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The mechanics of air breathing in gray tree frog tadpoles,

Hyla versicolor (Anura: Hylidae)
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ABSTRACT

We describe air-breathing mechanics in gray tree frog tadpoles
(Hyla versicolor). We found that H. versicolor tadpoles breathe by
‘bubble-sucking’, a breathing mode typically employed by tadpoles
too small to break the water’s surface tension, in which a bubble is
drawn into the buccal cavity and compressed into the lungs. In most
tadpoles, bubble-sucking is replaced by breach breathing (breaking
the surface to access air) at larger body sizes. In contrast,
H. versicolor tadpoles bubble-suck throughout the larval period,
despite reaching body sizes at which breaching is possible. Hyla
versicolor tadpoles exhibit two bubble-sucking behaviors: ‘single
bubble-sucking’, previously described in other tadpole species, is
characterized by a single suction event followed by a compression
phase to fill the lungs; ‘double bubble-sucking’ is a novel, apparently
derived form of bubble-sucking that adds a second suction event.
Hyla versicolor tadpoles transition from single bubble-sucking to
double bubble-sucking at approximately 5.7 mm snout-vent length
(SVL), which corresponds to a period of rapid lung maturation when
they transition from low to high vascularization (6.0 mm SVL).
Functional, behavioral and morphological evidence suggests that
double bubble-sucking increases the efficiency of pulmonary gas
exchange by separating expired, deoxygenated air from freshly
inspired air to prevent mixing. Hyla versicolor, and possibly other hylid
tadpoles, may have specialized for bubble-sucking in order to take
advantage of this increased efficiency. Single and double bubble-
sucking represent two- and four-stroke ventilation systems, which we
discuss in the context of other anamniote air-breathing mechanisms.

KEY WORDS: Anuran larvae, Gas exchange, Development,
Functional morphology, Lungs

INTRODUCTION

It is popularly believed that lungs are exclusively a feature of
terrestrial organisms such as reptiles and mammals, whereas fish
and other aquatic animals breathe solely with gills. Accordingly, the
origin of vertebrate lungs is often mistakenly linked to the origin of
terrestrial tetrapods. While it is true that lungs allowed stem
tetrapods to invade the land, it is now apparent that their origin
preceded the evolution of terrestrial vertebrates by millions of years
(Brainerd et al., 1993; Brainerd and Dumka, 1995; Brainerd, 2015;
Liem, 1988; Perry et al., 2001; Perry and Sander, 2004). If lungs and
air breathing arose in ancestral fishes, then a functional and
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evolutionary understanding of air breathing is best sought in the
context of aquatic life. Anuran larvae (‘tadpoles’) may be useful
models in this regard because, like ancestral fishes, they are obligate
aquatic organisms possessing both functional lungs and gills.
Furthermore, tadpoles undergo a metamorphosis during which they
transition into terrestrial adults, an ontogenetic process that mimics,
if not actually recapitulates, the water—land evolutionary transition.

It was historically believed that tadpoles lacked lungs throughout
most of the larval period, relying on gills and cutaneous respiration
for gas exchange, until lungs and air breathing developed during
metamorphosis in preparation for adult life (e.g. St. Mivart, 1880;
Holmes, 1930; Rugh, 1951). Just as it is now understood that lungs
preceded the transition to terrestrial life in tetrapods, it is now widely
known that the development of lungs in many tadpoles occurs well
before metamorphosis (Weisz, 1945; Feder, 1984; Ultsch et al.,
1999; Wells, 2007). Indeed, a recent study of five species
representing three families found that air-breathing behavior and
lung inflation occurred within a few days of hatching (Schwenk and
Phillips, 2020).

Nearly all work dealing with air breathing in tadpoles has focused
on the respiratory physiology of two model taxa, Xenopus and Rana
(e.g. Feder and Wassersug, 1984; Wassersug and Seibert, 1975;
West and Burggren, 1982). Generally, these studies have found that
lungs and air breathing are employed throughout larval life, but are
especially important for survival in hypoxic waters. Several studies
have suggested that lungs also play a role in modulating buoyancy
(e.g. Gee and Waldick, 1995). With the exception of one study
(Wassersug and Yamashita, 2000), the mechanics of air breathing
have been virtually unstudied. Recently, however, Schwenk and
Phillips (2020) examined air-breathing mechanics in tadpoles of
five frog species. They found that small size and weak swimming
prevented young tadpoles from breaking through the water’s surface
tension to breathe air. Nevertheless, the tadpoles were able to access
air using a breathing mechanism they called ‘bubble-sucking’,
which does not require breaching the water’s surface. During
bubble-sucking, a tadpole attaches its mouth to the underside of the
water’s surface and expands the buccal cavity, drawing a bubble of
air down from the surface into the mouth. The bubble is then
‘pinched off” and compressed by elevation of the buccal floor,
forcing air into the lungs. Excess air is then expelled. As most
tadpoles grew, increasing in mass and swimming speed, they
transitioned from bubble-sucking to breaching the surface to breathe
(‘breach breathing”).

