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Abstract We quantified the intensity and duration of
electromyograms (emgs) from the red and white axial
muscles in five bluegill sunfish (Lepomis macrochirus)
which performed three categories of behavior including
steady swimming and burst and glide swimming at mod-
erate and rapid speeds. Steady swimming (at 2
lengths/s) involved exclusively red muscle activity (mean
posterior emg duration = 95 ms), whereas unsteady
swimming utilized red and white fibers with two features
of fiber type recruitment previously undescribed for any
ectothermic vertebrate locomotor muscle. First, for mo-
derate speed swimming, the timing of red and white ac-
tivity differed significantly with the average onset time
of white lagging behind that of red by approximately 40
ms. The durations of these white emgs were shorter than
those of the red emgs (posterior mean = 82 ms) because
offset times were effectively synchronous . Second, com-
pared to steady and moderate speed unsteady swimming,
the intensity of red activity during rapid unsteady swim-
ming decreased while the intensity of white muscle ac-
tivity (mean white emg duration = 33 ms) increased.
Decreased red activity associated with increased white
activity differs from the general pattern of vertebrate mus-
cle recruitment in which faster fiber types are recruited
in addition to, but not to the exclusion of, slower fiber

types.
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Introduction

Most vertebrate muscle contains several different fiber
types that are proposed to allow more effective move-
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ment over a wide range of speeds, much as gear systems
can improve the efficiency of machines. A recurrent find-
ing for vertebrate locomotion is that as speed of move-
ment increases, successively faster muscle fiber types are
recruited in addition to (but not at the exclusion of) slo-
wer fiber types (Grillner 1981; Armstrong 1981). Thus,
slower (red) muscle fibers are used to power slow- and
medium-speed movements while both slow fibers and
the faster (white) fibers are used during rapid movement.
This “additive model” (Fig. 1) of muscle fiber function
has been supported by numerous studies of the locomo-
tion of fishes and other ectothermic vertebrates which of-
ten have a spatial segregation of fiber types within mus-
cles that facilitates in vivo studies of muscle fiber func-
tion (Rayner and Keenan 1967; Hudson 1973; Johnston
et al. 1977; Bone 1978; Bone et al. 1978; Johnston and
Moon 1980; Johnston 1983; Rome et al. 1984; Jayne et
al. 1990a). Even for the remarkably fast (25 ms) escape
response of a fish, the slow red axial muscles are recrui-
ted simultaneously (additively) with the fast white fibers
(Jayne and Lauder 1993). This fiber recruitment during
the escape response is paradoxical because mechanical
considerations of force development in the slow muscle
fibers suggest that such activity should contribute little
or nothing to performance during very rapid locomotion
(Rome et al. 1988; Rome and Sosnicki 1991).

The neuroanatomy relevant to axial function in fishes
further suggests why an additive pattern of fiber recruit-
ment might be generally expected. In fishes, the white
muscle is innervated by both small (secondary) and large
(primary) motor neurons whereas only small motor neu-
rons innervate red muscle (Fetcho 1986; Westerfield et
al. 1986). The size order of recruitment principle (Hen-
neman et al. 1965) predicts that increasing levels of ac-
tivity occur as a result of recruiting successively larger
motor neurons. Thus, if small followed by large is the
actual order of motoneuron activation during swimming
as speed increases, then red and white fibers would be
expected to be activated together during rapid locomo-
tion as excitation of both types of motoneurons occurs.

By eliciting different speeds of locomotion, one can
investigate how muscle activity increases both within a
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Fig. 1A, B Diagrammatic summary of the expected patterns of
recruitment of red (slow) and white (fast) muscle fiber types based
on current models of “‘additive” recruitment. Filled circles indicate
arbitrarily chosen points that conform to previous models and qua-
litative emg studies (A) and quantitative emg studies (B) of fiber
type recruitment in ectothermic vertebrate muscle. Arrows indicate
the progression of events with increasing speed of movement

single mode of locomotion and among different modes
of locomotion. For example, bluegill sunfish undulate
steadily from about one to two body lengths per second,
whereas faster speeds are usually attained by performing
one or two rapid undulatory bursts after which the body
is held straight as the fish glides forward (burst and glide
swimming). Most previous electromyographic studies of
fish locomotion (e.g., Bone 1966; Hudson 1973; John-
ston et al. 1977, Johnston and Moon 1980; Rome et al.
1985) primarily have dealt with steady lateral undulatory
swimming and have qualitatively determined the thresh-
old for white muscle activity while varying the swim-
ming speeds of fish. Rome (1986) recently summarized
these studies and suggested that white fish muscle is ac-
tivated only after the red muscle has been maximally
recruited, and this would predict the pattern shown in
Fig. 1A. More recent studies that have quantified the
emg amplitude for ectothermic vertebrate muscle (Jayne
et al. 1990a; Rome et al. 1992) have found that the inten-
sity of red muscle activity increases with speed until a
maximal level is attained and then maintained with fur-
ther increases in speed. Furthermore, white muscle may
be recruited slightly before maximal activity of red mus-
cle (Jayne et al. 1990a) leading to a refined additive mo-
del of fiber type recruitment shown in Fig. 1B. Hence,
there are rather clear expectations for how levels of mus-
cle activity increase, but little is known about the details
of the timing of white versus red activity and whether
there are any circumstances for which activity of one fi-
ber type actually decreases in the face of increased requi-
rements for mechanical power. In addition, no study of
fishes has focused on high-speed forward locomotion to
examine patterns of fiber recruitment.

