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ABSTRACT

Fish skulls are often highly kinetic, with multiple linkage and lever systems powered by a diverse suite of muscles. Comparative analysis of the
evolution of soft-tissue structures in the fish skull is often limited under traditional approaches, while new imaging techniques like diceCT
(diffusible iodine-based contrast-enhanced computed tomography) allow for high-resolution imaging of muscles in situ. Darters (Percidae:
Etheostomatinae) are a diminutive and species-rich clade of lotic freshwater fishes, which show diverse head shapes believed to be associated
with different foraging strategies. We used diceCT to sample all major cranial adductors and abductors responsible for movement of the jaw,
hyoid, operculum, and suspensorium from 29 species. We applied comparative phylogenetic approaches to analyse the evolutionary trends
in muscle size across the clade. We found two major patterns: (i) darter cranial muscles show fundamental trade-offs relating to investment in
musculature, as well as buccal expansion vs. biting attributes; early divergence in muscle size appears to be associated with shifts in habitat use
and foraging; (ii) darter adductor mandibulae show high variation in architecture (fibre orientation, divisions). This study highlights how new
imaging techniques can provide novel insights into the anatomy of even well-sampled/represented clades.
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INTRODUCTION a major predictor of the force production capability of a par-
ticular muscle and is often characterized via the physiological
cross-section area (PCSA), which a strong predictor of force
output and is proportional to muscle volume (i.e. measured

The skulls of fishes are frequently highly kinematic, with mul-
tiple muscle groups responsible for dorsal, ventral, lateral, and
medial movements of the oral jaws, hyoid, suspensorium, . LS ) A
and opercular series (Westneat 1990, 1994, Muller 1996, Camp via mass X density in many studies) divided by fibre length.

and Brainerd 2015, Camp et al. 2015). This kinematic com- These factors (mass/volume, fibre length) may have variable im-
pacts on performance. Herrel et al. (2008) found that in bats (a

vertebrate group with highly variable skull shapes and muscula-
ture), a model incorporating only muscle mass explained 63% of
variation in measured bite force, and fibre length improves this
by only an additional 13%. Muscles are also energetically expen-
sive, and muscle size may be reflective of functional demands/

plexity has allowed different species of fish to diversify across
the three major feeding modes: ram feeding—overtaking and
engulfing prey; suction feeding—drawing prey through a suc-
tion gradient; and biting—grasping and directly manipulating
prey. Ram feeding requires quick expansion of the oral jaws, and

is often associated with rapid oral jaw kinematics and large gapes, e i . ol
while suction feeding is benefitted by fast and considerable ex- priority, especially when space constraints are limiting (Hulsey

pansion of the buccal cavity and small gapes (Wainwright and et al. 2007" O’Brien et al. .2019r S'omjee 20%1)- Differc?ntial in-
Richard 1995, Wainwright et al. 2001, Carroll and Wainwright vestment in muscles associated with expansion of the jaws and
buccal cavity (e.g. the levator arcus palatini and dilatator oper-
nipulation behaviours are often associated with force-optimized cula), compared with those associated with biting (adductor

kinematics and large adductor mandibulae (Turingan 1994, mandibulae) or rapid opening of the oral jaws (protractor
Kolmann ef al. 2014). hyoidei and sternohyoideus) may illustrate relative investment in

suction, biting, and ram-feeding modes (Wainwright et al. 2004,
Loépez-Ferndndez et al. 2013 ). Muscle force output is maximized

2009, Hulsey et al. 2010). Fishes relying primarily on biting/ma-

Variation in muscle anatomy impacts performance, such
as through force production or speed. Muscle size is generally

Received 6 March 2024; revised 23 September 2024; accepted 1 October 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of The Linnean Society of London. All rights reserved. For commercial re-use, please contact reprints@oup.
com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for
further information please contact journals.permissions@oup.com.

$20Z J8qWIBAON g UO Jasn AlISIaAlun S1e1S 98ssauua | s|pPIN Aq v22//28/1/SE L88IZ/S/20Z/e1onie/uBauuljooz/woo dno olwapeose//:sdiy Woll papeojumoc]


https://orcid.org/0000-0003-4506-158X
mailto:jessica.arbour@mtsu.edu
reprints@oup.com
reprints@oup.com

2 « Arbouretal

with shorter muscle fibres, while fibre length is positively cor-
related with muscle contractile speed (Gans and de Vree 1987),
thus producing a trade-off between force and velocity produc-
tion in muscle architecture. Shorter fibres increasing overall
force output may be driven from changes in muscle morph-
ology (shorter muscle length), or through changes in pennation.
Pennate muscles have fibres attached obliquely to the central
tendon (either to one side of the tendon—unipennate—or on
both sides—bipennate), in contrast with parallel or fusiform
muscles, which have fibres running parallel to the long axis of
the muscle. This reduces muscle fibre length for the same overall
volume in pennate muscles (ie. increasing force; Martin et al.
2020), but reduces range of motion.