Among the five species studied by Schwenk and Phillips (2020),
the tadpoles of one species never transitioned to breach breathing.
Gray tree frog [Hyla versicolor LeConte 1825 (Hylidae)] tadpoles
continued to bubble-suck throughout the larval period and well into
metamorphic climax, despite growing large and fast enough to
breach the surface. Furthermore, H. versicolor tadpoles were
often observed to use two, and occasionally three, separate
suction events during a bubble-suck rather than the typical single
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suction event of other species. The other hylid species included
in the study, Pseudacris crucifer, also exhibited two suction
events during bubble-sucking, but like other tadpoles, it often
breached to breathe at larger body sizes. Here, we describe air-
breathing behavior in Hyla versicolor tadpoles, focusing on the
mechanics of breathing throughout larval ontogeny and the
functional significance of multiple suction events during bubble-
sucking. We compare our results with bubble-sucking in other
amphibian species and with breathing in non-amniote
vertebrates, generally, and consider the evolution of bubble-
sucking behavior.

MATERIALS AND METHODS

Animals

We collected clutches of H. versicolor eggs laid in small, artificial
ponds by wild individuals (Connecticut scientific collecting permit
no. 2023001). The ponds consisted of either plastic, 5 gallon (~191)
buckets partially filled with water or abandoned planters filled with
shallow water and vegetation. The ponds were located in an open
field adjacent to woodland in Storrs, CT, USA. Eggs were returned
to the lab and reared in 38 1 glass aquaria filled half-way and kept at
room temperature on a 12 h:12 h light:dark cycle. After tadpoles had
consumed the egg mass and their remaining yolk, they were
provided with chopped, boiled green lettuce ad libitum. Water was
changed whenever it became turbid using either untreated well
water or aged tap water (to avoid chlorine toxicity).

For anatomical studies, tadpoles were killed via anesthetic
overdose using a bath of 10% benzocaine ointment dissolved in
water (AVMA, 2013). They were then rinsed in deionized water and
either dissected immediately under a dissecting microscope or fixed
in 10% formalin solution for at least 1 week before being transferred
to 70% ethanol for preservation. Dissections of fresh (unfixed)
specimens allowed visualization of the lungs while still inflated with
air. All live animal work was approved by the University of
Connecticut Institutional Animal Care and Use Committee
(protocol no. A18-032).

High-speed videography
We used an Edgertronic SC1 monochrome camera fitted with a
Nikon 105 mm, /2.8 macro lens to obtain close-up, high-speed
video of tadpoles air breathing. For videography, tadpoles were
placed in a small glass or plastic chamber that allowed unrestricted
motion. Tadpoles were filmed throughout the larval period, from the
first air breaths a few days post-hatching through metamorphosis
2 months later (~3 to >15 mm snout-vent length, SVL). A
millimeter scale was placed within the field-of-view of the video
frame on the inner surface of the filming chamber’s front pane.
Ilumination was provided by three banks of continuous (video)
LED lights (500 LED lights, ikan® Houston, TX, USA),
plus supplemental lighting as needed. Videos were taken at
300-1000 frames s~

Air-breathing sequences were analyzed and quantified using the
freeware program Tracker® v.4.11.0 (Brown, 2017). The program
was calibrated using the millimeter scale within the frame of each
video so that tadpole SVL could be measured. Each bubble-suck
was scored by the number of suction events observed within a single
breathing cycle. We identified several discrete, kinematic phases
that occur during a breathing cycle: attachment, suction, lung
emptying, compression, lung filling and bubble release.
Designating ‘attachment’ as time zero, we used Tracker®™ to
calculate the time to initiation of each kinematic event and its
duration in seconds.

Paraffin histology and analysis of lung vasculature

Nineteen individuals, ranging from 3.3 to 12 mm SVL, were
embedded in 100% paraffin and sectioned in the frontal plane at 6—
10 um to examine lung structure and vascularization. Sections were
stained with either Harris’ hematoxylin and eosin, or Weigert iron
hematoxylin and Picro-Ponceau (modified slightly from Presnell and
Schreibman, 1997). The latter stain provided better visualization of
blood vessels for quantification of lung vascularization.

We selected three individual sections per tadpole for analysis of
lung vascularization. We standardized section selection for each
individual as much as possible: we identified whichever lung (left or
right) appeared to provide better quality sections and starting with
the dorsal-most section in which lung tissue appeared, we counted
all sections through that lung, moving ventrally, until the initially
ovoid lung section became divided antero-posteriorly into two
separate parts (owing to ventral curvature of the lungs). We
examined lung sections at 25%, 50% and 75% of the total number of
counted sections. If a section so identified was damaged, the nearest
undamaged section was used. Each selected section was examined
under a microscope at 100—400x magnification and the number of
blood vessels occurring along the lung’s margins and septae was
counted. Blood vessel counts from the three sections were averaged
to provide a single estimate for each individual.