In this paper we test the generality of additive models
of vertebrate muscle fiber function by quantifying both
the intensity and timing of in vivo activity of slow and
fast axial muscles in fish swimming over a wide range of
speeds. We were most interested in the burst and glide
mode which occurs at speeds intermediate to those of the
better-studied steady swimming and escape behaviors.
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Current literature suggests that both fiber types are
recruited obligatorily in an additive manner as the speed
of movement increases. We sought to clarify whether
some ectothermic vertebrates have sufficient plasticity in
fiber recruitment to decouple activity of slow and fast fi-
bers during rapid movements to avoid mechanically sub-
optimal patterns of force generation.

Materials and methods

Experimental subjects and protocol

All bluegill sunfish (Lepomis macrochirus) were captured from
small ponds in southern and central California and average time in
captivity before experiments approximated 3 months. All animals
were housed individually in 40-80 1 aquaria with a 12:12
light:dark cycle and a constant temperature (20 +2°C) which was
equal to that used during experiments. After preliminary experi-
ments on three individuals, we then standardized our methods and
only analyzed the results from 5 additional individuals which had
standard and total lengths and mass that ranged from 12.7-16.0
cm, 16.0-19.5 cm, 77-110 g, respectively.

To facilitate controlling the swimming speeds of the fish, we
used two calibrated flow tanks which had working sections of ap-
proximately 46 x 18 x 18 cm and 91 x 30 x 30 cm with the long
dimension parallel to the flow. A mirror mounted below the trans-
parent working section of each flow tank allowed us to videotape
ventral and lateral views using a two camera high-speed video sy-
stem (NAC HSV-400) operating at 200 images per second. For
each of the 5 fish, we first obtained 5 consecutive cycles of steady
swimming at approximately 1.6 and 2.0 total lengths (TL)/s. The
transition between steady and burst and glide swimming generally
occurred between speeds of 2.0 and 2.5 TL/s, and we elicited burst
and glide swimming using flow rates varying from about 2.5 to 4
TL/s. During steady swimming we only analyzed sequences for
which the fish was almost perfectly centered (side-to-side and top-
to-bottom) in the working section of the tank, and the body of the
fish was never within 3 cm of any wall of the tank or the surface of
the water. The position of the fish during burst and glide swim-
ming could not be controlled as precisely as that during steady
swimming, but we were able to restrict our analysis of this behav-
ior to sequences in which the fish were at least 3 cm away from the
two sides of the working section and the surface of the water, but
occasionally the ventral surface of the fish was as close as 1.5 cm
to the bottom of the flow tank. For each individual fish, we selec-
ted 5 tail beats from each of two groups of burst and glide swim-
ming which were subjectively rated as either moderate speed or
rapid burst and glide swimming.

Electromyography

To quantify the patterns of fiber type recruitment, we used hypo-
dermic needles (26 gauge) to percutaneously implant 12 bipolar
fine wire electrodes (0.051 mm diameter stainless steel wire) into
the red and white muscle at 3 longitudinal positions on both the
right and the left sides for each of 5 individuals. Greater details of
electrode construction (Jayne 1988) and implantation procedures
(Jayne and Lauder 1993) are given elsewhere. The 4 portions of
fish myomeres schematically resemble a W-shape, the top of
which is oriented anteriorly while the middle of the W is on the
horizontal septum that separates the epaxial and hypaxial muscu-
lature. We inserted electrodes into the white muscle of the epaxial
portion of the myomere that was closest to the horizontal septum
and at a depth midway between the skin and the mid-sagittal pla-
ne. We attempted to implant electrodes into the epaxial white mus-
cle as close as possible to the same longitudinal location as the
electrode which was located in the superficial red muscle, and we
used post-mortem x-rays and dissections of all of the fish to con-
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firm the longitudinal position of electrodes. Proceeding from ante-
rior to posterior, the approximate average locations of the three
longitudinal sites were: 1) in the trunk directly ventral to the se-
venth spine of the spiny dorsal fin, 11 vertebrae posterior to the
skull; 2) in the anterior tail, directly dorsal to the first spine of the
anal fin, lateral to the second caudal vertebra and 15 vertebrae po-
sterior to the skull; and 3) in the mid-tail, directly ventral to the
posterior margin of the soft dorsal fin, lateral to the sixth caudal
vertebra and 19 vertebrae posterior to the skull.

