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Summary

Although numerous studies have described the escape adults exhibit significantly greater maximum curvature
kinematics of fishes, little is known about the aquatic during stage 1. Total escape duration and the distance
escape responses of salamanders. We compare the escapéraveled during stage 2 did not differ significantly between
kinematics of larval and adult Eurycea bislineatathe two-  larvae and adults. Despite the significantly lower tail
lined salamander, to examine the effects of metamorphosis aspect ratio of adults, we found no significant decrease in
on aquatic escape performance. We hypothesize that the overall escape performance of adulE. bislineata Our
shape changes associated with resorption of the larval tail results suggest that adults may compensate for the
fin at metamorphosis will affect aquatic locomotor decrease in tail aspect ratio by increasing their maximum
performance. Escape responses were recorded using high- curvature. These findings do not support the hypothesis
speed video, and the effects of life stage and total length on that larvae exhibit better locomotor performance than
escape kinematics were analyzed statistically using adults as a result of stronger selective pressures on early
analysis of covariance. Our results show that both larval life stages.
and adult E. bislineatause a two-stage escape response
(similar to the C-starts of fishes) that consists of a
preparatory (stage 1) and a propulsive (stage 2) stroke. Movie available on-line:

The duration of both kinematic stages and the distance http://www.biologists.com/JEB/movies/jeb3978.html.

traveled during stage 2 increased with total length. Both

larval and adult E. bislineatahad final escape trajectories Key words: amphibian metamorphosis, salamander, escape response,
that were directed away from the stimulus. The main kinematics, C-start, tail morphology, locomotion, swimming,
kinematic difference between larvae and adults is that Eurycea bislineataPlethodontidae, Caudata.

Introduction

Amphibian metamorphosis has been used as a model systeccurs continuously throughout ontogeny and may not be
for investigating the performance consequences of rapidirectly linked to size (Wake and Lawson, 1973) or
changes in morphology (Lauder and Shaffer, 1986; Shaffer amdetamorphosis (Worthington, 1971; Babcock and Blais,
Lauder, 1988). Previous studies have shown that the aquafi001). In this study, we will focus on discrete morphological
feeding (Lauder and Shaffer, 1986; Reilly and Lauder, 1988hanges associated with metamorphosis. Specifically, we will
and locomotor (Shaffer et al., 1991) performance ofxamine the effects of tail fin resorption on the aquatic escape
ambystomatid salamanders decrease after metamorptperformance oEurycea bislineatgPlethodotidae), the two-
restructuring of the feeding apparatus and resorption of theed salamander.
larval tail fin. These ontogenetic comparisons of performance While there has been some interest in the terrestrial
between pre- and post-metamorphic individuals withinescape responses of salamanders (e.g. Dowdey and Brodie,
salamander species provide insight into the evolution of life1989; Whiteman and Wissinger, 1991) and a few
history strategies through heterochronic shifts. Whildnvestigators have studied the aquatic escape behavior of
ontogenetic changes such as the growth and ossification afuran tadpoles (Will, 1991; von Seckendorf Hoff, 1989; von
various vertebral elements and intervertebral articulations mayeckendorf Hoff and Wassersug, 2000), the aquatic escape
have a significant effect on undulatory locomotion, theseesponses of salamanders remain largely unexplored. The
changes are independent of metamorphosis (Babcock aedcape response literature is dominated by studies of fishes.
Blais, 2001). Morphological studies have shown that th&hese focus on kinematics (for a review, see Domenici and
development of many post-cranial features of salamandeBlake, 1997), motor pattern (Jayne and Lauder, 1993;
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Westneat et al., 1998) and neural control (Eaton et al., 1977, Materials and methods
Eaton and Bombardieri, 1978; Fetcho, 1991; Zottoli, 1978, Experimental animals
1995). Often referred to as a C-start or fast-start, the escapegayen adult and 14 larvlurycea b. bislineatdGreen)
response of most fishes is a rapid movement consisting of tWo.ra  collected
distinct stages. A variety of different criteria have been useg)

to define the two stages, including acceleration profiles anghjio edges of streams and were captured using a dip net,
musgle activation patterns, but, incommon _V‘{'t_h MaNyand adults were found under rocky substrata in the splash
previous studies, we will use a kinematic definition (.9,0ne. Only salamanders with fully intact tails were kept

