp. ‘‘shortjaw’’ 3 118
Ancistrus sp. ‘‘wormline’’ 2 138
Chaetostoma lineopunctatum 4 198
Chaetostoma microps 27* 6 188
Chaetostoma sp. 1 27* 208
Chaetostoma sp. 2 16* 6 168
Chaetostoma sp. 3 33* 6 188
Chaetostoma sp. 4 15* 198
Lasiancistrus schomburgkii 22* 6 208
New Genus 18* 6 218
Panaque albomaculatus 13* 4 518
Panaque gnomus 30* 6 388
Panaque cf. bathyphilus 13* 5 328
Panaque nocturnus 83* 6 308
Peckoltia bachi 2 268

Tribe: Hypostomini
Hypostomus emarginatus 3 218
Hypostomus niceforoi 4 218
Hypostomus pyrineusi 19* 6 278
Hypostomus unicolor 4 228

Subfamily: Loricariinae
Tribe: Farlowellini
Farlowella amazonum 3 318

Tribe: Harttiini
Lamontichthys filamentosus 18* 6 168

Tribe: Loricariini
Loricaria clavipinna 3 368
Rineloricaria lanceolata 3 508
Spatuloricaria puganensis 9* 4 388

Asterisks indicate that allometric scaling was examined. All
specimens were collected from middle reaches of the Marañon
River, a tributary of the upper Amazon in northern Peru.
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Tomography (CT) Facility at the University of Texas, Austin.
CT data were edited, and images for Figs. 2, 3, 5, and 6 were
generated using the VG Studio Max software package at the
Academy of Natural Sciences, Philadelphia.

Morphometrics

We quantified variation in shape of the mandible using a
largely one-dimensional approach that minimizes error from
variation in perspective and focuses on functional relevance.
Five linear distances and one area (hereafter referred to as pa-
rameters) were measured from digital images of each mandible
(Fig. 5). Three of the five linear distance parameters were anal-
ogous with input and output lever arms for mandibular adduc-
tion in the majority of Actinopterygii (Westneat, 2004), provid-
ing continuity with previous investigations of fish jaw mechan-
ics. These linear distances were measured from a midpoint
along the surface of the anguloarticular condyle (AAC) to
respective distalmost (Outdist; Fig. 5B,E) and proximalmost
(Outprox; Fig. 5B,D) tooth insertions and from a midpoint along
the AAC surface to the center of the adductor mandibulae inser-
tion area (In; Fig. 5C,F).
To quantify morphological and functional variation specific to

the Loricariidae, three parameters (two linear distance parame-
ters and one area parameter) not typically examined in other
fish jaw studies were also measured. First, distance from proxi-
malmost to distalmost tooth insertions (tooth row length, TRL;
Fig. 5A,D) was measured and treated as the distance across
which force transmitted through the mandible may be distrib-
uted to the substrate. A distance perpendicular to the line
between the AAC and the distalmost tooth (Outdist) and from
that line to the apex of the coronoid arch was also measured
(H1; Fig. 6). H1 quantified variation in the height or maximum
excursion of the coronoid arch relative to the distalmost tooth.
This parameter describes morphological variation that we
hypothesize is a central means by which torque into the mandi-
bule changes across the family.
Finally, we measured the area of a distinct, shallowly concave

region on the posterodorsal surface of the anguloarticular-den-
tary coronoid flange in which the largely columnar adductor
mandibulae muscle inserts broadly (AMarea; Fig. 5C,F). Among
a subset of 12 species (Table 1), AMarea correlated with AM vol-
ume (AMvol; Fig. 7; R

2
5 0.69, P < 0.001), suggesting that this

parameter provides a reliable predictor of interspecific variation
in maximum force applicable to the mandible. We examined the
relationship between AMarea and AMvol by removing the left

combined AM (A1-OST and A30 divisions; Geerinckx, 2006) and
measuring its volume by displacement. Because AMarea and
AMvol data were collected from separate specimens at separate
times, each was standardized to the respective square and cube

Fig. 5. Computed tomography images of the lower jaw ramus of Chaetostoma cf. milesi (A–C) and Panaque nigrolineatus (D–F)
rotated to illustrate the horizontal orientation, ventral perspective (A, D), vertical orientation (B, E), and horizontal orientation,
dorsal perspective (C, F). Parameters measured herein are labeled according to the perspective and view from which they were
measured: AMarea, adductor mandibulae insertion area; In, in-lever from center of adductor mandibulae area of insertion to angu-
loarticular condyle; Outdist, out-lever from anguloarticular condyle to distalmost tooth; Outprox, out-lever from angularticular con-
dyle to proximalmost tooth; TRL, tooth row length.

Fig. 6. Computed tomography images of the lower jaw
ramus of A: Chaetostoma cf. milesi and B: Panaque nigrolinea-
tus in horizontal orientation, dorsal perspective to illustrate dis-
tances defined as the distalmost out-lever (Outdist) and coronoid
height (H1) parameters.
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of specimen standard length (SL). Interspecific variation was
then investigated via regression of mean AMvol/SL

3 against
mean AMarea/SL

2 (Fig. 7).

Allometric Scaling

Allometric scaling was examined in a subset of 14 species for
which sample sizes allowed statistical comparison (Table 1).
The five linear parameters defined above, plus the square root
of the AMarea parameter, were each divided by standard body
length (SL), and orthogonal variation among these standardized
data was ordinated using a principal component (PC) analysis
of covariance. To test for systematic allometric variation, the
first four PCs were regressed against SL.

Phylogenetic Patterns of Mandibular
Diversity

To examine orthogonal patterns of interspecific morphological
variation, we conducted a PC analysis of the entire data set of
six parameters 3 377 individuals. The color of individual
markers was then varied to illustrate the distributions in man-
dibular morphospace of various taxonomic groupings that corre-
sponded with successively nested, phylogenetically diagnosed
clades (Rapp Py-Daniel, 1997; Armbruster, 2004, 2008).

