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The evolution of ballistic tongue projection in plethodontid
salamanders—a high-performance and thermally robust musculo-
skeletal system—is ideal for examining how the components re-
quired for extreme performance in animal movement are
assembled in evolution. Our comparative data on whole-
organism performance measured across a range of temperatures
and the musculoskeletal morphology of the tongue apparatus
were examined in a phylogenetic framework and combined with
data on muscle contractile physiology and neural control. Our
analysis reveals that relatively minor evolutionary changes in mor-
phology and neural control have transformed a muscle-powered
system with modest performance and high thermal sensitivity into
a spring-powered system with extreme performance and func-
tional robustness in the face of evolutionarily conserved muscle
contractile physiology. Furthermore, these changes have occurred
in parallel in both major clades of this largest family of salaman-
ders. We also find that high-performance tongue projection that
exceeds available muscle power and thermal robustness of perfor-
mance coevolve, both being emergent properties of the same
elastic-recoil mechanism. Among the taxa examined, we find
muscle-powered and fully fledged elastic systems with enormous
performance differences, but no intermediate forms, suggesting
that incipient elastic mechanisms do not persist in evolutionary
time. A growing body of data from other elastic systems suggests
that similar coevolution of traits may be found in other ectother-
mic animals with high performance, particularly those for which
thermoregulation is challenging or ecologically costly.
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Elastic mechanisms that improve performance have evolved
repeatedly in animals (1, 2), powering spectacularly athletic

movements, such as the jumping of frogs and insects (3, 4), the
striking of mantis shrimp and trap-jaw ants (5, 6), and the bal-
listic tongue projection of chameleons, frogs, and salamanders
(7–10). These spring-powered actions are among the most dy-
namic of all animal movements, with accelerations reaching
hundreds of Gs and power exceeding the capabilities of the
muscles involved by orders of magnitude (2, 3, 7, 9, 11–13).
Beyond their raw power, elastic mechanisms provide many
benefits, including increased economy of movement, greater
functional range of the involved muscles, protection against
muscle damage, and increased muscle work (1, 14–19). In ad-
dition, elastic mechanisms allow animals to maintain high per-
formance at low body temperatures (9, 10, 20, 21), which
ectotherms often experience. This thermal robustness is in stark
contrast to the thermal sensitivity of muscle-powered movements
that suffer performance declines at low temperature (22–30).
The ability of ectothermic animals to move rapidly to escape
predators or capture food at a range of environmental conditions
has clear ecological importance, yet the evolution of the derived
mechanisms that enable such performance has been examined in
only a few groups of animals (6, 31–33). Here we present a
comparative evolutionary analysis of tongue projection in lung-
less salamanders (Plethodontidae) that reveals a pattern of

repeated, parallel evolution of an elastic mechanism of extreme
performance and thermal robustness. We show that the evolu-
tion of this elastic system occurred via relatively minor, co-
ordinated changes in the morphology of the tongue apparatus
coevolving with simple shifts in the timing of muscle activity.
Given the relatively subtle changes required to produce dramatic
performance benefits, we expect that similar evolutionary tran-
sitions in morphology and neural control can be found in other
groups of ectothermic animals in which elastic-recoil mecha-
nisms enhance performance and improve functional robustness.
Plethodontid salamanders have repeatedly evolved spring-

powered tongue projection with extreme performance and
thermal robustness (2, 34, 35) from an ancestral condition of
muscle-powered tongue protrusion of modest performance (36).
This parallel evolution provides multiple opportunities to explore
the physiological mechanisms underlying extreme performance in
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the same system, and also yields insight into how high-performance
systems are assembled through evolution. The family Plethodonti-
dae is the largest among salamanders and its ∼470 species are di-
verse in many aspects of morphology, ecology, and life history.
Plethodontids have long served as a model for the study of evolu-
tionary processes and patterns, such as homoplasy (37), and the
morphology of the tongue in particular has been a focus for phy-
logenetic analysis (38, 39). Plethodontid tongue function has also
been a fruitful subject of study in biomechanics, motor control,
physiology, and morphology, having been examined in many taxa
(8, 21, 33, 36, 39–45) with both muscle-powered tongue protrusion
and spring-powered tongue projection. Long-distance tongue pro-
jection is an evolutionarily significant innovation in plethodontids
that may have facilitated their radiation in the neotropics; the
ballistic-tongued clade Bolitoglossini includes over 260 species, or
36% of all salamander species and 55% of plethodontid species
(https://amphibiaweb.org/).
Members of the plethodontid lineages that have evolved long-

distance ballistic tongue projection (2, 8, 36) provide compelling
examples of extreme performance: Alpine Hydromantes can
shoot its tongue up to 80% of body length in milliseconds and at
a body temperature of 2 °C; tiny Thorius can accelerate its
tongue at 600 G; and tropical Bolitoglossa can amplify the power
of its tongue muscles 100 times (2, 8, 21, 46). Extremes include
the highest acceleration and power output (i.e., rate of energy
release) of any vertebrate movement (2), the longest-distance
tongue projection among amphibians (8), and complete ther-
mal independence of performance (21) (Fig. 1).
Systems with extreme performance, such as long-distance

tongue projection, are ideal for understanding form–function
relationships because they present these relationships more
clearly than less extreme systems that do not approach physio-
logical limits (2, 47). Extreme performance also often evolves
hand in hand with a reduction in the number of functions

performed, and as a result of this specialization, an extreme
system is less likely to be compromised by the need to perform
various functions. The tongue apparatus of plethodontid sala-
manders is used only for capturing prey (36). The hindlimbs of a
frog, a contrasting example, are able to power ballistic jumping
(4), but may embody trade-offs with other functions that they
perform, such as swimming, climbing, grappling, digging, and
wiping. Plethodontid tongues thus provide an opportunity to
understand how a highly specialized system with extreme per-
formance has evolved in the absence of apparent functional
conflicts.

