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Synopsis Although chewing has been suggested to be a basal gnathostome trait retained in most major vertebrate

lineages, it has not been studied broadly and comparatively across vertebrates. To redress this imbalance, we recorded

EMG from muscles powering anteroposterior movement of the hyoid, and dorsoventral movement of the mandibular jaw

during chewing. We compared muscle activity patterns (MAP) during chewing in jawed vertebrate taxa belonging to

unrelated groups of basal bony fishes and artiodactyl mammals. Our aim was to outline the evolution of coordination in

MAP. Comparisons of activity in muscles of the jaw and hyoid that power chewing in closely related artiodactyls using

cross-correlation analyses identified reorganizations of jaw and hyoid MAP between herbivores and omnivores. EMG data

from basal bony fishes revealed a tighter coordination of jaw and hyoid MAP during chewing than seen in artiodactyls.

Across this broad phylogenetic range, there have been major structural reorganizations, including a reduction of the bony

hyoid suspension, which is robust in fishes, to the acquisition in a mammalian ancestor of a muscle sling suspending the

hyoid. These changes appear to be reflected in a shift in chewing MAP that occurred in an unidentified anamniote

stem-lineage. This shift matches observations that, when compared with fishes, the pattern of hyoid motion in tetrapods

is reversed and also time-shifted relative to the pattern of jaw movement.

Introduction

In many jaw-bearing vertebrates (Gnathostomata),

chewing drives the tooth-bearing or bony-plated el-

ements of the feeding apparatus through successive

and often rhythmic abduction–adduction cycles

during the processing of food (Hiiemae 1976, 1978;

Herring 1993; Langenbach and van Eijden 2001;

Reilly et al. 2001; Ross et al. 2007). Functional stud-

ies of chewing have often examined jaw adductor

muscle activity, measured via electromyograms

(EMG) and mandibular movements during

mastication in mammals as summarized elsewhere

in this volume. Despite early work showing a rela-

tionship between jaw and hyoid movements during

chewing (Crompton et al. 1975) we know very little

about the generality of this pattern across gnathos-

tomes compared with the vast amount of knowledge

accumulated on the muscle activity patterns (MAP)

powering jaw movements during chewing. Moreover,

there has been virtually no research on the behavioral

characteristics of chewing in gnathostomes other

than in lungfishes, one of the most recent common

Integrative and Comparative Biology, volume 51, number 2, pp. 235–246

doi:10.1093/icb/icr040

Advanced Access publication June 24, 2011

� The Author 2011. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.

For permissions please email: journals.permissions@oup.com.

 at S
IC

B
 S

ociety A
ccess on July 16, 2011

icb.oxfordjournals.org
D

ow
nloaded from

 

http://icb.oxfordjournals.org/


ancestors of fishes and tetrapods (Bemis and Lauder

1986), in basal bony (osteichthyan) fishes (Lauder

1980; Sanford and Lauder 1990; Konow and

Sanford 2008b; Gintof et al. 2010), and in basal am-

niotes, such as lizards (Smith 1984; Herrel et al.

1997, 1999, 2001; Ross et al. 2007).

There are clear and broad similarities in chewing

behaviors across gnathostomes. In both mammals

and lizards, mandibular movement involves four

phases: slow and fast opening, followed by fast and

slow closing (Hiiemae 1976, 1978; Bramble and

Wake 1985; Ross et al. 2007). Jaw adductor EMG

during chewing in basal bony fishes is highly rhyth-

mic (Gintof et al. 2010), less so than in mammals,

but significantly more so than in lizards (Ross et al.

2010). In fact, the chewing MAP in basal bony fishes

reflects a stereotyped pattern of activity and recruit-

ment of muscles (Konow and Sanford 2008b). While

it is well-established that gnathostomes ranging from

basal bony fishes to mammals chew their food, ana-

mniotes appear to use their feeding apparatus differ-

ently than mammals do during chewing. The hyoid

forms a part of the principal food processing appa-

ratus in basal bony fishes (Lauder 1979; Bemis and

Lauder 1986; Konow and Sanford 2008a). In lepido-

saurs, movements of the hyoid are extensive during

chewing, but they are associated with transport,

repositioning and swallowing, rather than with re-

duction of food (Smith 1984; Schwenk and

Throckmorton 1989; So et al. 1992; Herrel et al.

1996;). In mammals, mastication occurs at occlusal

surfaces between the post-canine mandibular and

maxillary teeth. However, the idea that the mamma-

lian hyoid merely steadies the tongue (e.g. Klingener

1972; Miller et al. 1979) is challenged by the inter-

specific differences seen in hyoid movements during

chewing (Crompton et al. 1975; Hiiemae et al. 1981;

Thexton 1984; Franks et al. 1985; but see Anapol

1988). Even so, the paucity of phylogenetic compar-

ative studies makes it difficult to determine if and

how jaw and hyoid MAPs have evolved across

gnathostomes.

