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Synopsis  Research on the water-to-land transition tends to focus on the locomotor changes necessary for terrestriality. How-
ever, the evolution from water breathing to air breathing was also a necessary precursor to the invasion of land. Air is approxi-
mately 1000 times less dense and 50 times less viscous, and contains hundreds of times more oxygen than water. However, unlike
the transition to terrestrial locomotion, breathing air does not require body weight support, so the evolution of air breathing
may have necessitated smaller changes to morphology and function. We used X-ray reconstruction of moving morphology to
compare the cranial kinematics of aquatic buccal pumping, such as that seen in suction feeding, with the aerial buccal pump-
ing required for lung ventilation in the West African lungfish (Protopterus annectens). During buccal pumping behaviors, the
cranial bones and associated soft tissues act as valves and pumps, and the sequence of their motions controls the pattern of
fluid flow. Both behaviors are characterized by an anterior-to-posterior wave of expansion and an anterior-to-posterior wave of
compression. We found that the pectoral girdle and cranial rib rotate consistently during air breathing and suction feeding, and
that the muscle between them shortens during buccal expansion. Overall, we conclude that the major cranial bones maintain
the same basic functions (i.e., acting as valves or pumps, or transmitting power) across aquatic and aerial buccal pumping. The
cranial morphology that enables aquatic buccal pumping is well suited to perform air breathing and accommodates the physical
differences between air and water.

Introduction and behaviors, bones, fins, and olfaction, as well as

When an animal is able to perform two similar behav-
iors that interact with physically distinct abiotic me-
dia (such as water, air, sand, or solid ground), we ex-
pect that the animal must move very differently in
each behavior and/or have specialized anatomy and
physiology that allows them to be successful in each
medium. The fish-to-tetrapod transition is an excel-
lent example of this. During this major transforma-
tion, fish and tetrapodomorphs had to navigate the in-
terface between air and water, which have vastly dif-
ferent physical properties. The fish-to-tetrapod transi-
tion encompassed adaptations to nearly all parts of fish
anatomy, physiology, and behavior, including changes
to the skin, eyes, ears, kidneys, reproductive structures
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to feeding, swallowing, breathing, and locomotor be-
haviors (Farmer 1999; Long and Gordon 2004; Sayer
2005; Coates et al. 2008; Clack 2009; Damsgaard et al.
2020; Maclver and Finlay 2021). In particular, the evo-
lution of terrestrial locomotion matches our expecta-
tion that substantial changes are required to successfully
adapt to a new physical medium. Terrestrial locomotion
required the evolution of new morphology (weight-
bearing limbs) and a new locomotor mode (limb-driven
propulsion that resists gravity), both of which were dis-
tinct from those of their fish ancestors (Shubin et al.
2006; Coates et al. 2008).

Breathing air was also a necessary precursor to ter-
restriality and required interacting with a new physical
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medium, but it may not match the expectation that it re-
quired large changes to morphology or kinematics. Air
breathing evolved ~430 million years ago, in the shared
ancestor of Sarcopterygii and Actinopterygii, which was
about 50 million years before tetrapodomorphs moved
onto land (Clack 2009; Betancur-R et al. 2017). Like
terrestrial locomotion, the evolution of air breathing
required new morphology (lungs) and a new behav-
ior (surfacing, expiring air, and inspiring air; Brainerd
1994; Graham 1997). However, the physical challenges
associated with air breathing are different from the re-
quirements for terrestrial locomotion. Because most
fish breathe air while staying mostly submerged, breath-
ing air does not require the fish to support its body
weight against gravity. However, pumping air into the
lungs is a new biomechanical challenge. Fish solved this
problem with a buccal pump: expanding and compress-
ing the oropharyngeal cavity to draw air in and pump
it back to inflate the lungs (Bishop and Foxon 1968).
Fish had previously evolved buccal pumping as a solu-
tion to the problems of ventilating their gills and cap-
turing food in water (Hughes 1965; Wainwright et al.
2015). In suction feeding, buccal expansion must be fast
and forceful to suck in water and prey. In contrast, in
air breathing, buccal compression must generate force
to pump air into the lungs and inflate them, while coun-
tering the hydrostatic pressure of the surrounding water
that is pushing in on the body wall (Brainerd and Ferry-
Graham 2006). Although these behaviors are all forms
of buccal pumping, they have different functional de-
mands and interact with different media. We sought to
investigate whether air breathing (aerial buccal pump-
ing) requires specialized anatomy or behavior in com-
parison to suction feeding (an aquatic buccal pumping
behavior).

Lungfish are well suited for addressing questions
about the origin of air breathing. Lungfish are more
closely related to tetrapods than to ray-finned fish
(Rosen et al. 1981; Takezaki et al. 2004), and lepi-
dosirenid lungfish are obligate air breathers, obtaining
most of their oxygen from the air while also periodically
ventilating their gills (Babiker 1979; Graham 1997). Be-
cause of their phylogenetic position and life history
traits, lungfish are often looked to for insights into the
fish-to-tetrapod transition, especially the transition to
terrestrial locomotion (Aiello et al. 2014; Horner and
Jayne 2014; King and Hale 2014; Granatosky et al. 2020).