Functional Hypotheses

Select parameters were related to each other as a series of six
putatively functionally significant metrics: two traditional ratios
of mechanical advantage (MA), three novel ratios, and one
angle. The first novel ratio, AMarea/TRL

2, is distinguished from
all other metrics by allowing functional interpretation without
reference to the complex geometry and variable kinetics of lori-
cariid mandibles. The other five metrics describe variation in
geometric relationships among areas of force-in and force-out,
indicating their relevance to predictions of MA:

� In/Outdist: traditional calculation of MA at distalmost tooth.
� In/Outprox: traditional calculation of MA at proximalmost
tooth.

� H1/TRL: interpreted as a combined measure of torque and
the distance across which force transmitted through the man-
dible can be instantaneously delivered to substrates.

� Outdist/H1: a ratio of the major length vs. height dimensions
of the mandible; interpreted as a measure of the predominant

plane (sagittal vs. horizontal) of torque through the lower
jaw.

� TRangle (calculated trigonometrically by treating Outdist,
Outprox, and TRL as sides of a scalene triangle): interpreted
as a measure of the maximum excursion of the distalmost
tooth and as a novel, more reliable indicator of variation in
torque output from the mandible than the traditional param-
eters defined above. The externally visible angle between left
and right mandibular tooth rows (the intermandibular tooth
row angle; Figs. 1 and 3) is a taxonomically important, inter-
specifically variable character used to diagnose several lori-
cariid genera and species. Peckoltia and Hemiancistrus, for
example, are currently differentiated solely on whether inter-
mandibular tooth row angle is <908 (Peckoltia) or >1008
(Hemiancistrus; Armbruster, 2008). TRangle values reported
here are inversely proportional to intermandibular tooth row
angles reported in other studies.

MA is the factor by which a rotating system, or lever, multi-
plies force; it can be predicted by dividing the in-lever by the
out-lever, with high values indicating greater transmission of
force and low values indicating faster rotation. Fish jaw in-lev-
ers are commonly defined as distances from the AAC to the cen-
ter of the area of adductor mandibulae insertion, and out-levers
as distances from the AAC to points of force-out (typically tooth
cusps; Westneat, 2004). We calculated two relatively traditional
metrics of jaw closing MA (In/Outdist and In/Outprox) and used a
3D rotating cone model of loricariid lower jaw function (Fig. 8)
to illustrate potential problems with applying traditional MA
metrics to loricariid jaws and to develop novel functional
hypotheses specifically relevant to the loricariid jaw.

Rotating Cone Model

This mechanical model (Fig. 8) examines geometric and func-
tional relationships between the parameters defined above and
known axes of mandibular rotation (Adriaens et al., 2009). The
model allows the functional relevance of each parameter to be
examined individually and in combination with other parame-
ters and provides a theoretical framework in which traditional
versus novel functional metrics may be evaluated.

Loricariid mandibles differ from most other vertebrate mandi-
bles by being transversely oriented and elongated along their
primary axis of rotation (Fig. 8, Axis 1). In contrast, most other
vertebrate mandibles are sagittal in orientation and largely per-
pendicular to their primary axis of rotation. Although both a
generalized loricariid mandible and a generalized vertebrate
mandible rotate primarily within the sagittal plane (around a
transverse axis; Fig. 8, Axis 1), only the generalized vertebrate
mandible is elongated and flattened with respect to the sagittal
plane. Most vertebrate mandibles may therefore by modeled as
a body rotating in two dimensions (Westneat, 2003, 2004).
Given the �908 shift in orientation of the loricariid mandible,
three dimensions must be taken into consideration, and the rel-
ative position and orientation of lever arms that control man-
dibular MA must be reevaluated.

Traditional metrics of fish jaw MA are likely inadequate for
understanding loricariid mandibular function because the ana-
tomical dimensions used to define these lever arms (e.g., dis-
tance between the AAC and distalmost tooth) have shifted with
mandibular evolution so that they are oriented approximately
perpendicular to the sagittal plane of rotation and are nearly
parallel with the transverse axis of rotation (Fig. 8, Axis 1).
Only the component of a given lever that is perpendicular to
the rotational axis actually controls MA of a rotating body. To
evaluate novel lever arm dimensions that might provide a more
accurate estimate of MA than traditionally defined lever arms,
we relate the measured parameters to each other in the frame-
work of a rotating cone (Fig. 8).

A central component of the rotating cone model is the output
triangle with sides formed by the traditionally defined output
lever arms (Outprox, Outdist) and the tooth row (TRL; output tri-

Fig. 7. Relationship between combined adductor mandibulae
area of insertion (AMarea) scaled to the square of standard
length (SL) and adductor mandibulae volume (AMvol) scaled to
SL3. AMarea and AMvol were measured from separate speci-
mens, so the interspecific correlation was derived from the
mean values for each species. Plotted values are means 6

standard deviation. See Table 1 for species sample sizes.
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angle shaded gray, Fig. 8). The posterolateralmost vertex of the
output triangle is the AAC—the fulcrum for mandibular rota-
tion. The remaining vertices are the distalmost and proximal-
most tooth insertions (yellow circles, Fig. 8), which delimit the
region across which mandibular force is distributed to sub-
strates. Extending dorsomedially away from the AAC, oblique
with respect to the output triangle, is the traditionally defined
in-lever arm (In, Fig. 8).
Interpretation and discussion of the rotating cone model are

largely contingent upon four assumptions, the first three of
which are supported by kinematic data from a single species
(Adriaens et al., 2009): 1) rotation is predominantly in the sagit-
tal plane (around Axis 1; Fig. 8), 2) rotation in the horizontal
plane (around Axis 2; Fig. 8) is secondary, and 3) rotation in the
transverse plane (Axis 3; Fig. 8) is negligible. The fourth
assumption is that the predominant rotational axis (Axis 1)
crosses through a midpoint along the transverse axis of the
ramus, approximately equidistant from the input lever arm and
the output triangle.
To simplify loricariid mandibular mechanics, the cone models

