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Fig. 3. Representative electromyographic (EMG) signals (black lines) and
the root mean square (r.m.s.) of the signals (20 ms time constant, blue
lines) from the m. subarcualis rectus (SAR) and m. rectus cervicis
profundus (RCP) in an individual Ensatina eschscholtzii at 6°C (top) and
19°C (bottom). Traces are aligned at the start of tongue projection (A, green
vertical line extending through all traces). The time of maximum tongue
projection (B) and time of the end of tongue retraction (C) are indicated by
vertical yellow lines. Note the earlier activation and longer activity duration of
the SAR and the increased activity duration of the RCP at 6°C.

duration from the end of SAR activity to the start of tongue
projection all decreased at higher temperatures in non-ballistic
species. These trends were similar between ballistic and non-
ballistic tongue projection as there was no significant difference in
1/Q1 values for any SAR activity durations (Table 2, Fig. 6).

Timing and duration of RCP activity

The timing of RCP activity was also variable across temperatures
(Table 1). The start of RCP activity occurred both before and after
the initiation of tongue projection and maximum tongue projection.
Activity generally ceased after maximum tongue projection, but
frequently continued until the tongue was completely withdrawn
into the mouth. Although this general timing occurred in both
ballistic and non-ballistic species, there were differences between
the two groups. The duration from the start of RCP activity to
maximum tongue projection was significantly longer in non-
ballistic species at all temperatures except for 5°C (Table S5, Fig. 7),
indicating that non-ballistic species activate the RCP earlier during
tongue projection. Non-ballistic species also ceased RCP activity
significantly later than ballistic species at all temperatures except
5°C. The earlier activation coupled with later deactivation of the
RCP in non-ballistic species results in significantly longer RCP
activity durations at temperatures above 5°C.

RCP activity generally showed similar temperature effects in
ballistic and non-ballistic species. In ballistic tongue projection,
the duration of RCP activity, duration from the start of RCP
activity to maximum tongue projection, and duration from the end
of RCP activity to maximum tongue projection all decreased with
increasing temperature (Table S6, Fig. 7). These trends were
mainly due to thermal sensitivity at lower temperatures as the same
variables all significantly decreased with temperature at 5-15°C

and 10-20°C. In non-ballistic tongue projection, the duration of
RCP activity, the duration from the start of RCP activity to
maximum tongue projection, and the duration from the end of
RCP activity to maximum tongue projection also all decreased as
temperature increased. However, for the duration from the start of
RCP activity to maximum tongue projection, this trend was due to
changes across the 10-20°C interval. The temperature effects were
similar in both groups. There was no significant difference in
1/Q1 values of RCP activity duration or the duration from the start
of RCP activity to maximum tongue projection between the
groups. However, ballistic species did have significantly higher
1/Qo values for the duration from the end of RCP activity to
maximum tongue projection at 5—15°C and 10-20°C, but not at
15-25°C. These differences at the smaller temperature intervals
did not result in significantly different 1/Q, values over the entire
temperature range (Table 2, Fig. 7).

Muscle activity intensity

Muscle activity intensity generally increased with temperature. In
ballistic species, SAR r.m.s. increased with temperature across all
temperature intervals, whereas RCP r.m.s. significantly increased
with temperature only at 5—15°C (Table S6, Fig. 8). The intensity of
activity in the SAR and RCP showed similar temperature effects in
non-ballistic species. SAR and RCP rm.s. increased with
temperature in the 5-15°C and 10-20°C intervals and the full
temperature range, but were temperature independent from 15 to
25°C. The overall trend of increasing activity intensity with
temperature in both ballistic and non-ballistic species results in
similar temperature effects between the two groups. There was no
significant difference in the Qo values of SAR r.m.s. at any
temperature interval, and RCP r.m.s. Qjo values only differed at
10-20°C (Table 2, Fig. 8).