Aside from locomotion, research on lungfish has ex-
amined their suction feeding and air breathing behav-
iors (Bishop and Foxon 1968; McMahon 1969; Bemis
and Lauder 1986). These studies primarily documented
anatomy, muscle activity via electromyography (EMG),
kinematics of the lower jaw and hyoid, and pressure
recordings (during air breathing). Regarding skeletal
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kinematics, they found that, during both suction feed-
ing and air breathing, buccal expansion was produced
via lower jaw opening and neurocranial elevation, fol-
lowed by ceratohyal depression. While these studies es-
tablished a strong foundation for understanding the
muscle activity and biomechanics of these behaviors,
they were limited by the technology available at the time
and in which bone motions they studied, thus limiting
the capacity for comparing air breathing and suction
feeding. Recent work by Gartner et al. (2022) examines
lungfish suction feeding kinematics using X-ray recon-
struction of moving morphology (XROMM), providing
precise, 3D kinematic data for the cranium, lower jaw,
and ceratohyals. However, the clavicles, cranial ribs, and
associated musculature may also play important roles
during these behaviors, and their motions have received
much less attention. While it is known that the clavicles
move during air breathing (Bishop and Foxon 1968),
we do not know the magnitude of their motion, nor
whether they move during suction feeding. Even less is
known about the role of the cranial rib, a modified rib
only found in lungfish that articulates with the occipi-
tal region of the cranium and is the attachment site for
many muscles (Fig. 1). None of the prior studies of suc-
tion feeding and air breathing have drawn conclusions
about the function of the cranial rib (Bishop and Foxon
1968; McMahon 1969; Bemis and Lauder 1986; Gartner
et al. 2022).

Quantifying the kinematics of the cranial rib is im-
portant for addressing whether air breathing requires
specialization in comparison to suction feeding. One
possibility is that the cranial rib moves during air
breathing but does not move during suction feeding,
suggesting that the cranial rib functions in a special-
ized way during air breathing. It is also possible that
the cranial rib does not move during air breathing but
moves during suction feeding, also suggesting that its
role is modified in air breathing. Lastly, it is possible
that the cranial rib moves similarly in both behaviors, or
does not move in either behavior, which would suggest
that air breathing does not require specialized anatomy
or behavior of the cranial rib in comparison to suction
feeding. Similar predictions can be made for the other
cranial bones, where different kinematics during air
breathing would also suggest that air breathing requires
specialized movement compared to suction feeding.

To test whether lungfish are using specialized
anatomy, such as the cranial rib, or specialized behav-
ior to breathe air, we compared the kinematics of air
breathing to that of suction feeding. We recorded bipla-
nar X-ray videos of air breaths, as well as a small num-
ber of suction strikes, in P annectens. We then used the
XROMM workflow to create precise and accurate 3D
skeletal animations of those behaviors (Brainerd et al.
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Fig. I Cranial musculoskeletal anatomy of West African lungfish, Protopterus annectens. (A) Lateral view of the animated bones (labeled),
the hypaxial muscles, the costoclavicular portion of the hypaxial muscles (CCH),and the retractor costalis muscle. Note that, for clarity, not
all bones of the head are shown. (B) Midsagittal cross section of the head, showing the position of the (fleshy, non-muscular) tongue just

dorsal to the ceratohyal bone. (C) Posterolateral view of the costo-

cranial joint, which connects the cranial rib and the exoccipital bone of

the cranium. The axes of motion, estimated based on saddle-joint morphology, are shown in blue (primary axis) and green (secondary axis).

2010), which we used to measure skeletal kinematics
and length changes of the costoclavicular portion of the
hypaxial muscles. These data allowed us to (1) quanti-
tatively describe the kinematics of air breathing, (2) de-
termine the roles of the clavicles and cranial ribs during
air breathing and suction feeding, and (3) compare the
kinematics of these behaviors.

Materials and methods

Three West African lungfish (P. annectens) were ac-
quired from the aquarium industry: Pa0l (standard
length 48 cm, body mass 402 g), Pa02 (54 cm, 820g),
and Pa04 (54 cm, 710 g). Protopterus annectens were fed
earthworms, protein pellets, and, occasionally, feeder
fish. All husbandry and experimental procedures were
approved by the University of Chicago Institutional An-
imal Care and Use Committee (Protocol 72,365). Data
were collected from these individuals for Gartner et al.
(2022), where Pa01, Pa02, and Pa04 are referred to as
lungfish A, C, and B, respectively, and then additional
data were collected for this study. After data collection,
we observed in the CT scans that Pa02 had a dislocated
jaw. Therefore, the data for the injured fish were not an-
alyzed for this study.

Marker implantation

Each fish was anesthetized with a buffered MS-222
solution and implanted with radio-opaque markers
in the bones and muscles (Supplementary Fig. S1).

Implantation techniques were consistent with those
previously reported (Camp and Brainerd 2014), and are
described here in brief. Radio-opaque markers (0.8 mm
or 1.0 mm diameter tantalum spheres) were implanted
into the following bones: seven in the cranium (specifi-
cally the pterygoid and supraorbital bones), three in the
lower jaw, three to four in left clavicle, three in the left
ceratohyal, and three in the right ceratohyal (Fig. 1, Sup-
plementary Fig. S1). Three markers were also implanted
in the right clavicle of Pa04. An electric drill (Dremel,
Racine, WA, USA) was used to create press-fit holes in
the upper jaw (pterygoid) and lower jaw because of the
very high density of these bones. In all individuals, a
hypodermic needle was used to implant three markers
in the tongue and one marker next to the cranial rib,
approximately 1.0mm away from the bone (Supple-
mentary Fig. S1). The tongue is a fleshy (not muscular)
structure that is dorsal to the ceratohyals and cannot be
moved independently of the ceratohyals (Fig. 1B). The
motion of the tongue very closely matched the motion
of the ceratohyals (Supplementary Fig. S2), so cerato-
hyal rotation was used as a proxy for tongue position.

Data recording

Biplanar X-ray video data of air breathing and suc-
tion feeding were recorded at 150 frames s~ using Xci-
tex XC-2M high-speed video cameras (Xcitex, Woburn,
MA, USA) in the University of Chicago XROMM
facility. Two X-ray machines were used to capture two
oblique lateral views, positioned at approximately a
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right angle to each other, at 75-80kV and 40 mA. The
fish were transferred to a narrow tank for data collec-
tion (58.5cm L x 9.2cm W x 29.5cm H) and then
returned to their home tanks (35-55 gallons) after at
most one hour. Images of standard grids and calibra-
tion objects were used to remove distortion introduced
by the X-ray machines and calibrate the 3D space cap-
tured by both videos (Brainerd et al. 2010). Six breaths
and one suction feeding strike were recorded from
Pa0l and five breaths and three suction feeding strikes
were recorded from Pa04. The videos of air breath-
ing were subsampled to 75 frames s before analysis,
while the videos of suction feeding remained at 150
frames s™!. Air breathing is a much slower behavior than
feeding, so subsampling the videos reduced the work
required to track them without compromising data
quality.

