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ABSTRACT

Muscle loading is known to influence skeletal morphology. Therefore, modification of the biomechanical environment is
expected to cause coordinated morphological changes to the bony and cartilaginous tissues. Understanding how this muscu-
loskeletal coordination contributes to morphological variation has relevance to health sciences, developmental biology, and
evolutionary biology. To investigate how muscle loading influences skeletal morphology, we replicate a classic in ovo em-
bryology experiment in the domestic chick (Gallus gallus domesticus) while harnessing modern methodologies that allow us to
quantify skeletal anatomy more precisely and in situ. We induced rigid muscle paralysis in developing chicks mid-incubation,
then compared the morphology of the cranium and mandible between immobilized and untreated embryos using micro-
computed tomography and landmark-based geometric morphometric methods. Like earlier studies, we found predictable
differences in the size and shape of the cranium and mandible in paralyzed chicks. These differences were concentrated in areas
known to experience high strains during feeding, including the jaw joint and jaw muscle attachment sites. These results
highlight specific areas of the skull that appear to be mechanosensitive and suggest muscles that could produce the bio-
mechanical stimuli necessary for normal hatchling morphology. Interestingly, these same areas correspond to areas that show
the greatest disparity and fastest evolutionary rates across the avian diversity, which suggests that the musculoskeletal inte-
gration observed during development extends to macroevolutionary scales. Thus, selection and evolutionary changes to muscle
physiology and architecture could generate large and predictable changes to skull morphology. Building upon previous work,
the adoption of modern imaging and morphometric techniques allows richer characterization of musculoskeletal integration

that empowers researchers to understand how tissue-to-tissue interactions contribute to overall phenotypic variation.

1 | Introduction

Understanding the mechanisms of morphological changes is a
core mission of evolutionary and developmental biology. While
myriad factors influence the formation of individual traits, in-
teractions between structures of different tissue types and
developmental origins also play an important role in producing

© 2024 Wiley Periodicals LLC.

disparate morphologies within and across species (Atchley and
Hall 1991; Gerhart and Kirschner 2007; Woronowicz and
Schneider 2019). For example, muscle loading is known to
differentially affect bone growth (Wolff 1892; Hogg and
Hosseini 1992; Rolfe, Roddy, and Murphy 2013). While this
musculoskeletal integration is important for maintaining plas-
ticity in response to injuries and changing environments, it also
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has macroevolutionary implications where evolutionary chan-
ges to muscle properties drive coordinated changes in skeletal
morphology. Previous experimental work has shown that
intermittent muscle contractions during embryonic develop-
ment change the biomechanical environment in ways that
affect skeletal development (Miiller and Streicher 1989; Hogg
and Hosseini 1992; Miiller 2003), including joints (Murray and
Drachm 1969) and osteological structures on which muscles
attach (Atchley and Hall 1991; Kiliaridis 1995; Murphy and
Rolfe 2023). Notably, this mechanism can even produce evo-
lutionary innovations, such as the perching digit in birds
(Botelho et al. 2014, 2015) and a species-specific skull element
in ducks (Solem et al. 2011; Woronowicz et al. 2018;
Woronowicz and Schneider 2019).

For interrogating the effect of muscle loading on bone growth in
ovo, the domestic chick (Gallus gallus domesticus) has served as an
indispensable model system. Previous studies in chicks have shown
that muscle paralysis not only alters muscle properties such as
physiological cross-sectional area and fiber orientation (Sullivan
1967; Hall and Herring 1990), but it also inducesmorphological
changes in the skull, including differences in bone shape and
proportions, reduction in the size of processes for muscle attach-
ment, failure of secondary cartilage formation on membranous
bones, and fusion of intercranial joints (Murray and Drachm 1969;
Persson 1983; Hall and Herring 1990; Hosseini and Hogg 1991a).
Hall and Herring (1990) published a classic paper on in ovo muscle
paralysis experiments in the domesticated chick. They injected
decamethomium iodide, a neuromuscular blocking agent, during
early embryonic stages and harvested embryos in late embryonic
stages and shortly before hatching. In their study, Hall and Herring
(1990) recorded bone and muscle measurements using whole-
embryo clearing and staining followed by dissection of select
skeletal elements and muscles. The results showed a marked
reduction in the growth of particular bones and muscles in the
body, limbs, and head.