Domenici and Blake, 1993b; Hale, 1999). Stage 1 represenis; |aporatory experiments. All salamanders were housed
the preparatory stroke, characterized by a high degree of axigyyiiqually in plastic containers (approximately 500 ml) and

bending with little movement of the center of mass. Stage gept in a refrigerator that maintained a constant temperature of

represents the propulsive stroke in which a large-amplitudgoc This corresponds to the temperature at which they were
propulsive wave is passed down the body, moving th@qjiected and is well within the range of published values for
animal’s center of mass away from the stimulus (WeihSyyg natyral habitat of aquatic plethodontid salamanders (mean
1973). o . .. temperature 11.3+6°C) (Hutchison and Dupré, 1992). Each
Eurycea bislineatavas chosen for this study because it is & gntainer was partially filled with ion-balanced reverse-
common local species whose propensity for aquatic escapgmqsis (RO) water and contained structure for salamanders to
behavior was well known to us from previous experience ifhiqe ynder and climb on. Salamanders were fed tubifex worms,
the field. Both adults and larvae spend their lives in closgq11 earthworms and wax worms. The life stage of each

proximity to streams. The larvae are entirely aquatic, while thg;;amander was determined using three external characters: (i)
adults inhabit the edges and splash zone of streams (Petranif, hresence of external gills, (ii) the presence of a tail fin (also

1998). In addition, adults may spend up to 4 months of the Yegp,n as a median fin-fold) and (iii) the presence of either the
in a stream during the breeding season (Petranka, 1998, mottled coloration of the larval stage or the pattern of
Predator avoidance in streams is therefore assumed t0 b ayht yellow coloration and characteristic pigmented dorso-
critical aspect of the ecology of both larval and adtlt  |5terq) stripes of the adult stage. In this study, the ‘adult’ life

bislineata. i ) ) ) _stage refers only to the post-metamorphic morphology, with no
The two main goals of this study are to provide a kinemati¢atarence to sexual maturity.

description of the escape responsé&ofycea bislineatand Morphometric data were gathered from digital images

to examine the effects of metamorphosis on aquatic escapgnred on a Nikon Coolpix 990 digital camera, calibrated
performance. We quantify and compare the following thrégih 4 ruler and analyzed using NIH Image 1.62. Animal
aspects of escape performance: the duration of both stagesi@fjection, care and experimental procedures were approved by
the escape, the final escape trajectory (at the end of stageyg) ynjversity of Massachusetts Amherst Institutional Animal
and the distance traveled during the propulsive phase of the;;e and Use Committee. All specimens were killed in a

escape (stage 2). On the basis of general scaling models (§ered solution of 2 gt tricaine methanesulfonate (MS222)
Sghmldt—NleIsep, 1993), we predict that totall escape duration \vater prior to being photographed for morphometric
will increase with body length. However, this scaling trendcasurements and later deposited in the Massachusetts

is not likely to shift significantly as a result of y;,seum of Natural History at UMASS Amherst.
metamorphosis. On the basis of both empirical data (Eaton

and Emberley, 1991; Domenici and Blake, 1993a; Hale, High-speed videography

1999) and theoretical predictions (Weihs and Webb, 1984) of Escape responses were filmed in dorsal view in a
optimal escape trajectory, we predict that both life stages @f0 cnx50 cnx10cm plastic tank half-filled with RO water.

E. bislineatawill have a final escape angle that is directedTo eliminate interference from the walls (such as the animals
away from the stimulus. This escape trajectory places thgushing off or fluid boundary effects), the field of view was
most vulnerable parts of the body farthest from a predatolimited to the center area (30 &30 cm) of the tank. Prior to