(Fig. 8) focus on dimensions that are most relevant to MA at
the distalmost tooth. Excursion of the distalmost tooth during
adduction can be visualized as an arc traced around the base of
the cone. Functionally important aspects of interspecific mor-
phological variation can be represented by cones of different
dimensions: 1) a relatively long cone with a small base, a small
angle between in-lever and output triangle, and lesser excur-
sion of the distalmost tooth (Fig. 8: Cone 1, e.g., Chaetostoma
cf. milesi), and 2) a shorter cone with a larger base, a greater
angle between in-lever and output triangle, and greater excur-
sion of the distalmost tooth (Fig. 8: Cone 2, e.g., Panaque nigro-
lineatus). Interspecific variation in TRL and tooth row angle
(TRangle, q) are also illustrated, with Cone 1 having a relatively

long tooth row and a small tooth row angle, and Cone 2 having
a shorter tooth row and a greater tooth row angle.

The geometry and mechanics of these models indicate that
MA at the distalmost tooth may be most accurately predicted
by treating the parameter r1 as an input lever and parameter
r2 as an output lever. Parameter r1 is the shortest distance
from the center of adductor mandibular insertion to the trans-
verse axis of rotation (Axis 1), and r2 is the shortest distance
from this axis to the distalmost tooth. Although we could not
measure these parameters, we suggest below that r1 likely
covaries in relation to the parameter H1, and r2 likely covaries
in relation to TRangle.

RESULTS
Allometric Scaling

Species-specific PC analyses of mandibular pa-
rameters standardized to SL revealed systematic,
allometric variation in aspects of mandibular
shape that varied within and among genera (Table
2). Regression of PCs 1–4 against SL revealed sig-
nificant correlation between mandibular shape and
body size in 10 of the 14 species examined, but
there was no clear pattern across these 10 species.
Species with allometric variation differed in both
the strength of allometry (R2 and % variance
explained by allometric PCs) and in the parame-
ters that appeared to be main sources of the effect
(as inferred from PC loading scores). The parame-

Fig. 8. Three-dimensional rotating cone model linking parameters measured herein to a hypothesis of jaw kinesis. Upper and
lower cones are modeled after the right lower jaw ramus of Chaetostoma cf. milesi (Cone 1) and Panaque nigrolineatus (Cone 2),
which illustrate near opposite ends of a spectrum of mandibular parameters discussed in this study. Perspective is a dorsal view of
an abducted mandible or posterior view of an adducted mandible. Red lines are potential axes of rotation, with Axis 1 representing
rotation in the sagittal plane, Axis 2 representing rotation in the horizontal plane, and Axis 3 representing rotation in the trans-
verse plane. Capitalized parameters and parameters represented by solid green, black, and gray lines were measured or quantified
by proxy in this study (Fig. 5). See text for discussion of output triangle (gray triangle). Tooth row angle (TRangle) is indicated by q.
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ter most commonly recovered as highest loading
on allometric PCs was Outdist (n 5 5 spp.), fol-
lowed by H1 (n 5 4 spp.) and TRL (n 5 4 spp.; Ta-
ble 2).

Taxonomic Partitioning of Mandibular
Morphospace

PC analysis of mandibular morphometrics
described broad conservatism and overlap at the tax-
onomic ranks of subfamily and tribe, and dispersion
and mutual exclusion at the ranks of genus and spe-
cies (Fig. 9). Subfamily Hypostominae (including
tribes Ancistrini and Hypostomini) and subfamily
Loricariinae (including tribes Loricariini, Farlowel-
lini, and Harttiini) broadly overlap in mandibular
morphospace as described by PCs 1–4 (Fig. 9A,B).
Groupings within each subfamily also occupied
unique, nonoverlapping regions of morphospace, and
these groupings mostly comprised nested clades coin-
ciding with less inclusive taxa. Within subfamily
Hypostominae, mandibular morphospace of the ge-
nus-poor tribe Hypostomini was largely encompassed
within the broad distribution of the genus-rich tribe
Ancistrini (Fig. 9A,B). Ancistrini exhibited the broad-
est range of mandibular morphospace, but was also
represented by the greatest taxonomic diversity and
largest sample size in the data set.

Mandibular morphologies of ancistrine genera
Ancistrus, Chaetostoma, Lasiancistrus, Panaque,
and New Genus exhibited largely nonoverlapping
distributions along PC2 (Fig. 9C), whereas the
ancistrine genus Peckoltia (represented here by 2
individuals; Table 1) was nested largely within the
distribution of Panaque (Fig. 9C). The ancistrine
genus Chaetostoma occupied a unique region of
mandibular morphospace along the PC2 axis (Fig.
9C), and six Chaetostoma species partially segre-
gated this space along a continuum described by

PCs 1 and 2 (Fig. 9E). Four species in the ancistrine
genus Panaque exhibited a largely nonoverlapping
distribution within mandibular morphospace
described by PCs 3 and 4 (Fig. 9F). Of these, three
species overlapped broadly with other loricariid
species, whereas Panaque cf. bathyphilus occupied
a unique region of mandibular morphospace along
the PC3 axis (Fig. 9F). Of four species in the hypo-
stomine genus Hypostomus, all clustered together
on PC 3 and 4 axes (not illustrated), and three (H.
niceforoi, H. unicolor, and H. emarginatus) clus-
tered together along the PC2 axis (Fig. 9G),
whereas H. pyrineusi formed a distinct group
largely overlapping the distribution of the ancis-
trine genus Panaque (Fig. 9C,G). In contrast to the
other Hypostomus species examined herein, H. pyr-
ineusi is known to specialize on a diet of wood, as
do all members of the ancistrine genus Panaque.