Since the publication of these studies, advances in imaging and
morphometric techniques have allowed for richer and more
precise characterization of anatomical variation. Whereas pre-
vious studies quantified skeletal changes in terms of linear and
volumetric measurements and weights, the combination of
microcomputed tomography (uCT) imaging with high-density
three-dimensional (3D) geometric morphometric methods (e.g.,
Felice and Goswami 2018; Watanabe et al. 2019) allow for
detection of subtle shape differences and intuitive visualization
of anatomical differences. This approach permits comprehen-
sive characterization of the shape of many of the individual
bones that make up the skull and visualization of areas of the
skull with high morphological variation using heat maps.

To investigate how embryonic motility influences skull mor-
phology using these modern techniques, we replicated Hall and
Herring's (1990) experiment in muscle paralysis, taking
advantage of new methodologies to quantify musculoskeletal
anatomy more precisely and comprehensively. Using high-
resolution uCT and high-density geometric morphometrics, we
visualize and statistically evaluate the differences in the shape
between paralyzed and control embryos. Using these data, we
assess whether changes in skull morphologies are concentrated
in regions on which jaw muscles attach (Figure 1). The
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FIGURE1 | Skull bones and muscle map. Diagrammatic view of

skull bones in (a) lateral view and mesh of skull in (b) lateral and (c)
ventral views showing attachment areas of jaw muscles. Bone ab-
breviations (a): articular (ar), basioccipital (bo), dentary (dn), exocci-
pital (eo), frontal (fr), nasal (na), premaxilla (px), palatine (pl), parietal
(pa), pterygoid (pt), quadrate (qu), squamosal (sq), surangular (sa).
Muscle abbreviations (b) and (c): adductor mandibulae externus pro-
fundus (AMEP), adductor mandibulae externus superficialis (AMES),
adductor mandibulae posterior (AMP), depressor mandibulae (DM),
pterygoideus dorsalis posterior (PDP), pterygoideus ventralis (PV),
pseudotemporalis profundus (PsP), pseudotemporalis superficialis
(PsS). [1 column].

rationale is that the mechanism of shape change originates from
biomechanical forces generated by individual muscles acting
locally at the muscle-bone interface (Woronowicz et al. 2018;
Woronowicz and Schneider 2019) rather than a global effect of
muscle activity and/or movement. We also expect to see larger
changes in the jaw joint, which experiences compressive forces
during biting. Finally, we compare shape changes occurring at
the developmental scale with avian macroevolutionary trends in
craniofacial shape observed in a previous study (Felice and
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Goswami 2018). This synthesis of developmental outcomes with
evolutionary trends permits investigation into whether evolu-
tionary changes in the skull are concentrated in areas influ-
enced by muscle loading.

2 | Materials and Methods
2.1 | Specimens

Fertilized chicken eggs were provided by the University of
Connecticut Poultry Farm and incubated in Ovation 56 EX
(Brinsea Products Inc., Titusville, FL, USA) at 37.7°C (99.9°F) at
65% humidity with automated egg rotation. As in previous
studies (Hall and Herring 1990), we used decamethomium
iodide (Tokyo Chemical Industry America, Portland, OR, USA)
as a muscle paralysis agent. At embryonic day (ED) 10, we
injected 0.5 mL of 0.2% w/v decamethomium iodide solution in
PBS into the air cell after filtering the solution through a 0.45-
um syringe filter to remove any undissolved paralysis agent. For
the control group, the air cell of eggs was injected with 0.5 mL
of PBS and subjected to filtration for consistency in the proce-
dure with the treatment. After injection, both the control and
treated eggs were placed back into the incubators with air cells
facing up and without rotation. Several embryos in treated eggs
did not survive beyond 1-2 days postinjection. These were
discarded, and ultimately, our sampling consisted of 24 embryos
that reached ED18 stage, split evenly between treatment and
control groups (12 in each group). The sampled embryos were
rinsed in PBS and placed in 4% paraformaldehyde (PFA) in PBS
solution to be stored until CT imaging. The protocol for this
study has been approved by IACUC at the New York Institute of
Technology, College of Osteopathic Medicine (#2019-AW-01A2;
#2023-JM_AW-01).