During burst and glide swimming, white muscle activity can
occur on one side without subsequent white muscle activity on the
contralateral side; hence, we restricted our analysis to ipsilateral
electrodes. Furthermore, we restricted our quantitative analysis to
electrode sites that met our 4 criteria for successful implantation
and could be analyzed for each and every individual. We conside-
red a pair of red and white electrodes at a single longitudinal posi-
tion successfully implanted if: (1) the longitudinal location of the
red and white electrodes at a site varied by less than the length of a
single vertebra, (2) high levels of red muscle activity could be ob-
served during steady swimming without noticeable crosstalk with
the white electrode; (3) substantial white muscle activity could be
observed during unsteady high speed swimming; and (4) the elec-
trodes were not pulled out before the end of the experiment. Be-
cause the middle site of each fish did not always conform to all of
these conditions in each and every individual, we only quantified
data from ipsilateral anterior and posterior sites in each individual.
This simplified our statistical comparisons by avoiding a large
number of missing values in the experimental design. However,
our results from the middle longitudinal site when they were avai-
lable did conform qualitatively to the result which we describe for
the anterior and posterior sites.

Fig. 2A-C Electromyograms recorded simultaneously from the
same side of a single fish at the most anterior and most posterior
longitudinal sites. A During steady swimming of the fish at about
2 TL/s. Note the complete absence of white activity. B During a
rapid burst preceding a glide. C During unsteady swimming at a
speed intermediate to that in A and B. Dashed lines indicate the
onset and offset of red muscle activity at each site whereas arrows
indicate the onset and offset of white muscle activity. Near the
threshold of white recruitment the onset times of white muscle
were delayed with respect to red whereas the offset times of red
and white at a single site were nearly synchronous. A-C are
shown in the order in which they were recorded; hence, the
decreased amounts of red activity can not be attributed to damaged
electrodes. All illustrated emgs are analog traces from a digital file
after processing with a finite impulse response filter as described
in Materials and methods
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Signal conditioning and analysis

Electromyograms (emgs) were amplified 20,000 x using Grass
model P511 K preamplifiers 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 converted the analog emgs to digital
data using a sampling rate of 8 kHz (see Jayne et al. 1990b). Be-
cause the rapid movements of burst and glide swimming can cause
considerable low frequency artifacts, we filtered the digital emgs
using a finite impulse response filter that reduced the portion of
the signal below 100 Hz to less than 10% of its original amplitude.

Using the digital, filtered data, we used custom computer pro-
grams to determine the onset and offset time of muscle activity to
the nearest ms. We also calculated the rectified integrated area for
each channel using 10 ms bins. All resulting values were then nor-
malized to a percentage of the maximal value observed for each
electrode at any time during the experiments. We did not elicit es-
cape responses during these experiments; hence the maximal va-
lues (which occurred during rapid burst and glide swimming) used
to normalize intensity of white muscle recruitment could be less
than that which occurs during escape responses. Values for norma-
lizing red activity usually occurred during moderate speed burst
and glides and they are also probably less than those that occur
during escapes. We then used the greatest value (from one 10 ms
bin) of the normalized rectified integrated area within an emg
burst to indicate the intensity of fiber recruitment during a single
cycle of locomotion.

Because the durations of red and white emgs at a single loca-
tion within an individual were often not identical, we used the
following conventions. Burst duration refers to the maximal value
of emg duration observed for a pair of the red and white electrodes
at a single site, and this quantity could always be determined for
all of the different swimming behaviors. Because of the variable
amplitude of red and white emgs it was not always possible to ob-
jectively measure the onset and offset times and calculate durati-
ons. In order to refer to the duration of emgs from only a single
fiber type, we will specifically indicate either red burst duration or
white burst duration.

In part, sequences were chosen subjectively for analysis based
on the quality of primarily the posterior emgs. For each individual,
we analyzed five bursts of muscle activity at each of the two stea-
dy swimming speeds and each of two types of burst and glide
swimming. Occasionally some aspects of the anterior emgs could
not be quantified even though the posterior emgs were suitable for
analysis. Hence, some of the sample sizes for the anterior site are
a subset of the total of the 25 observations which were analyzed
for each behavior.