Computed tomography (CT) scans were taken of
each individual using a Vimago L CT Scanner (Epica,
Duncan, SC, USA). Polygonal meshes of the radio-
opaque beads and of each implanted bone were seg-
mented using Horos (v.3.3.6, Horos Project, horospro-
ject.org) and edited in Geomagic 2014 (Research Trian-
gle Park, NC, USA). Polygonal meshes of the markers
were imported into Autodesk Maya 2018 (San Rafael,
CA, USA), and their respective 3D coordinates were
determined using custom scripts from the “XROMM
Maya Tools” package (available at https://bitbucket.or
g/xromm/xmalab). Raw data for this study are pub-
licly available and stored on the University of Chicago
XMA Portal (https://xromm.rcc.uchicago.edu/). Video
data are stored with their essential metadata in accor-
dance with best practices for video data management in
organismal biology (Brainerd et al. 2017).

XROMM animation

Skeletal kinematics were reconstructed using marker-
based XROMM. XMALab 1.5.5 (Knorlein et al. 2016;
software and instructions available at https://bitbucket.
org/xromm/xmalab), which was used to undistort and
calibrate the X-ray videos and to track the markers.
Mean marker tracking precision in this study, mea-
sured as the mean of the standard deviation of the unfil-
tered inter-marker distances of the intraosseous mark-
ers, was 0.12 mm, and the maximum precision error was
0.27 mm across all trials. The 3D motion of each bone
was then reconstructed using the “matools” R package,
following the XROMM workflow described in Olsen et
al. (2019) (available under matools R package at https:
//github.com/aaronolsen). Briefly, for bones that con-
tained three or more markers, rigid body transforma-
tions were produced by smoothing the 3D marker co-
ordinates and combining them with their respective

E. B. Kaczmarek et al.

CT coordinates (using the “unifyMotion” function from
“matools”). These rigid body transformations were ap-
plied to the skeletal bone meshes in Maya (2020, Au-
todesk), producing a 3D XROMM animation of each
trial (Fig. 2). For bones with a linear set of markers (the
left ceratohyal and the left clavicle of Pa04), virtual con-
straints were applied using the “matools” R package in
accordance with anatomical constraints (e.g., cartilagi-
nous symphysis between the left and right bones). For
the cranial rib, two virtual points were placed on the
cranium at the costo-cranial joint, dorsal and ventral to
each other. These virtual points and the radio-opaque
marker that was implanted next to the cranial rib were
used to produce rigid body transformations using the
“matools” R package.

Skeletal kinematics

The 3D XROMM animations were used to measure the
motions of the lower jaw, ceratohyals, clavicles, and left
cranial rib relative to the cranium. 3D rotations of the
bones were measured using joint coordinate systems
(JCSs), where an anatomical coordinate system (ACS) is
attached to one bone, and a second ACS is attached to
the cranium (Supplementary Figs. S3 and S4). For the
lower jaw, both ACSs were aligned with the z-axis ori-
ented mediolaterally, the y-axis oriented dorsoventrally,
and the x-axis oriented rostrocaudally. For the cerato-
hyals and clavicles, the z-axis of the proximal ACS was
aligned to the mediolateral axis of the head, and the x-
axis of the distal ACS was aligned along the long axis
of the bone. For the cranial rib, the z-axis of the prox-
imal ACS was aligned to the primary axis of motion
(“bucket-handle” motion, Brainerd et al. 2016; Capano
et al. 2019) based on the morphology of the joint, and
the x-axis of the distal ACS was aligned to the long axis
of the bone. Each JCS measured translation and Euler
angle rotations about the x-, y-, z-axis, following the
right-hand rule and zyx order of rotation. Positive z-axis
rotation indicated protraction and elevation. Negative
z-axis rotation indicated retraction and depression. Z-
axis rotations were standardized to start at 0° by sub-
tracting their value at the start of each breath or strike,
where the start of the behavior was defined as the start
of lower jaw depression.

Timing of lung deflation and inflation

The start and end times for lung deflation and lung
inflation were estimated based on close visual exam-
ination of the X-ray videos from each breath (gray
shaded regions in Fig. 3B and C and Fig. 4B and
C). These estimated time points were conservative,
including slight changes in the brightness of the lungs
in the X-rays. For one trial, the diameter of the
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Fig. 2 A series of frames from an X-ray video and XROMM animation of a lungfish breathing air. (A) Start of the breath, defined as the
start of lower jaw depression. (B) Start of lung deflation. (C) Peak ceratohyal depression. The dashed line indicates the shadow of the
retractor costalis, which can also be seen in the other frames. (D) End of lung deflation. (E) Start of lung inflation. (F) End of lung inflation.
See Fig. | for identification of the skeletal elements.

lungs was measured from a lateral X-ray video us-
ing XMALab (Fig. 3C), providing a proxy for lung
volume. These data corresponded well to the visu-
ally estimated timing of lung deflation and inflation
and also indicated that the estimated time points were
conservative.

Normalizing time to breath duration

For the air breathing trials, time was normalized to the
duration of the breath before the trials were averaged.
The start of the breath was defined as the start of lower
jaw depression. Although the cranial rib and clavicle
are the last bones to finish protracting at the end of
the breath, there was rarely a clear, consistent signal in
their kinematics that could be used to define the end
of the breath. Instead, elevation of the lower jaw, which
had a clear signal at jaw closure, was used. The dura-
tion of the breath was defined as 125% (for Pa0l) or
150% (for Pa04) of the duration from the start of jaw
opening to the end of jaw closure. In other words, in
all Pa01 breaths, the lower jaw closed at 80.00% breath
duration, and in Pa04 breaths, the lower jaw closed
at 66.66% breath duration. These percentages were
chosen to best match the approximate end of clavicle
protraction.