Quantitative and statistical analyses

We observed bubble-sucking behavior in hundreds of videos. Only
a fraction of these were suitable for quantitative analysis.
Furthermore, individuals were maintained and filmed in groups
and not individually marked. We therefore took additional steps to
avoid pseudoreplication in our analyses. We examined every video
with great care, using individual identifiers such as size and pattern
to rule out the possibility that multiple breathing bouts were
performed by the same individual. If the breathing individuals in
different videos could not be positively assessed as unique, then one
of the videos was removed from the analysis. Therefore, each data
point is indicative not only of a breathing bout but also of an
individual. In those videos initially selected for statistical analysis,
we rarely (<10 times) observed the same individual perform both
breathing modes. To avoid any bias by assigning a single mode to
such a tadpole, we excluded these individuals from all statistical
analyses. Our initial dataset included 164 individuals assigned to
one of two breathing modes (Table 1).

Within each breathing bout, we identified several discrete
kinematic phases: attachment, suction, compression, lung filling
and lung emptying. However, lung filling and lung emptying could
only be visualized in a fraction of the videos in the initial dataset.
Therefore, for quantitative analysis of breathing kinematics, we used
areduced dataset of 69 individuals (Table 2). All statistical analyses
were performed in R v.3.4.3 (https://www.R-project.org/).

We tested whether the duration of discrete kinematic phases of air
breathing changed across ontogeny within breathing modes by
regressing the average duration of each kinematic phase against
body length and assessing significance using F-statistics.

Table 1. Frequency of different breathing modes in Hyla versicolor
tadpoles

Breathing mode No. of individuals % Total
Single bubble-suck 39 235
Double bubble-suck 125 75.3
Triple bubble-suck 2 1.2
Breach breathing 0 0
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Table 2. Duration of kinematic phases in single and double
bubble-sucking

Duration (s)

Single bubble-sucking Double bubble-sucking

Kinematic phase (N=28) (N=41)

Suction 0.070£0.012 -

Suction | - 0.112+0.014
Suction Il - 0.067+0.016
Compression 0.374+0.121 0.333+0.076
Lung filling 0.084+0.008 0.027+0.020
Lung emptying Not observed 0.008+0.005
Total breath 0.445+0.135 0.518+0.080

Duration data are given as meanszs.d.

We used two-sample #-tests to assess whether the kinematic
events of two of the observed breathing modes — single bubble-
sucks (SBS) and double bubble-sucks (DBS) — differed. We
compared the durations of similar phases in each of the two
breathing modes using several pairwise comparisons: (1) suction in
SBS (Ssps) versus suction I in DBS (SIpgs); (2) Ssps versus suction
II in DBS (Sllpgs); (3) compression in SBS (Cggg) versus
compression in DBS (Cpgg); and (4) lung filling in SBS (LFgps)
versus lung filling in DBS (LFpgs). It is possible, however, that
these analyses could be skewed by body size effects, as SBS and
DBS did not occur evenly across ontogeny. To correct for this, we
used a non-parametric analysis of covariance with the R package
‘sm’ (http://www.stats.gla.ac.uk/~adrian/sm) to test whether the
duration of kinematic events in SBS and DBS differed if body size
was included as a covariate in the analysis. We used the function
‘sm.ancova’ under the ‘equal” model to test the effects of SVL and
breathing mode on the duration of a given phase. We then used a
Bonferroni correction to adjust P-values, which were significant for
those phases that differed between the two modes.

We examined the distribution of the two main breathing modes
through the larval period using a combination of methods. First, we
examined histograms of the two breathing modes as a function of
body length (SVL) in order to explore the data. This exercise
indicated the presence of a size-related behavioral shift, which we
then tested using logistic regression. We used a binomial GLM of
breathing mode as a function of body length, which was scaled and
centered prior to modeling. We anticipated that our model would
reveal an ontogenetic transition from one breathing mode to the
other, which we identified as the body length at which the model
predicted an equal probability of performing either behavior.

We examined the ontogeny of lung morphology using linear
modeling. A preliminary examination of the relationship between
average blood vessel number and body length suggested that the
number of blood vessels increased sharply partway through
development. We determined that this dramatic increase in vessel
number might best be modeled by splitting the data into two size
classes and modeling each separately. We used the R packages
‘strucchange’ v.1.5-1 (Zeileis et al., 2002) and ‘breakpoints’ v.1.5-1
(Zeileis et al., 2003) to find the body length most likely to represent
a transition point between size classes. This was accomplished with
a breakpoints analysis that allowed the data to be split at any body
size, and then optimized the breakpoint using maximum likelihood.
We then regressed the average blood vessel number over SVL
within each size class and compared the summed AIC scores of the
two models with the AIC score of a single, linear model fit to the
entire dataset to confirm that the presence of a breakpoint was
supported.

