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A flow-through respirometer and swim tunnel was used to estimate the gait transition speed (Up-)
of striped surfperch Embiotoca lateralis, a labriform swimmer, and to investigate metabolic costs
associated with gait transition. The U,,.. was defined as the lowest speed at which fish decrease
the use of pectoral fins significantly. While the tail was first recruited for manoeuvring at
relatively low swimming speeds, the use of the tail at these low speeds [as low as 0-75 body (fork)
lengths s™', Li- s™!) was rare (<10% of the total time). Tail movements at these low speeds
appeared to be associated with occasional slow manoeuvres rather than providing power. As
speed was increased beyond U,,.., pectoral fin (PF) frequencies kept increasing when the tail was
not used, while they did not when PF locomotion was aided by the tail. At these high speeds, the
tail was employed for 40-50% of the time, either in addition to pectoral fins or during burst-
and-coast mode. Oxygen consumption increased exponentially with swimming speeds up to gait
transition, and then levelled off. Similarly, cost of transport (Cr) decreased with increasing
speed, and then levelled off near U,,... When speeds >U,,. are considered, Cr is higher than the
theoretical curve extrapolated for PF swimming, suggesting that PF swimming appears to be
higher energetically less costly than undulatory swimming using the tail. © 2006 The Authors
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INTRODUCTION

Different modes of swimming have been associated with differences in habitat,
feeding styles and life-history characteristics. Webb (1984) defines two main
classes of swimming, based on the principal fins used: 1) median-paired fin
(MPF) swimming, where the paired fins (i.e. pectoral or pelvic fins) or the
median fins (i.e. dorsal and anal fins) are the primary means of locomotion
and 2) body-caudal fin (BCF) swimming, in which the body is used to generate
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GAIT TRANSITION IN A LABRIFORM FISH 1613

waves that drive the caudal fin as the primary propulsor. MPF swimming is
usually associated with complex habitats, where manoeuvrability is important,
while BCF swimming is more common in fishes from open habitats where long
distance swimming is used.

MPF swimming is divided into undulatory and oscillatory motion based on
the motion of the fins. In undulatory motion, more than one wave is propa-
gated down the chord of the fin at a time, whereas in oscillatory motion, a more
basic ‘rowing’ mechanism occurs. Oscillatory fin swimming can be divided into
two groups on hydromechanical grounds: drag-based swimming and lift-based
swimming (Blake, 1983). Drag-based swimming occurs in fishes that use the
pectoral fins as paddles, moving them along the axis of movement when ori-
ented perpendicularly. Lift-based swimming is characterized by fishes that ori-
ent the pectoral fins in plane with the axis of movement and ‘“flap’ them.

It has been suggested that MPF swimming is more energetically efficient
than BCF swimming at low speeds, due to the reduced drag associated with
the maintenance of a rigid body compared with BCF swimming, where signif-
icant drag is caused by undulatory motion of the body (Blake, 1980; Webb,
1984; Korsmeyer et al., 2002). BCF swimming is generally associated with
greater maximum speed and acceleratory abilities than MPF swimming (Webb,
1984).

One style of MPF locomotion is ‘labriform’ swimming. Labriform swimmers
rely exclusively on lift-based pectoral fin (PF) locomotion for a wide range of
speeds (Drucker & Jensen, 1996a; Westneat, 1996; Walker & Westneat, 1997),
although they employ their caudal fins for burst swimming or at high speeds.
In labriform swimmers, gait transition can be defined as the speed at which
MPF swimming is augmented by BCF motion. This is an additive transition,
as BCF motion is used as an accessory source of thrust in labriform swimmers.

Gait transition is traditionally thought of as a threshold point, at which the
animal must ‘shift gears’ to achieve higher speeds (Drucker & Jensen, 1996a).
The gait transition speed (U,.) is correlated with the size of the fish, and gen-
erally occurs at higher proportional speeds (measured in body lengths s ',
L sfl) in smaller fishes (Drucker & Jensen, 1996a; Mussi et al., 2002). Previous
work on the gait transition in labriform swimmers has shown that the kinemat-
ics involved in the fin beat and gait transition may indicate a physiological limit
to the swimming speed (Drucker & Jensen, 1996a). It is thought that the Up..
may indicate a switch from aerobic to anaerobic power, and it is therefore a
physiologically equivalent performance measurement that is conserved in lab-
riform swimmers across sizes (Drucker & Jensen, 1996b). At low speeds (i.e.
<1:00 Ls™"), both amplitude of the fin stroke and the fin beat frequency
increase with speed. At higher speeds (up to Up.), PF frequency, but not
amplitude, increases with speed (Drucker & Jensen, 1996a; Mussi et al.,
2002). At speeds >U,.., however, neither PF beat amplitude nor frequency
changed, and it is mainly the tail power that modulates speed (Drucker &
Jensen, 1996a).