Muscle anatomy

The anatomy of the muscles that attach to the cranial rib
was documented based on dissection of museum spec-
imens and pCT scans of Pa0l and Pa04 after staining
with phosphomolybdic acid (PMA). Three specimens
of Protopterus aethiopicus were obtained from the Har-
vard Museum of Comparative Zoology with permission
to dissect (lot number MCZ: Ich:54,055). All three spec-
imens were appropriately 20 cm long. The cranial mus-
cles, including those attaching to the cranial rib, were
dissected and photographed.

After data collection was completed for this study,
Pa01 and Pa04 were euthanized, PMA stained, and uCT
scanned using a Phoenix V|tome|x CT scanner (Way-
gate Technologies, a Baker Hughes Company, Hous-
ton, TX, USA). The scans were visualized with Amira
(Thermo Fisher Scientific, Waltham, MA, USA) to ex-
amine the anatomy of the muscles attaching to the cra-
nial rib.

Muscle length changes

Changes in length of the costoclavicular portion of
the hypaxial muscles (CCH, see below) were mea-
sured as the distance between two virtual landmarks
that were placed on the left clavicle and left cranial
rib in Maya (Supplementary Fig. S1). The positions of
the landmarks were chosen based on the position and
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Fig. 3 Skeletal kinematics and lung diameter from a representative
air breath. (A) Motion about the z-axis of the JCSs of the animated
bones (see Supplementary Figs. S3 and S4 for JCS orientations),
and shortening of the CCH muscle. Arrows indicate
depression/retraction (negative rotation about the z-axes) and
muscle shortening. (B) Z-axis rotations of animated bones and
length change of the CCH during a representative air breath from
Pa04. All curves were zeroed to their values at the start of the air
breath. Negative values indicate depression/retraction and muscle
shortening. Colors correspond to the bones shown in Fig. 3A.
Note that for the ceratohyal and cleithrum, the lighter line
represents the left bone and the darker line represents the right
bone. (C) Dorsoventral diameter of the lungs was measured from
the lateral X-ray video (e.g., Fig. 2) for the representative breath
shown in (B). Lung diameter serves as a proxy for lung volume. (B
and C) Gray-shaded regions indicate the periods of lung deflation
(first region) and inflation (second region).

orientation of fibers of the CCH. The distance between
the muscle landmarks was calculated in R for each trial.

Results

Our central finding is that air breathing and suction
feeding in P. annectens proceed along similar behavioral
and kinematic sequences, with some important differ-
ences in duration (breathing occurs over a three-fold
longer time period than feeding). The primary results
of this study are anatomical information focused on
the respiratory and feeding systems, including a previ-
ously undescribed cranial rib muscle, and comparisons
of breathing and feeding mechanics.

Musculoskeletal anatomy of the cranial rib

Rib bones are connected by hypaxial muscles, and so,
being a rib bone, the cranial rib is embedded in hypax-
ial muscles. Part of the hypaxial musculature passes su-
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perficial to the cranial rib and clavicles and inserts on
the ceratohyals anteriorly (Supplementary Fig. S5; along
the way, it becomes the rectus cervicis muscle, which
connects the clavicles to the ceratohyals, but the divi-
sion between these muscles is not consistently described
in prior literature; McMahon 1969; Bemis and Lauder
1986). Some of the deeper layers of hypaxial fibers are
interrupted, and the fibers insert along the lateral and
ventral surfaces of the clavicles and along the lateral sur-
faces and ventral ends of the cranial ribs.

An additional set of fibers originates on the cranial
surface of the cranial ribs and inserts on the caudal sur-
face of the clavicles (Fig. 1A). This region of muscle
has been called the “anterior muscle of the cranial ribs”
(McMahon 1969). In an effort to use more specific ter-
minology, we refer to it as the costoclavicular portion of
the hypaxial muscles (CCH). Shortening of this muscle
would cause the clavicle and cranial rib to move closer
together. The effect that has on skeletal motion depends
on the concurrent activity of the other muscles that at-
tach to these bones. Laterally, the superficial layers of
these fibers appear continuous with the fibers of the hy-
paxials and rectus cervicis.

Caudal to the cranial rib is a retractor muscle, which
has not been previously described (Figs. 1A and 2C).
This muscle originates on the caudalmost end of the
parasphenoid bone of the cranium and on the noto-
chord in the region of the first two vertebrae. It in-
serts on the posterior surface of the cranial rib. Based
on the position of this muscle and its fibers, we ex-
pect that shortening of this muscle would rotate the
cranial rib posteriorly and dorsally, so we give it the
latin name M. retractor costalis. Prior studies have mea-
sured EMG activity of the “posterior muscle of the cra-
nial rib” (McMahon 1969) and the “rectus cervicis pos-
terior” (Bemis and Lauder 1986), both of which refer
to the hypaxial region that is just caudal to the cranial
rib but is superficial to and separate from the retractor
costalis.

The costo-cranial joint (between the cranial rib and
the exoccipital bone of the cranium) has well-defined
joint surfaces that suggest mobility of the cranial rib
(Fig. 1C). The morphology of the joint appears to per-
mit motion with two degrees of freedom, wherein the
primary axis of rotation would best be described as re-
traction and protraction of the rib, and the secondary
axis of rotation would best be described as adduction
and abduction of the rib.

