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Summary

We report the results of an experiment designed to readily detected as differences in tailbeat pressure. Burst
investigate the feasibility of using differential pressure to swimming in the respirometer resulted in huge pressure
estimate the swimming speed and metabolic rate of ‘bursts’ of up to 5000 Pa ‘pressure difference’.

Atlantic cod (Gadus morhud. Seven cod were fitted with a The rate of oxygen consumption increased exponentially
miniature differential pressure sensor mounted on one and was highly correlated with swimming speedrf=0.77).
side of the caudal peduncle immediately anterior to the The rate of oxygen consumption was also correlated with
base of the caudal fin rays. Relationships between tailbeat integrated pressure (2=0.68) and with differential
differential pressure, tailbeat frequency, tailbeat pressure (2=0.43); regression correlations were always
amplitude, swimming speed and rate of oxygen greater for individuals than for combined data from all
consumption (Mo,) were determined as a function of cod.

the swimming speed of cod swimming at 5°C in a The results detailed in this study indicate that an
recirculating  ‘Brett-style’  respirometer.  Tailbeat ultrasonic differential pressure transmitter would enable
differential pressure, tailbeat amplitude and tailbeat accurate estimates of the swimming speed, rates of oxygen
frequency were highly correlated with swimming speed. consumption and activity patterns of free-ranging fish in
The average or integrated pressure ranged from O to nature.

150 Pa for speeds up to 0.8 m5(1.1L s, wherelL is total

body length), while the ‘pressure difference’ (maximum

minus minimum pressure) ranged from 0 to 900 Pa. Small Key words: codGadus morhuapressureswimming speedailbeat
changes in swimming speed of less than 0.05Msvere  frequencybioenergetics, oxygen consumptidish.

Introduction

To date, heart ratefH) appears to be the best availablelatitude and depth) and in time for animals equipped with
predictor of whole-animal energetics in free-ranging fishsimple ultrasonic transmitters or transmitters encoded with
(Priede and Young, 1977), although recent laboratorphysical or physiological information (O’Dor et al., 1998;
experiments have shown that cardiac outfid)t i6 a better Sauer et al., 1997). Such systems, however, are costly and are
predictor than is heart rate in the d@ddus morhugWebber limited to slow-moving animals, and positioning accuracy is
et al., 1998). Measuringd or Q alone, however, is not highly dependent on sea swell, wave action, tidal movements,
sufficient to provide detailed measurements of the activity andurrents and wind.
behaviour that accompany the various metabolic states. While A different approach is to attach a transmitter with a trailing
detailed patterns of) over time should indicate whether the rotating paddle wheel to a fish (Block et al., 1992). A magnet
fish is swimming, resting, feeding, digesting or in courtshipattached to one of the rotating paddle wheels opens and closes
behaviour, a much clearer indication of the behaviour of a fish magnetic switch. The number of switch closures over time
can be achieved if we can estimate swimming speed as well mslicates the water velocity. This technique is limited to fish
metabolic energetics. of at least 1m in length swimming at velocities above