Striped surfperch Embiotoca lateralis Agassiz as a model labriform swimmer
was used. Striped surfperch are near-shore labriform swimmers that live in
structurally complex habitats, although they may move offshore to deeper
water during the autumn and winter months. They are generally found in loose
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schools from northern Baja California to southern Alaska (Eschmeyer et al.,
1983). Previous studies on fishes from the percid family Embiotocidae have
investigated the kinematics associated with labriform swimming (Webb, 1973;
Drucker & Jensen, 1996a, b, 1997; Mussi et al., 2002). The aim of the present
experiment was to describe the metabolic rate, via oxygen consumption, of
a labriform swimmer in association with the pattern of propulsion across the
gait transition. It is hypothesized that, as the tail is gradually recruited, there
will be a speed at which the use of the pectoral fins (in proportion of time) de-
creases significantly compared with lower speeds. This speed will be defined as
Up-c. 1t is also hypothesized that the oxygen consumption curve will vary as
a result of gait transition.

MATERIALS AND METHODS

Striped surfperch were collected at Jackson Beach, San Juan Island, Washington
State, U.S.A. (48°31" N; 123°01" W). A beach seine was used to capture all specimens.
Fish were kept in flow-through sea water in a circular tank (150 x 100 cm) at Friday
Harbor Laboratories of the University of Washington. Six fish [mass (M) 0-48 £ 0-09 kg,
mean + s.E. fork length (Lg) 28:17 + 2-04 cm] were tested after a minimum of 11 days
in captivity. The water temperature was set at 11° C, range +1° C. Females were
excluded to avoid the effects of gravid fish on the measured respiration rate. Prior to
being introduced in the respirometer, each specimen was measured for M, Lg, depth
and width of body (without using any anaesthesia). Fish were left overnight in the res-
pirometer at a current speed of 0-25 Lp s~ .

ANALYSIS OF SWIMMING BEHAVIOUR

A CCD camera (Sony SSC S20, 30 frames s~ ') was used in conjunction with a video-
tape recorder to film a dorsal view of the fish. The bottom of the swimming chamber
was coated with 3M ‘Scotchlite’ reflective tape to enhance the contrast for video appli-
cations and to assist in counting fin beats. Cardboard sheeting was used to cover the
side of the respirometer to prevent any outside stimuli from affecting the fish during
the experiment. In addition, the solid blocking effect (water speed increase due to the
profile of the fish in the cross-sectional area of the respirometer) was corrected for each
fish, based on each fish’s L, depth and width according to the following equation (Bell
& Terhune, 1970): Uy = U,(1 + &s), where Uy is the speed corrected for solid blocking
effect and U, is the speed in the flume without a fish in the respirometer chamber.
The fractional error due o the solid blocking effect (es) was calculated and corrected
for, as: &g :r?»(AOAT*I) ~, where 7 is a dimensionless factor describing the cross-
sectional shape of the flume, A is the shape-based constant of the fish, Ag is the max-
imal cross-sectional area of each test fish and At is the cross-sectional area of the
swimming section. For any cross-sectional shape, 7 is equal to 0-8, while A for any
streamlined object is equal to 0-5 body length:body thickness (Bell & Terhune, 1970;
Korsmeyer et al., 2002).

Fish were swum at nominal speeds (Uy) increasing every 30 min by 0-25 Ly s~'. Data
collection began at 0-5 Lg s~ '. At each swimming speed, captured video was analysed to
calculate the relative proportion of time during which each fish used one of the follow-
ing locomotor modes: the pectoral fins alone (PF), the caudal fin alone (T), the pectoral
and caudal fins simultaneously (PF 4 T) or a glide phase (G). The U, was defined as
the lowest speed at which fish decrease the proportion of time of pectoral fin use sig-
nificantly. The pectoral and caudal fin beat frequencies in each of the three locomotor
modes were counted in beats s~', i.e. PF frequency during PF locomotion (Fpg), PF
frequency during PF + T locomotion (Fpr_t), tail beat frequency during T locomotion
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(Fr) and tail beat frequency during PF + T locomotion (Fr,pg). Fin beat frequency,
per individual and for each Uy step, was calculated as the ratio between the total num-
bers of fin beats of a locomotion style divided by the time during which that propulsive
mode was used. Fish were swum until failure, i.e. when a fish contacted the grid at the
rear of the experimental chamber and made no further effort to regain position. Upon
failure, the current speed was reduced to 0-5 Lg s

A corrected speed (U.) was also calculated in order to take into account the rel-
ative movements of the fish in the swimming chamber, as the fish was movmg for-
ward by a certain dlstance D over a given time T (i.e. at U, = Uy + DT') and
backwards (i.e. at U. = Ur — DT "). During each U; step, U, provided a more
accurate measure of speed for the total time through which a certain locomotor
mode was used. For each fish and each speed level, U, was calculated by including
periods of forward and backward swimming as well as steady positions in the swim
chamber.