Air breathing behavior

Based on our X-ray videos and XROMM animations,
we observed the following sequence of events during air
breathing in our study individuals. First, the fish raised
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Fig. 4 Mean skeletal kinematics and muscle shortening during air breathing and suction feeding in Pa0l and Pa04. (A) Rotation about the
z-axis of the JCSs of the animated bones (see Supplementary Figs. S3 and S$4 for JCS orientations), and shortening of the CCH muscle.
Arrows indicate depression/retraction (negative rotation about the z-axes) and muscle shortening. (B and C) Mean =+ s.e.m. z-axis
rotations of the animated bones (left y-axis), and mean =+ s.e.m. length changes of the CCH (right y-axis) during air breathing in Pa0l

(n = 6) and Pa04 (n = 5), respectively. Gray-shaded regions indicate the periods of lung deflation (first region) and inflation (second
region). (D and E) Mean =+ s.e.m. z-axis rotations of the animated bones (left y-axis),and mean =+ s.e.m. length changes of the CCH (right
y-axis) during suction feeding in PaOl (n = 1) and Pa04 (n = 3), respectively. (B, C, D,and E) All curves were zeroed to their values at the
start of the behavior. Negative values indicate depression/retraction and muscle shortening. Colors correspond to the bones shown in
Fig. 4A. Note that for the ceratohyal and cleithrum, the lighter line represents the left bone and the darker line represents the right bone.

its head to the surface, typically compressing its buc-
cal cavity as it rose, presumably to expel any water that
remained. Only the tips of its jaws were raised above
the surface (Fig. 2A). The expansion phase began as the
fish depressed its lower jaw and started expanding its
buccal cavity, allowing air to enter. Once air reached
the back of the buccal cavity, lung deflation (i.e., expi-
ration) started (Fig. 2B). The fish continued to expand
the buccal cavity as the lungs emptied (Fig. 2C). The
lungs are thought to deflate passively as a result of hy-
drostatic pressure pushing in on the compliant ventral
body wall and the elasticity of lung tissue, but there may
be some contribution from the smooth muscle that sur-
rounds the lungs (Bishop and Foxon 1968; McMahon
1969). As soon as the expansion peaked, compression
began, and lung deflation finished slightly after, as the
jaws were closing. The lungs deflated almost completely,
and the ventral body wall became concave (in a lateral
view) in the region ventral to the median sac of the lungs
(Fig. 2D). Once the lower jaw was closed, continued
compression of the buccal cavity forced the air to in-
flate the lungs. During the start of lung inflation (i.e.,

inspiration; Fig. 2E), the tongue was not yet touching
the roof of the mouth because the tongue and the cer-
atohyals (the tongue cannot be moved independently
of the ceratohyals; Supplementary Fig. S5; Bemis and
Lauder 1986; Gartner et al. 2022) were still elevating
from their depressed position. Midway through lung
inflation, the ceratohyals were fully elevated and the
tongue was pressed against the cranium (Fig. 4B and C).
Then the fish began to sink below the surface of the wa-
ter as it finished compressing the buccal cavity and com-
pleted lung inflation (Fig. 2F). Nearly all of the air in the
buccal cavity was forced into the lungs. Within a second
or so of the end of compression, the fish typically slightly
expanded the buccal cavity and compressed it again to
flush a few small air bubbles out of the opercular open-
ings.

In this study, aquatic gill ventilation was infrequent,
so it was unclear whether the timing of the air breaths
maintained the aquatic ventilatory rhythm. That is, it
was unclear whether periodic gill ventilation contin-
ued up to the start of the air breath, the air breath took
the place of a gill ventilation cycle, and then gill venti-
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Table | Mean duration and magnitude and timing of bone rotation and muscle shortening during air breathing.

Variable Pa0l (n = 6) Pa04 (n = 5) Combined
Breath duration (ms) 4533 + 357 3213 + 302 3933 + 308
Lower jaw Peak depression® (°) —17.8 £ 1.21 —175 £ 0.6 —17.6 £ 07
Time to peak depression (ms) 2147 £ 245 1272 + 135 1749 = 197

Ceratohyal (left) Peak depression™ (°) —329 £ 233 —533 +£20 —422 £ 35
Time to peak depression (ms) 2451 £ 202 1501 + 128 2019 £+ 191

Clavicle (left) Peak retraction* (°) —233 £ 203 —270 £ |5 —250 £ 14
Time to peak retraction (ms) 2498 + 208 1467 + 136 2029 + 204

Cranial rib (left) Peak retraction™ (°) — 144 £ 1.0l —158 + 1.0 —15.0 £ 0.7
Time to peak retraction (ms) 2551 + 227 1525 + 204 2085 + 218

Costoclavicular portion of Peak strain™* (% L;) 14.7 + 1.08 185 + 0.7 164 + 0.9
hypaxial muscles (CCH, left) Time to peak shortening (ms) 2407 + 195 1560 + 132 2022 + 177

*Negative values indicate depression or retraction.

**Positive values indicate muscle shortening. Mean =+ s.e.m. are shown for each variable. Magnitude and timing of peaks were measured relative to

start of behavior (start of lower jaw depression).

lation resumed immediately afterward, as observed by
McMahon (1969).

Skeletal kinematics during air breathing

The time course of air breathing behavior was of long
duration, typically occurring over 3-5s, with some in-
dividual variability. When time was normalized to the
duration of the breath (% breath duration), the sequence
and timings of peak bone rotations were remarkably
consistent within each individual and between the in-
dividuals (Fig. 4B and C; Table 1).

Air breaths of P annectens began with the syn-
chronous depression of the lower jaw and ceratohyal,
shortly followed by the synchronous depression of the
clavicle and cranial rib (Fig. 4B and C). The lower jaw
reached peak depression first (43.44 £ 1.83% breath
duration), followed by the ceratohyal (50.75 4 1.32%
breath duration), the clavicle (50.77 = 1.70% breath du-
ration), and lastly, the cranial rib (51.97 £ 1.96% breath
duration). Rotation of the clavicles, as well as the cranial
ribs and lower jaw, tended to plateau between retraction
and protraction. Clavicle retraction sometimes peaked
at the beginning of the plateau (as was seen more often
in Pa04), and sometimes peaked at the end (as was seen
more often in Pa01), leading to variability between Pa01l
and Pa04 in whether the clavicle peaked before or after
the ceratohyal (Table 1). Which bones rotated the most
and least were consistent between breaths and individu-
als. The ceratohyal depressed the most (—42.2 £ 3.5°),
the clavicle retracted the second most (—25.0 & 1.4°),
and the lower jaw (—17.6 £+ 0.7°, mean =+ s.e.m.)
and cranial rib (—15.0 £ 0.7°) rotated the least
(Table 1).