There is a high diversity in hyoid structure and

complexity across gnathostomes (e.g. compare

Lauder 1980; Smith 1986; Takada et al. 2009; Pérez

et al. 2010). This diversity might reflect changes in

the relative role of hyoid movements during acqui-

sition and chewing of food, and during other oral

behaviors. Hyoid movements are directly powered by

ventral, paired strap-like muscles, and across taxa

these muscles interconnect the shoulder girdle,

hyoid bar and mandible in different ways (Fig. 1A

and B) (Lauder 1980; Westneat 1990; Wilga et al.

2000; Anderson 2008). In fishes, opening of the

mouth is initiated by trunk muscles (hypaxial and

epaxial), transmitting power through the strap-

muscles from the shoulder girdle via the hyoid to

the mandible (Muller 1987; Konow and Sanford

2008a). Coupled with the jaw adductors, these

strap-muscles can also power occlusion of the

jaw—again indirectly—via the hyoid structures

(Lauder 1980; Aerts et al. 1987; Van Wassenbergh

et al. 2005). The hyoid in bony fishes is suspended

by two robust bony flanges (the ceratohyals) and

motion is transmitted to both the hyoid and mandi-

ble via stout ligaments and a four-bar linkage mech-

anism (Muller 1987; Anderson 2008). Mechanical

constraints inherent to four-bar linkages mean that

the hyoid-mandibular apparatus in basal bony fishes

functions with a single degree-of-freedom (Westneat

1990). This apparatus is also powered by stereotyped

MAPS during acquisition and processing of food

(Wainwright et al. 1989; Konow and Sanford 2008b).

Architecture of the jaw and hyoid musculature has

changed significantly across gnathostomes. The evo-

lution of a muscular mechanism that abducts the

mandible in basal amniotes (Fig. 1B) has potentially

decoupled the strap musculature of the hyoid from

actuation of the lower jaw (but see Weijs and Muhl,

1987; Konow and Sanford 2008b). Still, there are

several clear examples of muscle homology (Fig. 1C

and D). The actinopterygian adductor mandibularis

(AM) pars 2 is evolutionary homologous, and also

functionally analogous to all mammalian jaw adduc-

tors, except the medial pterygoid, and possibly part

of the temporalis, which arose from the AM pars 3

(Edgeworth 1935; Diogo et al. 2008). In contrast, jaw

abductor muscles have evolved repeatedly, as a

depressor mandibulae in lungfishes, which is not ho-

mologous to the mandible abductor muscle in am-

phibians and reptiles (Bemis and Lauder 1986), and

as the digastricus complex in mammals. In the

submandibular musculature, the sternohyoid (hyoid

retractor) is homologous across gnathostomes

(Edgeworth 1935; Diogo et al. 2008), whereas the

hyoid is protracted by functionally analogous mus-

cles (see above).

Here, we study EMG activity in the jaw and hyoid

muscles powering chewing behaviors in unrelated

gnathostome taxa that bracket the fish-tetrapod

split (Reilly and Lauder 1990). First, by comparing

MAPs in closely related artiodactyl mammals with

different diets, we test whether trophic specialists

(the herbivorous goats and alpaca) have more

highly coordinated MAPs of the jaw and hyoid mus-

cles than does a trophic generalist (the omnivorous

pig). Differences in the coordination of activity in

muscle-pairs are quantified as differences in the
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variance of peak-to-peak timing of EMG. This

hypothesis is prompted by Liem’s theorem, that spe-

cies with generalist diets, such as omnivory, require

flexibility during food-processing in order to process

foods with different material properties (Liem 1978).

One way that this flexibility might manifest itself is

through increased variation in coordination of EMG

between muscles of the tongue and jaw. In contrast,

the energetic requirements of endothermy, coupled

with a relatively low-quality diet that requires more

food processing, should translate into a need for her-

bivorous mammals to maintain high energetic effi-

ciency during chewing. We expect this need to be

reflected by a heightened degree of rhythmicity in

mastication (Ross et al. 2007; Williams et al. in

press), possibly involving a tighter coordination of

EMG activity in the jaw, hyoid, and tongue muscles

than in omnivores.

We then compare coordination of MAPs in basal

bony fishes and artiodactyl mammals during chew-

ing. We hypothesize that there are differences in the

degree of coordination between activity in muscles

powering movement of the jaw and hyoid in fishes

and tetrapods. If coordination of MAP is related to

the degrees of freedom of the jaw/hyoid complex and

the physical properties of the feeding environment,

then the single degree-of-freedom associated with the

hyoid mechanism in fishes, coupled with the high

viscosity and density of water predicts stereotyped

and coordinated hyoid MAPs during chewing in

fishes. On the other hand, mammalian jaw and

hyoid MAPs should show a higher level of variability

and be less coordinated because of their muscular

hyoid suspension and the fact that transport of the

bolus is governed by the tongue directly, rather than

through more stereotyped movements of the tongue,

to control flow of fluid as well as transport of food.

Finally, given the differences in the architecture of

the musculoskeletal system and the movement pat-

terns of the jaw and hyoid across gnathostomes, we

compare onset-timing of jaw and hyoid muscles

during chewing in gnathostomes and ask: are there

differences between classes in the sequence of hyoid

protractor and retractor muscle activity? Such a shift

would imply a shift in the jaw and hyoid MAP of

chewing during the evolution of gnathostomes, from

basal aquatic to derived terrestrial taxa.