2.2 | CT Imaging

PFA-fixed embryos were imaged with a Skyscan 1173 micro-CT
scanner (Bruker Scientific, Billerica, MA, USA) at the New York
Institute of Technology Visualization Center. The scan param-
eters (Table S1) were determined opportunistically to optimize
the overall quality of the scan and available time but did not
significantly differ between scanning instances. We imported
the CT image stacks into Dragonfly v2021 (Object Research
Systems, Montréal, Canada) to segment and create 3-D mesh
files of skulls for landmarking. Using GeoMagic Wrap v2020
(3D Systems, Inc., Rock Hill, SC, USA), the cranium and
mandible meshes were cleaned (i.e., removal of extraneous
elements) and smoothed using its “QuickSmooth” tool.

2.3 | Morphometric Data
231 | Linear Measurements

We recorded a series of linear distance measurements and an-
gles in Amira v2020.3 (Thermo Fisher Scientific, Waltham, MA,
USA) after importing the CT data into the program. These
measurements included skull anteroposterior length, skull

mediolateral width, mandible length, mandible width, retro-
articular process length, retroarticular process angle, and
mandibular angle (Table 1; Figure 2a). As described above,
segmentation and 3D reconstructions were performed in
Dragonfly.

2.3.2 | Shape Data

The landmark scheme comprises fixed (discrete) landmark
points defined anatomically, curve semilandmarks that outline
osteological structures, and surface (patch) semilandmarks that
characterize the surface topology within skull elements
(Figure 2b; Table S2 and S3). We used the program Checkpoint
(Stratovan Corporation, Sacramento, CA, USA) to virtually
place fixed and curve (semi-)landmarks on skull meshes. Fixed
landmarks were placed on both the left and right sides of the
skull, whereas curve semilandmarks were manually placed only
on the right side. Checkpoint allows any number of points to
form a single curve; a feature that allows even complex edges of
skull elements to be followed. The fixed and curve landmark
data were exported in IDAV Landmark (.pts) format.

In addition to the 24 embryos sampled in this study, we also
created an atlas for subsequent patching procedures by placing
fixed, curve, and surface semilandmarks on the skull of a more
mature, 30-day posthatching chicken. Using R v4.3.1 (R Core
Development Team 2023), the coordinate data files were read,
and the curves were subsampled using the R package “SURGE”
v0.1.0 (https://github.com/rnfelice/SURGE) so that each curve
consists of same number of semilandmarks across every speci-
men. Then, as described by Bardua et al. (2019), we used the
“placePatch” function in the “Morpho” package (Schlager 2017)
to warp and project the surface semilandmarks of the atlas onto
the ED18 skulls. Due to artifacts originating from Procrustes
alignment of one-sided data of bilaterally symmetric structures
(Cardini 2016, 2017), the curve semilandmarks on the right side
of the skull were mirrored across the median plane to generate
“left” sided curves before alignment using the “mirrorfill”
function in the “paleomorph” R package v0.1.4 (Lucas and
Goswami 2022). We performed generalized Procrustes align-
ment with sliding curve and surface semilandmarks minimizing
total bending energy on this bilateral data set. Upon alignment,
fixed and curve landmarks on the left sides were removed and
shape analysis was performed on the right-sided data only. This
resulted in cranium shape data with 52 fixed, 455 curve, and
192 surface (semi-)landmarks. The mandible shape data con-
sisted of 12 fixed, 100 curve, and 90 surface (semi-)landmarks.
We did not characterize the position and shape of the articular
because it is not rigidly articulated with other mandibular ele-
ments, which could affect the overall shape analysis.