Within subfamily Loricariinae, tribe Loricariini
occupied a unique region of morphospace as
described by PC 4 (Fig. 9B,D), whereas Farlowel-
lini and Harttiini were largely indistinguishable
from members of the Hypostominae across PCs
1–4 (Fig. 9A,B). Mandibular morphospace occupied
by Loricariini appears to be partially segregated
by the three loricariine genera examined herein
(Fig. 9D), although sample sizes of the genera
Loricaria and Rineloricaria were too small to draw
strong conclusions.

Functional Ratios: Force Intensity

The ratio AMarea/TRL
2 was calculated as a pre-

dictor of maximum force entering the mandible
per unit of substrate contacted. This ratio pro-
duced a range of mean values (Fig. 10 and Sup-
porting Information Fig. S1) from 0.14 for Chaetos-
toma sp. 2 to 2.03 for Peckoltia bachi. Chaetostoma
spp. were clustered at the low end of the range,

TABLE 2. First four principal components (PCs) and the % variance (% var) they explain, from a PC analysis of mandibular
parameters standardized to standard length

Species

PC1 PC2 PC3 PC4
Highest loading
parameters*% var R2 P % var R2 P % var R2 P % var R2 P

Chaetostoma microps 71 0.01 0.614 12 0.16 0.039 8 0.07 0.189 5 0.24 0.010 H1, In
Chaetostoma sp. 1 90 0.46 0.003 5 0.12 0.179 2 0.13 0.150 1 0.04 0.436 Outdist
Chaetostoma sp. 2 66 0.10 0.227 14 0.00 0.853 9 0.01 0.731 3 0.21 0.074 In
Chaetostoma sp. 3 60 0.23 0.005 18 0.38 0.000 10 0.00 0.702 6 0.00 0.939 TRL, H1
Chaetostoma sp. 4 62 0.18 0.117 18 0.00 0.812 9 0.14 0.167 7 0.01 0.710 TRL
Hypostomus pyrineusi 58 0.38 0.005 23 0.00 0.911 9 0.23 0.037 6 0.04 0.399 Outdist, H1
Lamontichthys filamentosus 96 0.48 0.002 2 0.08 0.244 1 0.09 0.222 1 0.01 0.646 Outdist
Lasiancistrus schomburgkii 67 0.03 0.405 18 0.29 0.010 7 0.01 0.624 4 0.07 0.237 TRL
New Genus 50 0.22 0.052 27 0.06 0.340 13 0.21 0.053 7 0.12 0.152 TRL, Area
Panaque albomaculatus 60 0.09 0.311 26 0.14 0.214 7 0.01 0.776 5 0.37 0.027 Outprox
Panaque cf. bathyphilus 50 0.27 0.105 36 0.07 0.423 8 0.16 0.219 3 0.01 0.806 –
Panaque gnomus 71 0.02 0.484 10 0.02 0.410 9 0.11 0.075 5 0.15 0.034 Outdist, Outprox
Panaque nocturnus 65 0.15 0.000 14 0.00 0.700 9 0.11 0.003 6 0.02 0.230 Outdist, H1
Spatuloricaria puganensis 76 0.45 0.049 17 0.00 0.886 6 0.16 0.294 1 0.08 0.457 Outprox

R2 and P values describe the relationship of each principle component to species standard length. PCs that are significantly related
to SL (P < 0.1) are in boldface. Highest loading parameters are those parameters with the highest magnitude eigenvectors for
those PCs with allometric variation (*).
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Fig. 9. Principal component (PC) analysis of six morphometric parameters hypothesized to be functionally relevant to the lori-
cariid lower jaw (illustrated in Figs. 5 and 6). Analysis included 377 individuals and 25 species of Loricariidae collected in the
upper Amazon Basin of northern Peru (Table 1). Parameters listed along each PC axis in order of their eigenvector, with arrows
indicating direction of influence (Table 3). Illustrated phylogenetic relationships follow Armbruster (2008), Rapp Py-Daniel (1997),
and Sullivan et al. (2006).
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with mean values from 0.15 to 0.21, whereas the
middle range from about 0.37 to 1.03 included sev-
eral genera from both subfamilies Hypostominae
and Loricariinae. Values from 1.43 and up
included only Peckoltia bachi (Ancistrini) and the
wood-eating species Hypostomus pyrineusi (Hypo-
stomini) and Panaque spp. (Ancistrini).

Functional Ratios: Jaw Geometry
and Traditional Metrics

Two linear distance ratios, In/Outdist and
In/Outprox, were computed as predictions of
mandibular MA largely consistent with previous
investigations of teleost jaw function. In/Outdist, or
putative MA to the distalmost tooth, ranged from
0.24 for Rineloricaria lanceolata to 0.41 for Panaque
cf. bathyphilus (Fig. 10). All other species were dis-
tributed continuously between 0.26 (Panaque albo-
maculatus) and 0.38 (Chaetostoma lineopunctatum).
In/Outprox, or putative MA to the proximalmost
tooth, ranged from a low of 0.30 for Rineloricaria
lanceolata to 1.26 for Chaetostoma sp. 2 (Fig. 12).
Three Loricariini species (Loricaria clavipinna,
Rineloricaria lanceolata, and Spatuloricaria puga-
nensis) and one Ancistrini species (Panaque albo-
maculatus) clustered at the low end below 0.40, and
Chaetostoma species clustered at the high end above
1.08. All other species were distributed more or less
continuously between 0.44 and 0.75 (Fig. 10).

Functional Ratios: Jaw Geometry
and Novel Metrics

Two linear distance ratios (H1/TRL, Outdist/H1)
and one angle (TRangle) were computed as novel

metrics with putative relevance to the highly speci-
alized form and function of the loricariid mandible.
H1/TRL is hypothesized to be a combined measure
of MA and force intensity. Values of H1/TRL (Fig.
11) ranged from a low-end cluster of Chaetostoma
species (0.44–0.50) plus Rineloricaria lanceolata
(0.63) to a high-end cluster of the Panaque species
P. gnomus, P. nocturnus, and P. cf. bathyphilus
(1.6–1.9) plus Peckoltia bachi (2.1; all Ancistrini)
and Hypostomus pyrineusi (1.8; Hypostomini). All
other species were distributed more or less continu-
ously between 0.7 (Loricaria clavipinna and New
Genus) and 1.3 (Farlowella amazonum).