Conventional techniques use radio and ultrasoni®.3-0.5ms! because the paddle wheel stalls at lower
transmitters to measure the swimming speed of free-ranginglocities. In addition, the paddle wheel adds to the drag of the
fish by straight-line measurements between poorly definefish, and it can stall if clogged with particulate matter and
positions. Today, sophisticated radio-buoy systems can giviavertebrate settlement.
accurate positions in three-dimensional space (longitude, A number of authors have shown that a strong relationship
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exists between tailbeat frequency and swimming speed forthat the conversion of muscle power to thrust can result
number of different species (Bainbridge, 1958; Bainbridgeprimarily from bending body, for example in the eel, or
1960; Hunter and Zweifel, 1971; Wardle et al., 1989; Scharolgrimarily from the tail, for example in the mackerel. We chose
et al.,, 1989). However, the amplitude of the tail beat varietb use cod as as an experimental model whose swimming
considerably below 2-5 tailbeatd $§Webb, 1971), which is the kinematics should lie somewhere between these extremes.
frequency animals will most often use in nature, so the use of The objective of this study was to develop an alternative
tailbeat frequency alone may not accurately predict the actuaedethod of measuring the swimming speed of fish using
swimming speed. Currently, the most widely used technique differential pressure sensors. An increase in tailbeat frequency
the radio transmission of the electromyogram (EMG) signal oand/or in tailbeat amplitude with swimming speed should
contracting red, white and mosaic muscles of the fish caude¢sult in an increase in the pressure exerted against the water
peduncle. This technique involves implanting electrodes intby the caudal fin and caudal peduncle. In this study, we
the lateral musculature and transmitting radio pulses whoseeasured the pressure exerted against the water, throughout
period is a measure of the time it takes for the EMG voltage ttne tailbeat cycle, at a specific point on the tail.
sum to a preset threshold (Jkland et al., 1997). The intensity of
exercise and the corresponding EMG signals are correlated with ,
swimming speed (Briggs and Post, 1997; @kland et al., 1997; Materials and methods
Kaseloo et al., 1992; Weatherley et al., 1982), however, the Swimming speed, tailbeat frequency and tailbeat pressure
relationship between the timing of EMGs and force generation Forced swimming trials were conducted in August and
by muscle is not entirely clear (Videler, 1993), and one obviouSeptember 1998 using seven Atlantic c@hdqus morhup
disadvantage of the EMG technique is that the implante(mass 1.58-3.7 kg) originating from the Scotian Shelf (Eastern
electrodes only measure the activity of those muscles in tHeassage, Nova Scotia, Canada). The cod were maintained in
vicinity of the electrodes. seawater holding tanks at 5°C and were swum in the
A more direct approach to measuring swimming speed is teespirometer at the same temperature. For experimentation,
measure directly the power generated by the lateralnimals were anaesthetized in sea water containing 0.0% mg|
musculature. Steady-state swimming in fish is essentially theicaine methanol sulphonate (MS-222, Sigma Chemical Co.)
result of power produced by waves of myotomal musclend transferred to the operating table, where the gills were
contractions passing alternately down each side of the bodiyigated with a lighter dose of anaesthetic (0.025Mg The
from head to tail. Power is converted to thrust along the bodyressure sensor was modified by severing each pressure port at
caudal peduncle or tail depending on the species arttlie base of the sensor body. An 18 gauge syringe needle was
swimming mode (Wardle et al., 1995). Power increasemserted into the positive pressure port and glued in place with
approximately with the cube of swimming speed (Webbslow-setting (24h) epoxy glue. Two 21 gauge holes were
1978). Dubois et al. (Dubois et al., 1974) and Dubois andrilled through the body of the pressure sensor such that the
Ogilvy (Dubois and Ogilvy, 1978) described a technique teuture could be used to attach the sensor to the body wall.
measure pressure distribution on the surface of the caudalThe sensor and the method of attachment are shown in
peduncle of swimming bluefisiPOmatomus saltatrjx They  Fig. 1. The sensor was mounted on one side of the caudal
observed a relationship between caudal power, pressure apeduncle at the position of the second last vertebral centrum
swimming speed using non-differential or gauge pressurapproximately 2cm anterior to the base of the caudal fin rays
sensors mounted on each side of the caudal fin. The forwaathd approximately 1cm dorsal to the vertebra. The positive
and lateral power exerted by the tail were calculated from thgort with the syringe needle was inserted through the body of
measured differential pressure exerted by the tail, bodihe caudal peduncle between adjacent neural spines to exit the
velocity, tail displacement and the angle of the tail relative tmther side such that the sensor measured the pressure difference
the swimming axis (Dubois et al., 1974). These sensoracross the caudal peduncle. The sensor was attached firmly to
measured both depth pressure and tail pressure, and the authbesside of the caudal peduncle using suture thread to minimize
managed to demonstrate a positive relationship between taitessure fluctuations as a result of differences in momentum of
pressure, power and swimming speed. This technique shoulde sensor and tail. A four-conductor wire (36 gauge) leading
measure the resultant power from all tail muscle types. It ifom the sensor was attached to the surface of the body inserted
therefore reasonable to suggest that pressure should be highly 2-3 0.5cm diameter suture loops along the length of the
correlated with swimming speed and activity energetics. caudal peduncle. The wires exited the swimming chamber
In the last 20 years, there have been significant advancesfiom the base of the dorsal fin of the fish. Surgery was
the design and miniaturization of gauge, absolute andompleted in 5min or less, and minimal blood loss occurred
differential pressure sensors. Their low mass (less than 1g im only one specimen.
water), their high sensitivity to small pressure changes and The same 6.9 kPa differential pressure sensor was used for
their low electrical power consumption (less than 1 mA asll fish. The sensor was powered by a £12V regulated circuit.
3-6V direct current) make these sensors ideally suited tbhe sensor output-{0 to 10mV) was amplified 500 times
telemetry applications. with an Analog Devices (model AD624C) high-precision
In their review, Wardle et al. (Wardle et al., 1995) indicatednstrumentation operational amplifier. The output from the
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contained the animal and provided a ‘directed’ micro-turbulent
flow of water through the swimming section. A differential
pressure sensor of 7.2kPa full-scale (functioning as a ‘Pitot
tube’) (Bean, 1971) was used to measure water speed through
the cross section of the swimming chamber. The output of the
pressure sensor was converted to water spgeah 1) using

a modified Bernoulli equation:

1.1U = [2p~Y(P¢ - Pg)/1.534P-5, (1)

wherep is water density (1026 Nsn™ at 10 °C, 30 %o) Pt is
dynamic and static pressure (Pa) &3ds static pressure (Pa).

A significant boundary layer was detectable only at low speeds
and only in the rear half of the swimming chamber. Water
speed was also measured by injecting dye or milk into the
respirometer, upstream from the swimming chamber, and then
recording its movement on 8 mm tape (shutter speed 200 Hz).
Water speeds calculated using the filming technique and from
the pressure sensor were highly correlatéd0(98) and were
related to water pump revolutions per minute. A computerized
control system enabled the temperature temperature to be
controlled to within an accuracy of +0.05°C. To maintain
the experimental temperature, the water temperature was
measured in the respirometer using a temperature transducer
connected to an integrating data-acquisition module (model
6B; Analog Devices Ltd, Cambridge, MA, USA). Chilling was
provided by a non-toxic propylene glycol/freshwater mixture
Fig. 1. Diagram of a fish tail illustrating the placement of a(g°C) circulated through a helical titanium coil inside the
differential pressure sensor (1sircn1.25¢m) to measure oqnirameter. Chilled (2°C) and heated (20 °C) seawater lines

swimming speed through the measurement of tailbeat dlfferent@gl,jrve flexibility in setting the desired temperatures.

pressure. The sensor was mounted on one side of the cau The fish were allowed to recover in the respirometer for a
peduncle at the position of the second last vertebral centrum, € nish were aflo P

approximately 2cm anterior to the base of the caudal fin rays arminimum of 24h t{efore swimming trials.were initiated. They
approximately 1 cm dorsal to the vertebra. were swum at various velocities for periods of 45-60min. In

addition, short-term variations in speed were imposed. Specific

swimming protocols were not followed since our objective was
AD624C was input to a single-ended successiveo measure pressure on relaxed fish. Water velocity was slowly
approximation analog-to-digital converter circuit (Bsoftincreased or decreased by 0.0 #ts the new velocity to give
Software Inc., Columbus, Ohio, USA). The signal was samplethe animals time to adjust to the velocity change. Fish were
at 6350Hz, and every 100 samples were averaged to givefimed from above the swimming chamber using an 8 mm
digital value stored on disk at 63.5Hz. The pressure data wecamcorder set at a shutter speed of 200Hz. The camera was
displayed on a CRT computer monitor in real time. Thepositioned approximately 40 cm above the animal, and,the
resolution of the system was 1.85 Pa (or 0.0189 cm freshwatesdz axes of the field of view were calibrated to minimize the
per digital value at 4°C. The sensor was calibrated againstparallax effect. Tail beats were chosen for analysis only when
column of water each day for 4 weeks, and the calibratiothe cod maintained position and depth in the swimming
never changed. Throughout each day, the zero-pressure voltagfmmber. They axis represents the longitudinal axis of the
value from the output of the AD624C drifted up or down by arunk of the fish aligned with the direction of water flow. The
maximum of 0.05V or 37Pa. The voltage drift was not ofx axis, perpendicular to the direction of water flow, represents
significance to the results because differential pressure rathigie lateral component of the tail movements. khandy
than absolute pressure was the variable of interest. coordinates of the tail position were measured from frame-by-

Fish were swum in an 89| ‘Brett-style’ swimming frame (30Hz) playback of the 8 mm film. The position of the

respirometer (Brett, 1964). Water currents were generated lbgil in each video frame was measured at the differential
a centrifugal pump capable of producing velocities of up tgressure sensor and at the most posterior tip of the caudal fin
2msL. A brief description of the working system is as follows:rays. Tailbeat amplitude was measured as the lateral distance
within the toroidal-shaped acrylic pipe, individual fish confinedof tail movement. Voltage, representing the revolutions of the
within the straight section (0.2m in diameter, 1.2m in lengthvater pump (in revsmid), was digitized and stored on
were forced to swim against the current. Plastic honeycomtomputer hard disk. Water velocity and pressure measurements
grids and stainless-steel wire mesh in front and behind the fistere synchronized with the video to 0.1s. Occasionally, the

