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Summary. We quantified midline kinematics with syn- 
chronized electromyograms (emgs) from the red and 
white muscles on both sides of bluegill sunfish (Lepomis 
macrochirus) during escape behaviors which were elicited 
from fish both at a standstill and during steady speed 
swimming. Analyses of variance determined whether or 
not kinematic and emg variables differed significantly be- 
tween muscle fiber types, among longitudinal positions, 
and between swimming versus standstill trials. 

At a given longitudinal location, both the red and 
white muscle were usually activated synchronously dur- 
ing both stages of the escape behavior. Stage 1 emg onsets 
were synchronous; however, the mean durations of stage 
1 emgs showed a significant increase posteriorly from 
about 11 to 15 ms. Stage 2 emgs had significant posterior 
propagation, but the duration of the stage 2 emgs was 
constant (17 ms). Posterior emgs from both stages oc- 
curred during lengthening of the contractile tissue (as 
indicated by lateral bending). Steady swimming activity 
was confined to red muscle bursts which were propagat- 
ed posteriorly and had significant posterior decrease in 
duration from about 50% to 37% of a cycle. Fish per- 
formed escape responses during all phases of the steady 
swimming motor  pattern. All kinematic events were 
propagated posteriorly. Furthermore, no distinct kine- 
matic event corresponded to the time intervals of the 
stage 1 and 2 emgs. The rate of propagation of kinematic 

Abbreviations: A, angle of lateral flexion (bending) of midline at a 
single point in time; A1, A2, change in A from To to T1 and from 
T~ to T2; AMX, maximal lateral flexion concave towards the side of 
the stage 1 emg; AMXR, equals AMX minus A at To; AT1, AT2, 
lateral flexion at T1 and T2; DUR1, DUR2, durations of stage 1 and 
stage 2 emgs; emg, electromyogram ON2, onset time of stage 2 emg; 
RELDUR, relative duration of steady swimming emg; To, T~, T2, 
times of stage 1 emg onset, latest stage 1 emg offset and latest stage 
2 emg offset standardized such that To = 0; TAMX, TAMN, 
TYMX, times of maximal lateral flexion, no lateral flexion and 
maximum lateral displacement; Y1, Y2, amounts of lateral dis- 
placement from To to T~ and from T~ to T2; YMXR, relative 
amount of lateral displacement from To to TYMX 
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events was always slower than that of the muscle activity. 
The phase relationship between lateral displacement and 
lateral bending also changed along the length of the fish. 
Escape responses performed during swimming averaged 
smaller amplitudes of stage 2 posterior lateral displace- 
ment; however, most other kinematic and emg variables 
did not vary significantly between these two treatments. 

Key words: Muscle - Locomotion - Fish - Electromyo- 
graphy - Kinematics 

Introduction 

The escape response of fishes is one of the most rapid 
locomotor  behaviors of vertebrates, and as such it is of 
great interest to such diverse areas as predator-prey ecol- 
ogy (Webb and Skadsen 1980), functional morphology 
(Webb 1978), muscle physiology (Wardle 1975; Rome 
and Sosnicki 1991) and neurophysiology (recent reviews: 
Eaton et al. 1991 ; Eaton and Hackett  1984). Electrophys- 
iological studies have found that the latency between a 
sudden visual or vibrational stimulus and neuromuscular 
activity during the escape response may be less than 10 
ms (Eaton et al. 1981). Extracellular recordings have 
found that the Mauthner cell is sufficient to cause the 
synchronous activation of the white musculature along 
the concave side of an initial C-shape formed by the fish 
(Zottoli 1977; Eaton et al. 1981), but alternative path- 
ways can also yield similar behaviors which have all been 
collectively termed either fast-starts or escape responses 
(Eaton et al. 1982). The initial C-formation of the escape 
response is usually referred to as stage 1 (Weihs 1973), 
and Eaton et al. (1981) found that this stage had a higher 
degree of stereotypy than later events. Stage 1 elec- 
t romyograms (emgs) are usually followed by high ampli- 
tude, contralateral emgs; however, with the exception of 
very recent work (Foreman and Eaton 1993), stage 2 
neuromuscular activity is poorly understood compared 
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to tha t  of  s tage 1. Al l  p rev ious  e l e c t r o m y o g r a p h i c  studies 
of  the escape  response  have  examined  only  events for fish 
tha t  were in i t ia l ly  at  a s tands t i l l  before  they were start led.  
However ,  recent  ex t race l lu l a r  record ings  from nerves in 
fictive p r e p a r a t i o n s  have  begun  to address  how the es- 
cape  response  c i rcu i t ry  m a y  in te rac t  wi th  tha t  involved  in 
s t eady  s w i m m i n g  (Fe tcho  1992). 

Ea r ly  k inema t i c  ana lyses  of  escape responses  have 
shown tha t  the  m o v e m e n t s  a ssoc ia ted  with stage 1 m a y  
take  less than  30 ms a n d  are  faster  t han  any  o ther  loco-  
m o t o r  behav io r  of  fishes (Ea ton  et al. 1977; W e b b  1978). 
To be t te r  u n d e r s t a n d  how fish evade  p r e d a t o r s  and  re- 
s p o n d  to va ry ing  o r i en t a t i on  of s t imulus,  add i t i ona l  
ana lyses  of  the escape  b e h a v i o r  have used diverse  meth-  
ods  to de te rmine  the m a x i m a l  veloci t ies  and  t ra jec tor ies  
as well as o the r  i nd ica to r s  of  the pe r fo rmance  of the es- 
cape  (Ea ton  et al. 1988; E a t o n  and  Ember l ey  1991; 
H a r p e r  and  Blake 1990; Covel l  et al. 1991). Several  kine-  
ma t i c  s tudies  of  s t eady  u n d u l a t o r y  l o c o m o t i o n  of  fishes 
have  d e m o n s t r a t e d  tha t  the waves of bend ing  and  dis- 
p l acemen t  t ravel  pos t e r io r ly  a long  the length  of the fish 
as it is p rope l l ed  fo rwa rd  (Gray  1968; W e b b  1975; Gr i l l -  
ner  and  K a s h i n  1976; Wi l l i ams  et al. 1989). In cont ras t ,  
the a m p l i t u d e  and  t iming  of  la te ra l  bend ing  dur ing  the 
escape b e h a v i o r  of  fishes are  p o o r l y  u n d e r s t o o d  and  
these quant i t i es  have  no t  been quant i f ied  s imul taneous ly  
with e l e c t r o m y o g r a m s .  However ,  du r ing  escapes,  the 
fish's center  of  mass  is k n o w n  to r ema in  s t a t i ona ry  dur-  
ing the ini t ia l  s y n c h r o n o u s  ips i la te ra l  ac t iva t ion  of  mus-  
cle a long  the ent i re  l ength  of  the fish (Ea ton  et al. 1988). 
Consequent ly ,  it is far f rom obv ious  f rom pr io r  s tudies 
whe the r  or  no t  o the r  k inema t i c  and  mechan ica l  events  
occur  in s t and ing  o r  t rave l l ing  pa t t e rns  dur ing  the differ- 
ent  s tages  of  the  escape  response.  The  extent  of  la tera l  
bend ing  is also of  cen t ra l  i m p o r t a n c e  to all u n d u l a t o r y  
l o c o m o t o r  behav io r s  inc lud ing  the escape response,  be-  
cause this k inema t i c  va r i ab le  is p r o p o r t i o n a l  to the mag-  
n i tude  of  the s t ra in  u n d e r g o n e  by the axial  muscu la tu re  
(Rome  and  Sosnick i  1991; J o h n s t o n  1991; Van Leeuwen 
et al. 1990). 