4
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Results
Steady speed swimming

As shown in Fig. 2A, bluegill swim steadily by using
exclusively the red axial muscle fibers for speeds of 2
TL/s and slower. Figure 3A, B shows for a single indivi-
dual how the burst duration decreases with increases in
both the steady swimming speed and intensity of red
recruitment. At 1.6 L/s the mean anterior red burst dura-
tion was 116 ms (SD = 17; N = 25) and the red intensity
relative to a maximum of 100%, was 10.8% (SD = 9.5).
For the posterior site these values were 109 ms (SD =
17) and 38.2% (SD = 16.5), respectively. When swim-
ming steadily at 2 TL/s, the anterior and posterior mean
red burst durations decreased slightly to 109 ms (SD =
18) and 95 ms (SD = 13). The anterior site duration at 2
TL/s was not significantly different from 1.6 TL/s, while
the posterior site duration did decrease significantly be-
tween steady swimming speeds (two-tailed paired t-tests
on individual means). The corresponding mean relative
intensities of red recrnitment increased significantly to
24.1% (SD = 10.8) and 56.6% (SD = 12.5). Longitudinal
variation in the duration of emg bursts is common for the
swimming of fish (van Leeuwen et al. 1990; Williams et
al.1989), and this was the reason for standardizing anato-
mical locations and not pooling data from different lon-
gitudinal positions. A much more detailed (7 positions, 4
speeds) analysis of the effects of speed and longitudinal
position on red activity of Lepomis during steady swim-
ming will be presented elswhere.

The red muscle activity was propagated posteriorly
for both speeds of steady swimming. As indicated in Ta-
ble 1, both the onset and offset of red muscle activity at
the posterior site usually lagged more than 20 ms behind
those of the anterior site. Furthermore, as the speed of
steady swimming increased, these longitudinal lag times
between the anterior and posterior sites decreased. Hen-
ce, the rate of emg propagation increased with increased
swimming speed.

Bluegill had difficulty sustaining steady swimming at
speeds greater than about 2.5 TL/s. The maximal intensi-
ty of the red recruitment observed during swimming at
2 TL/s was 75.5%, but values higher than this were ob-
served occasionally during the exclusive recruitment of
red at speeds between 2 and 2.5 TL/s.

Table 1 Mean longitudinal lag times (in ms) of electromyogra-
phic events. Values indicate that the posterior site lagged behind
the anterior site. Beside each mean the standard deviation is indi-
cated parenthetically and N = sample size for the mean. The first
two rows are for steady swimming at the speeds indicated, and the
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Fig. 3A-C Patterns of red and white fiber recruitment observed in
this study for the most anterior (triangle) and most posterior (in-
verted triangle) electrode sites from the same side of a single fish.
A Anterior site. B Posterior site. C Combined anterior and posteri-
or data. Data are shown for all observations of steady swimming at
both 1.6 and 2.0 TL/s, and for moderate speed and rapid burst and
glide swimming. Note that decreasing burst duration indicates in-
creased speed of movement, and the points with 0% white activity
are for the two speeds of steady swimming.Also note the absence
of points in the upper right hand quadrant of C

last two rows are for burst and glide swimming. *Note that low
amplitudes of the red emgs during rapid burst and glide swimming
prohibited accurate determination of lag times for the tail-beats
used for the white muscle values shown below

Behavior Red muscle White muscle

N Onset lag Offset lag N Onset lag Offset lag
1.6 TL/s 23 43.2(12.6) 36.9(11.2)
2.0 TL/s 25 31.3(13.3) 17.4 (8.7)
Moderate 25 25.2 (14.8) 12.5(17.2) 21 25.6 (10.1) 10.1 (5.8)
Rapid * * 25 7.3 (5.1) 7.7 (1.5)
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Moderate speed burst and glide swimming

At swimming speeds slightly greater than about 2.5 TL/s,
bluegill usually did not swim steadily, and they switched
to a burst and glide mode of swimming during which
fish usually had low but detectable amounts of white
muscle activity in addition to high levels of red muscle
activity (Fig. 2C). During this mode of swimming the
red burst durations were highly variable ranging from 31
to 162 ms, and the mean values (N = 25) for red burst
durations at the anterior and posterior site were 94 ms
(SD = 32) and 82 ms (SD = 31), respectively. The mean
intensities of red recruitment at the anterior and posterior
sites were 57.4% (SD = 16.9) and 67.5% (SD = 17.3),
respectively, and compared to steady swimming at 2
TL/s, this approximated a doubling of anterior activity
but was only a slight increase in mean posterior red ac-
tivity. However, the intensity of red recruitment during
moderate speed burst and glide swimming did vary con-
siderably, and the highest amplitude red emgs were ob-
served for all individuals during this swimming behavior.

One novel characteristic of the motor pattern during
this mode of swimming was that the white burst dura-
tions were consistently shorter than those of the red mu-
scle at both the anterior (two-tailed paired ¢t = 7.5,
P<<0.001, N = 21) and posterior (¢ = 8.5, P<<0.001, N =
25) sites. White burst duration varied widely and ranged
from 15 to 84 ms with mean values for anterior and po-
sterior sites of 52 ms (SD =15, N=21) and 37 ms (SD =
12, N = 25), respectively. Compared to the red muscle,
the intensity of white muscle activity during moderate
speed burst and glide swimming was rather low, ranging
from 0.4% to 32.2%. Mean values at the anterior and po-
sterior sites were 14.8% (SD = 11.1) and 12.9% (SD =
7.6), respectively.