DISCUSSION

Motor control of tongue projection

Bolitoglossa and Ensatina captured prey via ballistic tongue
projection with high kinematic and dynamic values consistent
with elastic power (Table S1, Fig. 2). The muscle activation
patterns of the SAR in these species are consistent with a
mechanism involving the loading and subsequent recoil of elastic
tissues. The start of SAR activity occurred 49 to 300 ms prior
to the start of tongue projection. Electromechanical delay from
stimulation to increase in muscle tension in the SAR of
plethodontids can be as short as 4 ms, and the SAR can reach
90% of peak tension within 50 to 200 ms of stimulations
(Anderson et al., 2014). Thus, the timing of SAR activation
observed here should be adequate to load strain energy in elastic
tissue that can later recoil to power tongue projection. This timing
is comparable to muscle activation preceding elastically powered
feeding movements in other plethodontids (63—279 ms; Deban
et al., 2007; Anderson et al., 2014), toads (150-250 ms; Lappin
et al., 2006), chameleons (200—300 ms; Wainwright and Bennett,
1992; de Groot and van Leeuwen, 2004; Anderson and Deban,
2012) and other high-speed, elastically powered movements
(Bennet-Clark and Lucey, 1967; Burrows, 2006; Patek et al., 2006,
Van Wassenbergh et al., 2008; Roberts and Azizi, 2011; Kagaya
and Patek, 2016). Interestingly, SAR activity frequently continued,
often at low levels, well into tongue projection, suggesting that
there is a muscular component to projection. How this muscle
activity contributes to projection remains unclear, but was also
observed in Eurycea guttolineata (Anderson et al., 2014), and a
similar pattern of muscle activity combined with elastic recoil
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SAR RCP Fig. 4. Scatterplots of m. subarcualis rectus
A . . * . . B * * . * . * . (SAR) and m. rectus cervicis profundus
1/Q10: 1.48 1.46 1.51 1.49 1/Q10: 1.80 1.85 114 1.48 (RCP) activity timing versus body
. 0.50+ 0.50 1 temperature for all feedings of Bolitoglossa
L w franklini (blue, n=146) and Ensatina
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2 = g &o o, o £ Aa tongue projection and end to maximum tongue
3 0.054 g 0054 v° ¢ = Vo oga a0, projection, respectively. y-axes have logig
E(: o v * - A scales. Asterisks across the top of each graph
n 8 & . oL indicate significant differences in performance
0.024 0.02 | Bolitoglossa b i? o between the two groups at each nominal
+ experimental temperature. Regression lines
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- 1/Qq0: 2.34* 1.06 1.07 118 & 1/Qq0:2.60* 1.94* 1.02 1.70*
§ 0.200 S 0.2+
2] ° [8}
S 0.100 s N 2 014
g © s _
é 0.050 Ou o nv : + o o g 0.05
o o
5 TR @ e B 0]
9 0020 S FE o g
= % L o x 0.014
& 0.0104 + u o A4 P
= S S £ 0.005
i) o e e
- 0.0057 v i
3 e ° S 0.002- s
% 0.002 a % 0.001 4
(%) @ ¥
0.001- 3 Y 0.0005
T T T T T T T T T T
5 10 15 20 25 5 10 15 20 25

Temperature (°C)

occurs in jumping frogs (Roberts and Marsh, 2003; Astley and
Roberts, 2012).

Non-ballistic species had low values for kinematic and dynamic
performance parameters for both tongue projection and retraction
(Table S1, Fig. 2), suggesting they result from the same mechanism —
muscle power. Activation patterns of the SAR are also consistent with
muscle-powered tongue projection in these species in two important
ways. First, the latency of the start of SAR activity relative to the
initiation of tongue projection is short, averaging only 59 ms and
directly preceding tongue projection by as little as 25 ms. This latency
is much shorter than those of elastic feeding systems (Wainwright and
Bennett, 1992; Van Wassenbergh et al., 2008; Deban and Lappin,
2011; Anderson and Deban, 2012; Anderson et al., 2014) and may not
allow sufficient time for the loading and recoil of elastic tissue
(Table 1). Second, although peak muscle activity did occur prior to the

start of tongue projection, SAR activity frequently continued well into
tongue projection, suggesting a significant muscular contribution
during projection.