We will also test the hypothesis that the distance traveledliciting escape responses, salamanders were placed near the
during the propulsive phase of the escape will be a functiooenter of the field of view to maintain a minimum of 10cm
of the relative depth of the thrust-producing segment (Weihgat least 1bodylength) from the closest wall. High-speed
1973). Because of changes in tail shape associated wittideo of escape responses was recorded at 250 frabeess
metamorphosis, we predict that, for a given size, adults will/250 s shutter speed using a Kodak Ektapro EM processor
travel significantly shorter distances than larvae during stagend was downloaded to SVHS videotapes. Video sequences
2 of the escape response. Finally, by comparing escapeere converted to TIFF files using Adobe Premiere 5.1 and
performance between larvae and adults, we will test thanalyzed using NIH image 1.62. Distances in the video
hypothesis (Carrier, 1996) that higher levels of predation oeequences were calibrated by filming a 16 cm ruler before
the early life stages of a species result in young individualsach salamander was placed in the tank and after any
exhibiting better locomotor performance for their size tharadjustments to the camera. Water temperature in the filming
adults. tank was maintained at 10+1 °C to match the temperature of

from streams in Hampshire County,
assachusetts, USA. Larvae were found under rocks in the
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the holding tanks and that of the salamander’'s natur:
environment.

Filming trials were limited to a maximum of 15 min and five
escapes per individual per day to avoid fatigue and acclimatic
to the stimulus. After each filming trial, salamanders were
allowed a minimum of 3 days of recovery prior to the
subsequent filming trial. To test whether the salamanders we
fatiguing during the 15min filming period, we performed a
one-factor analysis of covariance (ANCOVA) comparing the
distance and duration of the first and last escape respon
recorded on each day by each salamander. We found | B -
significant difference in escape distanBe.984) or duration e
(P=0.843) between the initial and final escape response ,/ / o \ CL=0
recorded on a given day, indicating that the salamanders d |f" / I
not fatigue during the course of the 15min filming trial. To A J
look for possible long-term acclimation of the salamanders t \} /
our experimental protocol, we compared the initial filming 2
trials of each salamander with all subsequent days of da
collection using a one-factor analysis of variance (ANOVA).
We found that previous exposure to our experimental protoct C f
did not significantly affect the distance=0.216) or duration (l
(P=0.392) of the escape response. This suggests that long-te -
acclimation to both captivity and our experimental protocol dic / .
not have a significant effect on escape behavior. | /

Stimulus N

To elicit escape responses, we oriented a glass stirring re
(4mm in diameter) perpendicular to the long axis of the bod:
and delivered a tactile stimulus to the forelimb or the pectoréFig. 1. Bending coefficient. Dorsal view of salamanders at maximum
region of the salamanders. We were occasionally able to eliccurvature demonstrating three escapes (A—-C) with varying bending
escape responses by directing a tactile stimulus to the hind lincoefficients. Bending coefficienBC) is defined as the ratio of head-
or trunk region, but this was not consistently effective. Prior t¢o-tail chord length€L; dashed line) to total lengtfly) subtracted
the adoption of our experimental protocol, we tested thfrom 1: BC=1-(CL/TL). To view video clips of escape responses,
efficacy of various stimulus types used in previous studies t'€fer o the supplemental information section of wrnal of
elicit escape responses. Pressure waves created by tapping =XPerimental Biologyebsite (http://jeb.biologists.com).
side or bottom of a tank have been effective as a method
inducing escape responses in fishes (e.g. Eaton and Emberlkinematic stages were removed from our sample. In this study,
1991) and anuran tadpoles (Yamashita et al., 2000). In contrastage 1 is defined as beginning at the first detectable movement
we were unable consistently to induce an escape responseaimd ending when the body reaches maximum curvature. Stage
Eurycea bislineatausing this stimulus. However, since 2 is defined as beginning at maximum body curvature and
immobility has been shown to be a defensive response &nding at the frame in which the first propulsive wave has been
amphibians, it cannot be considered a lack of response (Brodieopagated off the body. The duration of each kinematic stage
et al., 1974; Caldwell et al., 1980). The use of immobility inwas calculated by multiplying the total number of frames by
combination with cryptic coloration may be an importantthe time interval (4 ms) between adjacent frames.
predator avoidance strategy, but in this study we will focus on Body curvature was quantified using a variation of
escape behavior induced by tactile stimuli. While it iscurvature coefficient as defined by Webb (1978). Curvature
consistent with our observations that a vibratory (pressureoefficient has previously been defined as the linear distance
wave) stimulus induces immobility iB. bislineata we have from the center of mass to the trailing edge of the tail at
performed no specific tests of this behavior. Responses to aflaximum curvature divided by that same distance at rest.
the various types of stimuli described above were largelyhus, curvature coefficient decreases with higher body