RESPIROMETER

An intermittent-flow respirometer and swim tunnel with a volume of 31-45 1 was
used for all experiments (experimental chamber: size 15 x 15 x 45 cm). The respiro-
meter was situated horizontally within a larger, continuously re-circulating water-bath
(c. 100 1) to help maintain a constant temperature. Measurements of oxygen partial
pressure (Po,) were taken every second for 10 min intervals using an electrode (Radio-
meter, E-5046) sampling water taken from the flushing chimney via tygon tubes con-
nected to a Istmatec peristaltic pump. Laminar flow was induced by baffles and
a Plascore honeycomb (6 mm cell diameter) placed at the water inlet beginning of
the experimental chamber. Each of the three 10 min sampling periods (in 30 min at
any given speed) consisted of 4 min of flushing, 1 min of closed mixing period and
5 min of data collection. The three rate of oxygen consumption (Mop,) measurements
at the same speed were averaged for individual fish (Korsmeyer et al., 2002). The Mo,
was calculated (Steffensen ef al., 1984) from the slope of the linear regression of Po,
decline over time for each measurement cycle, using the formula (Korsmeyer et al.,
2002): Mo, = sVaM ~ ! where s is the slope, V is the volume of the resplrometer mlnus
the volume of the fish and « is the oxygen solubility (mgO, kg~' h™"). Only measure-
ments that were equal to or exceeded a regression coefficient (rz) of 0-98 were used
(Korsmeyer et al., 2002). Oxygen calibration was performed using air-saturated sea
water prior to and after each experiment. Calibration of flow speed was performed
using a Hontzh turbine flowmeter. Oxygen consumption was related to swimming
speed (Uy) for speeds < and > Up_, separately. The U, could not be used in conjunc-
tion with respirometer measurement, since the respirometry data required a much lon-
ger sampling period than the relatively short forward and backwards motions of the
fish in the chamber. In this case, the speed of the flow was representative of the aver-
age speed of the fish over the sampling period. Each fish was used only once, at the
various speed steps. Fish were video-taped while in the swim tunnel respirometer.
Hence, the oxygen consumption and the kinematics of each fish were done simulta-
neously.

COST OF TRANSPORT

The predicted oxygen consumption, at different swimming speeds, was calculated
based on a regression of the log;, of observed oxygen consumption values and swim-
ming speed. The equation was: log,y Mo, = log;, a + bU;, where a corresponds to
the standard metabolic rate (Herskin & Steffensen, 1998), and b is the slope of the
semi-logarithmic regression. Cost of transport (Cy) for a certain distance was calculated
by inserting values for the predicted Mo,, based on the relationship between Mo, and
speed into the following equation: Cr = Mo, U, ™!, where Mo, is the oxygen consumption
at a given Uy .
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Mo, DURING THE RECOVERY PERIOD

Oxygen consumption during the 30 min swimming period at 0-5 Ly s~' was com-
paredlwith post-test Mo,, during the first 30 min of the recovery period (also at 0-5
LF S~ )

DATA ANALYSIS

The percentage of use for each swimming mode (pectoral fins alone, pectoral fins +
tail and tail alone) was analysed in order to provide an indication of the relative use of
each locomotion style. The proportion of use of pectoral fins was analysed using
a repeated measures ANOVA with a post hoc test (Tukey). Proportions were arcsine
transformed following Zar (1984). The relationships between fin beat frequencies and
U, were tested for each swimming mode using linear regressions. Comparison of linear
regressions (using a z-test as in Zar, 1984) was used to compare the relationship between
fin beat frequency v. U, for each propulsive system (tail or pectoral fins) when used
alone v. when coupled with pectoral fins and the tail, respectively. The Mo, data were
tested for heteroscedasticity (increased variability in y with increasing values of x)
following Zar (1984). As Mo, data were significantly heteroscedastic, they were log;o-
transformed as suggested by Zar (1984). Linear regressions were used to test the rela-
tionship between log;y Mo, and Uy. Data for linear regressions were divided into <U,,..
and >U,.. based on the use of fin statistics. A comparison of Mo, at 0-5 Lg s~! before
and after the test was done by using a paired r-test.

A single fish (27 cm Lg) was sacrificed (euthanasia with MS222 overdose) in order to
measure the amount of red axial muscle. The cross-section at 75% of the Lg was ana-
lysed by using a digital camera and SigmaScan/Image analysis v. 1.20 (Jandel Scientific
Software, San Rafael, CA, U.S.A.). The amount of red muscle in the cross-sectional
area analysed was 0-3% of the total section.