Contrast-enhanced computed tomography techniques like
diceCT provide an opportunity to examine the evolution of soft-
tissue structures (e.g. muscles) in groups not previously access-
ible to traditional dissection techniques; such as those with rare
specimens (extinct, of conservation concern, or difficult to ac-
cess) or very small animals (Baverstock et al. 2013, Gignac et al.
2016, Gignac and Kley 2018, Brocklehurst et al. 2019, Kolmann
et al. 2023). Myological features such as muscle volume, origins/
insertions, muscle fibre length/curvature, and pennation angles
can all be sampled using these techniques, with significantly less
permanent damage to specimens, i.e. chemical rather than ‘phys-
ical’ (Dickinson et al. 2018, Santana 2018, Sullivan et al. 2019,
Katzke et al. 2022). Typical applications of diceCT approaches
have involved the digital dissection of a small number of individ-
uals for anatomical descriptions (Dickinson et al. 2019, Sullivan
et al. 2019, Cox et al. 2020). Some recent studies have used this
approach in a macroevolutionary context to study the origin
of trait diversity and ecological adaptations, such as examining
brain structure in squamates (Macri et al. 2023), venom glands
in snakes (de Oliveira et al. 2024), and cranial muscles in bats
(Santana 2018), among others. Fish functional morphological
studies stand to benefit greatly from such imaging and digital dis-
section approaches (Kolmann et al. 2023), but few studies thus
far have applied diceCT approaches in comparing investment
in different muscle groups in a macroevolutionary/comparative
context in fishes.

In this study we provide the first myological account of the
major cranial adductor and abductors in a diverse radiation of
freshwater fishes, the darters (Etheostomatinae: Percidae). With
more than 200 species found across North America, these fish
species are generally found in rocky, fast-flowing waters, but
with some species living in sandy or calm habitats, and typic-
ally in close association with the benthos. While largely benthic
invertivores feeding on aquatic insects (e.g. chironomid and
Ephemeroptera larvae), other invertebrates, and algae/detritus,
they employ divergent foraging strategies (Turner 1921, Paine
et al. 1982, Orr 1989, Carlson and Wainwright 2010) and show
a diversity of head shapes (Fig. 1). Carlson and Wainwright
(2010) identified three major, specialized ecomorphs based on
skeletal morphology and observation of feeding behaviours: (i)
the rock flippers, who use long, conical snouts to overturn rocks
to search for prey (Fig. 1; Percina caprodes Rafinesque, 1818);
(ii) probers that insert long, narrow snouts into crevices (Fig. 1;
Percina squamata Gilbert and Swain, 1887); and (iii) ‘manipu-
lators’ with shortened, downturned faces that pry prey from

the upper surfaces of rocks or from the exposed substrate be-
tween rocks (Fig. 1; Etheostoma blennioides Rafinesque, 1819,
E. barrenense Burr and Page, 1982, and E. blennius Gilbert and
Swain, 1887). Carlson and Wainwright (2010), suggest that
biting and suction are probably major feeding modes employed
by darters. They note that species in Ammocrypta, Crystallaria,
and Percina with low jaw-closing ratios probably employ suction
feeding to forage in soft, sandy substrates. Orr (1989) observe
Nothonotus jordani (Gilbert, 1891) aggressively tearing apart
large prey, and species like Etheostoma flabellare (Rafinesque,
1819) are frequently documented with stomach contents con-
taining very large prey from beneath and between rock crevices
(Turner 1921, Paine et al. 1982), and are likely to be more bene-
fitted by gripping and biting. Previous quantitative analyses of
darter functional morphology have focused on skeletal features
through histological ‘cleared and stained’ specimens (Carlson
and Wainwright 2010). No prior studies have undergone a quan-
titative comparison of the relative contributions of the various
cranial muscles, nor how these may relate to trade-offs between
the various documented foraging modes. This is partially due to
the diminutive size of these species (ranging from 4.3 to 20 cm
total length), the difficulty of manual dissection of the smaller
muscles (e.g. opercular adductors and levators), and the rarity/
conservation status of several species (some even critically en-
dangered or declared extinct). Anatomical descriptions are
available only for the other subfamilies of the Percidae—Perca
and Gymnocephalus from Percinae (Osse 1969 et al. 1976), and
Sander from Luciopercinae (Elshoud-Oldenhave 1979), some
of which are in fairly inaccessible monographs (due to rarity of
prints in library collections). The purpose of this study was to (i)
provide a description of the anatomy and variation of the major
adductors and abductors associated with the jaw, suspensorium,
and opercular series in darters, and (ii) determine the major evo-
lutionary trends in relative muscle investment across these sys-
tems in the darter subfamily. We used diceCT, digital dissection,
and phylogenetic comparative approaches to quantify darter cra-
nial musculature across 29 species, which revealed innovation in
biting muscle architecture and signals of early adaptive evolution
associated with fast-rocky vs. slow-sandy river habitat trade-offs.

MATERIALS AND METHODS

CT scanning

We digitized the skull and major cranial muscles from 29 spe-
cies, representing the genera Ammocrypta (N = 1), Crystallaria
(N = 1), Etheostoma (N = 18), Nothonotus (N = 3), and Percina
(N = 6). Specimens were obtained from natural history collec-
tions (University of Michigan - UMMZ, Yale Peabody Museum
-YPM-ICH and the MTSU zoological collection, and see
Table S1) and through field sampling (MTSU IACUC protocol
#22-3001). Field-captured specimens were fixed in 10% neutral
buffered formalin prior to storage in 70% ethanol. Specimens
were scanned on a Scano Medical uCTS50 scanner in the
Vanderbilt Small Animal Imaging Lab at the Vanderbilt Institute
for Imaging Sciences. An initial unstained scan was taken for
skeletal reconstruction and specimens were then stained for 1-4
days in 1% Lugol’s iodine (1% I, by weight/volume). Specimens
were soaked in distilled water for 30 min to 1h prior to the
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Figure 1. Diversity of head shapes in darters, showing variation in the elongation of the head, length of the snout, position of the mouth
and eyes and size of the mouth, among other features. Species shown: A, Percina squamata; B, Percina caprodes; C, Etheostoma derivativum;
D, Nothonotus rufilineatus; E, Nothonotus camurus; F, Etheostoma flabellare; G, Etheostoma kennicotti; H, Etheostoma blennioides; 1, Etheostoma
barrenense; J, Etheostoma blennius; K, Etheostoma jimmycarter. Image credits to: J. Arbour and N. Schroth.

second stained scan, to minimize gradients in staining and to
improve contrast. Specimens were wrapped in a combination
of cheesecloth (unstained only), plastic shipping wrap, and
parafilm for scanning. All scans were conducted using the fol-
lowing parameters: 10-17.2 pym, 55 kV;200 uA, and a 0.5 mm Al
filter. Radiographs were reconstructed into TIFF image stacks
using the Scanco proprietary reconstruction software.