Outdist/H1, which relates a mandibular length
dimension (Outdist) to a mandibular height dimen-
sion (H1), is hypothesized to be an indicator of the
mandibular plane in which the greatest torque is
experienced, with lower values suggesting greater
torque in the sagittal plane and higher values sug-
gesting greater torque in the horizontal plane (Fig.
11). This metric is based on the principle that in any
rotating system, torque is greatest at the point fur-
thest from the axis of rotation. A mandible that is
more transversely elongate with teeth far from the
axis of rotation (e.g., Fig. 3: O, P) will likely experi-
ence more torque in the horizontal plane, whereas
mandibles that are more transversely compressed
and have high TRangle and a tall coronoid arch (H1;
e.g., Fig. 3E,F) will likely experience more torque in
the sagittal plane. Most species were distributed
continuously from �1.6 (Farlowella amazonum,
Panaque gnomus, P. nocturnus, and P. cf. bathyphi-
lus) to 2.4 (Chaetostoma microps), but much higher
values were obtained for the Loricariini species
Spatuloricaria puganensis (2.8), Rineloricaria lan-
ceolata (3.7), and Loricaria clavipinna (3.9).

Fig. 10. The novel metric of force intensity AMarea/TRL
2 plotted against traditional metrics of mechanical advantage: distance

from anguloarticular condyle to center of adductor mandibulae insertion area (In) over respective distances from anguloarticular
condyle to distalmost (Outdist) and proximalmost (Outprox) tooth insertions. Capital letters refer to jaws illustrated in Figure 4. Plot-
ted values are means 6 standard deviation. Sample sizes are given in Table 1.
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Mandibular tooth row angle (TRangle; Table 1;
Supporting Information Fig. S2) is hypothesized to
directly correspond with mandibular excursion, or
distance traveled by the distalmost tooth during
adduction, and inversely correspond with torque
differential at equivalent TRLs. Computed values
of TRangle ranged from a low of 88 for Ancistrus sp.
‘‘longjaw’’ to high of 508 for Rineloricaria lanceo-
lata and 518 for Panaque albomaculatus. Values
above 258 were observed only in members of the
Ancistrini genera Panaque (308–518) and Peckoltia
(268), the Loricariini genera Spatuloricaria (388),
Rineloricaria (508), and Loricaria (368), the Hypo-
stomini species Hypostomus pyrineusi (278), and
the Farlowellini species Farlowella amazonum
(318). All other species were distributed more or
less continuously between 118 (Ancistrus sp.
‘‘shortjaw’’) and 228 (Hypostomus unicolor).

DISCUSSION

When viewed in conjunction with hypotheses of
phylogenetic relationships among examined taxa
(Fig. 9; Rapp Py-Daniel, 1997; Sullivan et al.,
2006; Armbruster, 2008), multivariate analysis of
the mandibular morphofunctional parameters
measured herein demonstrates that jaw diversity
in modern Loricariidae is likely the result of both
phylogenetic niche conservatism and repeated
adaptive radiation and trophic specialization. Sev-
eral lines of evidence suggest that the ancestral
mandibular morphology for Loricariidae has been
relatively conserved in many modern taxa and
would likely occupy a portion of morphospace near
PC2 5 0 (Fig. 9A) and near the center of distribu-
tion of most modern taxa at relatively high values

of PC3 and PC4 (Fig. 9B). Support for this can be
drawn from the similar distribution of New Genus
mandibles and the phylogenetically basal position
of this lineage within Ancistrini (Fig. 9C). Like-
wise, similar morphospatial distributions are
shared by most nonspecialized (i.e., non-wood-eat-
ing and nonrheophilic) Ancistrini species, by the
nonspecialized (i.e., non-wood-eating) Hypostomini
species, and by the nonspecialized (i.e., non-sand-
dwelling and noninsectivorous) species in subfam-
ily Loricariinae. This region of mandibular mor-
phospace, which is crowded with many nonspecial-
ized loricariids, can be associated with a general-
ized diet of detritus and biofilm scraped from solid
surfaces of wood and rock (Lujan et al., 2011).

Although a generalized, ancestral loricariid man-
dibular morphology has likely been conserved
within many loricariid lineages, the examined taxa
provide multiple examples of trophic specialization
and diversification via adaptive radiation. The most
striking and morphologically diverse of these is the
radiation of genera within tribe Ancistrini, which
exhibit a continuous but largely nonoverlapping dis-
tribution along the PC2 axis. Although Ancistrini
genera near the PC2 centroid are challenging to dis-
tinguish ecologically given the current paucity of
life history data, the morphospatially distant genera
Chaetostoma and Panaque are, respectively, associ-
ated with specialized habitats and diets. Moreover,
C and N stable isotope data from sympatric loricar-
iid assemblages distributed across South America
suggest that these fish structure trophic resources
to a greater extent than can be determined via gut
contents analysis alone (Lujan, 2009).