BC>1

consistent across both life stages and all individuals. curvature. In an attempt to use a more intuitive measure of
_ _ _ curvature, we define a variable that increases with increasing
Kinematic analysis body curvature. To avoid confusion, we call this parameter

We analyzed 7-11 escape responses per individual for a toteending coefficient’ (Fig. 1) and define it as the linear
of 159 escapes. All escape responses that included obviodistance (chord length) from the tip of the snout to the tip of
movement in the vertical direction or did not include boththe tail divided by total length and subtracted from 1. The
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escape kinematics oEurycea bislineatais unique when
compared with published results from fishes performing C
starts because the salamander’s head can pass over its
during high-curvature responses. Similar high-curvature
movements have also been observed during the air-breathi
maneuvers oKenopus laevitadpoles (Wassersug, 2001). In
escapes in which the head passes over the tail, the distar
between the snout and the tip of the tail is measured ¢
negative, resulting in a bending coefficient greater than 1.
Escape angles are defined here as the number of degr

through which a salamander rotates its head during eac|,

kinematic stage. To calculate this, we measured the angul
rotation of a digitized line drawn from the tip of the snout to
the pectoral girdle. This region of the body is easily visualizel
in the video sequences and remained essentially straight f
the duration of the escape. The angles reported al
standardized relative to the initial position of the salamande
which is defined as 0°. In calculating escape angles, previol
studies of C-start kinematics in fishes often used a line draw
from the rostral tip to the ‘stretched-straight center of mass
(Eaton and Emberley, 1991). Although this approach ma
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accurately measure the escape trajectories of many fishes
does not accurately describe the high-curvature escaj
kinematics of salamanders with an elongate body forn
because significant axial curvature is often observed in tk
region between the snout and the ‘stretched-straight center
mass’.

The distance that salamanders traveled during stage 2 w 0'053 R y
measured as the linear displacement of a digitized landmark «
the pectoral girdle between the time at maximum curvature ar...
the end of stage 2. Fig. 2. Lateral view of larval (A) and adult (Burycea bislineata

Tail aspect ratio4R) is defined as the ratio of the square of maximum
Statistical analyses tail height @) to lateral surface ared %A of the tail (shaded);

To compare the duration, distance and curvature paramete=H7LSA (C) Aspect ratioversustotal length. Aspect ratio differs
between the two ontogenetic stages, overall differences in to>/9Mificantly £=0.0007) between larva€j and adults M) but is
length were accounted for using a one-factor ANCOVA. LifenOt significantly correlated with total lengtP<0.4593; one-factor

ANCOVA). Scale bar, 1cm.
stage was set as the factor, total length was set as the covar
and escape parameters were treated as the dependent varial
Mean values for each individual were used in the ANCOVAstimulus followed by a traveling propulsive wave. Despite
test. Significance levels are reported after the non-significacbnsiderable variability in behavior following the end of stage
interaction terms have been removed. SuperAnova 1.11 was most escapes ended with the animal either gliding to a stop
used for all non-polar statistical tests. or continuing into a bout of steady swimming.

In our analysis of escape angles, we used a one-factor
ANOVA to test for individual effects within each life stage. Tail morphology
No significant difference in escape angle was detected amongThe change in tail shape of salamanders at metamorphosis
individuals. This allowed us to pool all escapes within each lifés a morphological transition likely to affect aquatic locomotor
stage prior to running polar statistics. A Watson-Williams tesperformance. Tail aspect ratio, defined as the ratio of maximum
was used to compare stage 1 and final escape angles betwtghheight squared to tail area, is an important morphological
the two life stages (Zar, 1996). Mean values and 95%eterminant of swimming hydrodynamics and performance
confidence intervals for stage 1 angles and final escape anglesl is used in this study as our measure of tail shape (Fig. 2)
were also calculated for both life stages (Zar, 1996). (Vogel, 1994). A significant difference in aspect ratio was

found between the two life stages using a one-factor ANCOVA
(P=0.0007). Aspect ratio ranged from 0.16 to 0.25 for larvae
Results and from 0.09 to 0.16 for adults. Tail aspect ratio was not found

The most common startle behavior observed was a two-stagebe significantly correlated with total leng#=0.4593). See

escape response consisting of an initial bend away from thable 1 for a summary of morphometric data.