-
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Fig. 2. Tailbeat differential pressusgersus 3 =
swimming speed and time for a typical cod§ 200t £
(Gadus morhupswimming in a ‘Brett-style’ (_QG' 10 &
respirometer at 5°C. At each swimming& QWW %
speed, a continuous 9s segment of pressufg '
data sampled at 63Hz is shown. Note thes 4l ] '10005»
increase in positive and negative pressuré3
(amplitude) and in the frequency of the 1-2000
tailbeat pressure signal as swimming speed -400¢
increases. The section of the recording \e Burst —>
labelled ‘Burst’ represents a cod repeatedly -600 -3000
burst swimming in the swimming chamber at 025 030 035 040 045 050 060 >0.60
high speeds prior to exhaustion. Swimmingspeedm s1)

animals would not swim, and it was found that the bestlecrease in oxygen concentration over time using the linear
technigue to encourage a constant swimming response wasrédationship betweeRo, (oxygen gas partial pressure) and the
quickly increase the water velocity to approximatelycurrent-to-voltage output of the oxygen sensor and meter.
0.6-0.8 ms! and then decrease the velocity to 0.Tfn$his  Oxygen consumption was adjusted to a standard body mass of
forced the cod gently to slide back and then forward in th& kg using a mass exponent of 0.8 determined by Saunders
swimming chamber while initiating tail beats and a swimming(Saunders, 1963) for cod at similar temperatures:

response. The fish were never subjected to electric shocks. 1.2Vl0, 1kg = (LM5)® Mo, @)

Respirometry where Mp is body mass andVlo, is the rate of oxygen

Respirometry was conducted on individual fish using the&onsumption mol min-tkg™).
‘Brett-style’ respirometer described in the previous section. Beat-to-beat tailbeat time intervals were measured using
The respirometer was fed from a 2501 tank in which warm andn FFT (Fast-Fourier Transform) analytical software
cold water were mixed to a temperature approximatelprogram (ADCFOUR.EXE) written by the D.M.W. The
0.2-0.3°C higher than the experimental temperature anDCFOUR.EXE computer program analyzed consecutive
aerated to saturation. The mixed water was gravity-fedlata windows of 1024 data points. Given that the data sampling
through a 501 column to assist degassing. Upon entering tieequency was 63.5% raw pressure data were presented as
respirometer, the air-saturated water was cooled to th&6.1s averages. Tailbeat frequency was calculated by
experimental temperature, producing water with an oxygeaveraging all 16.1 s averages during a swimming trial. Tailbeat
level slightly less than saturation. This helped to prevent thpressure was calculated in two ways. The lowest and highest
formation of air bubbles in the respirometer and on thealues for pressure were recorded for every 254 measurements
membranes of the oxygen probes contained in the extern@s). A 4s interval was used because it exceeded the period
water circuit (see below). between pressure peaks for the lowest tailbeat frequency

Oxygen depletion was measured in an external water circuitbserved. The average of all minimum and maximum pressure
using an Endeco/YSI (model 1125) pulsed oxygen analyzerlues for a swimming trial was calculated, and the minimum
and electrode (YSI, Yellow Springs Instruments, Ohio, USA)pressure value was subtracted from the maximum pressure
Decreases or increases in oxygen partial pressBgg) ( value to give a value termed the ‘pressure differereB).(A
were minimal in the absence of test fish, and the oxygedigital filter algorithm was used to estimate the baseline of the
consumption of each fish was corrected accordingly. The wat@ositive- and negative-going electrical signal from the pressure
circuit provided constant flow over the oxygen probes, and sensor. The total area of raw pressure data above and below
series of two-way valves facilitated periodic recalibration ofthe baseline was calculated and averaged and is termed
the oxygen measurement system during the experimentitegrated pressurelR).
Voltage inputs from the oxygen meters, temperature sensor
and water speed meter were measured in digital format and

transformed into real units. Results
. The fish were able to maintain an upright position after 1 h
Data analysis of recovery from surgery in sea water. All animals were able

The oxygen consumed by the animal was measured ast@maintain their position in the swimming chamber and swam
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Fig. 3. Tailbeat differential pressure and water spesdustime for -60
a typical cod Gadus morhup swimming in a ‘Brett-style’ 100t
respirometer at 5°C. (A) A single increase in the water velocity o~
0.3msl. (B) Repeated smaller increase in water velocity of -140 . . )