Results and Discussion
Our evolutionary analysis reveals that the most extreme case—
truly ballistic projection—has evolved from nonballistic pro-
jection convergently in both major clades of plethodontids
(Fig. 2). In each clade with ballistic projection (Plethodontinae
and Hemidactylinae), the hyobranchial apparatus that makes up
the tongue skeleton can be shot entirely from the body of the
salamander (2, 8). The paired tongue projector muscles (the
subarcualis rectus, SAR) surround and exert squeezing forces
against the elongated, tapered posterior elements of tongue
skeleton and launch it out rapidly, akin to shooting a melon seed
from between the fingers. Collagen aponeuroses within the SAR
muscle, arranged in similarly derived configurations in each
clade (48) (Fig. 3), act as springs that store muscle energy and
release it rapidly (2, 33). As a consequence of this elastic recoil of
the aponeuroses, the tongue skeleton can be projected with
sufficient velocity that it separates from the SAR muscles and
carries the tongue pad to the prey under its own momentum.
This truly ballistic tongue projection has evolved two or three
times independently in the Plethodontidae, as revealed by our
ancestral-state reconstruction using an all-rates-different evolutionary
model and recent phylogenies (49–51) (Methods and Fig. 2).
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Fig. 1. A salamander with ballistic tongue projection, Hydromantes platycephalus, capturing prey at 12 °C and 24 °C. The brief time to project the tongue
using elastic recoil (green, P) is similar at two temperatures, while the time to retract the tongue (gold, R) using muscle shortening takes significantly longer at
12 °C than at 24 °C. Time in milliseconds relative to the start of tongue projection at time 0 is shown for each image pair. Note the time step between images is
the same for 12 °C and 24 °C, and is greater during retraction (columns on right). (Scale bar, 1 cm.) Adapted with permission from ref. 21.
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The nonballistic system from which ballistic tongue projection
has evolved is retained in plethodontids as well as outgroup taxa
(36, 52), indicating that it is ancestral for plethodontids (Fig. 2).
This form of tongue protrusion uses direct muscle action and has
lower performance and lower thermal robustness than ballistic
projection (Fig. 2) (33, 35, 53). The sticky tongue pad is relatively
massive and is protruded only a short distance from the mouth by
movement of the tongue skeleton. This skeleton is pulled for-
ward by the paired SAR muscles that insert directly on it and the
skeleton does not separate from the SAR muscles as it does in
ballistic projection (Figs. 3 and 4). The tongue skeleton is also
shorter than in ballistic taxa and the tongue pad is linked to the
lower jaw by a stout genioglossus muscle, limiting protrusion
distance and performance (36, 41). Dynamic analysis of high-
speed movies reveals that tongue projection in salamanders
with this mode is powered by direct muscle action rather than
elastically, including in plethodontid taxa Desmognathus and
Plethodon (33–35), and in outgroups Salamandra and Notoph-
thalmus (52), as well as Ambystoma (Table 1). Projection power
is within the available power that has been measured for am-
phibian skeletal muscle [373 W/kg (19, 30)]; therefore, no elastic
mechanism is necessary to produce the observed dynamics.
Temperature manipulations also indicate that projection is
muscle-powered in these taxa; projection velocity, acceleration,
and power show relatively high thermal sensitivity (Q10 values of

1.6 to 1.9 for peak projection velocity across 10 to 20 °C and 2.8
to 6.9 for peak power) (Fig. 5 and Table 1), consistent with
projection being limited by muscle contractile dynamics in the
absence of an elastic mechanism.
We found that the peak instantaneous power of ballistic

tongue projection is well in excess of available muscle power.
This indicates that the energy of shortening of the projector
muscles is stored in elastic structures and subsequently released
more quickly. Power of projection reaches ∼18,000 W/kg in
Bolitoglossa and ∼4,000 W/kg in Hydromantes (2, 33, 35, 46),
compared with ∼300 to 400 W/kg of available muscle power.
We also found high-power, ballistic projection in taxa in both

major clades that share several morphological traits: Elongate
epibranchials, absence of a myofiber connection between the
projector muscles and the tongue skeleton, and spiral aponeu-
roses within the projector muscles that can act as springs. We
found other morphological correlates of high-power, ballistic
projection including freedom of tongue pad from lower jaw
through elongation or loss of the genioglossus muscle (Table 2),
elongation of the retractor muscle and freedom from sur-
rounding muscles, elongation and more complete folding of the
tongue skeleton, greater extended tongue length, and a well-
developed suprapeduncularis muscle in the floor of the mouth
that can act as a latch that restrains the tongue skeleton prior to
launch to permit loading of elastic elements (8, 33, 39–41, 48).