RESULTS

SWIMMING BEHAVIOUR AND SPEED

Swimming behaviour in striped surfperch varied with swimming speed, and
a number of propulsive styles in different combinations were observed (Fig. 1).
At the lowest experimental speed (Ur = 0-5 L s~ "), striped surfperch used pec-
toral fins exclusively (PF locomotion). At intermediate speeds (Uy = 0-75-1-50
Ly s '), PF locomotion was accompanied by occasional tail beating (PF + T
locomotion). This tail motion was, however, restricted to <10% of the total
time, and it appeared to correspond to manoeuvring rather than propulsion.
At Uy > 175 L s, fish started to use the tail alone (T locomotion), in addi-
tion to PF + T which occurred c. 20-35% of the time. Burst-and-coast swim-
ming was used increasingly, up to c¢. 23% of the total time (burst and coast =
tail 8:2% + glide 154% at the highest speed Uy = 2:25 Lg s~ '). At these high
speeds, the use of pectoral fins alone was restricted to ¢. 50-60% of the time.
The proportion of time during which the pectoral fins were used was affected
by speed (repeated measures ANOVA, Fs 45, P < 0-001). A post hoc Tukey test
showed that two statistically different groups can be identified, i.e. speeds Uy <
1175 Lg s', and speeds Uy > 1-75 Lg s~ ' (P < 0-001 in all comparisons between
proportions of the speeds of the two groups) (Fig. 1).

At Uy > 175 Ly s7', all swimming styles (PF, PF + T, T and G) were
observed. These resulted in cycles of swimming modes where PF swimming
was associated with a backward motion in the swim tunnel, while during T
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FiG. 1. Average time spent (in % of the total) in each swimming style at different speeds (Uy) [M, pectoral
fin only (PF); O, pectoral fin + tail (PF + T); [, tail only (T); Z, glide (G)]. At Uy = 0-75 L s™", fish
started using the tail in combination with the pectoral fin. At Uy > 1-75 Lg s~ ', the proportion of
time during which the fish used the tail (with and without pectoral fins) and gliding, increased
beyond 40% of the total. The percentage of time during which the pectoral fins were used with or
without the tail is indicated as mean + s.E. Repeated measures ANOVA (P < 0-001) followed by
a post hoc Tukey test showed that two different groups of pectoral fin use can be identified, i.e.
speeds Up < 175 Lg s7! and speeds Ur > 175 Lg s~ identified with ¢ and d, respectively, in the
column bar.

locomotion fish moved forward in the swim tunnel. An example is given in
Fig. 2, where fish using their pectoral fins alone maintained an actual speed
(U.) that was slightly lower than U;. As a result, fish were moving backwards
in the swim tunnel. Once the tail was recruited (PF + T), U. increased, ap-
proaching U;. Fish then accelerated up to speeds higher than Uy once burst-
and-coast locomotion occurred. After the glide phase (G), fish resumed PF
locomotion at U, < Uy. Therefore, at relatively high speeds fish tended to move
backwards in the swim chamber when using their pectoral fins with or without
the tail, while they tended to move forward in the chamber when using the tail.
Consequently, U, was lower than Uy in PF swimming (c. 3% slower at 2:25
Ly s~ ') and in PF + T swimming (c. 6% slower at 225 Lp s~ ') while U,
was higher than Uy when fish were using the tail (c. 12% at 2-25 Lg s~ '; Fig. 3).

PECTORAL FIN FREQUENCY, TAIL BEAT FREQUENCY
AND SPEED

At the lowest speeds, only pectoral fins were used for locomotion. The cau-
dal fin was used occasionally at speeds between 0-75 and 1-5 Lg s™', and more
consistently at higher speeds. The relationship between PF frequencies and U,
showed that only Fpr were significantly related to U, (Fpr = 0:76 U, + 0-81;
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Fic. 2. Example of fin beat frequency (--=-, pectoral fins and -e- tail) and speed U, (—) through time at Uy =
225 Ly s~ . Fin beat frequency was calculated throughout each fin beat cycle (power stroke and
return stroke) and is represented in the middle of each fin beat cycle period by O; in this burst there
were three tail beats. ---, the Uy at 2-25 L s~'. Vertical lines divide various swimming modes: PF
(pectoral fins) and PF 4 T (pectoral fins plus tail), T (tail) and G (glide). The successive use of tail
and glide is indicated as burst and coast by —.

= 080, n = 44, P < 0-001), while Fpr , 1 were not (¥ = 0-09, n = 26, P >
0-05) [Fig. 4(a)]. Since one of the two regressions was not significant, the differ-
ence between these two relationships was not tested. The relationship between
tail beat frequencies and U, showed that both Ft and Fr,pfg are significantly
related to U, (Fr = 095 U, 4+ 1-11; #* = 0:36, n = 13, P < 0:05; Fr pp =
060 U, + 1:13; r* = 0:35, n = 26, P < 0-01) [Fig. 4(b)]. These two regressions
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-15
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FiG. 3. The difference between corrected speed (U,) and nominal speed (Uy) as a proportion of Uy. At high
speeds, U. < Ur when pectoral fins are used alone ([J) or with the tail (A) while U. > U when the tail
is used (@). Values are means =+ S.E.
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FiG. 4. (a) The relationship between pectoral fin frequencies [M, pectoral fin (Fpg); [J, pectoral fin + tail
(Fprs1)] and corrected speed (U,). Only Fpg were significantly related to U, (y = 0-76x + 0-81; /* =
0-80; n = 44; P < 0:001), while Fpg 1 were not (r2 =009, n = 26, P > 0:05). (b) The relationship
between tail beat frequencies [@, tail (Ft); O, tail + pectoral fin (Fr,pg)] and U.. Both Fr (y = 0-95x
+ 1-11: # = 036, n = 13, P < 0:05) and Frpp (y = 0-6x + 1-13: /* = 0-35, n = 26, P < 0-01) were
significantly related to U..