18 028 038 048 058 068
Time (s)

0.1msl. The pressure data were sampled at 63 Hz. The lower trac 002 0® O

in A and B represent the water speed setting of recirculating s¢

water. The upper traces are the tailbeat pressure data. Note ...

increase in both tailbeat pressure amplitude and tailbeat frequenrig. 4. (A) The classic figure-of-eight path (Pettigrew, 1873)

with increases in water velocity. followed by the tail through one pressure cycle or tail beat of a cod
(Gadus morhupswimming 0.3m3! in a ‘Brett-style’ respirometer

. . . . at 5°C. The larger figure of eight (dotted lirk) is the path of the
steadily. At very low velocities, animals occasionally outpacenﬂp of the caudal fin, and the smaller figure of eight (solid Ibjgis

the f:urrent flow, which resulte_)d in unsteady S_Wlmr_nmgthe path of the tail at the position where the pressure sensor was
At higher speeds, water velocity was lowered if anlmalssutured to the caudal peduncle. Thandy coordinates of the tail

began to show burst-and-coast swimming (sporadic rapiposition were measured from frame-by-frame (30Hz) playback of
accelerations), and in no instances did the animals swim gmm fim. A video frame number is indicated for eagh data
exhaustion. We refer to this sustainable level of activity apoint. (B) Tailbeat differential pressure with corresponding video
higher speeds as ‘maximum activity’. frame numbersersusiime of the tailbeat cycle shown in A.

Fig. 2 and Fig. 3 illustrate the raw pressure signals from tw
cod at various velocities. Tailbeat pressure was very consistemhd the animals appeared to swim most steadily at those
for each velocity. The amplitude and frequency of the pressuipeeds. Fig. 2 and Fig. 3 clearly illustrate the large variation in
signal varied significantly only when the fish did not maintainpressure with small changes in swimming velocity. This is
position (i.e. if it lost or gained position in the swimming especially evident in Fig. 3B for 0.1mlsincrements and
chamber) (Fig. 2). This is especially evident when the codlecrements in velocity. In this experiment, water velocity was
reached maximum sustainable velocities. For example, iimcreased or decreased in steps of 0.05'mbBowever,
Fig. 2, the amplitude of the tailbeat pressure was more variabpgessure amplitude changes were clearly visible when velocity
at 0.6 ms! and while the cod was burst swimming comparedvas changed by as little as 0.01-0.0Z#n Burst swimming
with lower velocities. The amplitude of the pressure cycles waesulted in pressure increases of an order of magnitude higher
most uniform at intermediate speeds between 0.3 and 6% m sthan maximum sustained swimming velocities (Fig. 2).
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Fig. 5. Relationship between average tailbeat amplitude an

swimming speed for two cod (codaind cod) (Gadus morhup 0
swimming in a ‘Brett-style’ respirometer at 5°C. Amplitude was
measured at the tip of the caudal f@ufp and at the position of
the pressure sensorSfnp. Filled squares coct (0.58m),
Samp=10.84+8.56logoU, r2=0.95, N=201, P<0.0001; open squares
cod: (0.58m), Camp=12.73+4.51logoU, r2=0.58,N=158, P<0.0001;
filled circles cod: (0.68 m),Samp=11.84+6.32logoU, r2=0.86,N=235,
P<0.0001; open circlescod (0.68m), Camp=14.84+5.75lognU,
r2=0.68, N=189, P<0.0001; whereJ is swimming speed in ntk
Values are meansse.m.

0 0.2 0.4 0.6 0.8
Swimming speed (m s?)

Fig. 6. Tailbeat frequencyersusswimming speed for seven cod
(Gadus morhugfitted with pressure sensors and two cod without
instrumentation (filled circles) swimming in a ‘Brett-style’
respirometer at 5°Gyg=22.73+97.08), r2=0.85,P<0.0001,N=144;
wherefrg is tailbeat frequency in beatsminand U is swimming
speed in mg.