2.4 | Analysis

All statistical analysis was conducted in R (R Core Development
Team 2023). For linear measurements and angles, we per-
formed ANOVA to test for differences between control and
treatment groups. In addition to the raw measurements, we also
standardized these values with skull length to evaluate
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TABLE 1 | Linear measurements and body weight for control (injected with PBS) and paralyzed (injected with decamethomium iodide, DI)
specimens.
Retroarticular
Body Skull Mandible process
weight Length Width Length Width Length
Specimen Treatment (g) (mm) (mm) (mm) (mm) Angle (°) (mm) Angle (°)
2023-001 DI 10.7 26.9 14.0 17.7 8.2 27.6 0.8 151.1
2023-002 DI 6.6 22.0 12.7 14.9 6.6 253 0.6 138.5
2023-003 DI 9.3 24.8 13.0 17.0 8.1 28.4 0.7 143.9
2023-004 DI 13.1 27.3 14.7 18.1 8.7 27.7 0.8 136.2
2023-005 DI 104 24.2 134 16.6 8.0 28.0 0.8 170.1
2023-006 DI 9.6 21.0 12.0 14.4 7.3 29.2 0.8 142.4
2023-007 DI 9.3 24.3 13.6 15.7 6.7 253 0.7 153.2
2023-008 DI 10.5 25.1 14.0 16.5 6.9 24.0 0.8 159.3
2023-009 DI 8.6 25.4 134 17.4 8.8 259 0.8 135.9
2023-010 DI 9.1 24.2 13.5 15.9 6.8 25.9 1.0 161.0
2023-011 DI 11.7 24.6 10.7 18.0 7.5 23.6 0.8 144.3
2023-012 DI 11.4 25.1 13.8 16.7 7.8 26.9 0.6 176.5
2023-076 PBS 23.7 30.1 15.2 20.4 11.5 33.1 1.0 164.3
2023-077 PBS 26.6 30.5 15.4 20.5 11.3 31.6 0.9 154.9
2023-078 PBS 23.7 30.0 14.8 19.8 10.6 31.1 1.2 154.1
2023-079 PBS 23.8 29.9 14.9 20.6 10.7 30.4 0.9 140.3
2023-080 PBS 24.4 30.1 15.0 20.6 10.8 30.6 1.1 149.4
2023-081 PBS 25.7 30.9 15.2 20.9 11.1 31.7 1.0 165.1
2023-082 PBS 22.1 29.5 14.5 20.2 10.5 30.4 1.3 164.8
2023-083 PBS 24.7 30.7 15.2 20.9 11.0 30.3 1.1 159.0
2023-084 PBS 223 29.9 14.9 20.0 10.6 30.5 1.0 151.6
2023-085 PBS 22.5 304 15.3 20.1 10.5 30.1 1.0 161.3
2023-086 PBS 223 29.8 14.3 20.3 10.5 30.3 1.2 164.3
2023-087 PBS 24.7 30.3 15.0 20.0 10.7 32.0 1.6 159.0

Note: See Figure 2 for illustrations of linear measurements recorded in this study.

differences based on proportional morphological changes. For
multivariate shape data, we constructed a morphospace based
on principal components (PC), calculated total Procrustes var-
iances in each group, visualized shape differences between the
control and treatment groups along PC axes as well as heat
maps showing localized shape changes, and performed non-
parametric MANOVA to explicitly test for shape differences
between control and treatment groups.

3 | Results

3.1 | General Observations

Overall, the chicken embryos treated with muscle paralysis
agents exhibited consistent morphological differences compared
to the control. Notable features of immobilized embryos include
a smaller and visibly underdeveloped body, often with hyper-
flexed or splayed pedal digits. Some immobilized embryos
showed severe malformations where the abdomen was open

and fluid-filled. These specimens were discarded and not sam-
pled for this study (i.e., not part of the 24 specimens included in
the data). This herniation of the abdominal viscera has been
reported previously and is thought to be due to incomplete
fusion of the sternum (Hall and Herring 1990; Kablar 2011).
Some individual skeletal elements in immobilized embryos
showed a reduced amount of articulation with surrounding
elements, including less developed articular processes. The CT
reconstructions reveal that many of the bones in the cranium
and mandible are less ossified in immobilized chicks.

3.2 | Linear and Angular Measurements

With the exception of the retroarticular process angle, all linear
measurements and mandibular angles were significantly dif-
ferent between the control and treated chicken embryos
(Figure 3). When comparing their body weight, treated embryos
showed reduced body weight (Figure 3; R*=0.956, p < 0.0001)
and greater variance than the control group (Varyeatment=
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FIGURE 2 | Morphometric data analyzed in this study. (a) Linear and angular measurements are shown on skull reconstruction in anterior (top)
and ventral (bottom) views. (b) Landmark scheme shown on skull reconstruction in anterior (top), dorsal (middle), and ventral (bottom) views. [2

columns].

2.802; Vareontol = 2.042). In addition, immobilized chicken
embryos showed significantly shorter dimensions for every
distance measurement recorded for this study (p < 0.001). The
mandibular angle was narrower in treated embryos (p < 0.001).
Excluding retroarticular process length, all metrics showed
greater variation in immobilized embryos relative to the control.