Digital dissections
Reconstruction of the cranial skeleton and musculature was
conducted in ‘MIMICS’ v.25 (Materialise). Skeletal reconstruc-
tions primarily used the thresholding tools, while muscles were
manually segmented using the ‘multiple slice edit’ tool. Muscle
boundaries were outlined across multiple locations and the mask
on the remaining slices was interpolated. The following muscles
were digitally dissected from the right side of each specimen: the
adductor mandibulae (AM), segmentum fascialis, pars malaris
(traditionally AM1), rictalis (AM2), and stegalis (AM3) where
visible, the adductor arcus palatini, the levator arcus palatini, the
dilatator operculi, the adductor operculi, the levator operculi,
the adductor hyomandibulae, the geniohyoideus/protractor
hyoidei, and the sternohyoideus. These represent the largest cra-
nial muscles related to the opening and closing of the oral jaws,
buccal cavity, and hyoid apparatus. Their functions are described
individually in Table 1. The CT and diceCT scans were aligned
using a roughly thresholded model of the diceCT scan and

N-point registration in Geomagic, using visible skeletal points in
the diceCT full head/skull model to overlap the models.

In most major teleost fish clades, the pars malaris and pars
rictalis are superficial, with malaris dorsal to rictalis; the smaller
stegalis is deep and largely or entirely covered by the two other
divisions of the AM (Datovo and Vari 2013). We followed
Datovo and Vari (2014) for the nomenclature of the AM muscle
complex, including for combinations of the three divisions (e.g.
perch and walleye possess a combined AM pars rictalis and AM
pars stegalis, henceforth referred to as the rictostegalis). Where
significant differences in fibre arrangements occurred across
each division, or clear additional subdivisions of the AM could
be seen, divisions were segmented separately and nomenclature
follows Datovo and Vari (2014).

Comparative analysis of darter cranial musculature

We tested whether darter species show differential investment
into the size of muscles associated with various cranial func-
tions (abduction/adduction of the oral jaws, buccal cavity, and
opercular series). We calculated the volume of each muscle in
Geomagic Wrap. While muscle shrinkage is a possible side-effect
of staining with Lugol’siodine (Brocklehurst et al. 2019), we note
that all specimens were already preserved in ethanol, which on
its own will dehydrate specimens, and thus measures will be an
underestimate of total muscle volume in fresh specimens. Herein
we assume that shrinkage will be generally consistent across the
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Table 1. Muscle groups dissected from each of 29 species of darters, including nomenclature of their major divisions as appropriate and their

primary action/function.

Muscle

Function

Adductor mandibulae (malaris, stegalis and rictalis or rictostegalis where

applicable)
Adductor arcus palatini
Levator arcus palatini

Dilatator operculi

Adductor operculi
Adductor hyomandibulae
Levator operculi

Geniohyoideus/protractor hyoidei
Sternohyoideus

Closing of the oral jaws/adduction of the lower jaw

Medial retraction of the suspensorium (decrease buccal volume)
Lateral expansion of the suspensorium (increase buccal volume)

Rotation and abduction of the operculum (increase opercular
cavity volume)

Retraction of the operculum (decrease opercular cavity volume)
Retraction of the suspensorium (hyomandibula)

Lateral abduction of the operculum (increase opercular cavity
volume)

Adduction of the hyoid bar (when mouth is closing)

Depression of the hyoid bar (expansion of the buccal cavity). In-
directly depression of the lower jaw (opening of the oral jaws)

various species, although it is possible that shrinkage could vary
with specimen preservation technique, age, or other factors.
Since our goal in the following analyses is to quantify interspe-
cific patterns rather than provide absolute estimates of bite force,
we believe any shrinkage will not overly bias our overall results.

We used phylogenetic comparative approaches to examine
the overall evolutionary pattern of investment in cranial mus-
culature across the darter subfamily. The total volume of each
muscle was size-corrected using a log-log regression on body
size (standard length—SL). These size corrections were car-
ried out with phylogenetic correction using the R function
‘phyl.resid’” from the package ‘phytools’ (Revell 2009, 2012).
We used a subtree of the phylogeny from Arbour and Stanchak
(2021) for this and subsequent macroevolutionary analyses. We
used phylogenetically corrected principal component analysis
(pPCA) on the size-corrected muscle volumes to determine the
major axes of variation in darter cranial musculature, using the
function ‘phyl.pca’ from the R package ‘phytools’ (Revell 2009,
2012). We tested for evidence of selection/adaptive evolution
using shifts from a constant rate, random walk process (e.g.
Brownian motion, BM) using two approaches. We used dis-
parity through time (DT analysis to quantify how muscle-size
disparity has been partitioned in the evolution of darters. We
quantified subclade disparity for each PC axis at each node in
the phylogeny and contrasted this with 100 simulations from a
BM process using the morphological disparity index (MDI) fol-
lowing Slater et al. (2010a), Slater and Pennell (2014). DT tests
were carried out using functions from the R package ‘GEIGER’
(Harmon et al. 2008). We excluded the final 25% of the tree
depth (time) to account for incomplete taxonomic sampling
when calculating the MDI value, using the argument ‘mdi.range’
in the function ‘dtt’ (Harmon et al. 2003, Slater et al. 2010b).
Negative MDI values are typical of early bursts of trait evolution
or divergent selection across multiple adaptive peaks, while posi-
tive MDI values may be indicative of either accelerating rates of
evolution or strong selection towards a single selective optimum
(Lépez-Ferndndez et al. 2013, Slater and Pennell 2014, Arbour
and Lépez-Fernandez 2016).