The  p u r p o s e  of  this  s tudy  was to quant i fy  the in vivo 
pa t t e rns  of  red and  whi te  muscle  ac t iv i ty  du r ing  bo th  
s tages of the escape response.  Mid l ine  k inemat ics  were 
quant i f ied  p r imar i l y  to clarify the pa t t e rns  of  bend ing  
dur ing  the escape  response  and  also to be used as a mea-  
sure of  the pe r fo rmance  of  the escape  response.  Escape  
responses  were el ici ted f rom fish du r ing  s t eady  swimming  
and  con t r a s t ed  with  those  pe r fo rmed  at  s tandst i l l  in or-  
de r  to de t e rmine  whe the r  or  no t  the s t eady  swimming  
m o t o r  p a t t e r n  interferes wi th  tha t  of  the escape response  
and  poss ib ly  affects the  k inemat ics .  We were pa r t i cu la r ly  
in teres ted  in c lar i fying whe the r  muscle  ac t iv i ty  and  kine-  
ma t i c  events  occu r red  in s t and ing  or  t ravel ing  waves 
a long  the length  of  the  fish. Thus,  as much  as was prac t i -  
cal, we a t t e m p t e d  to de t e rmine  muscle  ac t iv i ty  and  kine-  
mat ics  for the ent i re  length  of  the fish by  s tudy ing  events  
a t  several  l ong i tud ina l  locat ions .  

Materials and methods 

Experimental subjects and protocol. We obtained bluegill sunfish 
(Lepomis macrochirus) from small ponds in southern and central 
California. All animals were housed individually in 10-20 gal 
aquaria with a constant temperature (20+_2~ and a 12:12 light: 
dark cycle. Average time in captivity before experiments approxi- 
mated 3 months. We implanted and videotaped a total of 6 individ- 
uals. Standard and total lengths and mass ranged from 14.8- 
15.2 cm, 17.5-18.2 cm and 97 188 g, respectively. 

We threw an object (rubber coated size c flashlight battery) into 
the flow tank (working section 20 • 20 • 50 cm) to impact the sur- 
face of the water (20~ to obtain a total of 12 escape responses from 
each individual with an average recovery period of 20 min between 
successive trials. This procedure succesfully evoked the escape be- 
havior in 68 of 70 attempts with the 6 individuals. For the first 8 
trials, we alternately elicited escape responses during steady swim- 
ming of the fish and then from the same individual at a standstill, 
whereas the last 4 trials for each individual were all during steady 
swimming. The speed of the fish during steady swimming was con- 
trolled by adjusting the flow of the tank to about 1.6 total fish 
lengths/s. Within the order of the trials that were either during 
swimming or at a standstill, we attempted to drop the stimulus 
alternately to the left and then to the right of the fish. We attempted 
to position the fish near the center of the cross-sectional area of the 
working section of the flow tank. Whenever a fish was less than 
3 cm from any wall of the tank at any time during stages 1 or 2 of 
the escape behavior (on 3 occasions), the trial was discarded and 
another was added until we obtained the desired sample size. At the 
conclusion of an experiment each fish was killed with an overdose 
of anesthetic and preserved in order to confirm electrode placement 
and take x-rays and anatomical measurements. 

Electromyography. Anesthesia of fish was induced with a 0.06% 
buffered solution of tricaine methane sulfonate (MS222) prior to 
implanting electrodes. During the implantation, which lasted less 
than 2 h, anesthesia was maintained with a 0.03% solution of 
MS222, and a peristaltic pump circulated water over the gills of the 
fish at 10-15 rain intervals. We made electrodes by stripping about 
0.6 mm of insulation off the ends of stainless steel wire (0.051 mm 
diameter) about 2 m long. Greater details of electrode construction 
can be found in Jayne (1988). We implanted these bipolar electrodes 
into the fish percutaneously using 26 gauge sub-q (Becton-Dickin- 
son) hypodermic needles. Electrodes were inserted into the left and 
right red axial muscle at each of 4 standardized longitudinal loca- 
tions spaced approximately 5 vertebrae apart (Fig. 1). To record 
white muscle activity, we inserted additional electrodes dorsal and 
medial to the first and third red electrode sites. One additional 
electrode was placed in white muscle at varying locations (Fig. 1), 
but we did not analyze results from this site. The wires from all 13 
electrodes were glued together into a single cable which was tied to 
one of the spines of the dorsal fin (Fig. l). To minimize the effects of 
the fin on the cable and vice versa, we cut the fin membrane at- 
tached to this spine and trimmed fin spines anterior to this site. We 
left the most posterior fin spine intact and attached to the anterior 
portion of the soft dorsal fin. We chose our method of cable attach- 
ment because prior videotapes of bluegill swimming showed that 
the spiny portion of the dorsal fin was not normally involved in 
steady swimming, and we wanted to minimize disturbance to the 
functionally more significant (soft) part of the dorsal fin. Fish were 
allowed to recover for about 3 h before starting the experiments. 

Electromyograms (emgs) were amplified 20,000 x using Grass 
model P511 K pre-amplifiers with high and low band pass filter 
settings of 100 Hz and 3 kHz and a 60 Hz notch filter. The emgs 
were recorded with a TEAC XR-5000 FM data recorder using a 
tape speed of 9.5 cm/s. We played back the emgs at one-eighth 
recording speed into a Keithley analog to digital converter which 
sampled data at 1 kHz allowing an effective sampling rate of 8 kHz 
for the digital emgs. Because the rapid movement of the escape 
behavior causes considerable low frequency artifacts, we filtered the 
digital emgs using a finite impulse response filter that reduced the 
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Fig. 1. Lateral x-ray of the longitudinal posi- 
tion of electrodes for recording muscle activ- 
ity. The schematic dorsal view below the 
x-ray illustrates the overall pattern of elec- 
trode placement with X's that are located 
most laterally indicating red muscle sites and 
those located more medially indicating white 
muscle sites 
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Fig. 2. Illustration of emg variables. Emgs are from the red muscle 
at electrode site 2 for an escape response (concave right) that oc- 
curred during swimming. 1 = duration of stage 1 emg (DUR1), 
2 = duration of stage 2 (DUR2), 3 = time of stage 2 emg onset 
relative to the onset of stage 1 emg (ON1), and 4 = lag from onset 
of swimming emg ipsilateral to the onset of stage 1 emg (used to 
calculate phase) 

portion of the signal below 100 Hz to less than 10% of its original 
amplitude. 

We quantified the time (_  lms) of various events (Fig. 2, Tables 
1 and 2) using the filtered digital emgs and a custom computer 
program. Elapsed times were standardized so that zero equaled the 
onset of the stage 1 emg. We measured the duration of the stage 1 
emg (DUR1) and the time of onset (ON2) and duration of the stage 
2 emg (DUR2). Only the red muscle was used during the steady 
swimming prior to a C-start, and this pattern of activity consisted 
of bursts that regularly alternated between the right and left sides. 
We defined the duration of the period of the steady swimming emgs 
as the time between successive onsets, and we quantified the dura- 
tion of steady swimming red emgs (RELDUR) as the percentage of 
the period for which there was activity. We calculated when the 
onset of the stage 1 emg occurred with respect to the phase of the 
steady swimming emg by dividing the lag between the onset of the 
last steady swimming emg by the duration of the last complete 
period prior to the C-start and multiplying the result by 360 ~ . 

\ 

Fig. 3. Schematic diagram 
of computer method for re- 
constructing the midline of 
fish during swimming and 
c-starts. For each frame: I, 
the outline of the fish was 
digitized; 2, the outline of 
the fish was reconstructed; 
3, the midline was generat- 
ed using the x and y coor- 
dinates of the points com- 
prising the reconstructed 
outline; and 4, the midline 
was partitioned into 
anatomical lengths deter- 
mined from x-rays 

Kinematics. We videotaped all trials with an NAC HSV-400 high- 
speed video system operating at 400 images/s. We obtained a ven- 
tral view of the fish via a front surface mirror mounted below the 
transparent bottom of the working section of the flow tank. Be- 
tween 30 to 40 individual video images (spaced at 2.5 ms intervals) 
were digitized per trial, beginning about 10 ms prior to the onset of 
the stage 1 emg. Figure 3 schematically illustrates the method of 
obtaining motion data. We used a custom video digitizing program 
to measure the x and y coordinates of about 25 points that were 
manually placed along both the right and left sides of the fish. For 
each resulting digitized image, a different computer program used a 
cubic splice method to reconstruct the left and right outlines of the 
fish, and then the program calculated a midline between these two 
reconstructed outlines. Using anatomical measurements taken from 
x-rays of each fish, each midline was then partitioned into several 
line segments whose lengths corresponded to that of the skull, indi- 
vidual vertebrae, the tail bones and the caudal fin divided into 
portions one fifth of its resting length. Consequently, for each video 
image we obtained the x and y coordinates of each body segment as 
well as the angle of lateral bending between adjacent axial segments. 