RESULTS

Breathing modes

Our observations confirmed that H. versicolor tadpoles develop
lungs and begin breathing within 3 days of hatching, at remarkably
small body sizes (3.08 mm SVL). All H. versicolor tadpoles
exhibited bubble-sucking breathing behavior from hatching to
metamorphosis (Movies 1-3). We never observed the tadpoles
breach the water’s surface in order to breathe. Large individuals did
occasionally breach during explosive swimming bouts, but we
never observed breathing during these events. We observed three
different bubble-sucking modes distinguished by the number of
suction events included within a single breathing bout: single
bubble-sucking (SBS), double bubble-sucking (DBS) and triple
bubble-sucking (TBS). DBS was most frequently observed,
followed by SBS and then TBS (Table 1). TBS was only
observed in two exceptionally large individuals that were raised
separately from other tadpoles at very low density.

Air-breathing mechanics

SBS

SBS is initiated when a tadpole swims upward and attaches its oral
disk to the underside of the water’s surface (Movie 1). When the
mouth contacts the surface, the tadpole typically rocks from side to
side with its mouth closed, pushing upward against the undersurface
of the water. The tadpole then opens its mouth fully, forming the
oral disk into a circular cup that is pressed to the surface for
adhesion. Owing to the sub-terminal position of the mouth in
H. versicolor, the tadpole often orients its body obliquely, ventral
side up so that the mouthparts are aligned with the water’s surface
(Fig. 1A). Immediately following attachment, buccal expansion
draws the water’s surface layer into the mouth, forming an air bubble
within the buccal cavity (Fig. 1B). After sucking in the bubble, the
tadpole closes its mouth, severing the bubble’s connection to the air
(‘pinch-off’) (Fig. 1C). Following pinch-off and a short pause, the
tadpole elevates the buccal and pharyngeal floors, compressing the
air bubble and forcing air into the lungs under positive pressure
(Fig. 1D). Air remaining within the buccal cavity after the lungs fill
is expelled when the tadpole opens its mouth and elevates the buccal
floor, usually as the tadpole swims away from the surface (Fig. 1E).
Fig. 2B is a schematic diagram of the kinematic events described
above.

We were unable to observe lung emptying in small, SBS tadpoles.
However, circumstantial evidence suggests that it occurs during the
suction phase (see Discussion), as it does during DBS in larger
tadpoles (see below).

DBS

DBS is distinguished from SBS by the addition of a second suction
event immediately after the first (Movie 2). Following attachment,
the tadpole begins suction I, during which a bubble is pulled down
into the buccal cavity. The lungs empty into the buccal bubble while
the mouth is connected to the surface air via a narrow stalk of air
(Fig. 1G). Lung emptying is explosive, occurring in just a few
milliseconds (Table 2, Fig. 2E). Immediately following lung
emptying, the buccopharynx compresses and the buccal bubble,
which until this point has remained attached to the surface by a stalk
of air, returns to the surface, ending suction I. It is clear from the
videos that no air enters the lungs during this terminal period of
compression. A very brief interval follows in which the tadpole
remains attached to the water’s surface by its mouthparts, but
performs no breathing behaviors (Fig. 1H). A second suction event
(suction II) is then initiated by a second buccopharyngeal
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expansion. Suction II is similar to suction I, but without lung
emptying (Fig. 1I). Suction II terminates with pinch-off of the
buccal bubble, as in SBS, followed by compression, lung filling and
expulsion of excess air (Fig. 1I-L). Fig. 2D is a schematic diagram
of the kinematic events described above.

TBS

In TBS, the first two suction events are similar to suction I in DBS in
that the mouth remains open with the buccal bubble attached and
open to the surface. Following the second suction, the tadpole draws
in a third buccal bubble, which is then pinched off and compressed,
presumably forcing air into the lungs. Neither lung emptying nor
lung filling was observed during TBS, but the large size and heavy
pigmentation of the two individuals exhibiting this behavior
probably obscured them.

Kinematic differences between SBS and DBS

The kinematic phases of SBS and DBS are qualitatively similar in
form and, in most cases, similar in duration (Table 2; Figs S1, S2).
Using a paired #-test, we found that DBS generally took
longer than SBS [duration of SBS, 0.445+0.135 s; duration of DBS,
0.518+0.080 s; P=0.0186], but our covariance analysis suggested that
this difference was not significant when body size was accounted for
(Pancova=0.159). We found that DBS suction I was longer than SBS
suction in both analyses [SIpgg=0.112+0.014 s; Sggs=0.070+0.012 s;

0.277 s

Fig. 1. Kinematic phases of single and double
bubble-sucking in Hyla versicolor. Images are
stills taken from Movies 1 and 2. (A—E) Single bubble-
sucking (SBS): (A) attachment, (B) suction,

(C) pinch-off, (D) compression and (E) release.
(F-L) Double bubble-sucking (DBS): (F) attachment,
(G) suction I, (H) interval, (1) suction II, (J) pinch-off
and first part of compression, (K) second part of
compression (dashed circle highlights the now
inflated tip of the lung, which becomes visible at the
tadpole’s posterior end) and (L) release of excess air.