showed no significant difference in their slopes (F;3s, P > 0-05), but had dif-
ferent elevations (F 36, P = 0:001) (Zar, 1984). This suggests that, for any
given speed, Fr was higher than Fr,pg. The Fr was calculated based on one
to five consecutive tail beats.
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RESPIROMETRY

The relationship between oxygen consumption (log;, Mp,) and swimming
speed was tested separately for speeds <U,.. and >U,., in order to investigate
the relationship between Mo, and speed for each gait separately. The
relationship between log,, Mo, and speeds <U,. was significant
(logyg Mo, =0-24U; + 1-77, ¥ =083n=230P< 0-001), while the rela-
tionship between log;, Mo, and speed >U,.. was not (P =004 n=14 P >
0-05) (Fig. 5). This is because Mo, plateaus at speeds >U,. The y-intercept of
the regression line for speeds <U,.. was also used to estimate standard metabolic
rate (Herskin & Steffensen, 1998), which was found to be 58-9 mgO, kg ' h™!.

The Cr decreased with increasing speed, and then levelled off near U,.
(Fig. 6). This was the lowest point on the curve, indicating the most efficient
speed (using i.e. the minimum amount of oxygen consumed per unit mass
and unit distance), or U,y for speeds <U,,.., where the main propulsive system
was the pectoral fin. At speeds >U,, ., Ct was extrapolated from the Cy curve
for PF-based locomotion (calculated using the regression between speed and
Mo, for speeds <U,.), in order to provide a comparison with the actual Cr
values calculated from oxygen consumption. The Cr at speeds >U,,_. appeared
to be higher than the PF-extrapolated curve, except for the highest speed mea-
sured (225 Lg s~ ).

Oxygen consumption before and after each trial was compared at Uy = 0-5
Lr s~' to test if an increase in oxygen consumption occurred after the test.
An increase was expected due to the recruitment of axial muscle (anaerobic
muscle) at the highest speeds. Oxygen consumption during the first 30 min
of recovery was found to be 1-97 times higher than before the swimming test
(paired t-test, number of pairs = 6, P < 0-05).

240 A
220 -
200 -
180 -

160 - ? : %
140 -
120 A
100 -
80 |
60 A

Mo, (mgO, kg™ )

0 0-50 1-00 1-50 2-:00 2-50
Up(Lgs™)

Fic. 5. Relationship between rate of oxygen consumption (Mo,) and swimming speed (@, speeds < U, ¢;
O, speeds > U,,..). The points are mean values at each speed. The regression line was significant only
for speeds <1-75 Lg s~' (y = 0-24x + 1-77). Values are means + S.E.

© 2006 The Authors
Journal compilation © 2006 The Fisheries Society of the British Isles, Journal of Fish Biology 2006, 69, 1612-1625



GAIT TRANSITION IN A LABRIFORM FISH 1621

200 -
175 1
150 -
125 -

100 1 [ %
i

Ct (mgO, kg~! km™1)
H

50 -

25 1

0 0-50 1-00 1-50 2-:00 2:50
Up(Lgs™h)

Fi1G. 6. Cost of transport (Cr) at different swimming speeds (Uy). —, Cr at speeds <Uy,.. obtained using
the regression between Mo, and speed (see Fig. 5). e e, the extrapolation of Ct to speeds >U,,.. using
the values for Cr at speeds <U,... O, the mean =+ s.e. Cr calculated for all speeds.

DISCUSSION

Striped surfperch use a variety of swimming modes in various combinations.
At relatively low speeds (<175 Lg s~ '), primarily pectoral fins were used, and
tail beats occurred only rarely (<10% total time). As described by Korsmeyer
et al. (2002) for MPF swimming in parrotfish Scarus schlegeli (Bleeker) and by
Hove et al. (2001) for MPF swimming in boxfishes (Ostraciidae), striped surf-
perch may become unstable at lower speeds, necessitating the occasional use of
the caudal fin for stabilizing manoeuvres rather than to aid in propulsion. In
this study, pectoral fin use increased significantly at speeds >1-75 Ly s~ '. Inter-
estingly, PF frequency (when pectoral fins are used alone) increased continu-
ously at speeds >Up.. The results obtained differs from Drucker & Jensen’s
(1996a) work, in which they found that PF frequency reached a plateau or
a slight decrease at speeds >U,... Previous studies on other MPF swimmers
found a decrease in PF frequencies at speeds >U,.. (Parsons & Sylvester,
1992; Gordon et al., 1996; Mussi et al., 2002). Here, PF frequencies were sep-
arated when used with (Fpr,.1) and without the tail (Fpr), and it was found
that Fpr keeps increasing with speed, while Fpr,t does not significantly
increase with speed and appears reduced, at high speeds [Fig. 4(a)], compared
to Fpg, possibly due to the additional power provided by the tail. Similarly, tail
beat frequency is reduced when aided by the pectoral fins. Korsmeyer et al.
(2002) also observed that the fin beat frequencies of dorsal and anal fins in trig-
gerfish Rhinecanthus aculeatus (L.) were higher when the fins were used alone
than when they were used together with the tail at the transitional swimming
speeds.