To reduce the kinematic data set (Tables 3 and 4) we primarily 
analyzed results from the following eight longitudinal locations: 
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snout, vertebrae 1, 5, vertebrae nearest the 4 electrode sites (approx. 
10, 15, 20, 25), and a location along the caudal fin two-fifths its 
length posterior to the tail bones. 

We have 3 groups of kinematic variables for time, lateral dis- 
placement and angle of lateral bending (Tables 3 and 4). These are 
distinguished by the following codes: T indicates time in ms, Y is 
the lateral displacement in mm and A is the angle of lateral bending 
in degrees. These codes are followed by MX or M N  meaning max- 
imum or minimum and R for relative. All times were standardized 
so that  zero equaled onset of the stage 1 emg (To). T1 and T2 indicate 
the latest offset times of the stage 1 and stage 2 emgs, respectively. 

We used the horizontal plane for our x-y coordinate plane 
(Fig. 9) with the x-axis parallel to: 1) the flow of the water, 2) the 
longest dimension of the working section of the flow tank and 3) the 
approximate longitudinal axis of the fish prior to the escape re- 
sponse. All lateral displacements (Y-coordinates) were standardized 
so that  positive values indicate lateral displacement towards the 
side of the stage 1 emg, and the Y coordinates were adjusted so that 
Y of the first vertebrae at T o equaled zero. Angular measurements 
were standardized so that  positive values indicate lateral bending 
that  was concave towards the side of the stage 1 emg. 

We measured the time of maximal lateral displacement towards 
the side opposite that  of the stage 1 emg (TYMX). We also mea- 
sured the time of maximal lateral bending (TAMX) concave to- 
wards the side of the stage 1 emg and the next time for which the 
region was straight (TAMN). We quantified the changes in lateral 
displacement (Y1 = YT1-YTo; Y2 = YT2-YT 0 during stages 1 
and 2 and determined the relative change in lateral displacement to 
attain a maximum (YMXR = maximum Y-YTo). For lateral bend- 
ing, we made homologous calculations for A1, A2 and AMXR. We 
also analyzed the amount  of maximal bending concave towards the 
side of the stage 1 emg (AMX) and the lateral flexion (bending) at 
the ends of stage 1 and 2 emgs (AT1, AT2). 

Statistical analysis. We quantified and analyzed emgs from the best 
five and kinematics from the best four preparations. We performed 
analyses of variance using a microcomputer statistical package 
(SPSS PC + 2). For all ANOVAs we considered individuals as 
random effects, whereas longitudinal location, swimming versus 
standstill, and red versus white muscle were all considered fixed 
effects. We followed the guidelines in Zar (1984) for performing 
appropriate F-test for the significance of each effect in mixed model 
ANOVAs. One should note that  the F-value of a fixed main effect 
was calculated as the mean square (MS) of the fixed effect divided by 
the MS of the two way interaction term involving that  fixed effect 
and the random effect. In contrast, the significance of the main 
random effect is tested by dividing MS of the random effect by the 
MS within cell error term. 

Sample sizes for the ANOVAs of emg variables vary slightly 
because of the occasional inability to clearly detect the onset or 
offset of muscle activity as a result of either low amplitude or large 
motion artifacts (especially during stage 2). Analyses of variance of 
the red muscle emg variables were compared across all four elec- 
trode sites. Because of the difficulty of interpreting results of an 
ANOVA with more than three factors, we compared red to white 
emg variables separately for electrode sites 1 and 3. 

For the analysis of the kinematic variables, data from all 16 
C-starts from a standstill were used. One digitized sequence of a 
C-start during swimming produced unreliable midline results and 
was discarded leaving a total of 31 swimming trials used for statis- 
tical comparison of kinematics. Although descriptive statistics are 
included for the kinematic variables of locations at the snout and in 
the tail fin (sites 1 and 8, Table 4), ANOVAs testing for significant 
longitudinal variation were restricted to sites within the vertebral 
column. Furthermore, we felt that  statistical tests of longitudinal 
variation in lateral bending were most meaningful for homologous 
anatomical structures (pairs of vertebrae). Consequently, in Table 3 
there are 4 degrees of freedom associated with the site factor for A 1, 
A2, AMXR,  AMX, AT1 and AT2 which were analyzed for sites 
3-7. Because an obvious peak value in lateral displacement could 
usually not be discerned at site 2 (Table 4) the ANOVAs of TYMX 

and Y M X R  were performed using only sites 3-7. All remaining 
kinematic variables were analyzed for all of the sites within the 
vertebral column (sites 2-7, Table 4). With the following exceptions, 
there were 16 standstill (st) and 31 swimming (sw) observations for 
all the kinematic variables in Table 4. For TYMX site 8 st; T A M N  
sites 2, 7,8 sw; TAMN sites 7,8, sample sizes were 15, 30, 28, 12, 12, 
and 7, respectively. These minor differences in sample sizes along 
with the variable number  of sites analyzed account for the variable 
degrees of freedom given in Table 3. 

Results 
Electromyography 

F i g u r e s  4 - 6  i l l u s t r a t e  r e p r e s e n t a t i v e  e m g s  fo r  t h e  e a c h  of  
t h e  d i f f e ren t  e x p e r i m e n t a l  c o n d i t i o n s .  F o r  e s c a p e  re-  

rlL 

r2L 

r3L 

r4L 

wlL 

w3L 

rlR 

r2R 

r3R 

r4R 

wlR 

w3R 

rlL ~ ~  

r2L ~ 1  

r3L 

r4L ... 

wlL 

w3L . ~ V ~ . , - ~  

rlR 

r2R , ~ ~  

r4R 

wl R . - - ~ , " . ~ - - ~  

w3R ~ ,  
I = 250 p,V ~ = 30 ms 

Fig. 4. Representative emgs from an escape response concave to the 
left (left panel) and concave to the right (right panel) from a single 
individual. Labeling of data channels is as follows: r and w indicate 
red and white muscle respectively, the number indicates the elec- 
trode position (see Fig. 1), and L and R indicate the left and right 
sides, respectively. All muscles in each panel were recorded simulta- 
neously 
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Table l. Summary of F-tests from ANOVAs performed separately 
on each electromyographic variable. For the three-way A N O V A s  
analyzing only data from in red muscle (top), factor A contrasts 
different longitudinal locations of electrode sites (Fig. 1), B contrasts 
swimming versus standstill c-starts, and C accounts for different 
individuals. Factor D (bottom) contrasts measurements from red 

versus white muscle at a single longitudinal position. Degrees of 
freedom for the mean squares are given below each term of the 
ANOVA model except those of the within cells error term which are 
given parenthetically after each emg EMG variable. See Materials 
and methods for more details of experimental design and sample 
sizes. ', * and ** indicate P<0.1, 0.05 and 0.001, respectively 

EMG ANOVA Effects 
Variable 

Site (A) Swim (B) Fish (C) A*C B*C A*B A*B*C 
3 1 4 12 4 3 12 

RELDUR (271) 26.9** 11.2"* 2.5* 
DUR1 (200) 10.8' 0.9 4.9* 1.0 0.7 0.4 0.6 
ON2 (163) 26.3** 4.1' 9.0** 0.9 2.7* 3.1' 0.8 
DUR2 (163) 1.4 0.5 11.8"* 1.6' 3.6* 0.7 0.6 

Fiber (D) Swim (B) Fish (C) D*C B*C D*B D*B*C 
1 1 4 4 4 1 4 

Electrode 1 

DUR1 (100) 2.7 0.1 2.2 0.5 0.4 3.7 0.2 
ON2 (92) 3.5 0.02 2.9* 0.4 1.4 2.4 0.3 
DUR2 (92) 1.2 10.0" 6.9** 1.1 0.9 0.4 1.5 