Skeletal kinematics during suction feeding

The suction strikes of Pa04 began with the synchronous
depression of the lower jaw and ceratohyal, shortly fol-
lowed by the synchronous depression of the clavicle
and cranial rib (Fig. 4D). The lower jaw reached peak
depression (—12.5 £ 2.8°) 210 £ 50ms after the
start of the strike. The ceratohyal reached its peak
depression (—37.2 £ 6.3°) next, 358 + 72ms after
the start of the strike. The clavicle followed, depress-
ing to —19.8 & 3.53°, peaking 415 £ 88 ms after the
start of the strike. Lastly, the cranial rib retracted to
—7.3 &+ 1.3°, peaking 458 £ 103 ms after the start of
the strike (Fig. 4D; Table 2). The single suction strike
recorded from PaOl had the same relative amounts
of rotation of each bone as in the strikes recorded
from Pa04, but differed somewhat in the sequence of
peak bone rotations, as the cranial rib reached peak
retraction last in this strike (Fig. 4E; Table 2).

Length changes of the costo-clavicular portion
of the hypaxial muscles (CCH) during air
breathing and suction feeding

The CCH shortened substantially during both air
breathing (16.4 £ 09% L;) and suction feeding
(14.6 £2.6% L;). During both behaviors, it began short-
ening at nearly the same time as the start of depression
of the clavicle and cranial rib, and it reached peak short-
ening at approximately the same time as the ceratohyals
(Fig. 4; Tables 1 and 2).

During air breathing, there were two distinct bouts
of CCH shortening (Fig. 4B and C). During buccal ex-
pansion, the CCH shortened, reaching peak strain at
51.22 4 1.57% breath duration. During buccal compres-
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Table 2 Mean magnitude and timing of bone rotation and muscle shortening during suction feeding.

Variable Pa0l (n=1) Pa04 (n = 3) Combined
Strike duration (ms) 1073 1211 + 66 1177 + 58
Lower jaw Peak depression™ (°) —7.8 — 140 £ 33 —125 £ 238
Time to peak depression (ms) 313 176 + 50 210 £+ 50
Ceratohyal (left) Peak depression™ (°) —-21.7 —423 £ 5.2 —372 £ 63
Time to peak depression (ms) 540 298 + 56 358 £ 72
Clavicle (left) Peak retraction* (°) —11.8 —224 + 33 — 198 £ 35
Time to peak retraction (ms) 627 344 + 73 415 + 88
Cranial rib (left) Peak retraction® (°) —5.9 —-77 £ 1.8 —-73 + 13
Time to peak retraction (ms) 687 382 + 98 458 + 103
Costoclavicular portion of Peak strain™* (% L;) 9.0 164 + 2.6 146 + 2.6
hypaxial muscles (CCH, left) Time to peak shortening (ms) 527 318 + 54 370 + 65

*Negative values indicate depression or retraction.

**Positive values indicate muscle shortening. Mean = s.e.m.are shown for each variable. Strike duration measured from start of lower jaw depression
to end of clavicle protraction. Magnitude and timing of peaks were measured relative to start of behavior (start of lower jaw depression).

sion, as the clavicles began to protract, the cranial rib
seemed to remain retracted (in the plateau portion of
its curves, as described above), while the CCH length-
ened slightly. Then, the CCH began shortening again,
returning to approximately the same length as in the
first bout of shortening (Fig. 4B and C). Qualitatively,
during this second bout of CCH shortening, the eleva-
tion of the clavicles slowed down, and the protraction of
the cranial rib sped up. This shortening also occurred at
the same time as the start of lung inflation. After short-
ening briefly, the CCH lengthened to its initial length.

Discussion

Air breathing and suction feeding share similar skeletal
kinematics and muscle shortening patterns. In both
buccal pumping behaviors, the clavicles and cranial ribs
consistently contributed to buccal expansion by retract-
ing considerably, as well as serving as anchors for their
associated muscles. The CCH shortened during buccal
expansion, likely assisting retraction of the clavicle.
Although suction feeding was a much faster behavior
and had a faster expansion phase than compression
phase compared to air breathing, both behaviors shared
the same sequence of bone rotation during expansion
and during compression, and the ranked magnitudes
of peak bone rotation were also the same. Overall, we
found that air breathing and suction feeding used the
same mechanisms for buccal pumping, and therefore,
despite differences in duration of the behaviors, air
breathing in P. annectens does not require specialized
anatomy or kinematics.

Skeletal kinematics of air breathing and
suction feeding

While the small number of suction feeding strikes in our
dataset limits the quantitative analyses we can perform,
we are able to compare air breathing and suction feed-
ing qualitatively in terms of the mechanisms and kine-
matics involved. Comparing the behaviors at this more
fundamental level is perhaps the best way to address our
question of whether air breathing requires specialized
biomechanics.

Air breathing and suction feeding were characterized
by the same sequence of bone motion, ranked mag-
nitudes of bone rotation, and the roles that the bones
played. In both behaviors, the clavicle and cranial rib ro-
tated consistently and substantially as a continuation of
the anterior-to-posterior waves of expansion and com-
pression: the lower jaw, ceratohyals, clavicles, and cra-
nial rib were depressed/retracted, in that order, and
then those bones elevated/protracted, in that order as
well (Fig. 4; Tables 1 and2). The ceratohyals rotated the
most, and the clavicles rotated the second most, acting
to greatly expand the buccal cavity. The cranial rib ro-
tated the least, contributing somewhat to buccal expan-
sion while also serving as an anchor for the CCH and
other hypaxial muscle fibers. And the lower jaw rotated
slightly more than the cranial rib, acting as a valve to
control the flow of fluid.