Plethodon

Ambystoma

Salamandra

Evolution of
No inner SAR myofibers
Elaborated SAR aponeuroses
Early SAR activation
Ballistic projection
High power, elastic projection
Thermal robustness of projection

Notophthalmus

Aneides

H

P
Desmognathus

Ensatina

Hydromantes

Hemidactylium

Batrachoseps

Thorius

Pseudoeurycea

Bolitoglossa

Chiropterotriton

Pseudotriton

Gyrinophilus

Stereochilus

Eurycea

Spring-powered tongue
Muscle-powered tongue
Max. projection velocity
Robustness of velocity

Fig. 2. Plethodontid salamander taxa (black branches) and outgroup taxa (gray branches) showing high-speed images of peak tongue projection. The suite
of ballistic-projection characters (black bar) evolves in both major clades of plethodontids, Plethodontinae (P) and Hemidactyliinae (H). Symbols next to taxon
names indicate tongue projection mechanism, peak projection velocity and thermal robustness of velocity, with higher performance and robustness indicated
by larger symbols. Note the cooccurrence of velocity and its thermal robustness. Taxa without symbols have only morphological data. Branch lengths not
indicated. See Methods for details of the phylogenetic analysis.
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Additionally, every high-power, ballistic species we examined
has high thermal robustness of projection performance, signifi-
cantly higher than that of muscle-powered tongue retraction
(Fig. 3). The Q10 values of projection velocity are 0.9 to 1.3
across 10 to 20 °C for ballistic taxa. Muscle contractile experi-
ments show that ballistic taxa have contractile dynamics of force
production and thermal sensitivity typical of amphibian skeletal
muscle (45, 53), excluding the possibility that unusual muscle
properties confer the high performance and thermal robustness
of projection.
An illuminating contrast to tongue projection is provided by

tongue retraction. Tongue retraction is considerably slower than

projection (by a factor of two to seven) and is accomplished in all
plethodontids by the lengthy retractor muscles (the rectus cer-
vicis profundus, RCP), which originate on the pelvis and run the
length of the body and tongue to insert in the tongue pad. The
low velocity and power of tongue retraction indicate that it is
muscle-powered and does not involve appreciable elastic recoil,
particularly when considered together with its high thermal
sensitivity compared with projection (21, 34, 45). Even in
ballistic-tongued taxa with high performance and high thermal
robustness of projection, such as Hydromantes and Bolitoglossa,
tongue retraction is relatively slow and thermally sensitive. This
extends to other ballistic-tongued ectotherms, such as frogs and
chameleons (9, 10, 20), providing a compelling illustration,
within a single feeding event, of the benefits of elastic-recoil
mechanisms.
For an elastic-recoil mechanism to operate, the muscles in-

volved must be activated in advance of movement. Electromyo-
graphic recordings reveal that the projector muscles in ballistic
plethodontids are activated up to 300 ms prior to tongue launch
(34, 42, 44, 45), consistent with the myofibers stretching collag-
enous elastic structures (aponeuroses) within the muscles before
movement begins. Early muscle activation by a similar interval
has been observed in other spring-powered systems, such as
suction feeding in pipefish and tongue projection in frogs and
chameleons (9, 54–56). In contrast, muscle-activity onset in
nonballistic plethodontids (Desmognathus and Plethodon) pre-
cedes tongue launch by a shorter interval (∼60 ms), although the
duration of activity is similar. Unlike the activity of the SAR
muscle in ballistic tongue projection, the activity of the RCP
muscles continues throughout tongue retraction, consistent with
the movement being driven directly by muscle shortening (34, 42,
44, 45). A motor control strategy of early activation is consis-
tently present in all ballistic-tongued salamanders that have been
examined, thus it likely evolved in concert with the morpholog-
ical features that characterize ballistic taxa (Figs. 2 and 3).
Our evolutionary analysis shows that high-power projection, in

excess of available muscle power, has evolved concordantly with
ballistic projection in both major clades of plethodontids (Fig. 2).
Ballistic projection, in turn, occurs only in species in which the
projector muscle lacks myofibers that insert directly on the
tongue skeleton (48); this lack of a myofiber connection allows
the skeleton to separate from the muscle during projection and
travel with higher acceleration and velocity. Ballistic projection is
significantly correlated with both peak power and peak velocity
of tongue projection as tested with phylogenetic analysis of
variance (Methods, Fig. 2, and Table 3). Thus, the traits of high-
power projection, spring-powered projection, and ballistic pro-
jection are perfectly correlated with one another, reflecting the
same underlying mechanism.
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Fig. 3. Summary of the major differences in tongue-projection mechanisms
in plethodontid salamanders. The ballistic, spring-powered, high perfor-
mance and thermally robust tongue (Upper), represented here by Bolito-
glossa, shows a motor control pattern with early activation of the projector
muscle (P) relative to tongue launch (vertical green line), a projector muscle
(peach in anatomical drawing and in muscle cross-section) with spiral apo-
neuroses that act as springs surrounding but not attaching to a round skel-
etal element (dark blue) that can be launched completely from themuscle and the
mouth. Peak projection power of this tongue type (green line in graph) is much
higher, exceeding the muscle limit of ∼400W/kg, and more thermally robust than
muscle-powered tongue retraction (red line). The muscle-powered, thermally
sensitive tongue (Lower), represented by Desmognathus, shows a motor control
pattern with nearly simultaneous activation of projector and retractor muscles
(pink) nearer to tongue launch, projector muscle without spiral aponeuroses and
with innermyofibers (orange) inserting onto the elliptical tongue skeletal element,
which cannot be launched entirely from themouth. The tongue pad is attached to
the lower jaw by a stout genioglossus muscle. Projection and retraction show
similar, modest performance and high thermal sensitivity.
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Fig. 4. Histological cross-sections from the projector muscle and associated
tongue skeleton from a muscle-powered (Plethodon, Left) and spring-
powered (Bolitoglossa, Right) species. Myofibers (beige) surround the epi-
branchial cartilage of the tongue skeleton (EB, pink) and originate on col-
lagen aponeuroses (arrowheads, pink). Inner myofibers (star) insert directly
on the epibranchial in muscle-powered taxa, and are absent in spring-
powered taxa. Anatomical orientations of sections and of inner and outer
myofibers are indicated in Fig. 3.
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Three morphological features that are central to the func-
tioning of the derived elastic mechanism are significantly corre-
lated with performance and its thermal robustness, as shown by
our evolutionary analysis. The first such feature is the loss of the
ancestral myofiber connection between the tongue skeleton and
the projector muscle, which enables ballistic projection. The
absence of these inner myofibers within the SAR muscle is
correlated in our phylogenetic ANOVA with increases in peak
velocity and peak power. Absence of inner myofibers is also
correlated with greater thermal robustness of peak velocity and
peak power, expressed as lower Q10 values (Table 3). The second
feature that evolves concordantly with the loss of inner myofibers
is a change in the shape of the element of the tongue skeleton on
which the SAR muscle acts. This epibranchial cartilage is ellip-
tical or irregular in cross-section in nonballistic taxa and assumes
a rounder cross section in ballistic taxa (Fig. 4). The aspect ratio
of the epibranchial is significantly correlated with tongue pro-
jection velocity and power, and as well as their thermal robust-
ness as revealed by phylogenetic generalized least squares
(PGLS) analysis (Tables 2 and 4). This shape change in the
epibranchial is consistent with a change in the action of the SAR
muscle from attaching to and pulling the tongue skeleton for-
ward in the ancestral condition to squeezing the epibranchial