P=2.63e—12; Pancova=0.007], while DBS suction II did not differ
from SBS suction in either analysis [SIpgs=0.067+0.016s;
SSBS:O'070iO~012 S, P:0456, pANCOVA:0~696]~

Lung filling appeared to be significantly faster in DBS than in
SBS from the #-test [LFppg=0.027+0.020 s; LFs5ps=0.084+0.008 s;
P=6.33e—07], but the data spanned too small a range of body sizes
for the covariance analysis to assess significance when considering
the effects of body size. Compression did not differ significantly
between the two modes for either test [Cpps=0.333+0.076 s;
CSBS:0'374i0~121 S, P:0136, PANCOVA=0~380]~

Ontogenetic shifts in breathing modes
Neither the total duration of SBS nor that of any of its kinematic phases
changed significantly over ontogeny (Fig. S3: total duration versus
SVL: =-0.012, P=0.408; suction versus SVL: =0.00002, P=0.99;
compression versus SVL: f=—0.012, P=0.338; lung filling versus
SVL: B=0.0002; P=0.946). However, the total duration of DBS and
both suction phases increased significantly over ontogeny (Fig. S4).
Total duration of DBS was positively correlated with body length
(B=0.014, P=0.037), as were suction I ($=0.0025, P=0.028) and
suction II ($=0.0043, P=0.00037) (Fig. S3). Lung emptying
(B=0.0004, P=0.467), lung filling (=—0.0013, P=0.612) and interval
(B=—0.0001, P=0.7757) did not change significantly with body length.
The three observed breathing modes were not randomly
distributed through the larval period (Fig. 3A). SBSs were
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Fig. 2. Schematic diagram of air breathing in H. versicolor. (A) Between breathing bouts, tadpoles swim with lungs (Lu) full of deoxygenated air and the
buccal cavity (Bu) empty or filled with water. (B) The kinematic phases of SBS. The colored bars below each schematic diagram correspond to those in C.
(C) The length of each colored section represents the mean duration of each kinematic phase. The blue lines indicate approximately where we infer lung
emptying occurs (see Results). (D) The kinematic phases of DBS. The colored bars below each schematic diagram correspond to those in E. (E) Timing of the
kinematic events of DBS shown on the same scale as in C, with the lengths of each colored section corresponding to the mean duration of each kinematic phase.
For A, B and D, deoxygenated air is colored red, oxygenated air is blue and mixed air is purple.

prevalent early in ontogeny, whereas DBSs came to dominate later.
TBSs only occurred in two individuals very late in development.
The relationship between SVL and breathing mode was highly
significant (P=2.65e—09) with the transition from SBS to DBS
occurring at 5.7 mm SVL (Fig. 3B).

Lung morphology

The number of pulmonary blood vessels increased from an average
of 1 in the smallest individual examined (3 mm SVL) to over 11 in
the largest (12 mm SVL) (Fig. 3C; Table S1). The breakpoint
analysis identified 6.0 mm as the body size at which blood vessel
number dramatically increased. The best fitting linear models for the
two size classes had equal, positive slopes (Fig. 3C). The summed
AIC scores of the split models was 59.55, compared with 65.69 for
the single model, supporting the former. We conclude that at
approximately 6 mm SVL, the lungs undergo a rapid maturation
event during which they greatly increase their number of blood
vessels (Fig. 4).

DISCUSSION
Key findings
At hatching, H. versicolor tadpoles perform gas exchange with
external gills. We found that air breathing by means of bubble-
sucking begins immediately after the external gills are covered with

skin and the tadpole begins to ventilate the gills via buccal pumping.
This occurs early in development, at approximately 3 mm SVL,
3 days post-hatching. All air breathing is initially SBS, which
persists until the tadpoles grow to be approximately 6 mm SVL. At
that point, two major shifts occur: (1) DBS becomes the
predominant breathing mode and (2) the number of blood vessels
in the lungs abruptly increases from low to high. DBS continues
until metamorphosis (Movie 3), at which point typical adult frog
breathing commences.

Comparative mechanics of SBS and DBS

SBS and DBS are clearly very similar behaviors. They include
nearly identical kinematic phases: attachment, suction, pinch-off
and compression to fill the lungs. Most phases are similar in
duration. Although we found that Slppg was significantly longer
than Sgps (Figs S1 and S2), the difference is likely an artifact of the
methods we used to measure the duration of each phase. The end of
Slpps includes a brief (30—40 ms) period of buccopharyngeal
compression following suction when the buccal bubble returns to
the surface. This period of compression is absent in Sgpg (and
SIlpgs), when the bubble is pinched off rather than expelled. The
difference was necessitated by the pragmatic need for a distinct
kinematic event to mark the end of each phase. For Sggg and Sllpgs,
this was pinch-off; for SIpgs, it was the moment the buccal bubble
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154 A Fig. 3. Changes in breathing behavior and lung
. SBS morphology over ontogeny. (A) Histogram
. DBS showing the number of recorded instances of
SBS, DBS and triple bubble-sucking (TBS).
104 W s (B) The probability of performing a DBS through
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length using a split dataset (see Results). Red
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had fully vacated the mouth. A comparison excluding this
additional time would eliminate the apparent difference in
duration of the two suction phases (Table 2).