When comparing percentile decreases in these measurements,
we find that mandibular width and retroarticular process
length exhibit the greatest mean change from control to
treated embryos (29.9% and 37.9%, respectively; Figure 4).
Even the variable with the least amount of percentile change,
cranial width, showed over 10% change on average. When the
linear measurements were standardized by skull length (as
proxy for overall size), the morphometric results show that
while proportional mandible length did not change signifi-
cantly (R*<0.001, p=0.975), the proportional mandibular
width was narrower (R* = 0.648, p < 0.0001), the proportional
retroarticular process length was shorter (R*=0.252,
p=0.012), and cranial width was greater relative to length
(i.e., relative cranial length was shorter) in treated embryos
(R*=0.410, p=0.0008). Together, the linear and angular
measurements demonstrate that embryonic muscle paralysis
is associated with smaller and mediolaterally narrower skulls
and a pronounced reduction in the retroarticular process. In
agreement with previous studies (Murray and Drachm 1969;
Hosseini and Hogg 1991a), we also observe that the im-
mobilized chick embryos possess an anteroposteriorly shorter
mandible relative to the upper jaw.

3.3 | Shape Data

The morphospace of overall cranial and mandibular shapes
shows that treated and control embryos present distinct
morphologies (Figure 5). For skull shape, the treated and
control embryos separate along PC1 which is associated
with dorsoventral depth of the skull, orientation of the
upper beak (points more ventrally in immobilized embryos
relative to basicranium orientation), and mediolateral
breadth, especially in the palate (Figure 5a). Variation along
PC2, which is correlated with relative length of the beak,
degree of ossification of cranial vault elements, and med-
iolateral extent of the palate, is greater among skull shape of
paralyzed embryos, predominantly driven by specimen
2023-011. The skull of this specimen exhibits more extensive
mediolateral compression and less ossification of the cranial
vault elements than other embryos in the treatment group.
Statistical analysis of shape data, in their original and full
dimensionality, demonstrates that the immobilized and control
embryos exhibit distinct shapes (R*=0.33, p <0.001). When
the shape differences are visualized as a heatmap (Figure 6),
we see the greatest difference occurring in the anterior portion
of the premaxilla (beak), frontal bone, the posterior portion
of the jugal, the dorsal area of the supraoccipital, and the
jaw joint.

Similar to skull shape variation, the morphospace of man-
dible shape also shows distinct shape differences between
control and treated chick embryos (Figure 5b). This
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FIGURE 3 |
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Violin plots of linear and angular measurements, including (a) anteroposterior skull length, (b) mediolateral skull width, (c)

anteroposterior mandible length, (d) mediolateral mandible width, (e) mandible angle, (f) retroarticular process length, (g) retroarticular process

angle, and (h) body mass. Central line indicates mean value and circles denote measurements of specimens that have been jittered along the

horizontal axis. [2 columns].

separation is largely along PC1, which is associated with the
relative anteroposterior length of the mandible and a smaller
angle between the midline and the orientation of the body of
the mandible. PC2 axis accounts for changes in the degree of
ossification of elements that form the mandible. MANOVA
on full mandibular shape data further verifies that the
mandible of paralyzed embryos exhibits distinct shape vari-
ation compared to control (R* =0.427; p < 0.001). The heat-
map of variation at each landmark indicates that the largest
differences are concentrated on the anterior tip of the man-
dible and in the posterior region near the articular surface,
which corresponds to the narrower mandibular width in
immobilized chicks. The differences in the anterior position
of the cranium and mandible are likely due to differences in
the anteroposterior extent of the mandible. There are a few
regions with elevated differences mid-shaft of the mandible,
which results from differences in the degree of ossification of
these elements.