The difference in timing of SAR activity between the two groups
reveals a mechanism of elastic energy storage in ballistic tongue
projection, but not in the species exhibiting non-ballistic tongue
projection. The duration of SAR activity did not consistently differ
between the ballistic and non-ballistic species (Table S5), and even
when there was a difference, activity durations showed substantial
overlap (Table 1, Fig. 6, Table S5). However, the SAR activity of
ballistic species typically starts and ends earlier relative to tongue
projection compared with non-ballistic species. This shift to earlier
muscle activity is consistent with muscle contraction loading elastic
tissue with strain energy in ballistic species (Deban and Dicke,
1999; Deban et al., 2007; Anderson and Deban, 2012; Anderson
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SAR RCP Fig. 5. Scatterplots of SAR and RCP activity
A * * * * * B timing versus body temperature for all
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et al., 2014). Conversely, the later activity observed in the non-
ballistic species is consistent with tongue projection being powered
directly by muscle. This shift in muscle activity timing suggests that
subtle changes in morphology accompanied by rather simple
modifications in motor control are sufficient to produce the radically
different performances observed in muscle-powered and elastically
powered tongue projection.

Changes in temperature had a significant and similar effect on the
timing of SAR activity in ballistic and non-ballistic tongue
projection. Both groups activated the SAR earlier and for longer
durations at lower temperatures (Table 1, Fig. 6). The early
activation and increased activity times likely result from the SAR
taking longer to do the same work as a result of the reduced rates of
contraction and force development of muscles at lower temperatures
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(Ranatunga, 1982; Bennett, 1984; Rall and Woledge, 1990; Swoap
et al., 1993; James, 2013) and are common responses of muscle
activity to reduced temperatures (Jayne and Daggy, 2000; Deban
and Lappin, 2011; Anderson and Deban, 2012; Anderson et al.,
2014). The similar responses in motor control to temperature
changes suggest that neural and muscular properties do not differ
among these species despite their different tongue projection
mechanisms. However, tongue projection performance was
significantly more robust to temperature changes in ballistic
species than non-ballistic species regardless of the thermal
sensitivity of SAR activity (Table 2, Figs 2, 6). The maintenance
of the high tongue projection performance at low temperature in
ballistic species is therefore not the result of temperature-related
changes in motor control. Additionally, the discrepancy between the

)
(@)}
9
je
(2]
©
-+
c
()
£
—
()
o
x
[N
Y=
(©)
‘©
c
—
>
(®)
-_



http://jeb.biologists.org/lookup/doi/10.1242/jeb.145896.supplemental

RESEARCH ARTICLE

Journal of Experimental Biology (2017) 220, 938-951 doi:10.1242/jeb.145896

Ballistic
*

Non-ballistic
*

Fig. 6. Scatterplots of m. subarcualis rectus (SAR)

A * * B * * activity timing versus body temperature for feedings
1/1Qq0:1.57% 1.45% 1.45% 1.51* 1Q0:1.41* 1.48* 1.34* 1.38%  of pallistic and non-ballistic tongue projection.
0.50- 0.50 (A,B) Activity duration; (C,D) start to tongue projection
m ) ' start; (E,F) end to tongue projection start. y-axes have
g o log1o scales and are the same for a given parameter to
2 : " facilitate comparison ballistic and non-ballistic
g projection. Note the similar effects of temperature on
T 0.201 0.20 muscle activity in both groups, but a significantly earlier
%‘ start and end of SAR activity in ballistic tongue
'«g projection. Indications as in Fig. 2.
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temperature effects on motor control and performance between
ballistic and non-ballistic species suggests that the decreased
temperature dependence of ballistic projection is also not the
result of specializations in muscle physiology. Instead, the thermal
robustness of ballistic species likely results from the low thermal
sensitivity of the mechanical properties of elastic tissues
(Alexander, 1966; Denny and Miller, 2006) and the relatively low
thermal dependence of muscle work used to load the elastic tissues
(as compared with the high thermal dependence of rate properties
such as muscle contractile velocity and power).

We provide compelling evidence that morphological variation
underlies the differences in motor control and temperature effects
between ballistic and non-ballistic species. Yet, in the absence of
phylogenetically informed analysis, we cannot rule out the

possibility that phylogenetic relationships also play a role.
However, Bolitoglossa and Ensatina represent two independent
evolutions of elastically powered tongue projection, and Ensatina is
more closely related to Desmognathus and Plethodon than to
Bolitoglossa (Vieites et al., 2011; Shen et al., 2016), suggesting that
phylogenetic relationships likely do not play a primary role in
explaining the differences observed here.