Methods

Specimens and instrumentation protocols

EMG of chewing in pigs (Sus scrofa), an omnivorous

artiodactyl, were collected using a protocol detailed

elsewhere (Konow et al. 2010). All individuals

(N¼ 4) were maintained in the Johns Hopkins

Medical Institute animal care facility until they

were instrumented under Isoflourane anesthesia and

under sterile conditions. The jaw and hyoid area was

exposed through a ventral incision and fine-wire bi-

polar EMG electrodes with the hooked poles offset

(Basmajian and Stecko 1962; AS631, Cooner Wire,

Chatsworth, CA, USA) were implanted in the target

muscles on the animals left. The muscles instru-

mented were: (1) hyoid protractor (geniohyoideus);

(2) hyoid retractor (sternohyoideus); (3) jaw adduc-

tor (superficial masseter); and (4) jaw abductor (an-

terior digastric). Post-mortem dissections followed

each experiment to verify the placement of

Fig. 1 The feeding apparatus of bony fishes (A) and mammals

(B). In fishes, the hyoid (h) and the suspensorial ‘‘cheek’’ (sus) is

linked by a bony ceratohyal (ch). The hyoid in mammals is sus-

pended in a muscle sling (black dash-pots) from the mandible

(md), cranium (c) and shoulder girdle (sg). In fishes, abduction of

the jaw is driven by trunk muscles moving the cranium and

shoulder girdle. This motion is transmitted to the hyoid and

mandible via ligaments (white) and a four-bar linkage mechanism

(black bars and bullets). Mammalian jaw abduction is driven by

novel jaw abductor musculature (JD). Other focus muscles: HP,

hyoid protractor; HR, hyoid retractor; JA, jaw adductor. Ventral

view of feeding apparatus muscles in bony fishes (C) and mam-

mals (D). Evolutionary homologous focus muscles include the

hyoid retractor (sternohyoid) and the jaw adductor (Adductor

mandibulae pars 2 in fishes and superficial masseter in mammals).

Hyoid protractor muscles (protractor hyoideus in fishes versus

geniohyoid in mammals) are functional analogs. Jaw abduction

relies on mechanisms that differ anatomically and functionally

(in fishes; trunk musculature via hyoid-mandibular bones and lig-

aments versus anterior digastricus muscle in mammals).
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electrodes. EMG of chewing in alpacas (Lama pacos)

and goats (Capra hircus) (Fig. 2A), two herbivorous

artiodactyls, were collected using a protocol similar

to that for pigs, from three individuals of each spe-

cies, all housed at the Ohio University Large Animal

Research Facility. Animals had identically con-

structed bipolar fine-wire EMG electrodes (0.05 mm

ø polyethylene coated stainless steel, California Fine

Wire, CA, USA) as in the pigs, but implanted trans-

cutaneously into the target muscles (same as for pigs,

but bilaterally) under anesthesia with ketamine,

butorphanol and xylazine (alpacas) or medetomidine

(goats). Placement of the electrodes were immediate-

ly confirmed by stretching the target muscle while

back-stimulating it through the electrode using a

Grass s88 stimulator.

EMG of chewing in basal bony fishes were collect-

ed using a protocol detailed elsewhere (Konow et al.

2008; Konow and Sanford 2008b). Two to three

individuals of bowfin, Amia calva (Amiiformes);

the osteoglossomorph goldeye, Hiodon alosoides;

knife fish, Chitala ornata (Osteoglossomorpha);

pike, Esox americanus (Esociformes); and the salmo-

niform rainbow trout, Oncorhyncus mykiss; brown

trout, Salmo trutta and salmon, Salmo salar

(Salmoniformes) (Fig. 2B) were maintained in the

Hofstra University animal care facility. Bipolar

fine-wire EMG electrodes with non-staggered

hooked poles (Konow and Sanford 2008) were im-

planted in the target muscles on the animals left,

following anesthesia by immersion of the animal in

40 p.p.m. Eugenol in alcoholic suspension. The im-

planted muscles were: (1) hyoid protractor (posterior

inter-mandibularis in Knife fish; otherwise protractor

hyoideus); (2) hyoid retractor (sternohyoideus); (3)

jaw adductor (adductor mandibulae pars II); and (4)

jaw abductor (hypaxial and epaxial muscles of the

trunk).

Collection of data

Following recovery from anesthesia, artiodactyls fed

on and processed commercially available pellets

(pigs) or hay (goats and alpacas) and fishes captured

and processed goldfish that were matched in size

with the mouth-width of the predatory fish. EMGs

were recorded at 4 kHz for fishes and at 10 kHz for

mammals from all electrodes synchronously with a

band-pass filter set at 100–1000 Hz and a 60 Hz

notch filter engaged. All data files were carefully

annotated during collection of the data to ensure

that (1) intercalated behavioral EMGs were omitted

from analyses (viz. raking in salmonids and

osteoglossomorphs); (2) data with excessive signal

noise or artifacts of motion were excluded; and (3)

only working-side data were included in analyses of

chewing by the herbivorous artiodactyls. We digi-

tized fish and pig EMGs via a Powerlab 16/30

(ADInstruments), and artiodactyl EMGs via

LabView onto hard-drives.