4 | Discussion
4.1 | Effect of Mechanical Loading on Skull
Morphology

Mechanical forces produced by muscles have been shown to
affect the development of the skull, particularly in the areas of
jaw articulation and muscle attachment. For example, the
development of a coracoid process on the mandible in ducks but
not quail is thought to be related to differences in the size and
orientation of the jaw adductor muscles (Solem et al. 2011).
Furthermore, if duck embryos are paralyzed, the coracoid pro-
cess fails to form due to a lack of secondary cartilage formation
(Solem et al. 2011). Similarly, immobilized mice show reduced
coronoid, condylar, and angular processes in the mandible
(Kiliaridis 1995; Murphy and Rolfe 2023). Therefore, we pre-
dicted that the areas most affected by paralysis would coincide
with jaw muscle attachments and articular surfaces, as well as
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FIGURE 4 | Violin plots of proportional linear measurements corrected by anteroposterior skull length, including proportional (a) mediolateral

skull width, (b) anteroposterior mandible length, (c) mediolateral mandible width, and (d) retroarticular process length. Central line indicates mean
value, and circles denote measurements of specimens that have been jittered along the horizontal axis. [1 column].

additional regions of the skull that experience high stresses
during biting. In the latter prediction, we made the simplifying
assumption that the distribution of forces within the skull
during embryonic jaw muscle contraction is grossly similar to
forces produced during biting in adults. The ideal way to
visualize the distribution of forces throughout a complex
structure, such as how bite forces are transmitted through the
skull, is finite element analysis. Although there is no validated
finite element model of a chicken skull during biting, broadly
similar patterns of stress distribution have been reported across
birds (Degrange et al. 2010; Cuff, Bright, and Rayfield 2015),
theropod dinosaurs (Lautenschlager et al. 2013), crocodilians
(Porro et al. 2011), and lepidosaurs (Moazen et al. 2009).

As predicted, we observed large shape changes occurred in
regions that experience the greatest forces during biting, as well
as localized changes near some muscle insertions. The greatest

differences between control and paralyzed embryos were in the
anterior tip of the premaxilla, dorsal part of the cranium, pos-
terior part of the jugal, posterior section of the mandible, and
jaw joint (Figure 6). As bite forces are distributed throughout
the cranium, areas of high stress are also found in the posterior
portion of the jugal, the premaxilla and nasal bones, and, to a
lesser extent, the anterior portion of the frontal bones near their
midline contact (Degrange et al. 2010; Cuff, Bright, and
Rayfield 2015). Of these three locations, only the nasal lacked
large shape differences (Figure 6b). Within the mandible, which
generally experiences the highest strains because it transmits
most of the bite forces (Lautenschlager et al. 2013), the area
between the jaw joint and the adductor insertions experiences
high bending stresses (Porro et al. 2011). Large shape differ-
ences were present in this area, specifically surrounding the
mandibular fenestra and on the ventral edge of the angular
(Figure 6a). In addition, when the bite point is in the anterior
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FIGURE 5 | Morphospaces constructed from first two principal components of (a) skull and (b) mandible shape with images showing shape
changes along corresponding axes. Mandibles are shown in dorsal (top) and right lateral (bottom) orientations. Note the separation in distribution of

shapes between paralyzed and control embryos. [2 columns].

FIGURE 6 | Heat-map showing the degree of regional shape
differences between mean shapes of immobilized and control em-
bryos, where warmer colors denote greater Procrustes difference.
Skull and mandible are shown in (a) lateral, (b) dorsal, and (c)
ventral views. Skull shape differences are concentrated in the jugal,
frontal, jaw joint, and anterior portion of the premaxilla. In the
mandible, the shape differences are concentrated in the anterior tip,
retroarticular process, and the margins of the mandibular canal.
[1 column].

part of the jaw, a peak in stress occurs at the tip of the beak
(Degrange et al. 2010) which agrees with shape changes con-
centrated at the anterior tip of the premaxilla. The jaw joint
experiences high compressive forces during biting that become
distributed throughout the skull and mandible (Degrange
et al. 2010; Porro et al. 2011; Cuff, Bright, and Rayfield 2015).
The jaw joint is made up of the quadrate, which experienced
large shape changes (Figure 6¢), and the articular, which we did
not measure (see Section 2.3.2). The shape difference at this
joint could be attributed to a lack of concavity on the articu-
lating surface, as has been reported previously (Murray and
Drachman 1969; Persson 1983). Another factor contributing to
shape differences could be that the joints are areas typically
characterized by contribution from secondary cartilage, which
has been shown to be absent in immobilized embryos (Murray
and Drachm 1969).