radially to eject the tongue skeleton in the derived condition.
The third morphological feature central to elastic projection is
the derived configuration of the collagen structures within the
SAR that store elastic energy. These structures are evident as
spiral aponeuroses in the cross section of the SAR (Fig. 4)
(described in ref. 48). Our PGLS analysis shows that greater
elaboration of these aponeuroses (increased spirality) is signifi-
cantly correlated with tongue projection velocity and power, as
well as greater thermal robustness of velocity and power
(Table 4).
In addition to these changes in the propulsion mechanism,

evolutionary changes to the size and morphology of the pro-
jectile also significantly affect performance. The SAR/tongue
mass ratio is correlated with increased projection velocity and
power as well as the thermal robustness of velocity and power, as
shown in our PGLS analysis (Tables 2 and 4). A smaller tongue
relative to the muscle places a lesser load on the muscle and thus
enables the muscle to operate at a lower mass-specific work
output. Reducing the load on a muscle has been shown in in vitro
experiments on frog muscle to increase the thermal robustness of
the work that the muscle can perform (19), so it can maintain
higher work output at low temperatures. Reducing the mass of
the projectile also directly translates to increased velocity, kinetic

Table 1. Performance and thermal robustness mean values for each taxon

Taxon
Tongue
type

Peak power
temperature

(°C)

Peak velocity
temperature

(°C)

Peak
projection

velocity (m/s)

Peak
projection

power (W/kg)

Projection
velocity
Q10

Projection
power
Q10

Retraction
power
Q10

Peak
retraction

power (W/kg)
n

Individuals

Ambystoma Muscle 25 25 0.62 228 1.8 5.3 5.00 6
Aneides Muscle 20 25 0.20 10 1.8 6.9 3.28 6 4
Batrachoseps Spring 25 20 2.56 4,200 1.2 1.8 2.63 10 8
Bolitoglossa Spring 25 25 2.34 1,284 1.3 1.9 6.75 38 6
Chiropterotriton Spring 10 10 2.83 5,864 0.9 0.7 3.05 48 6
Desmognathus Muscle 20 25 0.47 82 1.9 4.6 4.54 60 6
Ensatina Spring 25 25 1.73 2,134 1.0 1.0 4.04 30 7
Eurycea Spring 25 25 1.87 2,231 1.0 1.3 4.67 21 14
Hemidactylium Spring 15 20 2.34 4,336 1.1 1.6 3.99 30 5
Hydromantes Spring 25 15 3.47 2,631 0.9 0.7 3.60 3
Notophthalmus Muscle — — 0.05 0.2 — — — 0.1 5
Plethodon Muscle 25 25 0.26 18 1.7 4.7 7.56 9 6
Pseudoeurycea Spring 25 25 2.77 3,033 1.1 1.6 3.89 39 12
Pseudotriton Spring 15 25 2.76 3,310 1.2 1.4 2.88 65 8
Salamandra Muscle 25 25 0.34 51 1.6 2.8 2.50 71 6
Thorius Spring 15 15 3.45 6,765 1.1 1.2 1.05 52 4

See SI Appendix for additional data and sources.
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energy, and power of projection. Too great a reduction in pro-
jectile size could compromise the ability to deliver prey to the
mouth, yet reducing the load on the projector muscle can also be
accomplished by reducing drag on the projecting tongue. This
occurs through elongation or elimination of the soft tissue con-
nection between the tongue pad and the lower jaw, and this
reduced load would be expected to improve projection perfor-
mance. Indeed, our phylogenetic ANOVA reveals that evolu-
tionary elongation of the genioglossus muscle that forms this
connection from its ancestral condition as a stout connection
results in significant increases in projection velocity and power
and their thermal robustness, and loss of the genioglossus from
the stout condition results in these same increases (Table 3).