Electrode 3 
DUR1 (99) 6.8' 2.0 3.0 0.5 0.7 0.2 0.7 
ON2 (77) 1.9 3.1 5.5* 1.1 1.0 0.2 1.2 
DUR2 (76) 19.8" 1.9 4.2* 0.4 0.5 0.02 2.0 

Table 2. Mean values of emg variables 
pooled for swimming and standstill trials 
and across all 5 individuals that were used 
for the ANOVAs. After each mean the 
standard deviation and sample size are in- 
dicated parenthetically. For RELDUR, ob- 
servations were included from both the 
right and left sides one period prior to the 
escape response. All values in ms except 
for RELDUR which is given in % 

EMG Electrode Site 
Variable 

1 2 3 4 

red 
RELDUR 50.9 (8.1, 60) 
DUR1 11.5 (2.9, 60) 
ON2 14.2 (2.7, 54) 
DUR2 17.4 (6.3, 55) 

white 
DUR1 12.3 (3.2, 60) 
ON2 15.1 (3.0, 58) 
DUR2 18.2 (5.0, 58) 

44.9 (4.9, 80) 37.6 (3.9, 72) 37.2 (6.1, 79) 
13.4 (3.1, 60) 13.5 (2.7, 60) 14.7 (2.8, 60) 
17.1 (3.6, 54) 19.6 (4.0, 55) 18.4 (5.2, 40) 
17.6 (5.1, 54) 15.6 (3.7, 54) 18.2 (5.2, 40) 

14.7 (4.0, 59) 
18.9 (3.6, 42) 
18.2 (5.9, 42) 

sponses performed by fish at a standstill, the general pat-  
tern of  muscle activity begins with s imul taneous (within 
1 ms) high ampli tude emgs in the red and  white muscle 
on the side of  the fish's b o d y  that  initially becomes later- 
ally concave  (Fig. 4). Excluding an initial brief potential,  
the contra la teral  side displays no regular pat tern  of  activ- 
ity dur ing this first stage of  the escape response. As illus- 
t rated in Fig. 4, escape responses performed towards  op- 
posite sides display the same pat tern  of  emgs on the side 
that  initially becomes concave dur ing stage 1. Fol lowing 
the stage 1 emg, an addi t ional  high ampli tude emg occurs 
in bo th  the red and white muscle on the contra la teral  
side. The bluegill were confined to a ra ther  na r row flow 
tank  ou t  of  the necessity to obta in  steady swimming. 
However ,  the extreme similarity of  our  emgs with previ- 
ously described emgs (reviewed in Ea ton  et al. 1991) and 
extracellular nerve recordings (Fetcho 1992) s trongly 

suggests that  we were indeed evoking similar escape be- 
havior.  

Emgs of  escape responses dur ing swimming were 
qualitatively similar to those f rom a standstill (Fig. 4 vs. 
6). Similarly, the analysis of  variance did no t  detect any 
significant differences in the dura t ion  of  stage 1 emgs or  
the dura t ion  and onset  time of  the stage 2 emg (Table 1). 
The dura t ion  of  the stage 2 white muscle emg at electrode 
site 1 was the only emg variable that  differed between 
swimming (mean D U R 2  = 16.9 ms) and standstill (mean 
D U R 2  = 20.8 ms) trials. Thus,  we conclude that  the fish 
per formed fundamenta l ly  the same escape behavior  for 
these different initial condit ions,  and we pooled  swim- 
ming and  standstill trials to obta in  the means  of  the emg 
variables shown in Table 2. There  were also no highly 
significant differences in any of  the emg variables when 
compar ing  red and  white muscle (Table 1). 
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Fig. 5. Steady swimming emgs. Note that 
there is no white muscle activity, and the 
voltage scale is 1/4 that of Figs. 4 and 6. 
This fish (same as Fig. 4) was swimming 
steadily at about 1.6 lengths/s. All chan- 
nels were recorded simultaneously 

For the stage 1 red emgs, there was marginally signifi- 
cant longitudinal variation in duration which increased 
posteriorly from about 11 to 15 ms (electrodes 1 vs. 4, 
Table 2). The time of onset of the stage 2 emg increased 
significantly (Table 1) from about 14 to 20 ms. Therefore, 
in contrast to stage 1, the stage 2 emgs were propagated 
posteriorly. As shown in Table 2, the mean onset time for 
each of the four electrode sites always was greater than 
the duration of the stage i emg. Hence, at a given longitu- 
dinal location, 3 to 6 ms elapsed from the end of stage 1 
until the onset of the stage 2 emg. 

In contrast to the escape response, only the red muscle 
is used during the steady swimming of bluegill at 1.6 
lengths/s (Fig. 5). The steady swimming emgs are: 1) 
propagated posteriorly, 2) mostly unilateral and 3) alter- 
nate between the right and left sides (Fig. 5). The duration 
of the steady swimming emgs had a significant decrease 
posteriorly (Table 1) from about 50% at electrode 1 to 
less than 40% of a cycle at electrode 4. 

Figure 7 illustrates the phase of the steady swimming 
emgs at the time of onset of the stage 1 emg. At each site, 
we observed some stage 1 emgs beginning during ipsilat- 
eral (Fig. 2) and contralateral (Fig. 6) steady swimming 
emgs and during the time interval between left and right 
side swimming emgs. Because of the lack of a pattern 
between phase of the steady swimming emgs and the on- 
set of the escape response, we conclude that the escape 
response can totally override the steady swimming motor 
pattern. 

Figure 8 provides a schematic summary of muscle ac- 
tivity during steady swimming and both stages of the 
escape response. Details of the posterior propagation of 
steady swimming muscle activity in bluegills will be pre- 

sented elsewhere. However, the narrow darkened areas in 
Fig. 8 do illustrate both the posterior propagation and 
the variable longitudinal extent of ipsilateral red muscle 
activity which periodically encompasses the entire length 
of the fish during steady swimming. Although the onset 
of stage 1 emgs is synchronous along the entire side of the 
fish, the slightly longer duration of the emg posteriorly 
can cause a brief time (2-3 ms) with only posterior stage 
1 activity (not shown in Fig. 8). Because of the posterior 
propagation of the onset of stage 2, it takes an average of 
about 5 ms from the beginning of stage 2 until the entire 
side is simultaneously active. The average duration of 
about 17 ms for the stage 2 emg combined with the lags 
in the onset and offset time result in an interval of about 
8 ms of stage 2 muscle activity along the entire side of the 
fish. 

We could not always quantify the stage 2 emgs on all 
channels, but in all of our trials at least one channel 
always had a distinct burst of contralateral muscle activ- 
ity that followed stage 1. Foreman and Eaton (1993) re- 
cently described escape responses with and without such 
a contralateral emg and with and without a resultant 
change in the escape trajectory angle (=  angle 2 of Fore- 
man and Eaton). Our kinematic analysis (combined with 
a preliminary analysis using the methods of Foreman and 
Eaton) indicated that all of our data were limited to just 
one of these two cases described by Foreman and Eaton 
(angle 2 present). Our particular experimental protocol 
was also probably responsible for decreasing the variabil- 
ity of our sample of escape emgs and trajectories com- 
pared to those described by Foreman and Eaton (1993) 
for which there was a contralateral emg. 
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Fig. 6. Representative emgs from an escape response (concave left) 
that occurred during steady swimming muscle activity at the right 
anterior sites. These emgs are for the same individual as shown in 
Fig. 4 