Extraction and processing of data

Following manual screening of data, we extracted

chewing sequences that each contained four or

more successive cycles (Loeb et al. 1987; Wren

et al. 2006). By analyzing data on chewing sequences,

rather than on individual cycles (Konow et al. 2010),

we aimed to suppress variability related to between-

cycle differences in EMG activity and muscle recruit-

ment (Loeb et al. 1987), to focus our analyses on

interspecific differences. Consequently, we extracted

the longest sequences of uninterrupted chewing pos-

sible without breaching the above criteria for analysis

Fig. 2 Interrelationships of taxa. (A) Interrelationship of the

artiodactyl taxa, following Agnarsson and May-Collado (2008)

and Price et al. (2005). Diagrams illustrate differences in neck

length and head size. The long neck of alpacas yields a longer

hyoid retractor (light grey). The robust head of the pig increases

the area of the origin of the jaw adductor (white). The short

nose in pigs shortens the hyoid protractor (dark grey). The hyoid

is shown as a white ellipse. (B) Gnathostome phylogeny following

Ishiguro et al. (2003) and Alfaro et al. (2009) with the basal bony

fishes under study in black. Grey boxes outline osteoglossomorph

(O-morpha) and salmoniform (S-formes) groups that chew but

also process food using raking motions of the hyoid. Note that

several nodes from source trees were collapsed for ease

of interpretation.
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(1–3). Matlab routines were used to pad shorter

chewing sequence with zeros, in order to standardize

length of the files. Then, all data were rectified and

reset-integrated, so that EMGs were converted into

positive waveforms. A Matlab routine implementing

the ‘‘Thextonizer’’ randomization method (Thexton

1996; Konow et al. 2010) was used to detect the level

of baseline noise, and remove this noise along with

orphan spikes.

We then carried out cross-correlation analyses on

pairs of muscle activity waveforms using a MATLAB

routine (Konow et al. 2010). For these pairs, we used

the jaw abductor waveform as the reference wave,

and the hyoid protractor, hyoid retractor and jaw

adductor EMG waveforms as response waves. A

cross correlation analysis returns a lag-score indicat-

ing the best pair-wise goodness-of-fit between re-

sponse and reference waves, as close in time to

zero-lag as possible. If peak-EMG in the response

wave precedes the reference wave, a negative

lag-score is returned. If peak-EMG in the response

wave follows the reference wave, a positive lag-score

is returned. Each cross-correlation analysis also re-

turns a cross correlation coefficient (R-value) indi-

cating the strength of the cross-correlation at the

optimum time-lag encountered. We constrained

our cross-correlation analyses to seek fits inside a

lag-envelope corresponding with the mean duration

of one chew cycle for each species (Ross et al. 2007;

Gintof et al. 2010). Lag-scores were standardized by

duration of chew-cycle for each species for a

duration-independent measure of MAP coordination

(a lag-phase) i.e. directly comparable between unre-

lated taxa with different chew-cycle durations.

Hypothesis testing and statistical design

Three sets of analyses were used to address our

hypotheses about evolution of the jaw and hyoid

MAPs powering chewing in gnathostomes. To test

the hypothesis that the level of coordination in jaw

and hyoid MAPs differs between herbivorous and

omnivorous mammals, we used EMG data from

closely related artiodactyls (Fig. 2), the herbivorous

domestic goat (Capra) and alpaca (Lama), and the

omnivorous domestic pig (Sus). We first determined

onset-timing patterns to detect reorganization of the

MAP at this phylogenetic tip-level. Then, we looked

for differences in the peak-timing of activity in the

jaw and hyoid musculature. We ran cross-correlation

analyses of jaw adductor, hyoid protractor and hyoid

retractor peak-timing relative to jaw abductor

peak-timing. The cross-correlation results are dis-

played for each pair-wise comparison using median

quartile box and whisker plots. We then used

ANOVA on the lag-scores from the cross-correlation

analyses to determine if there was reorganization of

the MAP. In these analyses, individual was nested

within species to parse out differences resulting

from intra-specific variability, and post-hoc testing

was used to establish whether pair-wise differences

existed between the three taxa. Finally, we examined

the variance in lag-scores from cross-correlation

analyses (Wainwright et al. 2008) to evaluate the

level of coordination in jaw and hyoid MAP.

To test the hypotheses that the fish hyoid, which

is suspended in a bony and robust apparatus, is pow-

ered by a less variable MAP than the hyoid in

mammals, which is more gracile and suspended

muscularly, and whether the MAP powering move-

ment of the mandible is more variable for the gracile

mandible suspension in fishes, than for the robust

mandible suspension in mammals, we compared

the variance associate with the lag-scores from each

of the cross-correlation analyses. Finally we con-

ducted a meta-analysis of data from the literature

on EMG onset-timing sequencing with our artiodac-

tyl data to determine whether there are differences

between fishes and tetrapods in the MAPs of their

jaw and hyoid during chewing.