Many morphological features that distinguish ballistic and
nonballistic taxa are not only mechanistically linked to performance
differences, but are also correlated with one another, as previously
reported (48): Taxa with greater elaboration of the spiral aponeu-
roses in the SAR have greater SAR mass relative to tongue mass
and lack inner myofibers (i.e., they are ballistic), and taxa that lack
inner myofibers have significantly longer tongues and rounder epi-
branchials than (nonballistic) taxa that possess inner myofibers
(Table 4). Ballistic and nonballistic taxa are separated in the
principal-components space based on these characters (48).
Projection performance, measured as peak velocity and power,

and the thermal robustness of performance are both significantly
affected by the morphological characters of aponeurosis spi-
rality, epibranchial aspect ratio, SAR/tongue mass, and loss of

Table 2. Morphology mean values for each taxon

Taxon
Tongue
type

Body mass
(g)

SVL
(mm)

Inner SAR
myofibers

Genioglossus
muscle

SAR/tongue
mass

Aponeurosis spirality
angle (°)

Epibranchial aspect
ratio n

Ambystoma Muscle 11.8 86 Present Stout 0.16 — — 3
Aneides Muscle 1.4 40 Present Stout 0.39 28 2.0 4
Batrachoseps Spring 0.6 42 Absent Elongated 0.75 130 1.2 15
Bolitoglossa Spring 3.6 60 Absent Absent 1.40 359 1.4 5
Chiropterotriton Spring 0.4 32 Absent Absent 0.91 383 1.3 4
Desmognathus Muscle 11.2 84 Present Stout 0.27 14 2.2 11
Ensatina Spring 4.3 59 Absent Elongated 0.47 212 1.3 10
Eurycea Spring 1.7 53 Absent Absent 0.61 296 1.3 6
Gyrinophilus Spring 5.4 80 Absent Absent 0.43 145 1.4 4
Hemidactylium Spring 0.7 37 Absent Elongated 0.81 116 1.2 8
Hydromantes Spring 3.1 60 Absent Absent 0.96 198 1.3 5
Notophthalmus Muscle 2.0 44 Present Stout 0.48 6 1.8 5
Plethodon Muscle 2.4 56 Present Stout 0.28 26 1.5 18
Pseudoeurycea Spring 1.7 48 Absent Absent 1.37 305 1.2 8
Pseudotriton Spring 7.5 75 Absent Absent 0.73 207 1.4 18
Salamandra Muscle 24.2 97 Present Stout 0.18 0 4.4 5
Stereochilus Spring 1.1 48 Absent Elongated 0.39 73 1.1 5
Thorius Spring 0.1 21 Absent Absent 1.77 226 1.3 8

See SI Appendix for additional data and sources.

Table 3. Results of phylogenetic ANOVA that examine the effects of genioglossus muscle morphology (i.e., tongue
attachment) and the loss of inner projector myofibers on performance and thermal robustness of performance

F value T value P value Adjusted P value

Stout to elongated genioglossus
Peak projection velocity 95.568 9.875 <0.001 <0.001
Peak projection power 91.657 9.957 <0.001 <0.001
Peak velocity Q10 26.939 5.351 0.002 0.004
Peak power Q10 16.782 4.007 0.007 0.009

Elongated to no genioglossus
Peak projection velocity 95.568 1.249 0.244 0.976
Peak projection power 91.657 0.810 0.433 0.866
Peak velocity Q10 26.939 0.508 0.622 0.622
Peak power Q10 16.782 0.707 0.492 0.656

Stout to no genioglossus
Peak projection velocity 95.568 13.408 <0.001 <0.001
Peak projection power 91.657 13.024 <0.001 <0.001
Peak velocity Q10 26.939 7.079 <0.001 <0.001
Peak power Q10 16.782 5.661 0.002 0.004

Loss of inner SAR myofibers
Peak projection velocity 95.568 1.249 <0.001 <0.001
Peak projection power 91.657 0.810 <0.001 <0.001
Peak velocity Q10 26.939 0.508 <0.001 <0.001
Peak power Q10 16.782 0.707 <0.001 <0.001

Adjusted P value is the Benjamini–Hochberg-adjusted P value for false discovery rate for each set of variables. Boldface indicates
significance at P < 0.05.
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inner myofibers. It is therefore not surprising that each perfor-
mance parameter is significantly correlated with its own thermal
robustness in a PGLS analysis. For example, higher power pro-
jection correlates with higher thermal robustness of projection
power, and likewise for projection velocity (Table 4).
Elastic-recoil mechanisms, such as those of plethodontid sal-

amanders, are able to improve performance due to the inherent
limits and thermal sensitivity of muscle rate properties, such as
shortening velocity and power. The intrinsic maximum shorten-
ing velocity of muscle as well as its inherent force-length and
force–velocity relations constrain the performance of muscle-
powered movements (57, 58). Performance is further limited in
ectothermic animals, such as salamanders, by the thermal sen-
sitivity of muscle-shortening rates (22, 59, 60). Over a 10 °C drop
in body temperature that ectotherms may experience, the speed
and power of muscle shortening drop by at least half
(i.e., temperature coefficient, Q10 > 2), with corresponding de-
clines in whole-animal performance (22, 24, 26, 27, 59–65). This
marked decline has been found in a diversity of muscles from an
array of animals, including vertebrates and invertebrates, endo-
therms, and ectotherms (22–28, 30, 66, 67).
The evolutionary significance of elastic mechanisms in animals