Another novel feature of moderate speed unsteady
swimming was how the timing of muscle activity diffe-
red between the red and white fibers at the same longitu-
dinal location (Fig. 2C). At the anterior site, the onset of
white muscle activity lagged behind that of the red mus-
cle by a mean value of 40 ms (SD = 18) which was sig-
nificantly greater than zero (two tailed 7 = 7.1, P<<0.001,
N = 21). In contrast, the offset times of anterior red and
white muscle were effectively synchronous (Fig. 2C) hav-
ing mean lag of —1 ms (SD = 7) which was not signifi-
cantly different from zero (t = 0.7, P>0.4, N = 25). The
anterior red-white lag in onset times was highly variable
(-1 to 89 ms) and showed a highly significant positive
correlation with red burst duration (Fig. 4A; Table 2). In
contrast, the anterior red-white lags in offset time were
less variable and did not correlate significantly with red
burst duration (Fig. 4B, Table 2).

The timing differences between red and white at the
posterior site were generally similar to those of the ante-
rior site during moderate speed burst and glide swim-
ming. The mean posterior red-white lag in onset was 39
ms (SD = 10) and it differed very significantly from zero
(two- tailed ¢ = 10.8, P<<0.001, N = 25). The mean po-
sterior red-white lag in offset was only ~5 ms (SD = 10)
and did not have a highly significant difference from
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Fig. 4A, B The lag times between red and white muscle activity
for all available data (N = 21) from the anterior site in 5 individu-
als that performed a total of 25 episodes of moderate speed burst
and glide swimming. For 4 tail-beats the amplitude of white ac-
tivity was too small to allow objective measurement of onset and
offset times. Positive values of lag indicate that the time of white
activity followed that of red activity

Table 2 Regression statistics relating lag time between red and
white activity (ms) to burst duration (ms) at the anterior and pos-
terior ipsilateral sites during moderate speed burst and glide swim-
ming. The first 4 rows of the table use all available data for the
same 25 tail beats, whereas a single individual with the 5 longest
posterior burst durations was excluded in the last two rows. N =
sample size

Dependent Burst indiv.

Variable N N 7F P Slope  Intercept
Ant. On Lag 21 5 087 <<0.001 072 269
Ant. Off Lag 21 5 0.04 0.39 004 -49
Post. On Lag 25 5 081 <<0.001 051 =25
Post. Off Lag 25 S5 075 <<0.001 -0.27 16.8
Post. On Lag 20 4 061 <«<0001 062 -97
Post. Off Lag 20 4 0.07 027 -0.07 3.7

zero (f = 2.5, 0.01<P<0.02, N = 25). The posterior red-
white lag in onset showed a clear and significant increase
with increased red burst duration (Fig. 5A, Table 2). The
combined data for 4 of the 5 individuals showed minimal
variability in the posterior red-white lag in offset (Fig.
5B) which was not significantly correlated with burst du-
ration (Table 2, row 6). For all 25 tail beats, including
those from one individual with unusually long burst du-
rations, there was a significant negative correlation be-
tween posterior red-white offset lag and red burst dura-
tion (Table 2, row 4).

During the unsteady swimming behavior at moderate
speeds, activity of both the red and white muscle was
propagated posteriorly. For both the red and white mus-
cle the mean longitudinal lag times in onset and offset
were extremely similar (Table 1). The lags between ante-
rior and posterior onset time of red and white were with-
in 1 ms of each other and approximated 25 ms, which in-



128
100 4 A
Tg 75 - °®
= ° LA
(1]
- 50 1 ®
s o8 .
g .'. :
O 251 ° °
Y [ ]
°
0 T T L L T T
. 251 B
[72]
1S
- .
2 04 o 0o°° s
S )
) o°*
g-zs- T T T T T ’_._
0 25 50 75 100 125 150

Red Burst Duration {ms)

Fig. 5A, B The lag times between red and white muscle activity
for all available data (N = 25) from the posterior site in S individu-
als and the same 25 episodes of moderate speed burst and glide
swimming that were used for Fig. 4. Note that a single individual
had the 5 greatest values of burst duration

dicates a slightly faster posterior propagation of muscle
activity during this behavior compared to swimming
steadily at 2.0 TL/s (Table 1).

Rapid burst and glide swimming

Another unexpected pattern of recruitment occurred dur-
ing the highest speed burst and glide swimming which
often had a large decrease in the intensity of red muscle
activity (Figs. 2B, 3). The mean intensity of posterior red
activity was only 27.7% (range 12.2%-50.4%, SD =
11.6) and 17 of the 25 posterior red burst intensities were
less than 25%. In contrast, the highest levels of posterior
white intensities were observed during this behavior with
values that ranged from 21.8% to 100% and had a mean
of 59.5% (SD = 23.5). Anteriorly, the intensities of red
and white muscle had means of 41.7% (range 1.9%—94.9%,
SD =25.2) and 51.2% (range 11.3%-91.7%, SD = 20.6),
respectively. Eight of the 25 anterior red bursts (from 3
different individuals) had intensities that exceeded the
maximum value observed for all of the posterior red
bursts. Consequently, there may be some subtle longitu-
dinal variation in the speed of movement at which
decreased amount of red muscle activity occurred during
rapid swimming.