0.15f

Tail aspect ratio
&
° o
o

0.10} m N -

Total length(cm)
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Table 1.Summary of morphological variables for 14 larval Table 2. ANCOVA results of comparisons between the two life

and seven aduEurycea bislineata stages oEurycea bislineatand correlations with total length
Variable Mean 3s.D. Range Life stage Total length
Total length (mm) Variable F-ratio P-value F-ratio P-value
;’:‘;"I‘;": :ff:ff%7zsl3 g’g'j’g‘fgésé Stage 1 duration 7.368 00142 9421 0.0066*
Tail Iu th T e Stage 2 duration 0.175 0.6810 9.018 0.0076**
all_ ength (mm) 24.68+5.64 15.02-33.56 Total escape duration  1.358  0.2590 11.093 0.0037**
Azr"l‘:‘e 55111910 29145092 Bending coefficient ~ 16.581  0.0007** 1.977 0.1767
s o PLELE A9 Stage 2 distance 1.803 0.1960  52.734 <0.0001%*
Maximum tail height (mm)
Larvae 4.21+0.92 2.51-5.44 * . .
Adults 4.28+0.96 2.34-5.39 P<0.05; P<0.01; 77P<0.001.
Tail area (mrf)
Larvae 94.02+36.80 36.01-155.12
Adults 150.21+64.13 49.13-259.45 Escape duration
Tal'_l aspect ratio 0.2040.02 0.16-0.25 Stage 1, stage 2 and total escape durations were analyzed
arvae o P with a one-factor ANCOVA with life stage as the factor and
Adults 0.13+£0.03 0.09-0.16 . .
Mass (g) total length as the covariate, and these results are summarized
Larvae 0.49+0.23 0.13-0.88 in Table 2. There is a significant difference in the duration of
Adults 1.18+0.51 0.35-1.80 stage 1 between the two life stag€s{.0142), with adults
taking longer to reach maximum curvature. Stage 2 duration
Tail aspect ratio=(maximum tail heighftail area. and total escape duration were statistically indistinguishable

between the two life stages. We found significant positive
_ correlations between total length and stage 1, stage 2 and total
Maximum curvature escape durations (Fig. 4). For all three parameters, the data
To compare differences between the two life stages and teere best fitted with a least-square linear regression (Fig. 4).
assess the effect of total length on bending coefficient, we used
a one-factor ANCOVA with life stage as the factor and Distance traveled in stage 2
total length as the covariate. Bending coefficient differs A one-factor ANCOVA with distance as the factor and total
significantly between life stageB=0.0007), with adults using length as the covariate was used to compare the distance
an escape response of greater curvature (Fig. 3; Table 2). traveled by larvae and adults during stage 2 (Fig. 5). While
contrast to most escapes performed by adults, larvae rardlyere was no significant difference between larvae and adults,
performed escape responses with bending coefficients greatbere was a significant positive correlation between distance
than 1. We found no significant correlation between bendingraveled during stage 2 and total length (Table 2).
coefficient and total length (Table 2).
Escape trajectories
We quantified escape angles by tracking the rotation of a
digitized line drawn from the tip of the snout to the pectoral
girdle. Escape trajectories generally consisted of a large initial
1.2 * rotation of the head away from the stimulus during stage 1,
followed by a smaller-magnitude rotation in the opposite

[2=Y
[E=Y
1
——

c

:8 1ok direction during stage 2, resulting in a final escape angle that
s § i was directed away from the stimulus (Fig. 6). The escape
§ 0.9 ‘% ‘}% angles were standardized for analysis so that the initial position
< o8} J % of the head is at the 0° position, the stimuli come from 270°