lies in their ability to circumvent constraints on rates imposed by
muscle tissue itself. Muscle contractile physiology is evolution-
arily conservative in its thermal dependence (59); therefore,
adaptation at this level cannot be expected to buffer organisms
against environmental challenges and we may expect to find
similar evolutionary trajectories in other taxa. Muscle shows
limited plasticity in its thermal-dependence values, both acutely
and chronically (15, 24, 65, 67–69). Even clades with a long
evolutionary history of functioning at low temperature, such as
Antarctic fish, have not escaped the consequences of thermal
effects on muscle contractile properties and organismal perfor-
mance (70). Aspects of muscle contractile physiology are indeed
conserved in plethodontid tongue projector and retractor mus-
cles, with rate properties that are typical for amphibian muscle
and, importantly, have similar values in ballistic and nonballistic
taxa (45, 53).
Elastic-recoil mechanisms are able to circumvent these rate

limitations by storing the mechanical energy that is produced by
a shortening muscle temporarily in an elastic structure, such as a
collagen tendon or aponeurosis in series with muscle fibers. The
elastic structure subsequently recoils to propel an appendage or
launch the animal’s whole body (1, 11). Because elastic tissue can

typically shorten more quickly than the muscle can, but with the
same force, performance is enhanced. Furthermore, the elastic
modulus, or springiness, of elastic tissues in animals (collagen,
resilin, and other animal protein rubbers) shows either very low
thermal dependence or complete thermal independence (71, 72).
Temperature, therefore, has only a minor effect on the rate of
recoil of elastic structures and as a consequence it has little
impact on the performance of movements powered by elastic
recoil, such as the rapid tongue projection of chameleons, frogs,
and salamanders (9, 10, 20, 21, 34, 45, 56).
High-performance, spring-powered movement coupled with

thermal robustness has important ecological benefits for sala-
manders and other ectothermic animals. Decreased thermal
dependence may be critical to ectothermic organisms that rely on
rapid movement to escape predators or to obtain food. It can
allow them to forage and otherwise function with high perfor-
mance at low temperatures without the ecological costs of
thermoregulatory behavior (73) or metabolic costs of regional
endothermy. This may be particularly important to amphibians
such as plethodontid salamanders, in which evaporative water
loss restricts thermoregulatory opportunities to moist micro-
habitats (74). Amphibians that can feed over a wide a range of
temperatures may reduce the costs of thermoregulation associ-
ated with high rates of water loss (75). Furthermore, spring-
powered movements may be critical in organisms that exhibit
slow, muscle-powered locomotion due to physiological con-
straints or the ecological requirements of crypsis (e.g., Hydro-
mantes, some bolitoglossines, many toads, and chameleons) (20).
Evolution of elastic mechanisms in plethodontids and in other

taxa indicate that these mechanisms likely evolved through
morphological changes to nonelastic mechanisms, rather than by
introduction of novel components or fundamental changes to
muscle contractile physiology (2, 33, 34, 48, 53). This is seen in
the few elastic systems in which evolution has been examined (6,
31–33), and also appears to hold for plethodontid salamander
tongues (33, 35). In a clade that has evolved greater elastic
storage, we can expect changes in morphological dimensions and
other aspects of gross morphology (e.g., mechanical advantage of
muscles, myofiber architecture, connective tissue elaboration)
even in the face of possible changes at other levels that affect
performance (e.g., titin isoforms, myofilament length) (76). We
also expect that few incipient elastic mechanisms with in-
termediate performance persist in evolutionary time, because the
advantages of speed are generally adaptive, and speed can be

Table 4. Results of PGLS regression analyses that examine the relationships between morphology, performance and thermal
robustness of performance

Slope T value P value Adjusted P value

Morphology vs. performance
Aponeurosis spirality vs. peak velocity 0.134 2.971 0.012 0.018
Aponeurosis spirality vs. peak power 0.346 2.923 0.013 0.016
Epibranchial aspect ratio vs. peak velocity −2.234 −2.981 0.011 0.022
Epibranchial aspect ratio vs. peak power −6.182 −3.324 0.006 0.018
SAR:tongue mass vs. peak velocity 1.339 4.21 0.001 0.006
SAR:tongue mass vs. peak power 3.549 4.387 0.001 0.006

Morphology vs. thermal robustness
Aponeurosis spirality vs. velocity Q10 −0.040 −3.775 0.003 0.018
Aponeurosis spirality vs. power Q10 −0.119 −3.543 0.004 0.012
Epibranchial aspect ratio vs. velocity Q10 0.620 3.187 0.008 0.016
Epibranchial aspect ratio vs. power Q10 1.576 2.405 0.033 0.040
SAR:tongue mass vs. velocity Q10 −0.273 −2.523 0.027 0.041
SAR:tongue mass vs. power Q10 −0.782 −2.333 0.038 0.038

Performance vs. thermal robustness
Peak velocity vs. velocity Q10 −3.127 −5.265 <0.001 <0.001
Peak power vs. power Q10 −2.817 −6.164 <0.001 <0.001

Adjusted P value is the Benjamini–Hochberg-adjusted P value for false discovery rate for each set of variables. Boldface indicates significance at P < 0.05.
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attained with little cost via elastic recoil. Systems in which se-
lection for speed is countervailed by conflicting functions, such as
force production or if the particular morphology of the system
prevents the elaboration of connective tissue, might maintain
relatively undeveloped elastic mechanisms. In this study, we
expected to find intermediate forms in salamander tongues, but
found only muscle-powered and fully fledged elastic systems with
enormous performance differences.