LFpgs was significantly shorter than LFggpg (Fig. S1). Our sample
did not allow us to determine whether this difference was related to
size effects. It is possible that smaller, SBS tadpoles have less
powerful oral compression pumps that take longer to fill the lungs,
or that lung resistance is higher in smaller individuals.

We were not able to observe lung emptying directly during SBS
in H. versicolor, as we could during DBS. Visualization is
particularly difficult in small tadpoles (those performing SBS),
because the lungs are very small and do not bulge externally, as they
do when full in larger individuals. However, we believe that lung
emptying often occurs during the suction phase of SBS because the
lungs in tadpoles of other frog species, as well as in adult frogs,
empty at a comparable phase of air breathing (Schwenk and Phillips,
2020; de Jongh and Gans, 1969; Gans et al., 1969; Gnanamuthu,
1936; Jones, 1982; Macintyre and Toews, 1976; Vitalis and

Shelton, 1990; West and Jones, 1974a,b). Alternatively, it has been
suggested that tadpole lungs might empty passively via diffusion
into surrounding tissues (Ultsch et al., 1999). In the latter case, the
lungs are unlikely to empty completely, and air breathing at this
stage might serve to refill the lungs. When we dissected unfixed,
free-swimming tadpoles at small (SBS) sizes (< S mm SVL), we
found the lungs to be at least partially inflated in all individuals. As
such, when SBS tadpoles begin a breathing bout, there is likely to be
some air in the lungs.

DBS differs from both SBS and breach breathing by the addition
of a second suction event. The extra suction event separates lung
emptying and lung filling, i.e. suction I empties the lungs and
suction II draws in fresh air to fill the lungs. This may be
functionally significant because it allows for the separation of
incurrent and excurrent airflows during ventilation, which prevents
mixing of depleted and fresh air (Fig. 2D). In contrast, during SBS,
freshly inspired air mixes with either expired lung air during suction
(Fig. 2B) or residual air in the lungs, as would also occur in breach
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. TAnterior

Fig. 4. Frontal sections through left lungs of H. versicolor. (A) A pre-transition tadpole (S-290, 5.9 mm SVL,; Table S1). Note the lack of septae and
vasculature. (B) A post-transition tadpole (S-283, 9.2 mm SVL; Table S1) showing incipient formation of septae with associated blood vessels.

breathing (Schwenk and Phillips, 2020). Because of these
mechanical differences, we expect that DBS is functionally more
efficient for gas exchange than SBS.

We speculate that the presence of TBS in two exceptionally large
individuals may be related to their lung—buccal cavity volume ratio.
If lung volume exceeded buccal volume, it would require more than
one cycle to either empty or fill the lungs. The large aquatic
salamander, Amphiuma, for example, requires multiple cycles to fill
its lungs (Brainerd et al., 1993). However, during TBS, suction I and
suction II occur with the mouth open, and the bubble open to the
surface. The short compression that occurs at the end of each phase
in concert with bubble evacuation therefore could not force air into
the lungs. This can only occur during the compression phase with
the mouth closed following suction III. Although unusual, it is
possible that the extra suction event may be induced by the need to
empty the lungs completely during suction I and suction II.
Nevertheless, given the atypical laboratory rearing conditions and
unusual size of these two individuals, it is likely that TBS is
artifactual and not a naturally occurring behavior.

Ontogeny

All previously studied tadpoles undergo a transition from bubble-
sucking to breach breathing over the course of their development
prior to metamorphosis (Schwenk and Phillips, 2020). Hyla
versicolor tadpoles, in contrast, never switch to breach breathing,
but transition instead from SBS to DBS at approximately the same
stage of development. The bubble-suck to breach transition is
explained by the release from the physical constraint of surface
tension (Schwenk and Phillips, 2020) but the shift from SBS to DBS
in H. versicolor occurs at the seemingly arbitrary body length of
5.7 mm. This stage of development is also marked by a rapid shift in
the degree of lung vascularization, suggesting that prior to this stage,
the lungs are non-respiratory (Figs 3C and 4). Thus, SBS is probably
not a major means of gas exchange in H. versicolor tadpoles. DBS,

however, is initiated at the point at which the lungs become well
vascularized and, thus, likely represents a respiratory form of air
breathing. This proposed difference in respiratory function between
SBS and DBS aligns with our functional expectations given that
SBS allows mixing of depleted and fresh air, whereas DBS ensures
that the lungs are filled with only fresh air.