Results

Reorganization of jaw and hyoid MAP during chewing

in artiodactyls

Interspecific differences in the onset timing of jaw

and hyoid muscles during chewing in artiodactyls

are illustrated by comparing a sample of MAPs

(Fig. 3). In the alpaca and pig, the onset of activity

in the hyoid retractor (sternohyoid) follows the onset

of activity in the hyoid protractor (geniohyoid), but

these muscles fire together in the goat. In the alpaca,

the jaw abductor (anterior digastric) and the jaw

adductor (superficial masseter) fire almost in syn-

chrony. In the goat, onset of activity in the jaw ab-

ductor clearly precedes that of the jaw adductor, and

there is almost complete lack of overlap in activity of

the jaw abductor and jaw adductor muscles in the

pig. The pig has more sustained activity in the jaw

abductor and hyoid retractor, and shorter duration of

the hyoid retractor burst than in the alpaca or goat.

Interspecific differences are evident when compar-

ing peak-to-peak muscle activity across the three ar-

tiodactyls (Fig. 4). Most cross-correlation coefficients

exceeded 0.6, indicating a high pair-wise goodness of

fit in the cross-correlations. Based on the lag-scores,

peak activity in the hyoid retractor precedes

peak-activity in the jaw abductor in alpacas and

Muscle activity patterns in gnathostome chewing 239
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goats, whereas in pigs peak timing of the hyoid re-

tractor and jaw abductor coincides (ANOVA,

F2, 34¼ 3.83; P¼ 0.032). Peak activity in the hyoid

protractor follows peak activity in the jaw abductor

in goats, a significant difference from alpacas and

pigs, in which peak activity of the hyoid protractor

precedes that of the jaw abductor (ANOVA,

F2, 32¼ 4.5; P¼ 0.016). The time between peak jaw

adductor activity and peak jaw abductor activity is

similar in all three species, but in the goat and pig

the activity of the jaw adductor follows that of the

jaw abductor whereas the reverse is true in the alpaca

(ANOVA, F2, 24¼ 0.52; P¼ 0.52). The variance in

peak to peak timing differences in the hyoid or jaw

muscles based on normalized lag-scores (Table 1)

shows that hyoid muscle activity is less variable,

and thus more tightly coordinated with the jaw ab-

ductor musculature in the omnivorous pig than in

the herbivorous goat and alpaca (light boxes in

Fig. 4). This is in contrast with the coordination of

the activity of the jaw-abducting and jaw-adducting

muscles, which is more variable in the omnivore than

in the herbivores (Table 1; dark boxes in Fig. 4).

Differences in coordination of jaw and hyoid MAP

during chewing in fishes

The inter-specific differences in coordination among

basal bony fishes are less clear than in artiodactyls,

when comparing peak-to-peak muscle activity during

chewing (Fig. 5). The taxa with tight coordination

between jaw and hyoid peak EMGs (goldeye, rain-

bow trout, brown trout and salmon) all use an al-

ternative food processing behavior in addition to

chewing, namely raking (Konow and Sanford

2008b). In contrast, taxa that only chew (bowfin

and pike) have significantly more variable coordina-

tion of peak MAP. An exception is the Knife fish,

which both chews and rakes, but still shows high

MAP variance during chewing (Konow et al. 2008).

The lack of offset between peak activity in jaw ab-

ductors and jaw adductors is attributable to patterns

of prolonged and low-level EMG activity to which

the cross correlation analyses are insensitive.

Differences in coordination of jaw and hyoid MAP

between artiodactyls and fishes

There were differences between basal bony fishes

and artiodactyl mammals in the variability of peak

activity timing in jaw and hyoid muscles during

chewing. Variance from pair-wise comparisons of

peak-timing in EMG from jaw and hyoid muscles

consistently exceeds 0.1 in mammals, whereas 55%

of the pair-wise comparisons for fish taxa are asso-

ciated with variance an order of magnitude lower

(Table 1).

Shift in chewing MAP during gnathostome evolution

The results from meta-analyses of the onset-timing

of EMG during chewing in gnathostomes are shown

in Table 2. In basal bony fishes, notably including

the lungfish, (anamniotes), the hyoid retractor

muscle fires before the hyoid protractor muscle or

the jaw adductor. In lizards and mammals (amni-

otes), the hyoid protractor typically fires simulta-

neously with the jaw abductor muscle, and prior to

the hyoid retractor. Moreover, as reflected by the

numerous row-wise numerical reorganizations, the

onset-sequencing of jaw and hyoid muscle activity

varies more in mammals than in fishes.