Conclusions
Here we have examined the evolution of ballistic tongue pro-
jection in lungless salamanders, a spring-powered, high-
performance, and thermally robust musculoskeletal system.
Our studies of musculoskeletal morphology and whole-organism
performance across a range of temperatures, combined with data
on muscle contractile physiology and neural control, reveal that
relatively minor evolutionary changes in morphology and neural
control have produced a massive leap in performance and
functional robustness in the face of conserved muscle physiology
(2, 33–35, 51, 53). We conclude that such changes have likely
evolved multiple times in parallel in salamanders to transform an
ancestral, muscle-powered system of modest performance and
high thermal sensitivity. Existing data from other elastic systems
in animals [e.g., frogs and chameleons (9, 10, 20)] suggest that
similar coevolution of morphological and motor-control traits
has occurred in other ectotherms for which thermoregulation
poses challenges or ecological costs.

Methods
Specimens. Salamanders were purchased from commercial suppliers
(Ambystoma maculatum, Notophthalmus viridescens, and Salamandra sala-
mandra) or collected from natural populations in Mexico (Chiropterotriton
chondrostega, Pseudoeurycea leprosa), California (Aneides flavipunctatus,
Batrachoseps attenuatus), Georgia (Hemidactylium scutatum), and North
Carolina (Pseudotriton ruber). Salamanders were housed individually in
plastic containers with a substrate of moist paper towels at 14 to 19 °C and
maintained on a diet of crickets or fruit flies. All procedures were approved
by the Institutional Animal Care and Use Committee of the University of
South Florida.

Feeding Experiments. Feeding movements of salamanders were analyzed
from a total of 1,952 feeding events from 106 individual salamanders: 1,055
feeding events of 55 individuals of 8 species collected for this study, combined
with 897 feeding events of 51 individuals of 8 species from previous studies
(21, 33, 35, 45, 46, 52) (Table 1 and SI Appendix, Table S1).

Prey capture was imaged in dorsal view at 6- to 15-kHz frame rate and
0.067- to 0.083-ms shutter speed with a Photron Fastcam 1024 PCI camera.
Salamanders were placed on moist paper printed with a 5-mm grid for
distance calibration, set on the surface of a ThermoElectric AHP-1200CPV
temperature-controlled platform. Crickets or fruit flies were placed at
varying distances in front of the salamanders, which were allowed to ap-
proach the prey prior to initiating prey capture. Salamanders, prey, and the
substrate were illuminated by two Speco IR-200 near-infrared LED lights that
provided cool light to avoid warming the salamanders. Feeding trials were
conducted across a range of experimental temperatures (5, 10, 15, 20, and
25 °C) by varying the surface temperature of the feeding platform. Each
salamander rested with its ventral surface against the moist paper on the
temperature platform, acclimating to the experimental temperature for a
period of at least 15 min prior to feeding trials, and its body temperature
closely matched the temperature of the platform (±1 °C) (35). Body tem-
perature was measured by directing a Sixth Sense LT300 thermal radiation
thermometer at the dorsal surface of the head following each feeding
event. The temperature sequence of feeding trials for each individual was
randomized with one to three feedings recorded per experimental tem-
perature before attempting a different, randomly selected temperature.
Data from 10 and 20 °C trials was collected for the most species so it was
used to calculate Q10 values from performance parameters.

Kinematic and Dynamic Analysis. Digital image sequences from the Photron
camera were used to quantify movements of the tongue during prey capture
with respect to the upper jaw tip. The x, y coordinates of the tongue tip and
the upper jaw tip were recorded from the image sequences using NIH

ImageJ software running on an Apple iMac computer. Tongue-projection
distance was computed as the straight-line distance between the upper
jaw tip and tongue tip in each image of the feeding sequence. Coordinates
were recorded beginning with the first appearance of the tongue beyond
the upper jaw during tongue projection and ending with the withdrawal of
the tongue pad into the mouth at the end of tongue retraction.

The dynamics of tongue movements were calculated using published
methods (9, 45) by fitting a quintic spline to the distance–time data using the
pspline package in R statistical software. First and second derivatives of the
spline function were computed to yield instantaneous velocity and acceler-
ation, respectively, at an interpolated rate of 10 to 15 kHz. The smoothing
parameter of the spline was adjusted separately for tongue projection and
tongue retraction of each feeding event to remove secondary oscillation
artifacts from the velocity and acceleration traces. Instantaneous tongue
mass-specific power was calculated as the product of the velocity at each
point in time and its corresponding acceleration at the same point in time.
Projector muscle mass-specific power was calculated by multiplying tongue
mass-specific values by the average ratio of the mass of the tongue projectile
to the mass of the projector (SAR) muscles for each species. Similarly, power
achieved during tongue retraction was calculated by multiplying the power
by the average ratio of the mass of the tongue projectile to the mass of the
retractor (RCP) muscles.