Motor control of tongue retraction

Activity patterns of the RCP are consistent with braking of the
tongue at the end of projection along with tongue retraction in both
ballistic and non-ballistic species. The RCP was activated
subsequent to the SAR and frequently after the onset of tongue
projection, but usually prior to maximum tongue projection in both
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Table 2. Results of ANCOVA examining the effects of group x temperature interaction in each of the experimental temperature intervals for ballistic
and non-ballistic species

5-15°C 10-20°C 15-25°C 5-25°C
Variable F-ratio P-value F-ratio P-value F-ratio P-value F-ratio P-value
Projection distance 8.7 0.0035* 4.01 0.0462 1.9 0.1691 3.68 0.0559
Projection duration 27.86 0.0000* 5.13 0.0243* 5.44 0.0205* 44.82 0.0000*
Average projection velocity 24.65 0.0000* 7.25 0.0075* 4.91 0.0276 39.58 0.0000*
Max. projection velocity 68.84 0.0000* 41.22 0.0000* 19.65 0.0000* 143.5 0.0000*
Max. projection acceleration 58.39 0.0000* 56.58 0.0000* 17.99 0.0000* 147.46 0.0000*
Max. projection power 75.22 0.0000* 59.65 0.0000* 18.92 0.0000* 169.36 0.0000*
Projection kinetic energy 71.39 0.0000* 41.36 0.0000* 20.91 0.0000* 145.59 0.0000*
Retraction duration 3.03 0.0828 0.12 0.7296 0.05 0.8155 1.91 0.1673
Average retraction velocity 2.91 0.0891 1.37 0.2426 1 0.3189 0.4 0.5297
Max. retraction velocity 1.17 0.2808 5.84 0.0163* 0.95 0.3295 0.13 0.7207
Max. retraction acceleration 2.09 0.1494 0.02 0.8939 0.08 0.7758 1.62 0.2031
Max. retraction power 5.33 0.0217* 0.39 0.5311 0 0.9937 4.49 0.0346
SAR activity duration 2.33 0.1281 0.1 0.7571 1.64 0.2012 5.45 0.02
SAR start to tongue projection start 0 0.9977 1.07 0.3009 0.29 0.5937 0.11 0.7389
SAR max. r.m.s. to tongue projection start 0 0.9608 0.28 0.5997 0.06 0.8062 0 0.9487
SAR end to tongue projection start 0.34 0.563 0.04 0.8511 0.03 0.8676 0.22 0.6389
SAR r.m.s. 0.04 0.8473 2.06 0.1522 5.33 0.0218 4.63 0.032
RCP activity duration 6.07 0.0143 4.69 0.0312 0.19 0.6629 5.1 0.0244
RCP start to max. tongue projection 0.24 0.6211 0.64 0.425 1.38 0.2407 1.42 0.2336
RCP end to max. tongue projection 9.59 0.0022* 9.48 0.0023* 2.38 0.1243 7.46 0.0066
RCP r.m.s. 1.62 0.2041 15.07 0.0001* 1.54 0.2157 1.56 0.2119

Asterisks indicate a significant interaction after adjusting for false discovery rate (P<0.05). Full model includes individual as a random effect and projection
distance as a covariate. Bold indicates a significant effect of projection distance. RCP, m. rectus cervicis profundus; r.m.s., root mean square; SAR, m. subarcualis

rectus.

groups (Table 1). This timing of muscle activity indicates that the
RCP plays a role in braking the tongue near the end of tongue
projection. In some cases, the RCP was activated after maximum
tongue projection, and the RCP often remained active throughout
tongue retraction in a pattern consistent with the function of tongue
retraction. Furthermore, although RCP activity was variable,
initiation near the start of tongue retraction to immediately after
peak tongue projection suggests that tongue retraction is muscle-
powered, consistent with previous studies (Deban and Dicke, 1999;
Deban et al., 2007; Anderson et al., 2014).