Kinemat ics  

Figure 9 shows representative reconstructed midlines at 
the beginning of  the escape response and  at the end of  
stage 1 and 2 emgs. Relative to the start ing position, the 
skull and  tail are displaced laterally towards  the side of  
the stage 1 emg;  however,  the por t ion  of  the fish about  
f rom vertebrae 5 to 15 is displaced contralateral ly.  Fig- 
ures 10 and  11 show lateral displacement  (Y) and lateral 
flexion (A) versus time for the s tandard  longitudinal  loca- 
t ions a long the length of  a fish dur ing a representative 
escape behavior.  As a result of  rapid, high ampli tude lat- 
eral flexion between the head  (approx. 20% of fish total 
length) and the first vertebra, the snout  of  the fish has a 
large lateral displacement  dur ing the stage I emg. In con-  
trast, the first few vertebrae had appreciable lateral flex- 
ion but  little detectable lateral displacement  occurr ing 
dur ing the stage 1 emgs. However ,  beginning near verte- 
bra  5 ( longitudinal  locat ion 3) there was a distinct maxi-  
mal  magni tude  of  contra la teral  displacement  that  was 
nearly coincident  with the end of  the stage 1 emgs, and 
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Fig. 8. Diagrammatic summary of muscle activity during swimming 
and both stages of the escape response based on the data in this 
paper. The muscle activity and outlines of the dorsal view of the fish 
are from a single individual. Times in ms are indicated parentheti- 
cally to the right of each figure (0 = onset of stage 1 emg). The thin 
darkened lateral areas represent a region of only red muscle activity, 
whereas the thicker darkened areas represent synchronous red and 
white muscle activity. X marks along the midline indicate the longi- 
tudinal location of electrode sites 1-4 (Fig. 1). From anterior to 
posterior, the 3 remaining marks on the midline indicate the poste- 
rior margin of the skull, vertebra 5, and the beginning of the caudal 
fin, respectively 
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Fig. 9. Reconstructed midlines from one individual performing an 
escape response (trunk concave left stage 1). The midlines are shown 
with respect to our fixed frame of reference, and the marks on the 
midlines indicate the extent of the vertebral column (excluding tail 
bones). The snout of the fish is pointed to the left and the numbers 
indicate elapsed time in ms from the onset of the stage 1 emg. The 
midlines are at the beginning and end of the stage 1 emg and the end 
of the stage 2 emg 

this kinematic landmark  corresponding to the crest of a 
wave was also apparent  for the remaining more posterior 
sites. Similarly, a max imum lateral flexion concave to- 
wards the side of the stage 1 emg occurred near the end 
of the stage 1 emg anteriorly, and this kinematic land- 
mark  could be detected at the additional more posterior 
sites. 

Tables 3 and 4 summarize the results of the ANOVAs 
and means of the kinematic variables quantifying the 
timing of events as well as the lateral displacement and 
flexion during various intervals of the escape responses. 
All 12 of the kinematic variables varied significantly 
among  the locations within the vertebral column that 
were used for the ANOVAs.  

The times of maximal  lateral displacement (TYMX), 
maximal  lateral flexion (TAMX) and straightening of the 
vertebral column (TAMN) all increased from anterior to 
posterior. Therefore, the kinematic events involved in the 
escape response are propagated  posteriorly despite the 
synchronous onset of the stage 1 emgs. Another  unex- 
pected finding was that the times of maximal lateral dis- 
placement and flexion (TAMX and TYMX) were not 
confined to a single stage of the escape response (as de- 
fined by the emg times). For example, maximal lateral 
displacement of the anterior, middle and posterior verte- 
bral column often occurred at the end of stage 1 emg, end 
of stage 2 emg and about  10 ms after the end of stage 
2 emg, respectively (Fig. 10, Table 4). The mean time of 
the end of the stage 2 emg was about  37 ms (Table 2 for 
site 4 add ON2 and DUR2)  compared  with a mean value 
of 46 ms for the time of maximal  lateral displacement at 
the most  posterior site within the vertebral column (7 in 
Table 4). The time of maximal  lateral flexion (TAMX) 
showed a significant posterior increase along the length 
of the fish. Furthermore,  posterior to the middle of the 
fish's body (excluding caudal vertebrae) maximal lateral 
flexion always preceded maximal  lateral displacement 
(Table 4, T A M X  & TYMX). Roughly at the time of max- 
imal lateral flexion (TAMX = 35 ms) for the most  poste- 
rior vertebrae, the middle vertebrae were straight 
(TAMN). None of the three kinematic timing variables 
varied significantly between the swimming and standstill 
trials (Table 3, TYMX,  T A M X  TAMN).  
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Fig. 10. Lateral displacement versus time for a single individual. To, 
T 1 and T 2 indicate the onset and latest offset of the stage 1 emg and 
the latest offset of the stage 2 emg, respectively. The open symbols 
indicate the points considered maximal lateral displacement. For 
each graph the number at upper left indicates the longitudinal posi- 
tion as indicated in Tables 3 and 4. Note that the scale of the y-axis 
is identical for all graphs 

The highly significant longitudinal variation in the 
variables indicating lateral displacement during stages 1 
and 2 (Y1, Y2) and from T O to T Y M X  (YMXR) is most 
easily understood by referring to Figs. 9 and 10. Negative 
mean values of Y1 for vertebrae 5-15 indicate that the 
displacement is contralateral to the side of the stage 1 
emg, and then the direction of lateral displacement re- 
verses during stage 2 (Y2 > 0). Interestingly, the posterior 
port ion of the fish (Table 4, sites 6-7) is not displaced 
contralateral to the side of the stage 1 emg until sometime 
during the second stage of the escape response (Y2 < 0). 
For sites posterior to the skull, the amplitude of maxi- 
m u m  lateral displacement (YMXR) increased nearly ten- 
fold from anterior (3 mm) to posterior (30 mm). Although 
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Fig. 11. Lateral flexion versus time for the same sequence as shown 
in Fig. 10. Abbreviations are as indicated for Fig. 10. Note that the 
scale of the y-axis is identical only for positions 3-7. Open symbols 
indicate the points considered maximal flexion. 

the magnitude of the posterior increase in YMXR is 
striking, posterior increases in amplitude are common- 
place for diverse types of undulatory swimming. Y2 and 
YMXR were the only two kinematic variables that clear- 
ly appeared to vary between swimming and standstill 
trials and their mean values are given separately for the 
two experimental conditions in Table 4. Figure 12 illus- 
trates divergence in the mean values of the relative 
change in lateral displacement (YMXR) from anterior to 
posterior, with posterior means of YMXR from standstill 
trials being significantly greater than those for swimming. 
Consequently, there was also a highly significant interac- 
tion term between the site and swim factors in the 
ANOVA for YMXR. For the posterior sites, YMXR oc- 
curs during stage 2 or later, and the significant variation 
in Y2 between swimming and standstill trials is consis- 
tent with the observed differences in YMXR for the same 
comparison. 

Of all of the kinematic variables quantifying lateral 
flexion, only the value of maximal lateral flexion (AMX) 
and the amount of flexion from T O to TAMX (AMXR) 
showed a tendency to differ between swimming and 
standstill trials (Table 3). The standstill trials tended to 
have slightly higher values of AMX and AMXR, and this 
is consistent with the statistically significant differences in 
Y2 and YMXR between swimming and standstill trials 
(Table 4). The nature of the statistically significant varia- 
tion in lateral flexion at the ends of stages 1 and 2 (AT1 
and AT2) revealed the unexpected result that, at the ends 
of both stages, the body of the fish is not entirely concave 
towards the side of the immediately preceding emg. Al- 
though the sites along the trunk of the fish are concave 
towards the side of the stage 1 emg (Table 4), near verte- 
bra 20 the vertebrae are nearly straight, and more poste- 
riorly the vertebrae are convex towards the side of the 
stage 1 emg. This pattern of lateral flexion opposite to the 
side of the emg is even more pronounced at the end of 
stage 2 where the posterior vertebrae flexed 4-5 degrees 
convex to the side of the stage 2 emg, and these same sites 
had maximal observed values of lateral flexion of only 

a b o u t  6.5 degrees. Finally, we quantified the amount of 

Table 3. Summary of F-tests from 3-way ANOVAs performed separately on each of the 12 kinematic variables. Factors and labeling 
conventions are as in Table 1. See Materials and methods for more details of experimental design, variable abbreviations, and sample sizes 