Air breathing and suction feeding differed in the du-
ration of the behavior and the relative durations of ex-
pansion and compression. Although feeding on non-
evasive prey is quite slow in lungfish (Bemis and Lauder
1986; Gartner et al. 2022), suction feeding was more
than three times faster than air breathing, and in suc-
tion feeding, buccal expansion occurred much more
quickly than buccal compression (Fig. 4; Tables 1 and

20z Areniged 90 uo 1senb Aq Z99££99/598/47/29/8I0IHE/GOl/W0o"dNo"oIWepee//:sdRY WOl pepeojumoq



874

2). In contrast, during air breathing, buccal expansion
took approximately as long as buccal compression. It is
possible that the differences in temporal duration be-
tween the two behaviors are due to the different fluid
mechanics of the two situations. In suction feeding, the
prey must be rapidly accelerated within a bolus of wa-
ter and prevented from exiting the buccal cavity, requir-
ing a rapid expansion phase and a variable compression
phase. Flow is largely unidirectional. On the other hand,
air breathing simply requires buccal expansion, allow-
ing air to be expired and fresh air to be drawn in, and
buccal compression, with a sealed oral valve, to force the
air to move caudally into the lungs.

The larger suction feeding dataset in Gartner et
al. (2022), which was collected from the same P. an-
nectens individuals as our study, is consistent with the
kinematic patterns we report here. The lower jaw ro-
tated less (—11.6 &= 0.2°; mean =+ s.e.m. for n = 34,
combined from both Pa0l and Pa04) than the cera-
tohyal (—21.88 £ 0.4°) and reached peak depression
(264 £ 5ms) well before the ceratohyal (364 £ 5ms)
(Gartner et al. 2022). The air breaths presented in our
study reached peak ceratohyal depression more than
five times slower than both the suction feeding strikes
presented in our study and the suction feeding strikes
presented in Gartner et al. (2022), which had a mean
time to peak ceratohyal depression of 367 & 30 ms. This
larger dataset did not include cranial rib and clavicle
motions, so we cannot compare those motions between
the datasets.

During air breathing, some air was expelled through
the oral valve in the beginning of buccal compression,
rather than being forced into the lungs. This was a con-
sequence of the ceratohyals elevating at approximately
the same time that the lower jaw began elevating, but
before the lips were sealed. This pattern was less appar-
ent during suction feeding, where the timing of lower
jaw and ceratohyal elevation was less tightly coupled. It
is possible that because the ceratohyal depressed more
during air breathing, the mandibulohyoid ligament was
pulled taut and acted as a physical constraint, pulling
the ceratohyal up when the lower jaw elevated.

Role of the oral valve in air breathing and
suction feeding

Bishop and Foxon (1968) hypothesized that the tongue
plays an important role in sealing the mouth anteriorly
during lung inflation (i.e., inspiration) in Lepidosiren
paradoxa, arguing that although the lips are closed, they
are not the main mechanism for sealing the mouth.
However, we found that during much of lung inflation,
the tongue was not contributing to sealing the mouth.
During approximately the first half of lung inflation,

E. B. Kaczmarek et al.

the tongue did not touch the cranium, and only mid-
way through lung inflation were the ceratohyals ele-
vated far enough for the tongue to press against the cra-
nium. McMahon (1969) reported that buccal pressure
increased steadily until intrapulmonary pressure began
to plateau (indicating that the lungs were nearly full),
at which point the buccal pressure increased rapidly
(McMahon 1969). This suggests that the jaws and lips
were able to seal the buccal cavity enough for there to
be a buildup of buccal pressure.

We hypothesize that the primary role of the tongue
is to maximize the transfer of air from the buccal cav-
ity to the lungs. During the first part of lung infla-
tion, while the tongue is depressed, it is possible that
some air leaked out through the lips, but this seems un-
likely for three reasons: (1) air leakage was not visible
in our X-ray videos; (2) buccal pressure is lower earlier
in lung inflation; and (3) the lips are being pressed to-
gether by strong jaw closing muscles, capable of crush-
ing shells (Shinkafi and Maradun 2009). In the later part
of lung inflation, the tongue pressed against the roof of
the mouth, which likely both assisted the lips in sealing
the oral valve and maximized the amount of air that is
forced into the lungs during inflation. This second role
is perhaps more functionally important, and the first
role (sealing) may simply be a consequence of perform-
ing the second role.

The motions of the tongue during suction feeding
were similar to those during air breathing. During both
behaviors, the tongue remained depressed for the first
part of buccal compression and then pressed against
the roof of the mouth once the ceratohyals were ele-
vated. Unlike during air breathing, completely sealing
the oral valve (using the lips or the tongue) is not nec-
essary during suction feeding, nor is maximizing com-
pression of the buccal cavity. Still, as in air breathing, it
is possible that any role that the tongue plays in seal-
ing the oral valve during suction feeding is simply a
consequence of the tongue being elevated during buccal
compression.

CCH muscle shortening

During both air breathing and suction feeding, the CCH
shortened during expansion of buccal cavity (Fig. 4). We
hypothesize that this increased the velocity of retraction
of the clavicle, while the retractor costalis acted to resist
the anterior pull of the CCH, as well as retract the cra-
nial rib. Because the CCH began shortening at the same
time that the clavicle and cranial rib began retracting,
we cannot say, based on our data, whether the clavicle
and cranial rib would have rotated faster or slower in the
absence of CCH shortening. Further research is needed
to test this hypothesis.
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Potential accessory mechanism of ventilation
during estivation

We hypothesize that cranial rib motion may assist
slightly in compressing and expanding the lungs. An-
terodorsally, the lung walls cover the posterior surface
of the retractor costalis, as well as the ventral surfaces of
the pleural ribs and vertebrae. As the cranial rib moves,
the region of lung wall that covers the retractor costalis
moves as well, and so cranial rib motion inherently af-
fects lung volume, though to a limited extent.