Despite the similarities in RCP activity, species with non-ballistic
tongue projection activated the RCP earlier and turned it off later,
resulting in longer activity durations compared with ballistic-
tongued species. This is an intriguing result because all of the
species included in this study use the same retraction mechanism
(Lombard and Wake, 1977). Earlier RCP activation in non-ballistic
tongue projection may occur to commence braking of the tongue
quicker during the relatively shorter tongue projections. It is also
possible that the higher velocity of projection in ballistic species
may help load the RCP eccentrically and enhance force so that the
RCP can turn on later.

Temperature effects on RCP activity were generally similar
between ballistic and non-ballistic species, with earlier activation
and later deactivation at lower temperatures resulting in longer
activity durations (Tables 1, 2, Fig. 7). The later deactivation of the
RCP relative to peak tongue projection likely indicates that it takes
longer to retract the tongue at lower temperatures owing to reduced
contractile rates of muscle at lower temperatures. The earlier
activation of the RCP is somewhat surprising because the RCP may
be limited in how early it can be activated without interfering with
tongue projection. Relative thermal independence of the start of
RCP activity has been observed in Eurycea guttolineata (above
5-10°C; Anderson et al., 2014) and chameleons (Anderson and
Deban, 2012), suggesting that interference may be a problem. The
earlier RCP activation observed in the present study suggests that
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these species may activate the RCP sufficiently late in tongue
projection at warmer temperatures so that shifting RCP activation
earlier at colder temperatures still does not interfere with projection.
However, based on the absence of a temperature effect on RCP
activation at 5—15°C, this temperature range may be the limit where
early RCP activation interferes with projection in non-ballistic
species, restricting the range of activation times. It may also be that
the RCP of the smaller Eurycea develops tension faster than the
RCP of the larger species studied here, making interference with
projection more likely in Eurycea (Anderson et al., 2014).

In contrast to the SAR and tongue projection, decrements in
retraction performance accompanied shifts in RCP activity at low
temperatures in both ballistic and non-ballistic species. The similar
relationships between temperature, motor control and tongue
retraction in the two groups suggest that retraction is muscle-
powered in both groups, and subject to the thermal limitations of
muscle physiology (Bennett, 1984, 1985; James, 2013). A trend of
muscle-powered tongue retraction strongly affected by temperature
is observed in a variety of other feeding systems including tongue
projection in Eurycea (Anderson et al., 2014), toads and true frogs
(Deban and Lappin, 2011; Sandusky and Deban, 2012), and
chameleons (Anderson and Deban, 2012).

Intensity of muscle activity

The intensity of activation of the both SAR and RCP decreased at
lower temperatures in ballistic and non-ballistic species (Fig. 8),
suggesting that the salamanders examined here either recruit fewer
muscle fibers or activate each fiber at a lower frequency at low
temperatures. Thus, ballistic-tongued species do not maintain their
performance at lower temperatures by recruiting more muscle fibers,
a mechanism that has been suggested for feeding systems (Devries
and Wainwright, 2006). Muscle activity intensity displayed a
similar trend in FEurycea, another plethodontid salamander
(Anderson et al., 2014), but is independent of temperature during
tongue projection in toads (Deban and Lappin, 2011) and
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chameleons (Anderson and Deban, 2012). The precise Wake, 1977; Deban et al., 2007; Deban and Scales, 2016). The

physiological limitations underlying reduced muscle activity
intensity at low temperatures in plethodontid salamanders is not
known, but may stem from changes in motor unit recruitment or
reduced nerve conduction at low temperatures (Abramson et al.,
1966; Rome et al., 1984; Jayne et al., 1990; Hill et al., 2008).

Conclusions

The ballistic tongue projection of Bolitoglossa and Ensatina
achieves significantly higher performance (e.g. velocity,
acceleration and power) and increased thermal robustness (lower
Q10 and 1/Q values) compared with the non-ballistic tongue
projection of Desmognathus and Plethodon. This drastic difference
in performance and thermal sensitivity is attributed to different
mechanisms underlying tongue projection. Ballistic tongue
projection is powered by elastic recoil, whereas non-ballistic
tongue projection results from direct muscle power (Lombard and

difference in mechanisms is reflected in the motor patterns of the
SAR. Early activation and deactivation of the SAR in ballistic
tongue projection is congruous with muscle loading elastic tissue
with strain energy, which is then released rapidly to power tongue
projection (Wainwright and Bennett, 1992; Deban et al., 2007; Van
Wassenbergh et al., 2008; Deban and Lappin, 2011; Anderson and
Deban, 2012; Anderson et al., 2014). Conversely, muscle activation
in non-ballistic tongue projection occurred shortly before tongue
projection, which is in accord with muscle directly powering
projection. Thus, simple shifts in muscle activation coupled with
relatively few morphological changes can result in extreme
performance differences.