During biting, localized areas of high tensile stress are found
near muscle attachments, particularly those of the adductor
muscles which are the main contributors to bite force
(Lautenschlager et al. 2013). Of the bones we measured, origins
of adductors are present on the lateral aspect of the squamosal
(AMES, AMEM, AMEP) and quadrate (AMES, AMP) (Holliday
and Witmer 2007; Cost et al. 2022) (in some birds AMEP at-
taches to the parietal, but we did not observe this attachment).
As mentioned above, the quadrate showed high shape varia-
bility. Surprisingly, the squamosal, where some of the jaw
adductors attach, showed low shape variability (Figure 6a,c),
possibly because it ossifies relatively early in development
(see below) and may thus be less susceptible to mechanical
forces that are exerted later in development. In the mandible,
areas of high shape variability were found near insertions
of the AMES (dorsal edge of mid-shaft of the mandible)
and DM (retroarticular process) (Figure 6a,c). Collectively,
these results indicate that attachment points of muscles are
areas of concentrated morphological changes under differing
muscle loadings.
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With the use of muscle paralysis agents, it is worth considering
that the effect of skeletal muscles on skeletal development is not
completely eliminated because static loading is still exerted.
Total elimination of this factor would be achieved through the
use of specific genetic lines, such as a mouse line that lacks
Myf5, Mrf4, and MyoD resulting in embryos that lack any
skeletal muscles (e.g., Rot-Nikcevic et al. 2006; Kablar 2011).
However, these mouse lines show congruent outcomes as
paralysis experiments, including reduced angular process and
changes in the region of the coronoid process. As such, the
results of our study are expected to mirror the morphological
changes expected from outcomes of complete loss of skeletal
muscles.

4.2 | Developmental and Evolutionary
Implications

While an extensive body of work exists on the developmental
interplay between muscles and bones, a precise mechanistic
understanding of how loading contributes to the proliferation of
ossified, as well as cartilaginous, tissue has remained chal-
lenging (Hosseini and Hogg 1991b; Nowlan, Murphy, and
Prendergast 2008; Nowlan et al. 2010; Murphy and Rolfe 2023).
Previous experiments on mouse and chick models have dem-
onstrated that a multitude of factors are involved in musculo-
skeletal integration. For example, mechanical loading is known
to participate in Wnt signaling pathway (Murphy and
Rolfe 2023), expression of IGF-I production (Bikle 2008), and
FGF as well as TGF-beta signaling (Woronowicz et al. 2018). In
addition, cranial neural crest cells are also likely involved due to
their importance in both bone and muscle formation (Tokita
and Schneider 2009; Herring 2011).

Our results show that the greatest shape differences occur on
bones that are derived from neural crest cells, including the
beak (premaxilla), jugal, and frontal bones. Although neural
crest cells could be a possible cause for this result, not all neural
crest-derived bones undergo substantial morphological changes.
In addition, there is no evidence that bones derived from neural
crest cells respond differently from mechanical forces compared
to other bones. Another consideration is that neural crest-
derived bones generally undergo ossification later than primary
endochondral bones in the basicranium, which is not derived
from neural crest cells. As such, the timing of ossification rel-
ative to muscle development is likely a critical factor, rather
than being a derivative of neural crest cells, in determining the
differential magnitude of musculoskeletal integration through-
out the skull.

We may expect that bones that continue to ossify after adjacent
muscles begin to contract would be most affected by induced
paralysis. However, in their chick paralysis experiment, Hall
and Herring (1990) found the clavicle, which is one of the
earliest forming bones, to be the most deformed in immobilized
embryos. Even close spatial association of bone to muscle does
not account for the differential effect of muscle paralysis on
bone morphology. For instance, the squamosal bone, where
jaw adductor muscles attach, exhibits similar morphologies
between immobilized and control groups. Similarly, when ex-
amining cichlid species, Conith, Lam, and Albertson (2019)

found mixed results on how skeletal variation is associated with
muscle attachment points. Their results suggest that the effect
of muscle loading propagates beyond bones on which muscles
attach, where mechanical loading is transmitted across adjacent
bones (Herring 1993).