For this particular behavior the amplitude of red mus-
cle activity was often so low that the onset and offset ti-
mes could not be quantified objectively (for 12 of 25
emg bursts). Hence, we calculated a burst duration (used
in Fig. 3 A, B) that was the maximum observed for either
the red or white burst at a particular site during each cy-
cle of locomotion. Mean anterior and posterior burst du-
rations for the 25 observations of this behavior were 42
ms (SD = 26) and 35 ms (SD = 15), respectively. For the
tail beats having quantifiable red onsets and offsets, the
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anterior white burst durations (mean = 33, SD =8, N =
13) were generally shorter than those of the red muscle
(mean = 57 ms, SD = 28, N = 13). For all 25 tail beats,
anterior and posterior white burst durations had effec-
tively identical means (29 ms) and standard deviations (7
ms). Posterior red burst durations ranged frém 17 to 84
ms with a mean value of 39 ms (SD = 19, N = 13). Thus,
muscle activity during rapid burst and glides was highly
variable.

During rapid burst and glide swimming muscle activi-
ty was propagated posteriorly. As shown in Table 1, the
lag time between the anterior and posterior sites approxi-
mated 7 ms; hence, the propagation of muscle activity
was fastest for this group of observations compared to
the other three experimental conditions.

The amplitude of red muscle activity at the anterior
site did not differ significantly (two-tailed paired t-tests
on individual means) between moderate and rapid burst
and glide swimming (means = 58.8% and 40.3%, respec-
tively), while the amplitude of red activity at the posteri-
or site was significantly less at higher-speed swimming
(means = 68.8% and 28.1%). White muscle activity was
significantly greater at the higher burst-and glide speed
for both anterior and posterior sites.

Discussion

Several new findings from our study of the axial undula-
tory locomotion of Lepomis suggest that fishes have a
much greater diversity of motor output than has been
previously described. The timing of white and red mus-
cle activity at a given longitudinal position need not be
synchronous, and this was most apparent near the thresh-
old levels for recruitment of white muscle. During mo-
derate speed unsteady swimming, durations of white
muscle emgs were consistently less than those recorded
from the more superficial red locations. Furthermore, the
onset of white activity consistently lagged behind that of
red while the offsets of red and white activity were effec-
tively synchronous. During the most rapid burst and
glide swimming there was a pronounced decrease in the
intensity of red recruitment, and this finding differs from
previous additive models of fiber type recruitment

(Fig. 1).

Working hypothesis for fiber recruitment in fishes

It is important to emphasize that in this study of Lepomis
we examined muscle recruitment over a continuum of lo-
comotor speeds and behaviors that excluded the startle
response. The startle response involves specialized neu-
rocircuitry (Yasargil and Diamond 1968; Zottoli 1977;
Fetcho and Faber 1988; Fetcho 1991; Lee and Eaton
1991) that produces an initial motor output with no de-
tectable (< 1 ms) longitudinal lags in the activation of the
axial muscles of Lepomis (Jayne and Lauder 1993).
Hence, we propose the following model of fiber type
recruitment to encompass undulatory locomotion of fis-
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Fig. 6 Schematic summary of a current working model of fiber ty-
pe recruitment based on the patterns of fiber type recruitment ob-
served in this study (Fig. 3C). Numbers and arrows indicate the

progression of events with increased swimming speed. See Dis-
cussion for further explanation

hes that involves posteriorly propagated axial muscle ac-
tivity.

Figure 6 schematically summarizes our current work-
ing model for the effect of swimming speed on the pat-
tern of fiber type recruitment based on our observations
of in vivo muscle activity (Fig. 3 C). The arrows indicate
the progression of events with increased locomotor
speed, and burst duration (an indirect measure of loco-
motor speed) decreases from the beginning to the end of
the progression. Initially, during steady speed swimming
(Fig. 6, arrow 1) only red fibers are used with an increas-
ing intensity to about 70% of maximal level as red burst
duration decreases to about 100 ms. After the threshold
for white recruitment is reached (Fig. 6, arrow 2), some
further increases in red activity usually occur with low
levels of white activity such that red and white intensity
are positively correlated until red burst durations appro-
ximate 80-90 ms (Fig. 3 A, B). Thereafter, (Fig. 6, arrow
3), a moderate increase in the level of white activity to
about 30-40% maximal is accompanied by a large
decrease in the intensity of red activity from about 100%
to 25% as emg duration decreases to about 50 ms. Final-
ly, white activity increases independently of red activity
which is nearly nonexistent as the white burst durations
decrease from about 50 to 25 ms (Fig. 6 arrow 4; Fig. 3
A, B).