We used ‘llou’ to detect shifts in selection across muscle
size in darters (Khabbazian et al. 2016). This approach uses

Ornstein—Uhlenbeck models, which extend BM models by
incorporating selection towards one or more adaptive peaks.
The R package ‘11ou’ uses a lasso approach to detect shifts to new
adaptive peaks without an a priori hypothesis. We detected shifts
in adaptive peaks using ‘estimate_shift configuration’ and con-
vergence between shifts using ‘estimate convergent regimes)
and evaluated support using AICc (sample size corrected Akaike
Information Criterion) values. We found that other information
criteria (e.g. pBIC, phylogenetic Bayesian Information Criterion)
produced more numerous and more poorly supported shifts,
but always produced those found by AICc, which was the most
conservative metric tested. Bootstrap support for adaptive peak
shifts was determined using ‘11ou_bootstrap_support’ (100 it-
erations).

RESULTS

Anatomical descriptions of darter cranial musculature

Here we detail the major patterns of insertion, attachment,
pennation, and major muscle divisions for the muscles outlined
in Table 1. We note those features that were variable across the
darters examined, and those features that differed from prior
anatomical accounts of Perca and our own observations of the
genus. Figure 2 and Supporting Information, Figs S1-SS show
detailed illustrations of the muscles in situ for at least one repre-
sentative of each major clade in the darter phylogeny.

Adductor mandibulae

The adductor mandibulae segmentum fascialis is the primary
jaw-closing muscle and is divided into an upper malaris and
lower rictostegalis in most darter species examined, as in Perca
(Fig. 2). The tendonous connections of the muscle are not well
resolved through diceCT, but the pars malaris originates on the
preopercle and hyomandibula, while the rictostegalis origin-
ates on the preopercle and posterior portions of the quadrate,
and appears to insert on the coronoid process in most species.
The adductor mandibulae complex showed the greatest overall
anatomical variation, as well as the most significant depar-
tures from previous non-darter descriptions (Figs 3, 4). Perca
fluviatilis (Osse, 1969) and Perca flavescens (Mitchill, 1814)
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Figure 2. Reconstruction of cranial musculature (major adductors and abductors) in logperch, Percina caprodes (MTSUZ-12,90.3mm SL)
from a diceCT scan. Skull from an unstained CT scan shown as a transparent overlay. Views clockwise from top left: dorsal, right (lateral),
anterior, left (medial) and ventral. See Supporting Information, Figs S1-S$ for additional species).
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Figure 3. Variation in major feeding musculature of the darter cranium from diceCT scans of 30 species. Muscle colour-coding matches legend
in Figure 2. Phylogeny from Arbour and Stanchak (2021), with branches coloured by genus, ‘S’ and ‘G’ indicate the Simoperca and Goneaperca

subgenera of Etheostoma, respectively.

possess mostly parallel fibres in the AM segmentum fascialis,
with fibres directed from the lower jaw/maxilla to the margin
of the preoperculum (Fig. 4A), and an overall fusiform or
convergent muscle shape. By comparison, many darter spe-
cies show variation in the orientation and pennation of the
muscle fibres of both the malaris and rictostegalis (Figs 4B-F,
S). All darters showed more vertically oriented fibres in the
AM pars rictostegalis, with fibres frequently directed towards

the ‘midline’ between the rictostegalis and malaris segments
(Fig. 4B-F). The muscle appears to be unipennate, though
connective tissue and tendons were not easily visualized using
diceCT. This shift in fibre orientation probably produces shorter
muscle fibres compared with the orientation seen in yellow
perch, though this was not quantified. This portion of the AM
was typically the largest, ranging from 30% to 50% of the total
AM muscle volume.
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Figure 4. Variation in adductor mandibulae divisions and fibre architecture in Percidae. A, yellow perch, Perca flavescens; B, orangethroat
darter, Etheostoma spectabile; C, bloodfin darter, Etheostoma sanguifluus; D, blackfin darter, Etheostoma nigripinne; E, stone darter, Etheostoma
derivativum; F, greenside darter, Etheostoma blennioides. Blue arrows = adductor mandibulae pars malaris or retromalaris; magenta

arrow = adductor mandibulae pars promalaris; red arrow = adductor mandibulae pars rictostegalis or rictalis (and see text for description of
relative positions of these divisions). B-F, illustrate the change in rictostegalis fibre orientation compared to Perca. C-F, show the additional
division of the upper pars promalaris portion, especially in (D), while (E) illustrates the medial positioning of the anterior pars promalaris. F,
shows the additional reorientation of the fibres of the retromalaris towards the intersection with the rictostegalis.