Chaetostoma are distinguished by having excep-
tionally wide jaws and long tooth rows with many

Fig. 11. The novel metric of force intensity AMarea/TRL
2 plotted against two other novel metrics of lower jaw function: The dis-

tance parameter H1 (Fig. 6) over TRL, interpreted as a combined measure of torque magnitude entering the mandibular lever and
the distance across which force transmitted through the mandible can be instantaneously delivered to substrates, and the distal
out-lever arm (Outdist, Fig. 5) over H1—a ratio of the major length (Outdist) vs. height (H1) dimensions of the mandible, interpreted
as a measure of the predominant plane (sagittal vs. horizontal) of torque through the lower jaw. Capital letters refer to mandibles
illustrated in Figure 4. Plotted values are means 6 standard deviation. Sample sizes are given in Table 1.
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small teeth (Figs. 3A and 4C), which they use to
forage on epilithic detritus and biofilm in relatively
shallow, swift-flowing streams of the Andean pied-
mont (Hood et al., 2005). All but two of the �50
recognized Chaetostoma species are restricted to
these habitats along the flanks of the Andes Moun-
tains (Anderson and Maldonado-Ocampo, 2011),
and the two non-Andean species occupy similar
habitats in rivers draining the Guiana Shield
uplands of Venezuela and Brazil (Lasso and Pro-
venzano, 1997). Six Chaetostoma spp. examined
herein have a high degree of overlap within their
uniquely occupied region of morphospace (Fig. 9E),
thus reflecting a trophic morphological niche that
is specialized and derived within Loricariidae, but
conserved within the genus. Intriguingly, in many
similar loricariid habitats that are outside the
range of Chaetostoma (e.g., piedmont regions of
the Bolivian Andes, Southeastern Brazil, portions
of the Guiana and Brazilian shields), several simi-
lar jaw morphologies can be observed in a variety
of distantly related loricariid genera (e.g., Pseu-
dancistrus pectegenitor in the upper Orinoco River
of Venezuela, Ancistrus megalostomus in the Beni
Basin of Bolivia, and several Hypostomus species
in Southeastern Brazil and the Brazilian Shield).
These patterns suggest that in similar habitats,
similar selection pressures have repeatedly driven
evolutionary convergence upon Chaetostoma-like,
wide-jawed mandibular morphologies, but that
within this niche, at least as exemplified by the six
sympatric Chaetostoma species examined here,
there appears to be relatively little competitive
pressure to segregate the niche in a manner
reflected in mandibular morphological divergence.

In contrast, four species of the ancistrine genus
Panaque have diversified into mutually exclusive
regions of mandibular morphospace (Fig. 9F) and
are known to at least partially segregate trophic
resources assimilated (despite having similar gut
contents; German, 2009; Lujan et al., 2011). These
species have overlapping geographic distributions
in the upper Amazon Basin and were collected
syntopically for this study. Contiguous but largely
nonoverlapping segregation of jaw functional
traits, combined with the partial segregation of N
isotope space (Lujan et al., in press), suggests that
these wood-eating loricariids represent a geograph-
ically restricted adaptive radiation. Furthermore,
specialization on a diet of wood appears to have
driven convergence upon Panaque-like mandibular
morphologies in the distantly related Hypostomus
cochliodon group (represented herein by H. pyri-
neusi, Fig. 9G). Among the four Hypostomus spe-
cies sampled here, only the wood-eating H. pyri-
neusi has a jaw morphology broadly overlapping
that of genus Panaque (Fig. 9C,G), and only H.
pyrineusi shares with Panaque the presence of
short, highly angled rows of few, stout teeth, each
having a unicuspid crown with the concave, adze-

like shape of a carpentry instrument (Fig. 3D–
G,K; Armbruster, 2003). These loricariids and
their congeners are the only fishes known to spe-
cialize on a diet of wood; however, they are unable
to assimilate wood directly and appear to be nutri-
tionally dependent on microbes living on and in
the wood (German, 2009; Lujan et al., in press).

Habitat specialization in Chaetostoma and
dietary specialization in both Panaque and the
Hypostomus cochliodon group exemplify two main
categories of selection pressure that likely affect
loricariid jaw evolution. Habitat and trophic spe-
cializations of the tribe Loricariini suggest that its
isolation in a unique region of mandibular morpho-
space apart from all other taxa (Fig. 9B,D) may
have been driven by selection in both of these cate-
gories. In contrast to most other loricariids exam-
ined herein, which forage by scraping food from
solid substrates, species in tribe Loricariini are
most commonly associated with sandy substrates,
from which they separate and consume mostly
aquatic invertebrates and seeds rather than bio-
film (Armbruster, 2004; Melo et al., 2004). The
need to separate discrete food items from loosely
aggregated substrates places distinct functional
demands on the oral apparatus of fishes (Weisel,
1960), and rather than scraping solid surfaces like
most loricariids, loricariine species can be observed
in natural habitats and in aquaria to forage by
winnowing in a manner similar to catostomid
suckers (Weisel, 1960) and surf perches (Drucker
and Jensen, 1991). A single species among the
examined Hypostomini, Hypostomus unicolor,
shares sand-flat habitats and a similar foraging
mode with members of the Loricariini. Although
H. unicolor is distant from the Loricariini in man-
dibular morphospace described by PCs 3 and 4, it
is the closest of all examined Hypostomini to Lori-
cariini in the functional metrics described below
(Fig. 10).

Force Intensity

The unique region of mandibular morphospace
occupied by the wood-eater Panaque cf. bathyphi-
lus is distinguished from other taxa along the PC3
axis mostly by its increased area of adductor inser-
tion (AMarea; Fig. 9F; Table 3), whereas differentia-
tion of Panaque and Hypostomus pyrineusi along
the PC2 axis is driven mostly by their relatively
short TRLs (Fig. 9C,G; Table 3). Together, these
specializations can be interpreted as avenues to-
ward increased force generation and force concen-
tration that are independent of mandibular MA
and can be examined together via interspecific var-
iation in the metric AMarea/TRL

2 (Fig. 10 and Sup-
porting Information Fig. S1). Specialized wood-eat-
ing loricariids have AMarea/TRL

2 values higher
than all other species except Peckoltia bachi (rep-
resented herein by only two individuals). The force
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concentration achieved by a large adductor muscle
and a short TRL is likely multiplied among the
wood-eating species via reductions in tooth num-
ber. Only the specialized wood eaters (not P. bachi)
have specialized teeth that are stout and few in
number relative to most other loricariids, resulting
in a concentration of force not just along a shorter
tooth row but also at fewer more rigid points along
the tooth row. Peckoltia bachi is not known to
have any dietary specializations, but the trophic
ecologies of Peckoltia spp. remain largely
unstudied.