This hypothesis is supported by our data during air
breathing. During buccal expansion, which is simulta-
neous with lung deflation (i.e., expiration), the cranial
ribs were actively retracted; therefore, they pushed on
the anterodorsal regions of the lungs. We hypothesize
that this rib retraction may make a small contribution
to expiratory volume but that hydrostatic pressure, and
possibly the smooth muscle in the lung wall, is the pri-
mary mechanism of lung deflation. At the start of lung
inflation, the CCH shortened briefly. Because clavicle
and cranial rib protraction had begun before the CCH
shortening started, we were able to observe qualitatively
that the velocity of clavicle protraction (and of cerato-
hyal elevation) decreased, while the velocity of cranial
rib protraction increased (Fig. 4B and C). Therefore, we
hypothesize that shortening of the CCH at the start of
lung inflation functions to assist protraction of the cra-
nial rib and may help initiate lung inflation. However,
the shortening of the CCH was brief and the effect of
cranial rib motion on lung volume appeared to be small,
so buccal force pumping remains the primary mecha-
nism of lung inflation.

Although we conclude that movement of the cra-
nial rib likely produces just a small amount of volume
change, it is intriguing to think how it might assist dur-
ing estivation. Protopterus annectens estivate during the
dry season in shallow subterranean burrows that have
a short tunnel that connects the fish’s mouth to the at-
mosphere (Greenwood 1986). Lungfish secrete mucus
that hardens into a cocoon (Greenwood 1986). With-
out access to water, the fish relies entirely on its lungs
to obtain oxygen, taking small breaths to meet its low-
ered metabolic demand (Smith 1930; Lomholt et al.
1975; Delaney and Fishman 1977). The kinematics of air
breathing must be different during estivation. Hydro-
static pressure cannot cause lung deflation, and the co-
coon restricts buccal expansion (Smith 1930; Lomholt
etal. 1975). During these conditions, the motions of the
cranial rib may play a more important role in the small
tidal volume breaths taken during estivation. Studies
on the mechanisms of air breathing in estivating lung-
fish have conflicting results, creating uncertainty about
whether lungfish are able to seal their mouths, which is
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necessary for buccal pumping, or whether they are us-
ing aspiration (Lomholt et al. 1975; Delaney and Fish-
man 1977). However, in either case, cranial rib retrac-
tion could contribute to lung deflation, and cranial rib
protraction could contribute to lung inflation, either by
assisting buccal pumping or as a mechanism for aspira-
tion breathing.

Origin of air breathing

The ancestors of the first air-breathing fish used buccal
pumping for gill ventilation and feeding (Hughes 1965;
Wainwright et al. 2015). Later, air breathing evolved
as an additional buccal pumping behavior, but one
that moved air through the head, rather than water
(Brainerd 1994). As they are both buccal pumping be-
haviors, air breathing and suction feeding share some
similarities in their functional requirements. Suction
feeding requires an anterior-to-posterior wave of ex-
pansion to accelerate water into the buccal cavity, an
anterior-to-posterior wave of compression to maintain
the posterior unidirectional flow, and rapid and large
buccal expansion to generate effective subambient buc-
cal pressure (Bishop et al. 2008). On the other hand, air
breathing simply requires buccal expansion to draw air
in and buccal compression, with a sealed oral valve, to
force the air to move into the lungs. The shared need
for buccal expansion and compression is the reason
that both behaviors are successfully accomplished us-
ing buccal pumping. However, different fluid dynam-
ics and objectives of the behaviors make it unclear
whether these behaviors are also similar beyond sim-
ply using buccal expansion and compression. Our find-
ings demonstrate that air breathing and suction feed-
ing not only are performed using the same basic mech-
anism, a buccal force pump, but also use similar kine-
matic and muscle shortening patterns. The cranial mor-
phology that enables suction feeding is well suited to
perform air breathing and accommodate both the phys-
ical differences between air and water and the differ-
ences in the objectives of the behaviors.

While we do not consider its effects in this study, sur-
face tension is a physical property that varies between
air and water and can be a substantial barrier to ac-
cessing the air for very small animals such as tadpoles
(Phillips et al. 2020; Schwenk and Phillips 2020). At
this time there is no reason to think that air breath-
ing evolved in small-bodied species, but surface tension
should be considered as a potential barrier to air breath-
ing in small species and the early life history stages of
larger species.

Our data do not address the question of whether
air breathing evolved from suction feeding, gill ven-
tilation, or another behavior. As many prior authors
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have discussed, the buccal pumps used for air ven-
tilation may have evolved from buccal pumps used
for gill ventilation, aquatic coughing, and/or feeding
(McMahon 1969; Gans 1970; Liem 1985; Smatresk
1990; Brainerd 1994; Brainerd and Ferry-Graham 2006;
Brainerd 2015). While our data show that air breath-
ing and suction feeding share similar kinematic and
muscle shortening patterns, it is likely that gill ventila-
tion also shares these patterns, and so these similarities
are not evidence that air breathing necessarily evolved
by modification of suction feeding. Rather, our data
demonstrate that the skeletal kinematics required for
aquatic and aerial buccal pumps need not be markedly
different.

Perhaps it is appropriate to consider air breathing as
easier to evolve than we might expect at first glance.
In contrast to the origin of a behavior such as terres-
trial locomotion, which required substantial changes to
morphology and kinematics, it seems that the origin
of air breathing did not. The kinematics of air breath-
ing are fundamentally similar to those of suction feed-
ing (and likely gill ventilation as well), suggesting that
the origin of air breathing did not require substantial
changes to cranial kinematics. In this way, air breath-
ing may be an exception to our expectations about what
it takes to adapt to interacting with a new physical
medium.
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