In most darters examined (23 species; Fig. 3), the AM malaris
fibres originating on the hyomandibula were distinct from those
inserting on the preopercle, with some showing distinct differ-
ences in fibre orientation (Fig. 4; blue vs. magenta arrows). We

designated the portion inserting on the hyomandibula the AM
pars promalaris” and those inserting on the preopercle the AM
pars retromalaris’ (Figs 2-4). Typically, the promalaris portion
becomes increasingly medial to the retromalaris anteriorly (Fig.
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Figure S. Darter species with highly modified adductor mandibulae. A, B, snubnose darter, Etheostoma simoterum, with separate rictalis and
stegalis portions. Coronal slice from diceCT image stack shows the large and ‘uncovered’ AM pars stegalis (dark red arrow). C-E, AM of the
subgenus Swainia, in Percina squamata (C) and Percina nasuta (Mulberry River) (D). Light red arrow shows the position of the novel pars
‘ectomalaris’ E, reconstruction of Percina squamata. B, reconstruction of Etheostoma simoterum. Colours of 3D muscle models follow follows
that of Figure 2 and 3.

4E), and sits entirely dorsal to the retromalaris posteriorly. This
portion is most (superficially) obvious in members of the sub-
genus Goneaperca (e.g. Fig. 4D, E. nigripinne Braasch and Mayden,
1985), where the ‘promalaris’ can be extended into a distinct
lobe. Overall, this division ranged from 10% to 35% of total AM
volume. In some species like E. blennioides and E. simoterum
(Cope, 1868) the promalaris and retromalaris show drastically
different fibre orientations compared to the promalaris (Fig. S;
Supporting Information, Fig. $S6). The retromalaris portion also
shows more vertically oriented muscle fibres in species in the
subgenus Simoperca, particularly E. blennioides and E. simoterum
(Supporting Information, Fig. S6). In Nothonotus and in E.
simoterum the AM pars retromalaris appears to possess two dis-
tinct fibre bundles (Fig. 4), possibly with portions inserting on
different parts of the connective tissue connecting the lower jaw
and maxilla. The AM pars retromalaris in E. simoterum also ap-
pears to be bipennate (Fig. SA).

In Percina squamata (subgenus Swainia), we found a novel
portion between the malaris and rictostegalis portions (Fig.
SC-E), which we denoted as the ‘ectomalaris’ This long and
narrow bundle of fibres runs parallel to the body axis and re-
mains superficial to the rest of the AM complex for the duration
of its length. An additional scan (which was not segmented or
included in muscle volume analyses) of a specimen of Percina

nasuta (Bailey, 1941; YPM ICH 34344, which is also another
member of the subgenus Swainia), also shows this novel segment,
as well as a more noticeable division between the promalaris and
retromalaris portions than in the scan of P. squamata. We found
no similar division in any other members of Percina (or other
darters), and this may represent a novel feature of the subgenus
(Fig. 2).

While most darters show a combined rictostegalis (as in
Perca) this muscle is divided into a larger, lateral AM rictalis
and smaller, largely medial AM stegalis portion in seven spe-
cies examined, predominantly in Nothonotus and Etheostoma—
Simoperca (Table S2). The small stegalis in Nothonotus and E.
blennius originate on the metapterygoid or the most ventral
portions of the hyomandibula. While the AM stegalis is small
in most species (<5% total AM volume), among the blunt-faced
species in Simoperca, the stegalis reaches it largest proportional
sizes, representing 10%-25% of the total volume of the AM
complex. Furthermore, in E. simoterum and E. duryi (Henshall,
1889), the stegalis widens and posteriorly is no longer medial to
the AM pars malaris or rictalis, extending to the ‘cheek’ between
these two portions (Fig. S) and inserting on the preopercle.
Among these ‘snubnose’ darters the AM complex appears to be-
come the most complex in fibre orientations among the darters
examined (Fig. 5).
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Suspensorium

The levator arcus palatini originates on the sphenotic behind
the orbit and inserts on the hyomandibula or extends on to the
metapterygoid (Fig. 2; Supporting Information, Figs S1-S5), with
fibres largely parallel (Fig. 4). The lower portion sits medial to the
AM pars malaris (Figs 2, 3). In species of Simoperca with large
levator arcus palatini (e.g. Etheostoma blennius and Etheostoma
zonale Cope, 1868), the upper body of the hyomandibula is
steeply angled, with a sharp bend into the more vertical lower
body, creating an indented region (Supporting Information,
Fig. S7). The adductor arcus palatini originates on the posterior
parasphenoid, extending dorsally on to the ascending process of
the parasphenoid and the prootic (Fig. 2; Supporting Information,
Figs S1-SS), and inserts on the medial surface of the anterior arm
of the hyomandibula and the dorsal margin of the metapterygoid.
The adductor hyomandibula is a small bundle of laterally oriented
fibres, which is more visibly differentiated than in Perca from the
adductor operculi (see below). It originates on the prootic and
ventral pterotic and inserts on the medial surface of the posterior
arm of the hyomandibula just ahead of the joint with the opercle.

Operculum

The dilatator operculi is the major abductor and rotator of the
opercular series. It is pennate and originates broadly on the
pterotic, dorsal to the levator arcus palatini, and inserts medially
on the anteriodorsal process of the opercle just above its joint with
the hyomandibula (Fig. 2; Supporting Information, Figs S1-SS,
§7). The levator operculi is a single unit across all darters exam-
ined, in contrast with the two divisions observed in Perca fluviatilis
(Osse, 1969). It is a laterally thin and posterioventrally broad
muscle with parallel fibres, originating caudally on the pterotic
and inserting on, and dorsally to, the medial ridge of the opercle. In
more elongate skulls in Goneaperca, Nothonotus, and Percina, the
levator opercli is more angled anterio-posteriorly, while in more
rounded heads it is more vertical (Fig. 2; Supporting Information,
Figs S1-S5). The adductor operculi is a long, narrow and medially
oriented muscle originating on the exocciptal and ventral pterotic
and attaching to the operculum below the anterior end of the
medial ridge, typically ventral to the levator operculi. It sits imme-
diately posterior to the adductor hyomandibulae.