Kinematic Three-way ANOVA Effects 
Variable 

Site (A) Swim (B) Fish (C) A*C B*C A*B A*B*C 
4-5 1 3 12-15 3 4-5 12-15 

TYMX (195) 960.6** 5.2 10.5"* 0.8 12.5"* 3.8* 0.3 
TAMX (234) 341.4"* 3.2 9.7** 0.5 4.9** 1.3 0.3 
T A M N  (226) 381.9"* 0.7 11.0"* 0.7 8.3** 2.7' 0.2 
Y1 (234) 216.0"* 0.8 0.3 2.2* 1.0 1.8 1.8' 
Y2 (234) 318.0"* 10.5" 1.5 1.6' 2.1' 0.8 2.3* 
u  (195) 351.5"* 62.0* 10.0"* 0.6 -1.0 210.4"* 0.0 
A1 (195) 97.7** 1.3 1.3 1.0 1.7 1.7 1.4 
A2 (195) 183.3"* 0.6 2.3' 1.6' 6.2* 0.8 1.0 
A M X R  (195) 11.3'* 6.6' 4.0* 3.1" 1.7 0.8 0.7 
AMX (195) 14.2"* 7.3' 1.2 3.2** 1.4 1.6 1.1 
AT1 (195) 243.9** 2.1 3.2* 0.5 3.2* 1.4 1.8" 
AT2 (195) 105.0"* 0.0 2.2' 1.6' 3.6* 3.6* 0.5 
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Table 4. Means (SD) of kinematic variables. All times, displacements and angles are in ms, mm, and degrees, respectively, sw = swimming trials 
only (n = 31); st  = standstill trials only (n = 16), and a l l =  pooled data from sw + st 

Kinematic Longitudinal Site 
Variable 

1 2 3 4 5 6 7 8 

TYMX all 16.5 (2.7) 22.2 (3.4) 30.2 (3.5) 37.8 (3.7) 45.7 (3.4) 52.4 (3.7) 
TAMX all 16.0 (2.9) 18.2 (3.3) 21.4 (3.6) 26.2 (3.9) 29.8 (4.2) 34.9 (4.4) 42.0 (4.5) 
TAMN all 27.7 (4.5) 30.9 (4.3) 35.6 (3.7) 43.5 (4.2) 49.1 (4.3) 54.6 (4.8) 61.1 (5.6) 
Y1 all 20.3 (5.7) 1.5 (1.2) 2.3 (0.8) -5.2 (1.5) -3.6 (1.5) 0.8 (0.7) 6.3 (1.8) 9.2 (3.4) 
Y2 st 10.3 (9.0) 14.5 (3.2) 12.4 (3.8) 5.1 (5.6) -8.7 (4.6) -19.6 (4.3) -23.6 (7.6) -14.8 (13.3) 
Y2 sw 6.8 (10.5) 14.6 (5.1) 13.4 (4.5) 7.3 (4.2) -4.9 (3.8) -14.9 (3.4) --19.3 (6.8) -11.7 (11.6) 
YMXR st -3.1 (1.7) -9.9 (3.1) -16.7 (4.4) -23.1 (6.1) -30.4 (7.4) -38.2 (7.6) 
YMXR sw -2.8 (1.1) -8.1 (2.3) -13.1 (3.1) -16.7 (4.2) -21.5 (5.4) -27.3 (7.7) 
A1 all 8.7 (3.4) 2.3 (1.4) 3.1 (1.2) 1.3 (1.2) 0.9 (0.9) - 1.2 (0.9) - 10.7 (5.5) 
A2 all --13.6 (4.1) -3.9 (1.9) -3.1 (1.9) 1.0 (2.1) 3.6 (1.4) 6.5 (1.6) 23.8 (8.1) 
AMXR st 9.9 (2.9) 3.9 (1.0) 4.9 (1.1) 5.0 (1.0) 6.6 (1.6) 6.7 (1.6) 19.8 (5.9) 
AMXR sw 9.7 (3.3) 3.5 (1.5) 4.5 (1.2) 4.7 (1.0) 5.6 (1.1) 6.0 (1.7) 18.5 (6.0) 
AMX st 10.2 (2.9) 3.6 (0.9) 4.5 (1.0) 5.3 (1.1) 6.2 (1.1) 6.4 (1.1) 18.4 (4.5) 
AMX sw 9.5 (2.3) 3.5 (1.3) 4.4 (0.8) 5 (0.9) 5.4 (0.8) 5.5 (1.3) 17 (3.7) 
AT1 all 8.6 (2.9) 2.3 (1.2) 2.9 (1.0) 1:6 (1.1) 0.7 (1.1) --1.6 (0.9) --12.2 (4.5) 
AT2 all 5.0 (3.1) --1.6 (1.5) --0.2 (1.7) 2.5 (1.9) 4.2 (1.2) 4.9 (1.3) 11.6 (7.3) 
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Fig. 12. Mean maximum lateral displacement relative to initial posi- 
tion (YMXR) with 95% CL pooled for all observations of fish 
swimming or at a standstill. See Table 1 for tests of significance 

ver tebra l  flexion tha t  occur red  dur ing stages i and  2 (A1 
and A2) to clarify the c o m b i n a t i o n  of initial condi t ions  
and m o v e m e n t  responsible  for the pos ture  at  single 
points  in time. The  significant longi tudinal  var ia t ion  in 
A1 and  A2 (Table 3) showed a pa t te rn  of  flexion towards  
the side of  the emg anter ior ly  and bending  towards  the 
oppos i te  side poster ior ly .  The  magni tudes  of  the flexing 
m o v e m e n t s  dur ing  stage 2 were general ly greater  than 
those of stage 1 (Table 4). 

D i s c u s s i o n  

The fol lowing m a j o r  conclus ions  can be d rawn  f rom our  
analysis  of  muscle  act ivi ty and  midl ine k inemat ics  for the 
escape response.  1) Red and white muscle  were usually 
s imul taneous ly  recrui ted dur ing bo th  stages of  the escape 
behavior .  2) M u c h  of the electrical activity of  the poster i-  
or  axial muscu la tu re  corre la ted  with a pa t te rn  of  lateral  
bending  that  suggests lengthening of the contract i le  tis- 
sue. 3) The  dura t ion  of the stage 1 emgs  increased poste-  
r iorly a long the length of the fish. 4) Stage 2 muscle  activ- 

ity was p ropaga t ed  posteriorly.  5) All k inemat ic  events 
were p ropaga t ed  poster ior ly  ra ther  than  forming a 
"s tanding"  wave. 6) Escape responses can occur  at any  
phase  with respect  to the s teady swimming  m o t o r  pat-  
tern. 7) Only two of twelve k inemat ic  variables  ( Y M X R ,  
Y2) varied significantly between escape responses elicited 
f rom swimming fish versus those at a standstill.  

Because of the spatial  segregat ion of the different fiber 
types of  the axial muscles of  fish, they have been a useful 
model  for unders tanding  general  pa t terns  of  fiber type 
recrui tment .  In fact, mos t  early e lec t romyograph ic  stud- 
ies of  the undu la to ry  swimming  of fishes concent ra ted  
a lmos t  entirely on this issue of fiber type recrui tment  
while giving minimal  a t tent ion (if any) to the a c c o m p a n y -  
ing kinemat ics  (Bone 1966; Rayne r  and Keenan  1967; 
H u d s o n  1973). Addi t ional  studies have found tha t  the 
effects of  decreasing body  t empera tu re  of  swimming  fish 
parallel  those of  increased swimming speed which initial- 
ly causes increased intensity of  the recrui tment  of  red 
muscle  up to some threshold speed whereupon  a faster 
fiber type, such as white muscle, is recruited (Rome  et al. 
1984, 1992a). Hence,  the fiber type recrui tment  dur ing the 
escape response resembles that  for high speed swimming  
in that  faster fiber types are not  recruited exclusively; 
instead they are recruited in addi t ion to the slower fiber 
types. 