Many herbivores and detritivores are known to
compensate for their nutrient-deficient diets in
part by increasing consumption rate and food vol-
ume (Horn and Messer, 1992). In the loricariids for
which gut passage rates have been measured
(Ancistrus triradiatus and Panaque nigrolineatus),
ingesta passing through intestines with lengths
several times greater than standard body lengths
had very short residence times ranging from 40
min to 4 h (Hood et al., 2005; German, 2009).
Given these gut passage rates and the known spe-
cialization of loricariid intestinal physiologies for
rapid assimilation of easily digested molecules
released during microbial degradation of detritus
(German, 2009), they likely strive to maximize
food ingestion rates and volumes given the
limitation that foods must first be gathered and
separated from surfaces. Generalist consumers of
flocculent detritus or loosely attached periphyton
would therefore be predicted to have low values of
the metric AMarea/TRL

2 indicative of force distri-
bution. Among the species examined, Chaetostoma
spp. have some of the lowest AMarea/TRL

2 values
(Fig. 10 and Supporting Information Fig. S1) and
some of the longest tooth rows of any loricariid
(Fig. 3C); they are also known to feed largely upon
detritus that accumulates on the surface of stream
substrates (Saul, 1975; Kramer and Bryant, 1995).

Traditional Metrics of MA

Relative distances between areas of force-in or
force-out and axes of rotation determine a rotating
system’s MA or the degree to which the system
favors force vs. speed. In an absolute sense, values
below 1 favor speed (speed and displacement are
increased and force is decreased in comparison to
what enters the system); values above 1 favor
strength (force is increased and speed and dis-
placement decreased); and values of 1 represent
balanced systems in which force, speed, and dis-
placement into and out of the system are equal.
All reported teleost MA values are below 1 and
range from 0.04 in piscivorous fishes such as
needlefishes (Belonidae) to 0.68 for coralivous par-
rotfishes (Scaridae; Westneat, 2004); therefore, rel-
ative to a balanced system of jaw closure, adductor
mandibulae force is reduced and jaw speed and
displacement are increased at the distalmost tooth
of all examined teleosts regardless of diet.

The heuristic strength of the MA metric lies in
the complex functional tradeoffs that this single
number can allude to, including not only bite force
and speed but also gape size and degree of jaw
protrusion. The observation, though, that jaws of
even the most durophagous teleosts favor speed
and displacement over force suggests that there
may be a limit to the explanatory value of MA,
especially among durophagous fishes. We suggest
that especially for durophagous fishes, additional
properties of rotating systems should be consid-
ered, and the Loricariidae are an excellent group
in which to investigate the importance of these
additional properties. Among loricariids, it can be
difficult to justify the tradeoffs required to main-
tain jaws with MA less than 1. Loricariid diets are
entirely benthic and frequently nonliving (detritus
and wood), sessile (algae, diatoms, and sponge), or
slow moving (e.g., aquatic Trichoptera and Lepi-
doptera larvae, snails), suggesting that loricariid

TABLE 3. Summary of eigenvalues, eigenvectors, and % variance explained by each principal component (PC) in a PC analysis of
six morphometrics measured from the mandibles of 377 individuals and 25 species of Loricariidae collected in the upper Amazon

Basin of northern Peru (Table 1)

PC1 PC2 PC3 PC4 PC5 PC6

Eigenvalue 54.1 7.5 1.2 0.2 0.1 0.0
% variance 85.7 11.9 2.0 0.3 0.1 0.1
Cumulative % 85.7 97.6 99.6 99.8 99.9 100.0

Eigenvectors

AMarea 0.920 20.059 20.384 20.039 0.002 20.026
H1 0.165 20.134 0.356 0.838 0.001 20.355
In 0.102 0.042 0.144 0.317 0.096 0.926
Outdist 0.266 0.100 0.648 20.297 20.641 0.034
Outprox 0.158 20.475 0.489 20.326 0.636 20.026
TRL 0.140 0.861 0.217 20.034 0.420 20.120

Maximum and minimum values are given in bold.
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jaws rarely need to be fast to capture prey. More-
over, loricariid gut contents typically consist of
very small, loosely aggregated particles, suggesting
that gape limitations are rare and loricariid man-
dibular displacement need not be maximized for
prey ingestion (loricariid pharyngeal jaws are typi-
cally weak, so the small size of gut contents should
be an accurate indicator of size at ingestion).

Despite having diets and foraging modes that
would seem to make especially high MA values
evolutionarily available, even the most duropha-
gous of loricariids (the wood-eating Panaque spp.)
exhibit a maximum MA of 0.41. Moreover, wood-
eating loricariids are distinguished by having
proximal teeth that are displaced distally relative
to the jaw joint, creating a highly angled tooth row
in which all teeth have similarly long output lever
arms and reduced MA. If the evolutionary speciali-
zation of wood-eating loricariids led to mandibles
that maximize strength over speed, the tooth row
would be expected to shift closer to the jaw joint,
as with the carnasial and molar chewing teeth of
carnivorous and ungulate mammals, respectively
(Greaves, 1978, 1983). Unlike tetrapod jaws, fish
jaws appear to be evolutionarily constrained to
favor speed. Wood-eater jaw function might there-
fore be compared to that of a carpentry rasp,
which removes shallow surface layers of wood by
moving rapidly with relatively weak normal
(downward) forces. Support for this analogy comes
from microscopic studies of Panaque gut contents
(Schaefer and Stewart, 1993; German, 2009),
which reveal wood pieces that are small, like chips
produced by a rasp. Long curls of wood that are
produced when other carpentry tools (e.g., gouges
and draw knives) are slowly and forcefully applied
to wood have not been observed in stomachs of
wood-eating loricariids.