Hyoid apparatus

In prior anatomical descriptions of Perca, the muscle connecting
the jaw and hyoid is referred to as the geniohyoideus, but we
follow the recent literature in referring to this as the protractor
hyoidei. As in Perca, this muscle connects two movable elements,
and so we refer to these as attachments rather than origin and in-
sertion (Osse 1969). The anterior paired protractor hyoidei merge
and attach near the medial surface of the symphysis of the lower
jaw (Fig. 2; Supporting Information, Figs S1-SS). Fibres run both
above and below the small horizontal intermandibularis in most
species examined. The posterior protractor hyoidei attaches to the
mid-lateral surface of the ceratohyal, with fibres extending ventral
to the second branchiostegal ray, with some extending to the third.
The sternohyoideus is a large, wedge-shaped muscle with three
myosepta. The third myoseptum originates on, and lateral to, the
broad and angled symphysis of the cleithrum, and is partially con-
tiguous with the hypaxials laterally, and inserts laterally on the
urohyal (Fig. 2; Supporting Information, Figs S1-SS).

Comparative analysis of darter muscle size

The first axis of the phylogenetically corrected principal com-
ponent analysis (pPC1, 56.7% of variation) represents a gra-
dient between species with comparatively large cranial muscle
volumes (after size correction) possessing positive pPC1 scores
and those with small muscle volumes with negative pPC1 scores
(Fig. 6). We observed a strong phylogenetic bias in the distri-
bution of pPC1 scores—low overall muscle size was associated
with basal lineages in Ammocryta, Crystallaria, and Percina, while
Etheostoma and Nothonotus possessed pPC1 scores indicative
of large (size-corrected) muscle volumes. However, a small
number of species of Etheostoma appear to show evolutionary
trajectories towards low PC scores/lower muscle volumes (e.g.
E. vitreum Cope, 1970, E. parvipinne Gilbert and Swain, 1887,
and E. stigameum Jordan, 1877).

Comparatively, pPC2 (14.5% of total variation) describes
a trade-off between species with larger AM and adductor
hyomandibulae volumes (negative pPC2) compared with those
with larger volumes of the arcus palatini complex (suspensorium)
and the opercular muscles (dilatator, levator, and adductor oper-
cula). Those muscles loading strongly to positive pPC2 scores
were (with exceptions) largely levators/abductors respon-
sible for expanding the buccal and opercular cavities (suction
feeding), while those associated with negative pPC2 scores
were largely biting muscles (AM malaris and AM rictostegalis).
Species with high pPC1 scores (larger muscle volumes) overall
showed higher variation in pPC2 scores, primarily within species
of Etheostoma. In particular, species of the Simoperca subgenus
of Etheostoma possessed both the highest and lowest values of
pPC2 (Fig. 6, blue points).

Macroevolutionary trends

DTI' analysis of PC1 showed a significantly negative MDI
value indicative of an early burst of evolution (MDI = -0.176,
P =.022; Fig. 7). This was consistent with the strong split ob-
served between the Etheostoma—Nothonotus clade and spe-
cies of Ammocrypta, Crystallaria, and Percina species in PC1
scores. Comparatively, PC2 showed a positive MDI value
(MDI = 0.376, P=.983) with subclade disparity peaking
around the diversification of the Simoperca subgenus and after-
wards returning to BM expectations (Fig. 7). We also detected
a major, strongly supported shift in adaptive peaks at the base
of the Etheostoma—Nothonotus clade (based on an analysis of all
muscle residual volumes; Fig. 8). Across all muscles, this shift
in adaptive optimum was associated with higher overall muscle
volume residuals (higher proportional muscle sizes). We also
detected shifts on the branches corresponding to E. vitreum
and E. stigmaeum (moderate bootstrap support), both of which
were found to be convergent on the ancestral adaptive optimum
shared between Ammocrypta, Crystallaria, and Percina.

DISCUSSION

Signals of ecological adaptation

Our diceCT approach revealed several significant patterns in the
macroevolutionary trends of darter fish cranial muscle diver-
sification. Most notably, muscle investment in darters appears
to have undergone an early divergence between the clade of
Etheostoma—Nothonotus (greater volumes) and the paraphyletic
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Figure 6. Phylogenetic principal component analysis of size-corrected muscle volumes from 29 darter species. Left, phylomorphospace of
darter muscle size PCA, point show PC scores and lines indicate evolutionary branches. Branches coloured by genus, see Figure 3. Skull and
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Percina~Ammocrypta—Crystallaria  group  (lesser ~ volumes).
Species of Percinahave been previously referred to as the ‘midwater
darters’, as unlike many other darter species, some still possess ru-
dimentary swim bladders and thus are able to swim up above the
substrate (Collette 1963, Page 1983, Carlson and Lauder 2011,
Bossu and Near 2015). Specialized foraging in Percina (e.g. rock
flipping) often makes use of this greater mobility (Carlson and
Wainwright 2010). These species also tend to be found in large
rivers, often with ‘softer’ substrates like sand, silt, and detritus
(Schroth 2024; Page 1983, Etnier and Starnes 1993, Ciccotto and
Mendelson 2016), although some are found in riffles as well (but
are largely hyperbenthic in that case). Similarly, Ammocrypta and
Crystallaria (the sand darters) live on soft and sandy substrates in
large rivers, though rest directly on the bottom. In contrast, spe-
cies of Etheostoma and Nothonotus are strongly benthic, lacking
a swim bladder and sitting directly on the substrate. These spe-
cies are more likely to inhabit the fast-flowing waters of small- to
medium-sized creeks and streams, often over hard substrates like
limestone, shale, and varying degrees of cobblestone, gravel, and
bedrock. Species of Etheostoma and Nothonotus may be more
likely to encounter prey with strong attachments in these more
vigorous and rocky river systems. We suggest that the strong
adaptive signal in overall muscle size that divides these two clades
may result from adaptations to foraging in different current and