Because of the ext reme rapidi ty  of  escape response of 
fishes, this behav ior  has figured p rominen t ly  in a t t empts  
to unders tand  the limits of muscu la r  pe r fo rmance  of fish- 
es. For  example,  R o m e  and Sosnicki (1991) documen ted  
the sarcomer ic  lengths of  red and white muscle  in carp  
that  were fixed in a posi t ion similar to that  of  an escape 
response.  When  combined  with the observed rela t ionship 
between sarcomeric  length and  force generat ing capaci ty  
for frog muscle, R o m e  and Sosnicki (1991) suggested that  
the carp  red and white muscle  would be opera t ing  at  
50% and 96% of their m a x i m u m  force generat ing capac-  
ity, respectively; hence, they considered the use of  red 
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muscle unlikely during they escape response. The neu- 
roanatomy of the relatively small secondary motoneu- 
rons innervating the red muscle of fish has also been used 
to support the prediction of no activity of the red muscle 
during the escape behavior (Fetcho 1991). Rome et al. 
(1992b) have suggested that a general feature of muscle 
activity is that it occurs over a limited range of V/Vmax 
(shortening velocity divided by maximal shortening ve- 
locity) where the muscle tissue is most effective mechani- 
cally. However, our findings of red muscle activity during 
both stages of the escape combined with posterior activi- 
ty during lengthening contradict these plausible predic- 
tions that were based on muscle physiology, neuroanato- 
my, and mechanics. 

Several studies of steady undulatory swimming have 
found muscle activity during lengthening in the posterior 
regions of such diverse animals as eels, trout, carp, and 
even snakes (Grillner and Kashin 1976; Williams et al. 
1989; Van Leeuwen et al. 1990; Jayne 1988). In contrast 
to the rather complicated patterns of activity observed 
during steady swimming, it seemed quite plausible that 
stage 1 muscle activity would conform to simple activity 
during shortening because of the lack of either prior mo- 
tion or antagonistic muscle activity. However, mean val- 
ues at the end of both stages of muscle activity indicate 
that most of the posterior muscle activity is resisting 
bending rather than actively causing flexion towards the 
side of muscle activity. 

Our values of lateral vertebral flexion (A) can be con- 
verted to estimates of the % resting muscle length assum- 
ing that the superficial, longitudinally oriented fibers, lo- 
cated at the widest part of the fish keep pace with the 
changing curvature of the fish. The estimate is based on 
adding 100% to the ratio of the lateral to midline radii of 
curvature which equals 100*((L/(2*sin A/2))-W/2)/(L/ 
(2*sin A/2)), where L is the average vertebral length of the 
pair of vertebrae, W is the width of the body at a partic- 
ular intervertebral joint. Using the data from the four 
bluegill for which we analyzed both the emgs and kine- 
matics, mean body widths from anterior to posterior at 
the four locations of the red electrodes were 22.5, 18.0, 
12.5 and 9.0 ram, respectively, and mean values of L at 
these same sites were 4.3, 4.1, 3.6 and 3.3 mm, respective- 
ly. Substituting mean values of bending at the end of the 
stage 1 emgs (2.9 ~ 1.6 ~ 0.7 ~ and -1 .6  ~ yields relative 
muscle lengths of 87, 94, 98 and 104%, respectively on the 
side of the stage 1 emg. Similarly, for the mean lateral 
flexion at the end of stage 2 (0.2 ~ -2.5 ~ -4 .2  ~ and 
-4 .9  ~ estimates of relative muscle lengths on the side of 
the stage 2 emg were 99, 110, 113 and 112% of resting 
length, respectively. Allowing for the starting position of 
the fish at the end of stage 1, during stage 2 muscle on the 
side of the stage 2 emg near the electrode sites undergoes 
total length changes of -14,  4, 11 and 16% of resting 
length, respectively. Dividing by the mean duration of 
stage 2 (18 ms) conservatively estimates the shortening 
speeds (7.8, -2.2, -6.1 and - 8.9 muscle lengths/s, re- 
spectively) required to keep pace with the changing cur- 
vature (negative values indicate muscle lengthening). Al- 
though the more medial position and oblique orientation 
of the white myomeric musculature causes less muscle 

strain (Rome and Sosnicki 1991) than was calculated 
above, these estimates of superficial muscle strain and 
strain rates emphasize the striking longitudinal differ- 
ences in the manner in which muscle is utilized during the 
escape behavior. 

Blight's (1977) insightful review of vertebrate aquatic 
undulatory locomotion emphasized that the observed 
patterns of bending in an undulating swimmer depend on 
the complicated interactions of the passive mechanical 
properties of the body of the swimmer, the pattern of 
force production intrinsic to the swimming body, and the 
effects of the resistance of the fluid acting on the body of 
the swimmer. Blight (1977) hypothesized that if an undu- 
lating rod was "dominated" by the resistive forces of the 
water, then it would flex such that a concavity would be 
formed in the opposite direction of the movement of the 
rod through the water. Our observations on the posterior 
lateral flexion of the vertebral column and the extensive 
muscle activity during lengthening conform closely to the 
expectation for such a resistance dominated rod. Rather 
than performing positive work, much of the posterior 
muscle activity during the escape response appears to 
counteract the resistive forces imposed by the fluid. 

Blight (1976) also proposed that given appropriate 
passive mechanical properties, an undulating body could 
propagate mechanical waves of bending even though the 
pattern of muscle activity might resemble a standing 
wave rather than a posteriorly propagated wave. This 
conclusion of Blight was based on emgs recorded from 
small newts. However, because Blight did not quantify 
the emgs, and he only recorded from two longitudinal 
positions, the experimental support for this conclusion 
seems questionable. Furthermore a recent electromyo- 
graphic study of salamanders (Frolich and Biewener 
1992) found the general vertebrate pattern of swimming 
muscle activity which is posterior propagation. Of all the 
undulatory vertebrate locomotor behaviors that have 
been described, stage 1 of the escape response appears to 
have muscle activity most closely resembling that of a 
standing wave (Figs. 4 and 6). 

However, despite the standing wave pattern of stage 1 
onset of muscle activity, our quantitative analysis re- 
vealed that the offset times of the stage 1 emg had signif- 
icant posterior propagation resulting in longer durations 
of posterior emgs (Tables 1 and 2). The mean duration of 
the most posterior site (14.7 ms) was approximately 28% 
longer than that of the most anterior site. This longitudi- 
nal variation in stage 1 emg duration lag times is the 
reverse of that observed for the steady swimming of 
bluegill in our experiments where the mean relative emg 
duration at electrode location 1 was approximately 38% 
longer than that observed at electrode location 4. Such a 
posterior decrease in emg duration appears to be a gener- 
al feature of the steady swimming of other species of fish 
with a generalized body shape (Williams et al. 1989; Van 
Leeuwen et al. 1990). Interestingly, the stage 2 emg dura- 
tion showed no significant variation among the different 
longitudinal locations. Thus, we have observed all possi- 
ble combinations of change in emg duration including: 1) 
a posterior decrease (steady swimming), 2) a posterior 
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Table 5. Lag times (ms) between mean emg and kinematic events at 
homologous longitudinal sites. OFFI (=DUR1) and OFF2 
(= ON2 + DUR2) are the offset times of the stage 1 and 2 emgs, 
respectively, and other variables are as in Tables 1~4 

Variable Longitudinal Site 
Pair 

3 4 5 6 7 

TAMX-OFF1 9.9 12.8 16.3 20.2 
TAMX-ON2 7.2 9.1 10.2 16.5 
TAMX-OFF2 -- 10.2 - 8.5 -- 5.4 -- 1.7 
TYMX-TAMX -- 1.7 0.8 4.0 8.0 10.8 
TYMN-TAMX 12.7 14.2 17.3 19.3 19.7 
TYMX-OFF2 --9.4 --4.5 2.6 9.1 
TAMN-OFF2 4.0 8.8 13.9 18.0 
TAMN-TYMX 14.4 13.4 13.3 11.3 8.9 

increase (stage 1), and 3) no change along the length of 
the bluegill (stage 2). 