S <{ { ‘} ({ and initial rotation is clockwise.

m O A one-factor ANOVA revealed that neither stage 1 angle

\‘
T T
—0—

(P=0.1820; P=0.1822) nor final escape angl®=0.3315;
P=0.921) had a significant individual effect for the escapes of
s 4 5 6 7 8 9 10 11 larvae and adults respectively. Therefore, all escape angles for
Totallengh (cm) a given life stage were pooled prior to being analyzed using
Fig. 3. Mean bending coefficient &&.m., N=7-11 escapes) for each pola'r StatiSt.iCS' For each life stage, mean values and 95%
individual plotted against total length. Bending coefficient differsconfidence intervals were calculated for both stage 1 and final
significantly £=0.0007) between larvaej and adults M) but is ~ €scape angle. Larvae have a mean stage 1 angle of 158.14+

not significantly correlated with total lengtR=0.1767; one-factor 9.11° (N=108 escapes) (Fig. 6A) and a final escape angle of
ANCOVA). 80.27+11.14° (Fig. 6C). AdultdN=51 escapes) have a mean

o o
a_o
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5 50} © -7 //
_ &g 15z%
40F o~ 3
4 (o]
30 é 1.0 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10 11
180 Totallength(cm)
160 Fig. 5. Distance covered in stagez&sustotal length. Mean values
@ 140 calculated for each individual are plotted.em. (N=7—-11 escapes).
% Equations of linear regressions for stage 2 distance are
2 120 y=0.48X+0.0097 (2=0.69, P=0.0002) for larvae (open circles and
g 100 dashed line) and/=0.38x+0.274 (2=0.91, P=0.0008) for adults
S (filled squares and solid line). Distance travelled in stage 2 does not
cg 80 differ significantly between the two life stage®=0.196). Stage 2
g 60 distance is significantly positively correlated with total length.
40
20 1 1 L 1 L L L found that adults had mean escape angles that were
300 significantly higher than larvae for both stage 1 angle
C (P=0.038) and final escape angk=0.001). Despite this, we
& found that the 95% confidence intervals of the mean final
g 0¢ ¥ escape angles of both life stages overlapped with 90°. This
IS indicates that both life stages have final escape trajectories that,
s 200} on average, are directed away from the stimulus (Fig. 6C,D).
>
%
150 | . .
4 i - Discussion
}g 100 ﬁzé’;‘?% Resorption of the larval tail fin of salamanders at
= [ o~ ¢ metamorphosis results in a significant change in tail aspect
° ratio. It is generally understood that such decreases in tail depth
50 ' ' ! ' ' : ' decrease the mass of water accelerated and therefore the thrust
3 4 5 6 7 8 9 10 11 produced by a propulsive segment (Webb, 1977; Weihs, 1973).
Totd lengh (cm) In agreement with theoretical predictions, Shaffer et al. (1991)

Fig. 4. Stage 1 duration (A), stage 2 duration (B) and total escapg!owed that n_waximum_ bgrst_ _swimming speed of larval
duration (C)versustotal length. Mean values calculated for eachAmbystoma californiensis significantly higher than that of
individual are plotted s.e.m. (N=7-11 escapes). Equations of linear metamorphosed individuals without a tail fin. On the basis of