Drucker & Jensen (1996a) suggest that pectoral beat frequency reaches
a physiological limit at U,... Beyond this limit, higher speed would have to
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be generated by PF frequencies that far exceed the optimum muscle shortening
velocity, and therefore to increase speed further, the tail would need to be re-
cruited. Results shows that E. lateralis is capable of increasing PF frequencies
further even at speeds >U,,.., although in these cases the use of PF swimming is
reduced in percentage of time to ¢. 50-60%. The present results do not contra-
dict Drucker & Jensen’s (1996a) general conclusions although additional ex-
planations are required for the swimming behaviour observed.

While it is possible that PF frequencies higher than those observed at speeds <U,,
would imply suboptimal muscle shortening velocities, it is also possible that
a similar argument be true for the axial muscles that need to be recruited in
order to provide the power required for speeds near U,... Speeds around gait
transition may be relatively distant both from the optimal shortening speed
of aerobic pectoral fin muscle (whose optimal shortening speed is probably
lower than Up.) and of anaerobic axial muscle (whose optimal shortening
speed occurs probably at speeds >U,.). This would concur with the cyclic
swimming behaviour observed at speeds >U,_. (Fig. 2), going from speeds U,
< Ur powered by PF swimming, to speeds U, > Uy powered by axial locomo-
tion. Therefore, E. lateralis appears to behaviourally avoid a ‘steady’ swimming
pattern at speeds near Up.. Perhaps cyclic swimming using both MPF and
BCF propulsion at these speeds results in higher efficiency of locomotion than
continuous swimming in a given locomotor mode. Work on smallmouth bass
Micropterus dolomieu, Lacepéde, an axial swimmer, shows that at transitional
speeds, fish were unable (or unwilling) to swim through exclusive use of an
unsteady gait, and alternated between steady and unsteady swimming modes
(Peake & Farrell, 2004). As in the present work, these authors suggested that
a reason for this behaviour might be that speeds around (or just above) gait
transition were too low for optimal power production in the faster contracting
anaerobic muscle (Rome er al, 1990). Therefore, the observed phenomenon
does not appear to occur only in transitions within axial locomotory gaits,
as shown by Peake & Farrell (2004), but also among transitions between pec-
toral and axial swimming modes, as shown here.

The highest PF frequency observed (2:6 beats s™') occurred at U, = 2-16 Lg
s~ ! It is possible that this frequency and its relative speed attained represent
a limit for PF locomotion in surfperches of this size. If surfperches can beat
their pectoral fins at such high frequency and speed, it is not clear why they
start using the tail extensively at 1-75 Ly s~ The use of the tail at speeds >Up
may be explained by the relatively short time intervals surfperches can sustain PF
locomotion at such high speeds.

Although past work (Drucker & Jensen, 1996a) have assumed that gait tran-
sition implied a shift from aerobic to anaerobic swimming, it is possible that
some of the axial locomotion at low speed may be fuelled aerobically, given
the (albeit small) presence of red axial fibres. The value found in E. lateralis
(0:3% of red muscle) is low compared with other marine species analysed,
including BCF and MPF swimmers (0-29-8% of red muscle, with 90% of
the values >0-5% of red muscle; cross-section at 0-67 Lg; Greer-Walker & Pull,
1975; McLaughlin & Kramer, 1991).

Some differences in the present results when compared with Drucker &
Jensen (1996a) may also be ascribed to the different definitions of U,... In their
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work, Drucker & Jensen (1996a) defined U, as the highest swimming speed at
which the fish could hold station in the current for 3 min by pectoral fin oscil-
lation alone, while here the definition is based on statistical comparison of the
time during which the pectoral fins are used. Therefore the two definitions are
based on different criteria and, while they both define a transition, here Up_ is
defined as the lowest speed of the newly recruited gait, while Drucker & Jensen
(1996a) define U, as the highest speed before the gait change. Using the same
species (E. lateralis), Drucker & Jensen (1996b) found Up. (in Lg s7) to
decrease with size. Using their equation, an Uy of ¢. 1-6 Lg s~ ! would occur
in 28 cm fish, approximately the same size as the ones used in this study. If 1-5
Lp s~ is considered the highest speed before the transition, then the calculation
of U,.. appears comparable to that of Drucker & Jensen (1996b).