If SBS is non-respiratory, then why does it occur in H. versicolor?
One possibility is that inflated lungs have functions other than
respiration. Gee and Waldick (1995), for example, showed that
H. versicolor tadpoles use inflated lungs to promote neutral buoyancy,
which may help reduce the energetic cost of holding position in the
water column. Alternatively, filling the lungs with air early in ontogeny
might be necessary for proper lung development. Pronych and
Wassersug (1994) found that when Xenopus laevis tadpoles were
denied access to air after hatching, their ability to develop and inflate
the lungs was delayed and the probability of successful metamorphosis
significantly decreased (but see Rose and Jones, 2013). Buoyancy and
developmental necessity are not mutually exclusive hypotheses, as
both could provide selection pressure for recently hatched tadpoles to
inflate their lungs prior to any role in gas exchange.

Evolution

The phenotypic similarity between SBS and DBS strongly suggests
that one mode was derived from the other. While very preliminary,
the phylogenetic distribution of SBS and DBS breathing behaviors
strongly suggests that SBS is ancestral and DBS is a derived
condition in anuran tadpoles (Fig. 5). This polarity is given some
support by the character state distribution in another hylid species,
Pseudacris crucifer. Pseudacris crucifer tadpoles transition from
SBS to DBS like H. versicolor, but some individuals, at least, also
perform breach breathing at low frequencies (Schwenk and Phillips,
2020). It may be that P. crucifer represents an evolutionarily
intermediate condition, in which DBS has evolved, but breaching
has not yet been eliminated.
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Hylidae
Ranidae
Anura
- Pipidae
Urodela

SBS could have been modified to produce DBS in two ways:
either an additional suction phase was added de novo or the suction
phase was extended and split in two. These two scenarios imply
different hypotheses of homology between suction events in SBS
and DBS, but the functional outcome is identical either way and the
distinction is probably unresolvable.

Schwenk and Phillips (2020) suggested that organisms large and
fast enough to break through the water’s surface tension should
breach to air breathe, yet H. versicolor continues bubble-sucking
throughout the larval period and well into metamorphosis, despite
growing physically capable of breaching the surface. We suggest
that the failure to transition to breach breathing reflects
specialization for bubble-sucking in H. versicolor (or hylids, more
broadly) related to the evolution of DBS. The extra suction event
during DBS potentially increases the efficiency of breathing, which
breach breathing cannot do. The time above the surface during a
breach breath is far too short to permit two suction events. Doing so
would require a tadpole to swim actively, keeping its mouth above
the water for enough time, which presumably would be
energetically expensive and increase its exposure to visual
predators. Owing to surface attachment before and during bubble-
sucking, tadpoles appear to require little energy to remain in
position while bubble-sucking, hardly using their tails while
attached. As such, it is not surprising that bubble-sucking
specialization is also manifested in the oral disk of H. versicolor
tadpoles, which is markedly larger and possibly more fimbriated than
in breach-breathing species (Fig. 6). These large mouthparts appear to
make adhesion to the surface easier during bubble-sucking.

As noted, at least one other hylid tadpole, P. crucifer, employs
DBS (Schwenk and Phillips, 2020). At this early stage of
investigation, the phylogenetic extent of DBS within hylids is

Hyla versicolor
Pseudacris crucifer
Rana catesbeiana

Rana clamitans

Fig. 5. Phylogenetic distribution of SBS and DBS
in larval amphibians. The two hylid frogs

(Hyla versicolor and Pseudacris crucifer) are the only
taxa known to perform DBS (indicated in red); all other
species so far examined exhibit only SBS (black).
Evolutionary relationships from Pyron and Wiens
(2013).

Rana sylvatica
Xenopus laevis

Ambystoma maculatum

unknown. However, based on the premise that efficient attachment
is an important functional component of DBS, we believe that DBS
and possibly other derived forms of bubble-sucking might be seen
among tadpoles that specialize as neustonic surface feeders, as this
behavior is often accompanied by enlarged mouthparts that aid in
surface attachment during feeding (e.g. Megophrys, Phasmahyla,
Duellmanohyla, Leptodactylodon, etc.: Inger, 1985; Mapouyat
et al., 2014; Wells, 2007). We note in this regard that H. versicolor
tadpoles are prodigious surface feeders as well (J.R.P. and K.S.,
unpublished observations).

Bubble-sucking in the context of vertebrate ventilation
pumps

Previous investigations of air-breathing modes across vertebrates
have revealed a biomechanical dichotomy distinguished by the
number of buccopharyngeal expansion/contraction cycles they
include (Brainerd et al., 1993; Brainerd, 1994). During ‘two-stroke’
breathing, which is characteristic of typical (anamniote)
sarcopterygians, including lungfishes and adult frogs, the lungs
empty as fresh air is inspired during a single buccopharyngeal
expansion, and then some mix of fresh and previously inspired air is
pumped into the lungs with a buccopharyngeal contraction
(Fig. 7A). In tadpoles, both SBS and breach breathing are forms
of two-stroke breathing, which is unsurprising, given that tadpoles
are sarcopterygians (Fig. 7B). In contrast, typical air-breathing
actinopterygian fishes use a ‘four-stroke’ pump to ventilate the
lungs or swim bladders, which uses two expansion and two
contraction cycles (Fig. 7C). During a four-stroke breath, the lungs
are emptied into the buccopharynx and this air is fully expired prior
to inspiration of fresh air into the mouth, separating the incurrent
and excurrent air streams (Brainerd et al., 1993). In tadpoles, DBS is