regressions for stage 1 duration g#&.45+19.8 (2=0.32,P=0.051)  hydrodynamic theory and existing empirical data, the
for larvae (open circles and dashed lines) wtl03+47.2 (2=0.50,  significantly lower tail aspect ratio of ad@trycea bislineata
P=0.076) for adults (filled squares and solid lines). Equations ofFig. 2) should decrease the thrust produced and therefore the
linear regressions for stage 2 duration yré1.5+12.1 ¢2=0.38, distance traveled in stage 2 of the escape.
P=0.025) for larvae and/=10.%+34.8 (?=0.663, P=0.026) for In contrast to the results predicted by this hypothesis, we
adults. Equatlonsi of Ilneai regressions for total escape duration 8und that the distance traveled in stage 2 did not differ
y=16.%+31.9 (2=0.40, P=0.02) for larvae andy=14.%+82.1 -
(r=0.72,P=0.016) for adults. For results of one-factor ANCOVA, 5|gn|flccfintly between larvae a.nd a(_jults (Table 2). AlthO.UQh the
refer to Table 2. adults in our sample h_ad_t_a|ls Wlth lower as_pect ratio, they
perform escapes with significantly higher maximum curvature
(Fig. 3). With an increase in the maximum curvature, a
stage 1 angle of 175.08+12.19° (Fig. 6B) and a final escapmrresponding increase in the wave amplitude and therefore the
angle of 97.12+9.45° (Fig. 6D). We tested for differencegearward thrust component of the propulsive wave should
between the two life stages with the Watson—-Williams test andccur in stage 2. Support for this comes from Andraso (1997),
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Fig. 6. Polar histograms showing the distribution of head angle at the end of stage 1 (stage 1 angle) (A,B) and stagmpgfarajle} (C,D)
respectively for larvae (A,CINE108) and adults (B,D)N=51). The number of escapes within 10° intervals increases linearly. The data are
standardized so that the salamander’s head is initially aligned at 0°, the stimulus is at 270 ° and all escapes begikvinsthdicbation. For

each polar plot, all escapes from a given life stage are pooled. Stars represent mean values for each life stage aatee9edvhawafidence
intervals. The 95% confidence intervals for the mean final escape angle of both larvae (C) and adults (D) overlap witha@i0g, thetic
neither is significantly different from 90 °.