Fig. 3 Onset and duration of activity in the jaw and hyoid muscles during chewing differ between artiodactyls. In the herbivorous alpaca

and the omnivorous pig, onset of activity in the hyoid retractor (SH, sternohyoid) follows that in the hyoid protractor (GH, geniohyoid),

but in the herbivorous goat, these muscles fire together. In the alpaca, the jaw abductor (ADIG, anterior digastic) fires in near synchrony

with the jaw adductor (SM, superficial masseter), while these onsets of activity are more distinct in the goat and there is little overlap of

activity in the pig. The pig has more prolonged activity in the GH and ADIG, and shorter duration of activity in the SH than do the

other two artiodactyls.
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Discussion

Our analyses of MAPs reveal aspects of the evolution

of chewing at the tip- and stem-level of gnathostome

vertebrates that only materialize when patterns of

EMG activity in both the jaw and the hyoid muscu-

lature are studied together. Tip-level phylogenetic

differences in the coordination of jaw and hyoid

MAP in artiodactyls suggest that the hyoid serves

different functions in trophic specialists and general-

ists. Generally, MAPs appear more variable in artio-

dactyls than in basal bony fishes. A meta-analysis of

the onset-timing of activity in the jaw and the hyoid

musculature show that a shift in the MAP governing

hyoid movement must have occurred in a stem-

tetrapod.

Cross-correlation analyses reveal differences

in MAP at the phylogenetic tip-level

Among artiodactyls, we found clear differences in the

coordination of peak-timing of hyoid muscle activity

during chewing. These differences at the phylogenetic

tip-level suggest that hyoid movements during mas-

tication likely serve different functions across mam-

mals (Hiiemae et al. 1981). Similar differences,

hinting at variation in hyoid movement, and thus

its function during chewing, appear when data

from early fluoroscopy and EMG studies of mam-

mals are compared: in the omnivorous marsupial

opossum (Didelphis virginiana), the hyoid only

moves forward during slow closure of the jaw

(Crompton et al. 1975), but in the carnivorous cat

(Felis domesticus), the hyoid moves forward during

both the slow and fast phases of jaw closure

(Thexton 1984; Thexton and McGarrick 1994). The

synchronized tongue and hyoid movements in the

cat imply a function of retaining food between the

tongue and palate.

Insights from studying coordination of activity

in the jaw and hyoid musculature

The MAPs of hyoid protraction and retraction

during chewing were more tightly coordinated in

the omnivorous pig than in the herbivorous alpaca

and goat, both at the level of variability in timing of

peak activity within each of the hyoid strap muscles

(Table 1) and at the level of overall variability in

timing of peak activity of both the hyoid muscles

(Fig. 3). This result would lead us to reject the hy-

pothesis that chewing in the trophic generalist (om-

nivores) is characterized by less coordinated MAPs

than chewing in trophic specialists (herbivores). The

factors underlying this difference remain unclear but

Fig. 4 Coordination of peak-timing of activity in the jaw and

hyoid muscles differs between artiodactyls. The normalized

cross-correlation lag-scores show that lead in peak-timing of the

hyoid retractor (SH) from the jaw abductor (ADIG) in the

trophic specialists (herbivorous alpacas and goats) is statistically

different from the coincidence of peak-activity of SH and ADIG in

the trophic generalist pigs. The lag in hyoid protractor (GH)

peak-timing from ADIG in goat is statistically different from the

lead in alpacas and pigs. Jaw adductor (SM) peak-activity leads

from ADIG in alpacas, and lags in goats and pigs, but this

difference is not statistically significant. Alpaca, N¼ 13; Goat,

N¼ 6 and Pigs, N¼ 26 chew sequences. The cross-correlation

coefficients (vertical dot and whisker plots) indicate a high

goodness-of-fit and thus a good reliability of the comparisons of

lag. Studying jaw and hyoid muscle activity separately or together

clearly influences our understanding of how tightly MAPs are

coordinated. Peak-timing of hyoid muscles (light boxes) is more

tightly coordinated in the omnivorous pig than in the herbivorous

artiodactyls. In contrast, the herbivores have more tightly

coordinated peak-timing of their jaw muscle activity than does

the omnivore (dark boxes).

Table 1 Variance in peak-timing of activity in the jaw and hyoid

musculature calculated from cross-correlation analysis lag-scores

Comparison

Hyoid retractor

Jaw abductor

Hyoid protractor

Jaw abductor

Jaw adductor

Jaw abductor

Alpaca 0.11 0.28 0.11

Goat 0.19 0.39 0.16

Pig 0.09 0.26 0.54

Mammal, average 0.13 0.31 0.27

Brown trout 0.00 0.09 0.00

Rainbow trout 0.00 0.04 0.02

Salmon 0.19 0.54 0.38

Pike 0.01 0.01 0.02

Mooneye 0.00 0.00 0.01

Knife fish 0.46 0.63 0.43

Bowfin 0.00 0.65 0.49

Fish, average 0.10 0.28 0.19

Rakers, average 0.05 0.17 0.10

Note. Values are averages of individual variance within species.
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we hypothesize that they could include different

material properties of the bolus, with different asso-

ciated requirements of rearranging the bolus during

chewing, and rumination in the herbivorous artio-

dactyls. There may be as of yet unrecognized differ-

ences in morphology of the hyoid suspension, and

the clear differences in length of the hyoid strap

muscles, due to neck elongation in the herbivorous

artiodactyls (Fig. 2) might place different functional

requirements, on the variance in activity patterns of

the protracting and retracting strap muscles of the

hyoid.