A striking feature of the kinematics of the escape re- 
sponse of the bluegill was the posterior propagation of 
both lateral bending and maximum lateral displacement. 
Furthermore, these two kinematic variables showed no 
obvious discontinuity when viewed across the time inter- 
vals of the stage 1 and stage 2 emgs. It is not immediately 
obvious how important  the posterior increase in the du- 
ration of the stage 1 emg is for initiating the posterior 
propagation of kinematic events. Some insight into this 
issue can be gained by looking at the kinematic variables 
along the entire length of the fish at the moment of the 
earliest offset of a stage 1 emg. For the sequence illustrat- 
ed in Figs. 10 and 11, the offset of the most anterior stage 
1 emg was 11 ms after the onset of stage 1 and 8 ms (3 
symbols in plot = 7.5 ms) before the latest offset which 
was used to delineate T1. Close examination of Fig. 11 
reveals that maximal lateral bending had not yet oc- 
curred for any longititudinal location by the earliest stage 
1 offset time. However, for longitudinal sites 2 and 3 the 
first conspicuous lateral flexion begins approximately 7.5 
ms after the stage 1 onset whereas at longitudinal site 4 
the first noticeable lateral flexion occurs about 2.5 ms 
later. Similar close scrutiny of the other plots of lateral 
flexion versus time often revealed that a lag in the time of 
initial lateral flexion was present while the entire side of 
the fish still had simultaneous stage 1 muscle activity. 
Therefore, the posterior propagation of kinematic events 
during stage 1 can not be attributed entirely to the poste- 
rior increase in emg duration. It remains an open ques- 
tion whether or not the posterior increase in stage 1 emg 
duration enhances the initial posterior propagation of 
kinematic events. The underlying neural basis for the lon- 
gitudinal differences in the stage 1 emg offset would also 
be a fruitful area for future study. 

Although all kinematic and emg events after the onset 
of stage 1 were propagated posteriorly, longitudinal vari- 
ation in the lag time between pairs of variables indicates 
that the rates of propagation differ among the various 
quantities (Table 5). For example, at the third longitudi- 
nal site, the negative lag time (-1.7 ms) between the time 
of maximal lateral displacement and that of maximal lat- 
eral flexion (TYMX-TAMX) indicates that the former 

event (TYMX) preceded the latter event (TAMX) of the 
pair, but there is a progressive posterior increase in the 
lag times between the variables at each site until, at site 7, 
TYMX  follows TAMX by more than 10 ms. Therefore, 
maximal lateral displacement (TYMX) is propagated 
posteriorly more slowly than maximal lateral bending 
(TAMX). Additional comparisons of the longitudinal 
variation in the lag times between kinematic and emg 
events indicate that emg events were always propagated 
posteriorly faster than kinematic events (Table 5). Simi- 
larly, several studies of the steady undulatory swimming 
of a wide variety of vertebrates (eels: Grillner and Kashin 
1976; trout: Williams et al. 1989; salamanders: Frolich 
and Biewener 1992; snakes: Jayne 1988) have also found 
that the rate of propagation of muscle activity exceeds 
that of the kinematic events. Close examination of Table 
5 indicates that virtually no pair of kinematic variables or 
combinations of kinematic and emg variables had a con- 
stant lag time along the entire length of the fish. Conse- 
quently, the phase relationships among all variables 
change with the longitudinal position within the fish. The 
fact that lateral displacement and maximal lateral flexion 
were out of phase was a particularly unexpected finding, 
since these two variables are often assumed to be in phase 
for undulatory locomotion. 

Our analysis of the escape responses that were elicited 
during the steady swimming of bluegills (Fig. 7) indicates 
that the escape behavior can occur at any time with re- 
spect to the phase of the steady swimming motor  pattern. 
Recent extracellular recordings of the nerves in fictive 
swimming preparations of goldfish (Fetcho 1992) and 
amphibian larvae (Lee and Olin 1992) have found that 
stimulating the Mauthner cell during the steady swim- 
ming motor  pattern always produces an output of the 
motor  axons (in the dorsal ramus of the ventral root) 
characteristic of the muscle activity involved in the es- 
cape response, regardless of the phase of the steady swim- 
ming motor  pattern. In these fictive preparations, the 
rhythmic motor  pattern of steady swimming was disrupt- 
ed by the escape behavior motor  pattern, but after a short 
time lag, the rhythmic steady swimming motor  pattern 
resumed. An interesting unanswered question for intact 
swimming fish is whether or not the escape behavior 
could override a motor  pattern of high speed swimming 
that included white muscle activity. As shown in Fig. 5, 
while bluegills were swimming steadily at speeds less than 
two lengths per second, they recruited exclusively red 
muscle. When we attempted to elicit swimming sufficient- 
ly fast to involve the white axial muscle, the bluegills 
routinely switched to a burst and glide mode of swim- 
ming. Because of the non-periodic nature of this swim- 
ming mode as well as the unpredictable timing of the 
bursts of swimming, it was not practical to elicit the es- 
cape behavior during this type of swimming. In fishes the 
cell bodies of red motor  neurons are smaller and some- 
what spatially segregated from the motor  neurons of the 
white musculature (Fetcho 1986). Furthermore, the corre- 
lation between the taxonomy of fishes and different pat- 
terns of innervation of the white muscle lead Bone (1978) 
to suggest that one group of fishes (including goldfish) 
was more likely to use the white musculature during 
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steady swimming, whereas other  groups  of  fishes (includ- 
ing the bluegill) were more  likely to use the white muscle 
exclusively for burst  swimming. Thus,  it is still of  interest 
to  determine the generality of  this finding that  the 
Mau thne r  initiated escape response can totally override 
the steady swimming m o t o r  pat tern  by examining other  
fish taxa. 

Despite  the ability to per form an escape response dur-  
ing steady swimming, some subtle differences did exist 
between those escape responses performed at a standstill 
and those dur ing swimming (Table 3). Escape responses 
dur ing swimming had decreased mean  values of  the 
a m o u n t  of  m a x i m u m  lateral displacement  ( Y M X R ,  Y2) 
occurr ing mainly  dur ing stage 2 and later in the poster ior  
por t ion  of  the fish (Fig. 12). Interestingly, when these two 
kinematic  variables were plot ted versus the phase of  the 
steady swimming m o t o r  pat tern  at the onset of  the es- 
cape, no clear pat tern  of  var ia t ion was present. Instead of  
a par t icular  phase of  the steady swimming m o t o r  pat tern  
(such as steady swimming muscle activity contra la teral  to 
the stage 1 emg) adversely affecting the ampli tude of  
m a x i m u m  lateral displacement,  it appears  that  any 
steady swimming muscle activity pr ior  to an escape re- 
sponse will have a slight adverse effect on  the perfor- 
mance  of  the escape response. In a centrarchid species 
closely related to the bluegill sunfish, the bass Mi- 
cropterus, Johnson  et al. (unpublished) found that  the 
mean  time to peak tension for a twitch in the red muscle 
is 45 ms and the time to one-half  relaxation is greater 
than  70 ms, whereas for white muscle these times are 11 
and 18 ms, respectively at 20~ Given that  the mean  
time f rom the onset of  stage 1 to the offset of  the stage 2 
emg is only 36.6 ms (Table 2), it seems likely that  a signif- 
icant fraction of  the red muscle force will always be op- 
posing some of  the movement s  dur ing either stage 1 and 
stage 2 regardless of  the side and longitudinal  locat ion of  
the steady swimming emgs immediately pr ior  to the es- 
cape response. These da ta  on the time course of  force 
development  and relaxation also suggest the minimal  
utility in activating the red muscle dur ing stage 1. 

Because the a m o u n t  the red muscle in centrarchids 
may  be less than 2% of the total  fish mass (Johnson et al., 
unpublished),  one would  expect that  the force p roduced  
by recruiting all of  the white muscle could trivialize the 
effect of  pr ior  red muscle activity. Indeed,  for the bluegill, 
only the ampli tude of  two kinematic  variables was affect- 
ed, whereas the time course of  the kinemat ic  events in the 
escape response did no t  differ a m o n g  swimming versus 
standstill trials. The t remendous  differences in the abili- 
ties of  different fishes to sustain high speed swimming is 
correlated in par t  to the relative a m o u n t  of  red muscle. 
Hence, it would  be intr iguing to determine the tradeoffs 
in per formance  that  m a y  exist with fast starts, especially 
in light of  the fact that  act ivat ion of  red muscle dur ing 
stage 1 should cause residual force oppos ing  the stage 2 
muscle activity. 
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