Comparisons with other studies

Previous studies of in vivo patterns of fiber type recruit-
ment in fishes during swimming would appear to differ
from the results we report here. However, several differ-
ences between our methodology and that of previous
studies may help to explain why we have detected pre-
viously undescribed patterns of red and white fiber
recruitment. One major difference was that studies of fi-
ber recruitment during fish locomotion prior to 1990
simply did not systematically quantify either the timing
or the intensity of both red and white muscle activity.
Hence, previous additive models of fiber type recruit-
ment (e.g., Rome 1986) were consistent with available
qualitative data. The importance of quantitative analysis
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of emgs for clarifying patterns of recruitment in ecto-
thermic vertebrates (Fig. 1) is discussed in more detail
elsewhere (Jayne et al. 1990a). In addition, most pre-
viously published illustrations of emgs of fish muscle
(Rayner and Keenan 1967; Hudson 1973; Johnston et al.
1977; Johnston and Moon 1980; Rome et al. 1984, 1985)
have had extremely compressed time scales, and show
from two to six seconds of emg data. At this scale vir-
tually all emg bursts look similar in duration. Hence, it is
not feasible to determine retrospectively if other studies
may have observed some of the novel features of red-
white motor pattern which we found could occur on a
time scale of several milliseconds.

Another drawback of many published figures of fish
muscle emgs is that it is difficult to evaluate whether or
not movement artifacts may have contributed significant-
ly to the observed amplitude of emgs. In our experiment,
we had to take particular care in: 1) our methods of im-
plantation and attachment, 2) not allowing the fish or
electrode wires bump into the flow tank walls, 3) control-
ling and verifying the position of the recording electro-
des after the experiment using both dissections and x-
rays, and 4) choosing high-pass filter settings appropriate
for dealing with the motion artifacts which could become
particularly troublesome during the unsteady swimming
behaviors. High-speed flows can cause low frequency
oscillations of the electrode cable which may look like
an emg burst if a very compressed time scale is used for
illustrations (or for hardcopies of recordings which are
then analyzed). (We thus recommend that analyses of ra-
pid locomotor behaviors show emgs with a time scale
sufficiently expanded to resolve individual spikes within
bursts as well as lag times among bursts.)

We also used a wide range of flow rates to elicit the
greatest possible diversity of undulatory swimming mo-
des in Lepomis. Many previous studies of red and white
muscle recruitment in fishes (Hudson 1973; Johnston et
al. 1977: Johnston and Moon 1980; Rome et al. 1984,
1985) were mainly interested in the events leading to the
threshold for recruitment of white muscle; consequently
few speeds beyond the threshold of white recruitment
were used. Because fish fatigue rapidly during rapid
burst and glide swimming, it is indeed technically diffi-
cult to work with this particular swimming mode, but it
was only during the highest speed burst and glide swim-
ming when the substantial decrease in red emg intensity
occurred.

Finally, patterns of fiber type recruitment appear to
vary among different fish taxa (Johnston et al. 1977).
Some of the most detailed studies of fiber type recruitment
have been for the carp (Johnston et al. 1977; Rome et al.
1984, 1985) which is not closely related to Lepomis
(Lauder and Liem 1983). Bone (1978) suggested that the
innervation of axial muscle varies among different fish
taxa and that this may partially explain some of the ob-
served variation in fiber recruitment. Future studies will
be needed to clarify whether the patterns of fiber type
recruitment in Lepomis are the result of neuroanatomical
differences with other fish taxa, or if such a pattern of
recruitment may simply have not been detected because
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of the different experimental techniques which were used
with other species.

Liu and Westerfield (1988) have suggested that large
white muscle emg amplitudes (in the zebrafish) were the
result of activation by primary motoneurons, whereas
small amplitude emgs from the same recording site
might indicate activation by only the secondary moto-
neurons. Interestingly, the clearest timing differences
between red and white muscle in Lepomis occurred
when the white emgs were relatively uniform with low
amplitude, whereas the diminished activity of red occur-
red only when white emgs were of short duration and
high amplitude. In addition, it is possible that some of
the extremely low intensity of emgs in the red muscle
(< 10%) which we observed in Lepomis during high am-
plitude white activity resulted from crosstalk with the
underlying white muscle, and if this were the case, then
during some high speed swimming red muscle may not
be activated at all. Thus, our results for Lepomis suggest
two intriguing possibilities which might be examined in
the future. (1) Does the motor pattern with differential
onset of red and white muscle occur only when secon-
dary motoneurons are activating both fiber types? (2)
Does the decrease (or cessation) of red activity occur on-
ly when the white muscle is activated by the primary mo-
toneurons? Our results for rapid burst and glide swim-
ming may indicate that the circuitry associated with ac-
tivation of the primary motoneurons innervating white
muscle ultimately provides inhibitory input to the secon-
dary motoneurons innervating red fibers. Such inhibition
might occur via interneurons, or by activation (at rapid
swimming speeds) of a pathway that inhibits secondary
motoneurons to red fibers while providing excitatory
input to primary motoneurons innervating white fibers.