Oxygen consumption increased exponentially for speeds <U,.., as was ex-
pected for aerobic swimming. Literature data on MPF swimming are scarce,
but Webb (1975; Cymatogaster aggregata Gibbons), Gordon et al. [1989; C.
aggregata and Oxyjulis californica (Giinther)] and Korsmeyer et al. (2002; S.
schlegeli and R. aculeatus), show a similar increase in oxygen consumption with
swimming speed, although the slope of this increase is quite shallow in Gordon
et al. (1989), and in some cases not significantly different from zero. For swim-
ming speeds >U,.., Mo, did not increase significantly, suggesting a shift from
aerobic to anaerobic activity at speeds >Up... The Mo, at Uy (1'75 Lg s7h,
however, appears to be in line with the regression for lower speeds. Therefore,
it is possible that at least some of the axial activity at Uy is aerobic. At high
speeds the tail was used in conjunction with glides phases, in burst-and-coast
swimming (Fig. 1). The recovery time associated with a burst-and-coast style
of swimming, wherein the pectoral fins are used aerobically at maximum for-
ward speed, but ground is lost (i.e. U. < Uy, may be very important for
long-term swimming at high speeds as it may enable the white axial muscle
to partially recover before the next burst. This mechanism may allow the fish
to swim at speeds slightly higher than U,.. without exhaustion, at least within
the time frame used here (30 min at each speed).

The Cy for speeds >U,,.. appears higher than the extrapolated curve based
on Mo, at speeds <U,.. (largely based on PF locomotion) suggesting that
PF locomotion is relatively more efficient than locomotion involving the tail.
The value of the extrapolated curve and the measured value of Ct are similar
at the highest speed (2:25 Ly s~ '). This may be due to increasing proportions of
anaerobic swimming provided by the tail, which would not be shown on the
graphs of Cr since this measurement is based on oxygen consumption. A sim-
ilar pattern of transition between MPF swimming and burst-and-coast mode
of swimming in S. schlegeli has been described (Korsmeyer et al., 2002).
Korsmeyer et al. (2002) found similar results when comparing MPF-extrapolated
Cr with actual Cy for speed >U,,... Scarus schlegeli employs a median-fin based
swimming style that changes to burst-and-coast at high speeds, and is followed
rapidly by fatigue. This was explained by the lack of red muscle fibres in the my-
otomal axial muscle. In addition, it was argued that the total energy expenditure
of the fish at speeds >U, . may be underreported due to the use of anaerobic
swimming that was not discerned by measurement of Mo, (Korsmeyer et al.,
2002). Results show similar patterns in E. lateralis. The small amount of red
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axial muscle found in surfperches suggests that at least some of the axial loco-
motion observed at low speeds may be fuelled aerobically. As noted above,
anaerobic muscle recruitment may be responsible for the lack of an increase
in the Ct at highest swimming speeds in E. lateralis (Fig. 6). The repayment
of the oxygen debt after the swimming test is confirmed by the comparison
of oxygen consumption at low (‘resting’) speed before and after the test. Pre-
vious work on other MPF swimmers has suggested that multi-propulsor
MPF swimming may be more efficient than BCF swimming (Gordon et al.,
2000).

In conclusion, the use of different types of propulsive mechanisms in
striped surfperch appears to be a relatively complex phenomenon. When
the oscillatory frequency of each propulsive system is measured separately,
both PF and tail beat frequency increase with swimming speed. This occurs
when they are used as single propulsive systems, below and above U,_.. There-
fore, gait transition is not the result of a physiologically strict upper threshold
in the oscillatory frequency of the pectoral fins. Gait transition may therefore
be related to a progressive decrease in muscle efficiency of the PF system (i.e.
oscillatory frequencies that correspond to suboptimal muscle shortening
velocities) and an increase in the efficiency of tail locomotion. This shift in
propulsive system is reflected in a change in the pattern of oxygen consump-
tion, possibly due, at least in part, to the use of anaerobic axial musculature
at the higher speeds. Further studies on a variety of labriform swimmers,
combining kinematics and oxygen consumption, are needed in order to test
the possibility that these findings may be a general feature of labriform
locomotion.

We wish to thank Friday Harbor Laboratories (FHL), University of Washington, for
giving us the opportunity to work on this project within the summer course ‘Fish swim-
ming: Kinematics, Ecomorphology, Behaviour and Environmental physiology’ (instruc-
tors P. Domenici, J. Steffensen and G. Claireaux). M. Cannas and J. Schaefer were
supported through an FHL fellowship. Thanks are due to D. Willows (FHL Director),
G. Claireaux and the staff for providing research space, equipment and logistic support.
Moreover, we wish to thank all the participants in the ‘Fish class’ of summer 2002 for
help and support throughout our stay at Friday Harbor. This research was approved
by the Animal Care and Use Committee of the University of Washington (Protocol
TACUC #3429-02).

References

Bell, W. H. & Terhune, L. D. B. (1970). Water tunnel design for fisheries research.
Fisheries Research Board of Canada Technical Report 195, 1-69.

Blake, R. W. (1980). The kinematics of labriform locomotion II. An analysis of the
recovery stroke and the overall fin-beat cycle propulsive efficiency in the angelfish.
Journal of Experimental Biology 85, 337-342.

Blake, R. W. (1983). Fish Locomotion. Cambridge: University Press.