substrate environments. Our 11ou results also support this assess-
ment. The species identified as having converged on the ‘basal’
adaptive peak occupied by Ammocrypta, Crystallaria, and Percina,
included Etheostoma vitreum and Etheostoma stigmaeum, which
are among the lesser number of species of Etheostoma that occupy
sandy pools. Interestingly, Carlson and Wainwright (2010) also
placed E. vitreum as convergent on Ammocrypta and Crystallaria
in feeding ecomorphology. Adaptation to benthic living in rocky
and fast-water environments also appears to have facilitated di-
versification along a traditional suction-biting feeding spec-
trum in the Etheostoma—Nothonotus clade. While Carlson and
Wainwright (2010) have suggested that the small, downturned
jaws of species of Simoperca (Etheostoma) (designated as the ‘ma-
nipulator’ foraging group) may be well adapted for biting prey
on the surface of rocks, Simoperca showed high diversification
across PC2, which we suggest is associated with biting—suction
trade-offs. Indeed, the small gape and, in some cases, more mo-
bile premaxilla, may aid in suction feeding in some species of this
subgenus.

Functional and developmental correlates of darter muscle
diversification
Darters show multiple changes in cranial muscle architecture, in
particular in the adductor mandibulae complex, in comparison
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Figure 7. Results of D'TT analysis of PC1 and PC2 of darter size-corrected muscle volumes. Solid line shows observed subclade disparity,
the shaded polygon shows the 95% confidence interval of BM simulated subclade disparities and the dotted line shows the mean of all BM

simulations.

with the previously documented anatomy of Perca (Osse, 1969)
and Sander (Elshoud-Oldenhave, 1979). Many of the observed
changes in fibre orientation in the AM pars rictostegalis and pars
malaris would produce shorter overall muscle fibre lengths com-
pared to the anatomy of Perca (Osse, 1969), and possibly pro-
portionately higher maximum force production in the muscle

(as muscle force scales with muscle size/fibre length, among
other terms). In particular, the two pennate divisions of the AM
(pars malaris and rictostegalis) forming a ‘chevron-shaped’ fibre
orientation of E. blennioides (the species with the largest propor-
tional AM muscles; Figs 3, 4, 6 and S6) show striking resem-
blance to groups like marine butterflyfishes (Copus and Gibb
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2013), which have an AM complex adapted to forceful biting of
the upper and lower jaws.

Division of the AM malaris into upper/medial and lower/
lateral segments was found in the majority of species and
across all darter genera examined. The functional conse-
quences of this division are unclear, but the modularization
of the AM malaris, which connects to both the maxilla and
lower jaw, may help to fine-tune movements of the oral jaws,
or allow mechanical specialization (e.g. short fibres and high
force potential) in the two divisions. Though typically the
pars retromalaris was often larger, the pro-malaris showed
the largest proportional contribution to total AM mass in
species with either moderately upturned mouths (e.g. E.
nigripinne) or elongate heads (e.g. P. squamata and P. sciera
Swain, 1883 ). Fibre orientation differed dramatically between
the promalaris and retromalaris in some species with more
rounded faces (Fig. 3; Supporting Information, Fig. $6), but
typically were similar in species with elongate heads or large,
upturned mouths (e.g. E. nigripinne). The functional role of
the pars promalaris, and the extent of kinematic specialization
between the divisions of the AM malaris, may, therefore, vary
across the darter clades examined.

The long and narrow novel portion of the AM muscle in
Swainia (AM pars ectomalaris), shows long, parallel fibres that
are less ideal for strong force production. The small overall size
of this segment also indicates a low contribution to bite force po-
tential. Long fibre lengths are associated with wide gape angles
and long jaws in other vertebrate groups (Santana 2016), and
produce faster shortening speeds. This segment of the AM may
contribute to fast movements or movements at wide gapes, while
inserting the snout into rocky crevices. The ‘probers’ of the sub-
genus Swainia have long and narrowed heads and have signifi-
cant changes in the kinematics of the oral jaws, with the upper
jaw remaining fixed in a protruded state, unaffected by move-
ment of the lower jaw, and are supported by elongated bones of
the snout (Carlson and Wainwright 2010). These additional di-
visions of the AM malaris may be related to the reconfiguration
of these typical teleost oral jaw kinematics. Live-feeding kine-
matic studies would be highly beneficial in investigating these
innovative patterns in jaw musculature.

Divergence along a possible biting—suction feeding gradient
(PC2) was most prominent in the ‘snubnosed’ subgenus Simoperca.
Interestingly, this clade has been previously documented for pos-
sessing divergent head allometries; adult head shapes were more
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variable than juvenile head shapes, and the direction of change
varied across species (Goodwin and Arbour 2022). Such develop-
mental lability in head shape may be associated with the reappor-
tioning of space in the skull to accommodate changing proportions
of jaw vs. opercular/suspensorium muscle groups.