Table 2 Patterns of onset of activity in the jaw and hyoid musculature of gnathostomes during chewing

Taxon HP HR JA JD* References

Lungfish (Lepidosiren paradoxa) 4 2 3 1 Bemis and Lauder 1986

Bichir (Polypterus senegalus) 2 1 3 1 Lauder 1980

Gar (Lepisosteus oculatus) 2 1 3 1 Lauder 1980

Bowfin (Amia calva) 2 1 2 1 Konow and Sanford 2008b

Bony-tongues (Osteoglossomorpha) 2 1 2 1 Konow and Sanford 2008b

Konow et al. 2008

Pike (Esociformes) (Esox americanus) 2 1 2 1 Konow and Sanford 2008b

Salmonids (Salmoniformes) 2 1 2 1 Konow and Sanford 2008b

Konow et al. 2008

Lizards (Lepidosauria) 1 2 3 2 Herrel et al. 2001

Opossum (Didelphis virginiana) 1 2 3 1 Crompton et al. 1975

Tenrec (Tenrec ecaudatus) 1 2 3 2 Oron and Crompton, 1985

Pig (Sus scrofa) 1 3 4 2 Present study; Kayalioglu et al. 2007

Alpaca (Lama pacos) 1 2 4 3 Present study

Goat (Capra hircus) 4 3 2 1 Present study

Rat (Rattus norwegicus) 1 3 2 n/a Westneat and Hall 1988; Weijs and Dantuma 1975

Rabbit (Oryctolagus cuniculus) 1 3 2 1 Liu et al. 1993; Naganuma et al. 2001

Cat (Felis domesticus) 2 3 4 1 Hiiemae et al. 1981

Thexton and McGarrick 1994

Human (Homo sapiens) 1 2 3 1 Palmer et al. 1992

Notes. In basal bony fishes, including the lungfish (Lepidosiren) (light and medium grey), the hyoid retractor muscle (HR) fires before the hyoid

protractor (HP) or the jaw adductor (JA). In amniotes, including lizards and mammals (dark grey), the hyoid protractor typically fires

simultaneously with the jaw abductor (JD) muscle, but prior to the hyoid retractor.

*Hypaxial and epaxial trunk musculature in fishes (see text).

Fig. 5 Coordination of peak-timing of activity in the jaw and hyoid musculature is high during chewing in some basal bony fishes.

The plot shows normalized cross-correlation lag-scores for peak-timing of activity in the hyoid retractor (SH), hyoid protractor

(PH, *PIM in the knife fish) and jaw adductor (AM) muscles, relative to peak activity of the body-wall muscle-driven jaw-abductor

mechanism (HYPAX). N¼ 4 chew sequences for all species. Bowfin and pike, which only process food by chewing, have more variable

chewing MAPs than do goldeye, rainbow trout, brown trout or salmon (Table 1), all salmoniform (S-formes) and osteoglossomorph

(O-morph) taxa, which use both raking and chewing food processing (Konow and Sanford 2008b). The high variability of MAP in the knife

fish, which both chews and rakes, could be caused by the high level of behavioral modulation during feeding in this taxon (Konow et al. 2008).
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In contrast, when evaluating differences in the

MAP of mandible movement, as is traditionally

done in studies of chewing in mammals, we found

that the MAP of chewing in the pig is less coordi-

nated than in the herbivores. This finding alone

would lead us to accept the hypothesis that the

level of coordination in chewing MAP is related to

trophic status. This finding corresponds well with

earlier findings of pigs lacking a precise post-canine

occlusion and using bilateral grinding with frequent

reversals of the masticatory power-stroke between

chews (Herring 1976; Brainerd et al. 2010). In con-

trast, goats and alpacas have precisely fitting seleno-

dont teeth used in the shearing of fibrous foods,

which necessarily will constrain variability in jaw

movements during the power stroke of the chewing

cycle. If the power stroke of the chewing cycle is

more variable in pigs, then there is likely a concom-

itant change in the variability of jaw abduction, like

in primates (Ross et al. 2010). Indeed, the variable

activity-pattern in the anterior digastricus muscle

(Fig. 3) seems to support this idea. In contrast, the

constrained power stroke in goats and alpacas as a

result of their occlusal morphology should result in

relatively minor changes in the overall durations of

the phases of jaw abduction and adduction during

chewing, producing a more stereotyped chewing

cycle. This notion is supported by ontogenetic data

from goats, alpacas and rabbits showing that changes

in the duration of the chewing cycle and changes in

occlusion may be related, and that tooth wear during

development may create facets that facilitate shearing

(Weijs et al. 1989; Stover and Williams 2011).

Together, our data demonstrate differences in the

variability of hyoid versus jaw MAPs.

Differences in coordination of chewing MAPs

across jaw-bearing vertebrates

Variance in the pair-wise coordination of peak activ-

ity in the jaw and hyoid musculature during chewing

in basal bony fishes is generally lower than in artio-

dactyl mammals, often by an order of magnitude

(Table 1). Among fishes, taxa that have chewing

MAPs characterized by exceptionally low levels of

variance are those that also utilize raking to reduce

their food. Apparently, the inclusion of additional

processing mechanisms in the feeding repertoire im-

pacts the variability of the ancestral behavior (see

Konow and Sanford 2008b; Konow et al. 2008).