Temperature effects on the maximum (i.e., peak) velocity and power of
tongue projection and retraction from each feeding were examined in each
salamander species separately. Biological rates are expected to have an ex-
ponential relationship with temperature; therefore, data were log10-trans-
formed. Data were divided into three overlapping temperature intervals (5
to 15, 10 to 20, and 5 to 25 °C, each ±1 °C) based on the body temperature at
which the data were gathered. An analysis of covariance (ANCOVA) was
used separately on each subset of the data to examine the effects of tem-
perature and individual salamander on peak velocity and power values. In-
dividual was included in the model as a random effect to account for body
size and other random individual differences. Measured body temperature
as a continuous variable was included to examine how kinematic and dy-
namic variables responded to changes in body temperature across each
temperature interval. Temperature coefficients indicating temperature
sensitivity (i.e., Q10 values) were computed for each variable across each
temperature interval as the base 10 antilogarithm of the partial regression
coefficients of the temperature effect in the ANCOVAs multiplied by 10 (45,
46). In our discussion of temperature effects, “thermal robustness” is in-
dicated by lower Q10 values, considerably lower than 2, and conversely
“thermal sensitivity” is indicated by higher Q10 values; thermal in-
dependence is indicated by Q10 = 1.

Tongue Morphology. We examined the relationships between the morphol-
ogy of tongue apparatus with tongue projection performance and thermal
robustness. Five morphological features were examined: 1) The spirality of
the collagenous aponeurosis within the projector (SAR) muscles (i.e., the
putative spring that propels the tongue in ballistic taxa) (Fig. 4); 2) the
presence of inner SAR myofibers that insert directly on the epibranchial
cartilage; 3) the aspect ratio of the cross section of the epibranchial carti-
lage; 4) the mass ratio of the SAR muscle to the tongue projectile; and 5) the
extent of attachment of the tongue pad to the lower jaw (i.e., length of the
genioglossus muscle). Data were compiled from previous studies (2, 21, 47,
48) with the exception of the salamandrid N. viridescens, for which new data
were collected using the same methods (46, 48) (Table 2 and SI Appendix,
Table S2).

Motor Control Data. Electromyographic patterns of tongue muscle activation
were examined from studies (2, 34, 42, 44, 45) that included both ballistic
taxa (Bolitoglossa franklini, Ensatina eschscholtzii, Eurycea guttolineata,
Hydromantes imperialis, Hydormantes supramontis, P. ruber) and non-
ballistic taxa (Desmognathus quadramaculatus, Plethodon metcalfi).

Evolutionary Analysis. The phylogeny used for this study includes 18 species of
salamanders, 15 ingroup species from Plethodontidae (Fig. 2 and Tables 1
and 2) and 3 outgroup species from Salamandridae (S. salamandra and N.
viridescens) and Ambystomatidae (A. maculatum). Phylogenetic relation-
ships of these species are based on the topology and branch lengths of the
most recent phylogeny (51), as the backbone with additional taxa and
branches inserted using published phylogenies (49, 50). A subset of taxa with
the most complete set of dynamics and morphology data that included 13
plethodontids and Salamandra as the outgroup was used for analyses of
quantitative performance traits. Values of morphological features, perfor-
mance traits, and thermal robustness (i.e., Q10 values) for each taxon used in
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the evolutionary analysis were means calculated from all individuals of that
taxon. In the case of peak velocity and peak power, the mean of the max-
imum value from each individual of the taxon was used. All morphological
and performance data, except aponeurosis spirality and Q10 values, were
log10-transformed prior to phylogenetic analyses.

PGLS regression was used to examine correlations between the continuous
morphological and performance traits while taking phylogenetic relation-
ships into account (77). PGLS was performed using a Brownian motion model
of evolution with the nlme package in R. Phylogenetic ANOVA was con-
ducted in R using the phylANOVA function in the phytools package (78) to
examine the effect of discrete characters on performance and robustness
variables, with 10,000 simulations and post hoc comparisons. A Benjami-
ni–Hochberg adjustment for false-discovery rate was conducted and ad-
justed P values are reported, although this adjustment did not change the
significance of any test at the P < 0.05 level.

Ancestral reconstruction was performed using 15 plethodontid taxa and
two outgroup taxa for the evolution of ballistic tongue projection. Ballistic
projection corresponds perfectly in the examined taxa with five other
characters—1) No inner myofibers, 2) aponeurosis spirality angle of over 30°,
3) high-power projection exceeding muscle power, 4) early SAR activation
relative to launch time (34, 42, 44, 45), and 5) an elastic-recoil mechanism—

therefore, only one binary character representing this suite of features was
reconstructed. Its evolution was estimated using the diversitree package in R
(79), modeled under a constant-rate Markov model. The maximum-

likelihood estimates for the transition rates of this model function were
calculated using the find.mle function, and these parameters were used to
estimate the marginal ancestral states at each node using the asr.marginal
function (79). We used an all-rates-different model in which initial transition
rates between the binary states were set at a range of values and final rates
were permitted to differ. The state of the interior nodes, including the node
at the base of the Plethodontidae, was left to vary as a range of likelihoods
of ballistic projection present. The results of this analysis reconstructed the
ancestral state for Plethodontidae as ballistic projection absent in most
scenarios, followed by subsequent repeated gain of ballistic projection,
depicted as bars in Fig. 2. The likelihoods at the interior nodes are nearly
identical to our earlier phylogenetic analysis conducted for the presence of
inner myofibers (48).

Data and Code Availability. Data used in this study are provided in SI Ap-
pendix. R code and associated data files used in the phylogenetic analyses
are available at DOI: 10.5281/zenodo.3688828.
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