Elastically powered ballistic movements that display increased
thermal robustness in performance have evolved independently
multiple times in frogs, chameleons and salamanders (Anderson
and Deban, 2010, 2012; Deban and Lappin, 2011; Deban and
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A Ballistic B Non-ballistic Fig. 8. Scatterplots of m. subarcualis rectus (SAR) and
Qq0: 1.89* 1.80* 1.59* 1.76* Qqo: 1.96* 1.44* 1.06 1.45* m.rectus cervicis profundus (RCP) activity intensity
5.000] 5.000 versus body temperature for feedings of ballistic and non-
v ballistic tongue projection. Note the reduced activity intensity
2.000+ 2.000 at the lowest temperatures. Indications as in Fig. 2.
< 1.000 1.000-
& 0.500- 0.500
E 0.200 0.200
Et 0.100+ 0.1004
@ 0.050 0.050
0.020 0.020+
0.010 0.010+
T T T T T T T
c * * D . * * *
Qio: 1.44* 074 1.16 1.23 Qqo: 1.89* 1.56* 0.88 1.40
5.000 5.000
AYy A4 v
2.000+ 2.0004 ¥ v & = A
0, Ve o A
< 1.000- 10004 +o % % % .
> + 7 £ v?
5 0.500 0.500 o "vE o7&
£ 0.200 0.200 Y TN
[ . . g A
& 0.100 0100{45 & & sfo“eﬁ’
X 0.050] 0.0504 25 S P oy 8
[u] o B
0.020] 00204 % o8 o
0010 T T T T T 0010 T T T T T
5 10 15 20 25 5 10 15 20 25

Temperature (°C)

Richardson, 2011; Sandusky and Deban, 2012). However, whether
motor patterns have converged is difficult to determine because the
morphology of projection mechanisms varies widely. The taxa
examined here, Bolitoglossa and FEnsatina, represent two
independent evolutions of elastically powered tongue projection
within the Plethodontidae (Vieites et al., 2011; Shen et al., 2016),
from an ancestrally similar non-elastic tongue apparatus (Deban
and Scales, 2016; Scales et al., 2016). Although there are some
differences between these taxa in motor control, they both show a
shift to earlier activation and deactivation of the SAR compared
with the presumed ancestrally conserved motor patterns of
Desmognathus and Plethodon, suggesting that there has been a
convergence of not only morphology, but also motor control.
Despite the changes in motor patterns, we find multiple lines of
evidence that variation in muscle recruitment (i.e. level of
excitation) does not explain the differences in the thermal
sensitivity of tongue projection. First, muscle activity in species
with ballistic and non-ballistic projection mechanisms show similar
trends with temperature, with muscle activity increasing in duration
at lower temperatures. Increased activity duration is a typical
response of muscle to low temperatures in order to compensate for
slower muscle contractile rates (Bennett, 1985; Jayne and Daggy,
2000; Anderson and Deban, 2012). Second, both the SAR and RCP
exhibited increased duration of activity at lower temperatures in all
species, but only tongue retraction showed large temperature-related
decline in performance in ballistic species. Finally, muscle activity
intensity decreased at lower temperatures regardless of tongue
projection mechanism; therefore, compensatory changes in muscle
recruitment, such as increased recruitment at low temperatures, do
not occur and cannot account for the differences in thermal
sensitivity of performance. These data provide evidence that the
projector muscle of ballistic tongued species has no physiological
specialization that would by itself account for increased thermal
robustness. Thus, relatively subtle changes in morphology such as
increased collagen and no muscular attachment to the epibranchials
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(Deban and Scales, 2016; Scales et al., 2016), coupled with a shift in
motor pattern, are sufficient to dramatically increase the thermal
robustness of performance without specialization of muscle
contractile physiology.
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