We found some support for our hypothesis that

the robust bony suspension of the fish hyoid would

be powered by a less variable MAP than would the

muscular sling that suspends the hyoid in mammals.

However, our data did not support the idea that the

gracile jaw suspension of fishes, involving fewer de-

grees of freedom in architecture of the jaw muscles,

results in more variable actuation of the jaw than in

mammals, which have a robust suspension of the jaw

and a more complex jaw adductor musculature. The

latter may be due to constraints placed on the rhyth-

micity of oral jaw movements by the aquatic

medium (see Gintof et al. 2010).

A shift in chewing MAP following the

fish-tetrapod split

Our meta-analysis of timing of activity-onset in

EMG data for the jaw and hyoid muscles during

chewing reveals differences in the hyoid

protraction-retraction sequence between anamniotes

(bony fishes) and amniotes (lepidosaurs and mam-

mals). During chewing, basal aquatic-feeding

gnathostomes first activate their hyoid retractor,

and then their hyoid protractor, while the jaw ad-

ductor is activated along with the hyoid protractor

(cf. Lauder 1980; Konow and Sanford 2008b; Konow

et al., 2008). On the contrary, in amniotes, the hyoid

protractor is activated first, then the jaw is closed,

and finally the hyoid retractor is activated

(Crompton et al. 1975; Westneat and Hall 1992;

Liu et al. 1993). If these divergent patterns of onset

of activity in the hyoid musculature were to be con-

sidered purely in the context of concentric (shorten-

ing) muscle contraction, then the observed MAPs

would translate into loop motion patterns of the

hyoid during chewing with opposite directions in

anamniotes and amniotes. Additionally, the pattern

of hyoid motion in amniotes is shifted in timing

relative to the jaw abduction–adduction cycle.

However, inferences about the pattern of hyoid

motion based exclusively on onset patterns of EMG

activity are complicated by the fact that hyoid strap

muscles often undergo complex patterns of contrac-

tion. For instance, the sternohyoid often lengthens

during feeding in a number of taxa, e.g. during suc-

tion feeding in Largemouth bass (Carroll 2004),

some catfishes (Van Wassenbergh et al. 2005) and

Rainbow trout (Konow and Sanford 2008b), but

also among amniotes, such as during food capture

and chewing in agamid lizards (Herrel et al. 2008),

during chewing in Didelphis (Crompton et al. 1975)

and during swallowing in the pig (Konow et al.

2010). This places a priority on future studies involv-

ing EMG recordings of hyoid muscle activity syn-

chronized with visualization of hyoid motion

patterns, for instance using XROMM (Brainerd

et al. 2010).
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The identical patterns of onset of activity in hyoid

muscles during chewing in basal bony fishes, notably

including the lungfish, strongly suggest that the

MAP-shift must have occurred around the aquatic-

terrestrial transition in a stem-tetrapod taxon. We

propose that studies of the robustness of the hyoid

skeleton might help pin-point the taxon-level at

which the shift in MAP occurred. Shifts in MAP,

which we define as a reorganization of EMG in

two or more muscles driving a discrete behavior,

are to be expected at major transitions (Alfaro and

Herrel 2001; Wainwright 2002). Yet, such shifts have

very rarely been quantified (Grubich 2000; Alfaro

et al. 2001; Wainwright 2002; Konow and Sanford

2008b). Instead, MAPs are enigmatic in that they

are conserved in deep phylogeny (Wainwright et al.

1989; Wainwright 2002) while labile at higher levels

(Lauder and Shaffer 1988; Smith 1994). There are

several possible explanations why shifts in MAP

rarely are detected. Previous studies may have been

biased from: (1) insufficiently broad sampling across

phylogeny; (2) inadvertent focus on taxa with an

extraordinarily high degree of conservation of MAP;

(3) insensitivity in conventional time-series analyses

to subtle changes in coordination of MAPs, and

specifically for chewing behavior; and (4) a lack

of comparative studies of coordination between the

EMGs of the jaw and hyoid muscles. Another

alternative, of course, is that conservation of MAPs

in deep phylogeny is a true physiological

phenomenon.

The power of evolutionary comparative analyses

grows as a function of increased coverage of taxa

(Harvey and Pagel 1991). The present study is lim-

ited in this regard due to the considerable difficulties

involved with generating phylogenetic depth in

analyses of complex physiological measurements for

comparative evolutionary studies. These difficulties

are reflected by the fact that synchronously recorded

EMG data from jaw and hyoid muscles during chew-

ing only exist for five taxa from four divergent

orders, out of the 29 species from nine orders already

represented in the FEED database (Wall et al. 2011).

Our study has added primary data from three

artiodactyls to this sample, and showed that cross-

correlation analysis is a useful methodological com-

plement to conventional time-series analyses of

EMG. More importantly, by exploring jaw and

hyoid MAP in unison and across deep phylogeny,

we reveal what potentially is a rich history of varia-

tion in form and function at diverse phylogenetic

levels. Our results suggest that collection of addition-

al data could lead to identification of the taxon-level

at which the MAP-shift occurred.
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