who found that higher maximum curvature increases theloff, 1985; Doherty et al., 1998). However, experimental tail
distance traveled during C-starts in the brook sticklebackn ablations of up to 30% in depth have no significant effect
Culaea inconstandt is possible that the decreased tail aspecon maximum swimming velocity or the time needed to travel
ratio of adultEurycea bislineatds compensated for by an 2.5cm in the gray treefrogyla versicolor(Van Buskirk and
increase in maximum curvature, thereby maintaining a meadcCollum, 2000). Understanding the locomotor contributions
stage 2 escape distance that is similar to that of larvae. Thud, the larval tail fin in salamanders will require ablation
our initial performance predictions based on morphologicaéxperiments comparing locomotor performance within
differences are complicated by kinematic variation in thendividuals.
behavior. The final escape trajectory (measured at the end of stage 2)
The function of the amphibian tail fin as an effective thrustof the prey relative to a stimulus has been considered an
generating surface remains somewhat contentious. Despitemaportant measure of escape performance (Eaton and
lack of ossified support elements, the tail fin of bullfrBgrfa = Emberley, 1991; Domenici and Blake, 1993a; Hale, 1999).
catesbeianp tadpoles does not undergo passive lateraflthough values for the final trajectory of fast-starts in fishes
deflection during steady swimming and may thereforare variable when the stimulus is directed at the cranial or
contribute to thrust production (Wassersug and von Seckendarfudal end of the animal, laterally directed stimuli often result
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in an escape trajectory directly away from the stimulus (Eatoobserved in fishes (Webb, 1977, 1978; Domenici and Blake,
and Emberley, 1991; Domenici and Blake, 1993a; Hale, 19991993b). Despite the relatively shallow bodyEaf bislineata
Theoretical predictions of predator avoidance strategiethe range of distances traveled in stage 2 is comparable with
suggest that the optimal escape angle lies within 21° ofalues reported for fish of similar body length (Webb, 1978;
a predator's approach angle (Weihs and Webb, 1984Hale, 1999; Domenici and Blake, 1993b). The decrease in
Consistent with theoretical predictions and the observedotential thrust production due to a lower maximum body
behavior of fishes, we found that the mean final escape anglepth may be counteracted by the high-amplitude propulsive
(end of stage 2) for both life stages did not differ significantlywave associated with the high-curvature response&.of
from 90 ° (which is directly away from the stimulus). This final bislineata
escape angle positions the tail closest to and the head farthestt is possible that the neural mechanism initiating an escape
from the stimulus direction. This escape trajectory is alseesponse irEurycea bislineatadiffers from the Mauthner-
consistent with observations that tadpoles and salamanderstiated response described in fishes (Eaton et al., 1977;
often suffer tail loss or damage during interactions withEaton and Bombardieri, 1978; Fetcho, 1991; Zottoli, 1978,
predators (e.g. Caldwell et al., 1980; Whiteman and Wissinget995). Although numerous studies have correlated C-start
1991). behavior with the presence and activity of Mauthner neurons
In one laboratory experiment, adufiurycea bislineata (Zottoli, 1977), Eaton et al. (1982) showed that alternative
utilized tail autotomy in 59 % of encounters with a predatoryneural mechanisms can also induce kinematically similar
snake Thamnophis sirtalls and 33 % of individuals collected escape responses. Alternative neural mechanisms or
in the field had damaged, autotomized or regenerated taisriations in Mauthner cell morphology could affect both the
(Whiteman and Wissinger, 1991). Wake and Dresner (1967atency of a response and the type of stimulus that induces a
reported that 8.3 % of museum specimeri.dfislineatavere  response. Although it is not known whether Mauthner cells
either missing or had regenerated more than half the length afe present irE. bislineata they have been described in
their tails. Although adults in our study utilize higher curvaturdarvae and adults of numerous amphibian species, including
and greater net angular rotation during the escape, both lifeveral other plethodontid salamanders (Will, 1991; Zottoli,
stages use an escape trajectory that is directly away from1878).
laterally directed stimulus (Fig. 6). Carrier (1996) hypothesized that, as a result of heavy
Given the limited size range of our sample, we will onlypredation on the early life stages of individuals, selection will
discuss the general scaling trends observed in our data, widvor relatively better locomotor performance early in
no reference to various scaling models. We found that stagmtogeny. In the case Blrycea bislineatathe testing of such
1, stage 2 and total escape duration had significant positiy@edictions is complicated by morphological and ecological
correlations with total length. These results are consistemmhanges at metamorphosis. We found no evidence to support
with previous studies investigating escape performancthe hypothesis that aquatic escape performance decreases after
across a size range (Webb, 1977, 1978; Domenici and Blakeetamorphosis irE. bislineata.lt is likely that kinematic
1993b; Hale, 1999). Although the mean total escape duratiomsodulation of the escape response allows adults to sustain an
for both life stages oEurycea bislineataare considerably effective level of escape performance despite changes in
higher than for fish of similar body length, no comparablenorphology and ecology.
data are currently available for C-starts in fish with a similarly
elongate body shape (Domenici and Blake, 1997). An We are indebted to Nate Kley for initially making us aware
elongate body shape may be correlated with increased overafl the escape behavior of this species, helping to collect
body flexibility, allowing for higher maximum curvature salamanders and especially for his critical review of the
during the escape response (Brainerd and Patek, 1998). nmanuscript. We would like to thank the Brainerd laboratory
support of thisg. bislineata(with its elongate shape) utilizes group for helpful discussions during the course of this project,
higher-curvature escape responses than previously observaad we are especially grateful to Beth Brainerd for financial
in fishes performing C-starts. Westneat et al. (1998) observedipport as well as her comments on the manuscript. We
that, in high-curvature responses, the head and the caudal fiould like to thank Paolo Domenici for insightful discussions.
of Polypterus palamamade contact at maximum curvature. Jim O'Reilly’s statistical expertise was invaluable. Jason
Lacking a caudal fin, the tapering tails of adtiltbislineata Bourque collected our smallest adult salamander. Michele
may allow for greater maximum curvature by permittingDeleon helped collect and digitize sequences. Thanks to Brad
the head to pass over the tail during stage 1 of the escapdoon for sharing video of terrestrial escape&obislineata.
Given the high-curvature responses of adulbislineatait  We are grateful to Tanya Sukhu and Emily Jerome for reading
is likely that relatively more time is required to reachand commenting on the manuscript. We also thank Richard
maximum curvature, thereby increasing the total duration dfVassersug and an anonymous reviewer for their helpful
the escape. suggestions. Mark at Mandica lllustration and Design
The distance tha@urycea bislineatdravels during stage 2 prepared the illustrations for Figs 1 and 2. This work is
of the escape is positively correlated with total length. Similasupported by the National Science Foundation Grant No.
scaling trends for this performance parameter have be&875245.
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