Among vertebrate taxa other than fishes it is appa-
rently rare to have activation of fast muscle with a simul-
taneous lack of slow fiber activity. Two studies of intact
endothermic vertebrates are notable for having described
such a phenomenon. Smith et al. (1977) found that the
paw shaking behavior of cats only involved activation of
fast fiber types, whereas even during such fast locomotor
behaviors as jumping, cats utilized both slow and fast fi-
ber types. Using a specialized force platform attached to
the foot of humans, Nardone et al. (1989) also found
some limited circumstances during which fast fiber types
might be recruited at the exclusion of slow fibers. Com-
pared to endothermic vertebrates, fiber type recruitment
in ectothermic terrestrial vertebrates has received mini-
mal study. However Jayne et al. (1990a) found that the
pattern of intensities of red and white fiber recruitment
in a thigh muscle of a lizard during running and walking
was consistent with the additive model shown in Fig. 1B;
however, this study did not document activity over the
entire range of locomotor speeds that the lizards could
attain. At the threshold of recruitment, the irregular natu-
re of the white muscle bursts complicated determining
the onset and offset times, but it is clear from illustra-
tions (Jayne et al. 1990a, Figs. 1, 3) that the duration of
white fiber activity can be shorter than of the red fiber
burst.
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It is interesting to consider the extent to which fast
and slow fiber emgs might be decoupled from each other
because of the considerable differences between fiber ty-
pes in their rates of force production and relaxation. Al-
though unknown for Lepomis, the times to peak twitch
tension and to one-half relaxation for muscle from a clo-
sely related species of centrarchid fish (the bass, Micro-
pterus) at the same temperature are 11 and 18 ms for
white muscle and 45 and 70 ms for red muscle, respec-
tively (Johnson et al., 1994). Hence, it is intriguing that
for rapid burst and glide swimming, red activity of Lepo-
mis effectively ceased when emg burst duration was less
than the time to peak twitch tension for red, and that red
levels of activity also diminished for emg durations less
than the time to one-half relaxation during red twitch. It
is difficult to predict the precise time course of force of
muscle for activation other than a simple twitch. Howe-
ver, it is possible that some of the observed lags between
onset of red and white activity (mean = 39 ms, range =
677 ms; Fig. 2C) could contribute to synchronizing for-
ce production in red and white muscles at the transition
to burst and glide swimming. Since the time to peak ten-
sion for white muscle is about 34 ms shorter than red
muscle, coactivation of both fiber types would likely re-
sult in asynchronous peak force generation. It seems qui-
te unlikely that the synchronous offset of red and white
muscle that was observed in Lepomis would facilitate
synchronized relaxation. Instead, the variable onset time
of red and white fibers and the nearly synchronous offset
times may reveal more about the constraints imposed by
the axial motor pattern generators rather than indicating
any necessary biomechanical advantages.

Although steady swimming, burst and glide swim-
ming and the escape response fall along a continuum of
increasing speed, it is important to emphasize that there
may be enough qualitative differences to regard these ty-
pes of axial movements as three different behaviors.
Hence, the extent to which pattern generators and other
neural circuitry are shared by different modes of swim-
ming still needs clarification.

The neural circuitry involved in the unsteady swim-
ming behaviors that we have described has not yet been
analyzed. However, our observations of burst and glide
muscle activity clearly differed from the rhythmic pat-
terns of steady swimming which have been studied and
modeled extensively for other fishes. The escape behav-
ior of fishes is an unsteady form of swimming that invol-
ves a well-studied neural network (Yasargil and Dia-
mond 1968; Zottoli 1977; Eaton et al. 1982; Fetcho and
Faber 1988; Fetcho 1991; Lee and Eaton 1991) that si-
multaneously (within 1 ms) activates all the muscles on
one side of the fish (stage 1, Jayne and Lauder 1993), but
this is unlike our recordings of high amplitude white mus-
cle emgs during high-speed swimming which had a
short but distinct posterior lag in the onset time. Further-
more, the low amplitude red muscle activity during rapid
burst and glides contrasts with the high amplitude stage
1 red emgs during the escape response (Jayne and Lau-
der 1993). It is less clear how different rapid burst and
glide muscle activity is from that of the stage 2 emgs of
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the escape response. Jayne and Lauder (1993) did not
quantify the intensity of the stage 2 red emgs of Lepo-
mis, but they did mention the technical difficulties of
quantifying stage 2 emgs which could have been exacer-
bated by low amplitude red activity. It does seem coun-
ter-intuitive that the fiber recruitment during a rapid
burst and glide might differ from stage 2 of an escape be-
cause there are indeed similar mechanical demands dur-
ing these times, but with current data we can not further
resolve this issue. Future comprehensive understanding
of fiber type recruitment as well as the neural control of
the axial movements of fishes should account for all of
the diverse motor patterns that have now been observed.
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