With the use of modern imaging and morphometric techniques,
our results are consistent with previous studies that show pre-
dictable plastic changes in skeletal morphology due to muscle
paralysis. Although this plasticity undoubtedly contributes to
variation within species, the shape differences we observe
between control and paralyzed embryos could potentially ex-
tend to macroevolutionary patterns. Muscle properties and their
attachment points are expected to be under strong selection
(e.g., jaw adduction for feeding). Therefore, these experimental
embryological studies illuminate regions of the skull that are
robust or particularly susceptible to evolutionary changes in
muscle loading from natural selection. High-density geometric
morphometric data of the cranium across the avian phylogeny
have shown that the rostrum (including the premaxilla and
jugal) and the cranial vault (including the frontal) are regions
that show high disparity and elevated rates of shape evolution
(Felice and Goswami 2018). These cranial regions that show
extensive evolutionary changes correspond to areas that show
the largest differences between immobilized and control em-
bryos (Figure 6). Although it would be difficult to isolate its
cascading effects on skull morphology, selection on bio-
mechanical properties of cranial muscles has likely contributed
to how the skull has evolved.

4.3 | Future Directions

The central aim of this study was to experimentally investigate
the effect of embryonic muscle contractions on skull develop-
ment using modern imaging and morphometric techniques.
Compared to classic methods by which this study is inspired,
imaging modalities, such as pCT imaging, allow for in situ
anatomical data at high resolution. For instance, uCT has been
used to measure the degree of mineralization in mice lines that
lack skeletal muscles (Gomez et al. 2007). In addition to uCT
imaging, modern morphometric approaches, particularly geo-
metric morphometrics, provide a powerful quantitative frame-
work to characterize, visualize, and statistically evaluate
morphological variation. This study focused on craniofacial and
mandibular shapes, but the method can easily be extended to
include the postcranial skeleton where we would expect to see
notable differences. In fact, previous studies have shown that
embryonic muscle contractions lead to the emergence of new
morphological traits (e.g., Botelho et al. 2015; Hall 2009 in
Murphy and Rolfe 2023). Beyond skeletal anatomy, current
staining and imaging techniques, such as diffusible-iodine
contrast-enhanced (dice) CT (Metscher 2009a, 2009b; Gignac
and Kley 2014; Gignac et al. 2016), would allow for muscle
architecture and other soft tissue anatomy to be reconstructed
in situ. Such data would permit assessment of the effect of
paralysis on muscle properties (e.g., volume, length, and num-
ber of fascicles) that ultimately lead to skeletal changes.
Moreover, sampling earlier embryonic stages and postnatal in-
dividuals would allow investigations on the timing and duration
of these interactions and how they shape the adult phenotype.
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Previous studies sampling multiple stages of the domestic chick
have shown that the onset of ossification is not altered by
muscle paralysis (Hosseini and Hogg 1991a). Furthermore,
additional phenotypic responses, namely morphological asym-
metry, would inform the severity of dysmorphology resulting
from the absence or restricted loading during skeletogenesis,
which has been reported for the mandible by Hall and Herring
(1990). Together with the strength of experimental develop-
mental research to infer causation, these modern techniques
collectively permit a more holistic investigation into how in-
teractions between different tissue types ultimately result in the
adult form within or across taxa.

5 | Conclusions

Employing pCT imaging and modern morphometric methods,
we find that muscle paralysis generates predictable changes to
skull morphology that are consistent with the findings of pre-
vious studies. In addition to an overall reduction in size and
mediolaterally narrower skull, these morphological changes are
concentrated in the shape of the beak tip, skull roof, and areas
around the jaw joint. These results align with the expectation
that areas of muscle attachment and functional significance are
susceptible to muscle action and inaction. Furthermore, local-
ized areas of the skull that undergo the greatest morphological
changes generally correspond with those that exhibit the
highest degree of interspecific variation across birds (Felice and
Goswami 2018), suggesting that macroevolutionary trends in
skull evolution may have, at least partly, emerged through
selection on biomechanical properties of cranial muscles.

Understanding musculoskeletal interactions has important
implications for not only evolutionary and developmental
biology, but also for human musculoskeletal diseases (e.g.,
De Vries and Fong 2007; Shea, Rolfe, and Murphy 2015), ath-
letics (Suominen 2006), and disuse for clinical applications and
space travel (Sibonga et al. 2007). Through this study, we pro-
vide an example of modern approaches to investigate this crit-
ical and complex phenomenon that could easily be applied
across a broad taxonomic spectrum. As Herring (1993) stated,
“A primary need is to extend the range of species studied ex-
perimentally to include fishes, amphibians, and reptiles and
birds other than the omnipresent chick embryo.”
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