Fig. 6. Mouthparts of different tadpole species mid-
bubble-suck. (A) An albino Xenopus laevis tadpole
lacking an oral disk attaches to the surface of the water.
(B) A Rana clamitans tadpole attaches with small, cup-
like mouthparts. (C) A Hyla versicolor tadpole attaches
with large, cup-like mouthparts during a DBS.
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No. of strokes: 0 2 3 4
A
Typical 2-stroke
Dipnoi
B
Typical tadpole
Hyla early larva
SBS
C
Typical 4-stroke
Actinopterygii
D
Derived tadpole
Hyla late larva
DBS
E
Derived 4-stroke
Amphiuma

Fig. 7. Schematic diagram of two- and four-stroke breathing modes observed across vertebrates. (A) Two-stroke breathing in a lungfish (based on data
in Bishop and Foxon, 1968). (B) Two-stroke breathing (SBS) in a hylid tadpole (this study). (C) Four-stroke breathing in an actinopterygian (based on data in

Brainerd et al., 1989). (D) Four-stroke breathing (DBS) in a hylid tadpole (this study). (E) Four-stroke breathing in the aquatic salamander Amphiuma (modified
from Simons et al., 2000). Thick, gray arrows indicate bucco-pharyngeal movements (expansion and contraction) and thin, black arrows indicate the direction

of airflow into and out of the lungs and buccal chamber.

a form of four-stroke breathing, which is not typical of
sarcopterygians (Fig. 7D).

While unusual, H. versicolor tadpoles are not the only
sarcopterygians known to use a four-stroke air-breathing pump. It
has also been described in the aquatic adults of several amphibians,
including the salamanders Amphiuma (Fig. 7E) and Cryptobranchus,
and the frogs Pipa and Xenopus (Martin and Hutchison, 1979;
Brainerd et al., 1993; Brainerd and Dumka, 1995; Fonseca et al.,
2012; Boutilier, 1984; Brett and Shelton, 1979; E. L. Brainerd,
personal communication). Hyla versicolor is, however, the first
species documented to make a transition from one pumping mode to
the other over the course of larval ontogeny. Indeed, following the
transition from SBS to DBS (two- to four-stroke pumping), H.
versicolor then transitions again back to two-stroke breathing in its
post-metamorphic adult form (J.R.P. and K.S., unpublished
observations). Hyla versicolor is unlikely to be unique in this
regard, however, as so few amphibian larvae have been examined in
the context of lung ventilation pumps. Indeed, Schwenk and Phillips
(2020) found that larval X. /laevis perform typical, two-stroke, SBS air
breathing, while Brett and Shelton (1979) found that adult Xenopus
(atypically) employ four-stroke breathing. Many other species are
likely to make similar larva—adult transitions in air-breathing modes.

The two-stroke, four-stroke dichotomy has historically been most
useful in identifying evolutionary patterns of ventilatory mechanisms
across vertebrates. However, our findings add to a growing body of

evidence suggesting substantial evolutionary diversity and, probably,
lability in two- and four-stroke breathing mechanisms. Four-stroke
breathing in various forms has arisen multiple times among
sarcopterygians, but always in aquatic amphibians. Many of these
putatively convergent breathing modes are, in fact, mechanically very
different, with some including an initial intake of air to empty the
lungs (e.g. H. versicolor tadpoles, adult Amphiuma; Fig. 7D,E) while
others do not (e.g. adult Xenopus, actinopterygian fishes; Fig. 7C).
Furthermore, it is often suggested that the advantage of four-stroke
breathing is that it is more efficient than two-stroke because it reduces
mixing of air streams. However, there are sarcopterygians with two-
stroke breathing mechanisms that use alternative strategies to mitigate
air mixing without additional strokes (e.g. Carrier and Wake, 1995;
de Jongh and Gans, 1969; Minto et al., 2019). Ultimately, the most
important characteristic of a breathing mode is its functional
outcome, i.e. whether it prevents the mixing of incurrent and
excurrent airstreams, and this can be achieved independent of the
number of pharyngeal expansions and compressions during
breathing. Classification according to buccopharyngeal stroke
number may, in some cases, obscure mechanistic similarity and
evolutionary relatedness. DBS in H. versicolor tadpoles, for
example, is a four-stroke breathing mechanism, as is air breathing
in actinopterygian fishes (Fig. 7C,D), yet DBS is clearly more similar
mechanically and more related evolutionarily to SBS in other
tadpoles, a two-stroke mechanism.
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