Innovation in darter biting muscle anatomy

The variety of AM divisions in the AM complex in darters was
an unexpected observation (in the authors’ experience). Such
diversity in AM structure was greater than previously observed
in many trophically diverse adaptive radiations, like wrasses
and parrotfish (Labridae) and African or Neotropical cichlids
(Cichlidae) (Westneat 2003, Arbour and Lépez-Fernindez
2018, Gobalet 2018). Though not as extreme in its variation, the
complexity of shifts in darter AM structure is more akin to that
observed among some clades of Tetraodontiformes, which show
repeated ‘duplications’ of the AM pars malaris and AM pars
rictalis (Friel and Wainwright 1999, Konstantinidis and Harris
2011), though chiefly among the AM pars malaris in darters. This
diversity contrasts with the low diversity in ecomorphological
traits observed by Carlson and Wainwright (2010); however,
this prior study focused only on linear measures of the oral jaws
(and one hyoid measurement) and no muscle characteristics.

The diminutive size and elongate body shape of darter fishes
is probably an adaptation to their rheophilic lifestyle, allowing
them to maintain position within the benthic boundary layer of
slower moving waters (Carlson and Lauder 2010, 2011, Lujan
and Conway 2015). As such, overall body form may be under
strong selective constraints. Adaptations typically associated
with suction feeding and biting may include deepening of the
body to accommodate larger body musculature (epaxials for
suction feeding), sternohyoideus (hyoid depression) or cheek
muscles (Westneat 1994, Wainwright et al. 2004, Arbour and
Lépez-Ferndndez 2014, Camp et al. 2015, Hulsey, Holzman and
Meyer 2018). If increased body height would be detrimental to
drag resistance in high current waters, this may make alternate
adaptations to increase bite force (e.g. decreasing fibre length,
changing divisions/orientations of the muscles) more advanta-
geous by comparison. The body musculature of fish contributes
significantly to suction feeding in many species of fish (Carroll et
al. 2004, Camp and Brainerd 2014). The narrow body in darters
and the small supraoccipital crests (attachment of epaxials that
rotate the neurocranium upwards) limit the mechanisms by
which body-driven suction may be optimized, by limiting the
size of the epaxials connecting to the cranium (Carroll ef al.
2004, Camp and Brainerd 2014, Camp et al. 2020).

Biting feeding strategies are associated with increased head-
shape diversification across fishes, although suction feeders see
increased rates of evolution in kinematic traits in some studies
(Collar et al. 2014, Corn et al. 2021, Corn and Friedman 2022).
Carlson and Wainwright (2010) noted that changes in the skull
shape and kinematics of many darters limit the potential to op-
timize suction feeding, such as decreases in the mobility of the
premaxilla in ‘rock flippers’ and ‘probers’ In particular, we found
that innovations in muscle architecture were associated with
morphological extremes among darter species. The most ‘de-
rived’ forms observed were among the most flat-faced species (E.
simoterum) and the most elongated (P. squamata). Body-shape
constraints that disadvantage suction feeding and advantage

biting foraging strategies in darters may have contributed to the
high variability in head shape and, concomitantly, cranial muscle
architecture. It has also been hypothesized that miniaturization
in fishes and other animals is associated with morphological
innovation/novelties (Weitzman and Vari 1988, Hanken and
Wake 1993), and it is possible that the small size of darters is
related to the lability in AM structure. We note that both ‘large’
(E. blennioides) and ‘small’ (E. simoterum) darters showed strong
divergence in AM structure compared with Perca and Sander, al-
though both these fishes represent small species compared with
the non-darter percids (Percinae and Luciopercinae, Percidae).

CONCLUSION

Contrast enhanced CT scanning approaches have provided a
number of anatomical insights in vertebrate clades, including
bats, birds, rodents, and snakes (Santana 2018, Dickinson et al.
2019, Santana et al. 2019, Sullivan et al. 2019, Cox et al. 2020,
Widrig et al. 2023, de Oliveira et al. 2024), among others, and
in taxonomically limited (i.e. small numbers of species) appli-
cations in fishes (e.g. Brocklehurst et al. 2019, Camilieri-Asch
et al. 2020). DiceCT approaches may be particularly fruitful in
the study of fish anatomy given the complexity of kinematics
and musculature, especially in teleost fishes with mobile skulls.
Here we demonstrate its utility in a macroevolutionary con-
text (i) across a comparatively ‘high’ number of species and
(i) in small and rare fishes where traditional dissection would
be impractical or inadvisable. In darters, digital dissection of
teeding-associated muscles shows clear phylogenetic diver-
gence across the sand-darter and midwater-darter clade vs. ben-
thic darters, and patterns suggestive of ecological adaptation.
Further studies expanding taxonomic sampling and directly
incorporating data on substrate type would be beneficial in as-
sessing these putative adaptive signals. We note that while some
darters species are rare, many others, especially cosmopolitan
species like greenside darters (Etheostoma blennioides), are fre-
quently found in North American ichthyological collections.
Despite this, many novel anatomical features described here
have not (to the knowledge of the authors) been previously
documented. We emphasize how diceCT studies may provide
unique insights into even ‘common’ species in natural history
institutions, and we believe this supports the utility of projects
like the NSF-funded ‘oVert’ initiative in documenting and digi-
tizing museum specimen collections.

SUPPLEMENTARY DATA

Supplementary data are available at Zoological Journal of the
Linnean Society online.
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