Drucker, E. G. & Jensen, J. (1996a). Pectoral fin locomotion in the striped surfperch. I.
Kinematics effects of swimming speed and body size. Journal of Experimental
Biology 199, 2235-2242.

Drucker, E. G. & Jensen, J. (1996b). Pectoral fin locomotion in the striped surfperch. II
Scaling swimming kinematics and performance at a gait transition. Journal of
Experimental Biology 199, 2243-2252.

© 2006 The Authors
Journal compilation © 2006 The Fisheries Society of the British Isles, Journal of Fish Biology 2006, 69, 1612-1625



GAIT TRANSITION IN A LABRIFORM FISH 1625

Drucker, E. G. & Jensen, J. (1997). Kinematics and electomyographic analysis of steady
pectoral fin swimming in the surfperches. Journal of Experimental Biology 200,
1709-1723.

Eschmeyer, W. N., Herald, E. S. & Hammann, H. H. (1983). A Field Guide to Pacific
Coast Fishes of North America. Boston, MA: Houghton Mifflin.

Gordon, M. S., Chin, H. G. & Vojkovich, M. (1989). Energetics of swimming in fishes
using different methods of locomotion: 1. Labriform swimmers. Fish Physiology
and Biochemistry 6, 341-352.

Gordon, M. S., Plaut, I. & Kim, D. (1996). How puffers (Teleostei: Tetraodontidae)
swim. Journal of Fish Biology 49, 319-328.

Gordon M. S., Hove, J. R., Webb, P. W. & Weihs, D. (2000). Boxfishes as usually well-
controlled autonomous underwater vehicles. Physiological and Biochemical Zoology
73, 663-671.

Greer-Walker, M. & Pull, G. A. (1975). A survey of red and white muscle in marine fish.
Journal of Fish Biology 7, 295-300.

Herskin, J. & Steffensen, J. F. (1998). Energy saving in sea bass in a school: measure-
ments of tail beat frequency and oxygen consumption at different swimming
speeds. Journal of Fish Biology 53, 366-376.

Hove, J. R., O’Bryan, L. M., Gordon, M. S., Webb, P. W. & Weihs, D. (2001). Boxfishes
(Teleostei: Ostracidae) as a model system for fishes swimming with many fins:
kinematics. Journal of Experimental Biology 204, 1459—1471.

Korsmeyer, K. E., Steffensen, J. F. & Herskin, J. (2002). Energetics of median and paired
fin swimming, body and caudal fin swimming, and gait transition in parrotfish
(Scarus schlegeli) and triggerfish (Rhinecanthus aculeatus). Journal of Experimental
Biology 205, 1253-1263.

McLaughlin, R. L. & Kramer, D. L. (1991). The association between amount of red
muscle and mobility in fishes: a statistical evaluation. Environmental Biology of
Fishes 30, 369-378.

Mussi, M., Summers, A. P. & Domenici, P. (2002). Gait transition speed, pectoral fin beat
frequency, and amplitude in three species of surfperch (Embiotocidae). Journal of
Fish Biology 61, 1282—-1293.

Parsons, G. R. & Sylvester, J. L. J. (1992). Swimming efficiency of white crappie, Pomoxis
annularis. Copeia 1992, 1033-1038.

Peake, S. J. & Farrell, A. P. (2004). Locomotory behavior and post-exercise physiology in
relation to swimming speed, gait transition and metabolism in free-swimming
smallmouth bass (Micropterus dolomieu). Journal of Experimental Biology 207,
1563-1575.

Rome, L. C., Funke, R. P. & Alexander, R. M. (1990). The influence of temperature on
muscle velocity and sustained performance in swimming carp. Journal of Exper-
imental Biology 154, 163-178.

Steffensen, J. F., Johansen, K. & Bushnell, P. G. (1984). An automated swimming
respirometer. Comparative Biochemistry and Physiology T9A, 437-440.

Walker, J. A. & Westneat, M. W. (1997). Labriform propulsion in fishes: kinematics of
flapping aquatic flight in the bird wrasse Gomphosus varius (Labridae). Journal of
Experimental Biology 200, 1549—-1569.

Webb, P. W. (1973). Kinematics of pectoral fin propulsion in Cymatogaster aggregata.
Journal of Experimental Biology 59, 697-710.

Webb, P. W. (1975). Hydromechanics and energetics of fish propulsion. Bulletin of the
Fisheries Research Board of Canada 190, 109-119.

Webb, P. W. (1984). Body form, locomotion and foraging in aquatic vertebrates.
American Zoology 24, 107-120.

Westneat, M. W. (1996). Functional morphology of aquatic flight in fishes: kinematics,
electromyography, and mechanical modelling of labriform locomotion. American
Zoology 36, 582-598.

Zar, J. H. (1984). Biostatistical Analysis. Englewood Cliffs, NJ: Prentice Hall.

© 2006 The Authors
Journal compilation © 2006 The Fisheries Society of the British Isles, Journal of Fish Biology 2006, 69, 1612-1625