Novel Metrics of Jaw Function

Any calculation of loricariid mandibular MA
using in-lever and out-lever arms that are tradi-
tionally defined must account for the almost paral-
lel orientation of these parameters with respect to
the transverse axis around which the mandible
rotates (Axis 1, Fig. 8; Adriaens et al., 2009). Only
the component of a given lever that is perpendicu-
lar to its rotational axis can control MA of the
rotating body. Although the complex geometry and
rotational freedom of loricariid mandibles largely
prevents direct identification and measurement of
lever arm dimensions most relevant to Axis 1,
these dimensions are illustrated in the rotating
cone model as radius 1 (r1, input) and radius 2 (r2,
output; Fig. 8). Radii are by definition perpendicu-
lar to the axis of rotation, and r1 and r2 are,
respectively, defined as the distances from this
axis to the regions of force-in and force-out. As
such, they are essentially the sagittal components

of the traditionally defined in-lever and distalmost
out-lever arms.

Unfortunately, direct measurement of r1 and r2
is impossible without knowing the three-dimen-
sional position of Axis 1 relative to points where
forces enter and leave the mandible. Instead, we
hypothesize that the parameter H1 (Fig. 6) might
be treated as a correlate of variation in r1. H1 is
defined as perpendicular to the distalmost out-le-
ver arm, which was consistently the most trans-
versely oriented parameter. H1 measures distance
from this out-lever to the height of the coronoid
arch, on which inserts the adductor mandibulae,
supporting H1’s similarity to the idealized in-lever
parameter r1. For the idealized out-lever parame-
ter r2, we hypothesize that the metric TRangle

might serve as a proxy. As illustrated in Figure 8,
TRangle is related to the hypothesized maximum
excursion of mandibular teeth. Mandibles with
higher TRangle not only displace proximal teeth
more distally from the anguloarticular joint but
also align the tooth more perpendicularly relative
to Axis 1. This orientation would be predicted to
increase protrusion of the tooth row and corre-
spond with an increase in r2.

Directly relating H1 and TRangle to each other to
evaluate the potential for intraspecific variation in
MA must be done with caution because of the
imprecision inherent to both metrics and the likeli-
hood of intraspecific variation in their relative
position and orientation. We did, however, examine
the relationship between the putative input lever
H1 and TRL (H1/TRL, Fig. 11). This analysis
recovered the wood-eating loricariids (plus the
non-wood-eater Peckoltia bachi) as a cluster of ele-
vated values, presumably associated with both a
long input lever to maximize MA and a short tooth
row to concentrate forces exiting the mandible.
The metric H1/TRL also shows a strong linear
relationship with AMarea/TRL

2, although this is to
be expected given the shared denominators and
close relationship between the height of the coro-
noid arch and the area of adductor mandibular
insertion.

Adriaens et al. (2009) demonstrated that rota-
tion of the loricariid jaw has both sagittal and hor-
izontal components (i.e., rotational Axes 1 and 2,
Fig. 8). We hypothesize that loricariids may
emphasize one of these rotational axes over the
other by varying mandibular morphological dimen-
sions in a manner that shifts the predominant
plane of torque. To assess whether a given species
produces mandibular torque predominantly in sag-
ittal or horizontal planes, we calculated Outdist/H1
(Fig. 11). Among the Loricariini, relatively large
Outdist values indicate that teeth are positioned
relatively far from the mandibular joint in the hor-
izontal plane, whereas low H1 values indicate that
insertion of the adductor mandibulae is relatively
close to the rotational axis in the sagittal plane.
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This mandibular geometry suggests that a Loricar-
iini mandible experiences relatively less torque in
the sagittal plane than in the horizontal plane. In
contrast, durophagous species have high Outdist
values coupled with high H1 values, suggesting a
more balanced system with both torque and rota-
tion predominantly in the sagittal plane. When
combined with a predictor of force allocation
(AMarea/TRL

2), it is clear that the sagittal torque
transmitted through wood-eater mandibles
increases both as a function of Outdist/H1 and
AMarea and that the resulting mandibular adduc-
tion forces are concentrated on smaller substrate
areas via reduced TRL and fewer teeth.

Comparisons With Other Herbivorous Fishes

The distinctively broad, truncate tooth rows of
Chaetostoma and many other loricariids can be
placed along a spectrum of jaw morphologies par-
allel to that seen among a wide variety of other
aquatic herbivorous–detritivorous, surface-scrap-
ing grazers. Caddisfly larvae (Trichoptera), which
are among the most ubiquitous metazoan grazers
in temperate streams, have a broad, bristly labrum
with which they collect algae and detritus from
stream surfaces (Fig. 12A; Arens, 1989, 1990,
1994). In Asian tropical streams, the Gastromyzon-
tinae (Cypriniformes) exhibit a range of jaw widths
(Fig. 12B) that Roberts (1989) associated with a di-
etary spectrum from carnivory (narrow) to herbi-
vory (wide). And in the tropical rivers of Africa,
the surface-scraping catfish tribe Atopochilini

(Mochokidae; Fig. 12C; Vigliotta, 2008) is remark-
ably convergent on members of the Loricariidae. All
atopochilines have very wide jaws that function
within a fleshy labial disk, and the tribe is at least
partially diagnosed by having a ventral mesethmoid
condyle for articulation with premaxillae, although
atopochiline jaw function and trophic ecology is
even less studied than the Loricariidae. In marine
systems, the blenniid genus Ecsenius (Fig. 12D;
Springer, 1988) and the squamipinnes group
(including the surgeonfishes, Acanthuridae, and but-
terflyfishes, Chaetodontidae; Konow et al., 2008) are
abundant on reefs and include many herbivorous
and detritivorous species with relatively broad,
truncate snouts comparable to the jaws of loricar-
iids. As all of these organisms form the base of fish
food webs in each of their respective habitats,
greater effort should be expended to understand the
functional, ecological, and evolutionary consequen-
ces of their often highly derived jaw mechanisms.
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