The timing of the pressure signal with the tailbeat positionllustrate the amplitude of the tail beat at the position of the
for a cod swimming at 0.3m%is illustrated in Fig. 4. The pressure sensor and at the tip of the caudal fin. An analysis of
classic figure-of-eight path described by Pettigrew (Pettigrewyariance for the two cod indicated that amplitude increased
1873), that is followed by the tail through one pressure cyclsignificantly with swimming speed; however, amplitude
or tail beat of a cod, is shown in Fig. 4A. In this case, tailbeaappears to level off at higher speeds.
amplitude was approximately 8.5cm at the tip of the caudal Fig. 6 illustrates the linear relationship between tailbeat
fin. When the tail is at its maximum velocity moving acrossfrequency and swimming velocity. Swimming speeds ranged
the linear axis of forward motion, the pressure peaks to between 0.1 and 0.8 m's There was no apparent difference
maximum positive value or a maximum negative valudn tailbeat frequency between instrumented and control cod.
(Fig. 4B). The tail slows down and stops instantaneously whehwo of the six cod were swum at high speeds. Above §3
it reaches its maximum amplitude. At this time, the differentialvhereL is total body length, tailbeat frequency appeared to
pressure approaches 0 Pa. The tail then accelerates throughitiease with little change in velocity for these two cod.
centre axis, and the pressure rises again in the oppositeThe relationships between ‘pressure difference’ and
direction. The tail then swings to the other side of the body anthtegrated pressure’ and swimming velocity are illustrated in
the pressure returns to OPa. At higher constant swimminigig. 7. ‘Pressure difference’ increased by almost an order of
velocities, the tailbeat and pressure cycle were shorter; theagnitude throughout the range of swimming velocities, and
amplitude of the tail beat increased and the period of the tdintegrated pressure’ increased by three- to tenfold. Both
beat decreased. The tail therefore moved much faster and withessure variables were highly correlated with swimming
more force through the water, and the peak positive andelocity. The relationships between pressure and swimming
negative pressures increased. Logarithmic regressions wélocity were fitted best with exponential models.
average tailbeat amplitudes against swimming speeds for two The rate of oxygen consumptioivig,) as a function of
of the best-swimming cod are illustrated in Fig. 5. These datswimming speed and pressure, is shown in Fig. 8 and Fig. 9.
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The correlation coefficient foMo, versusspeed for each fish. Bainbridge (Bainbridge, 1958) disregarded frequencies of
individual was always higher when fitted to logarithmic thanless than 5Hz, and Hunter and Zweifel (Hunter and Zweifel,
to linear coordinates (Fig. 8), and the pooled data also gavel@71) excluded low velocities from their data set. Videler
slightly higher correlation for a logarithmic model compared(Videler, 1993) suggested that amplitude modulation may be
with a linear model. The predicted standard metabolic rate giartly responsible for providing thrust at low velocities.
0ms?! was 22.3imol 02 min~1kg™, and that for maximum Certainly, the video analysis of amplitude for the two fish
aerobic metabolic rate was 7Qu&olOxminlkgl. examined in detalil in the present study shows that amplitude
These values correspond to 0 and approximatelg™d, and is indeed important at low swimming speed (Fig. 5).
they can be used to calculate absolute metabolic scope fAmplitude modulation is less important at higher speeds. Since
activity, i.e. the difference between maximum and standarfish in nature spend the majority of their time swimming at low
Mo, (48umolO;min~lkg™ at 5°C).
There was also a good correlal
betweerVipo, andIP andDP (Fig. 9A,B).
At zero pressure, the predicted values
Mo, were 23.41mol O; min~tkg™ for IP
and 34.7umol Oz min~1kg for DP. 125

150

Discussion 100

The results of this study indicate t
tailbeat pressure offers an alterna
method of measuring the swimmi
velocity of fish in nature. At the ve
least, tailbeat frequency can
calculated, and tailbeat frequency
related to swimming velocity with a hi 25
regression analysis correlation (Fig.

The measurement of pressure inclt

Integrated pessire (P9
(o) ~
o al

H 0 L L 1 ) I 1 I 1 t
both .the frequency of 'Fhe tail beat anc 0 ol 02 03 0a 05 06 07 08 0.9 1
amplitude. Pressure is therefore lik
to be a better predictor of swimmi 1200 .
speed than frequency, especially for B

speeds at which swimming incorpore
amplitude modulation as well
frequency modulation.

In a number of studies in teleosts
positive linear relationship has be
observed between tailbeat frequency
swimming speed (Bainbridge, 19!
Hunter and Zweifel, 1971; Webb, 19
Wardle et al., 1989; Scharold et
1989). These authors have app
equations that relate tailbeat frequel
as a function of body length, to relat 200
swimming speed. Videler (Videle
1993), however, has shown that
prediction of swimming velocity on tl 0 - L L L 1
basis of tailbeat frequency is | 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
straightforward. Even when relati Swimming speed (MY
swimming velocity is plotted agair

800}

600+

Presaire differerce (P9

4001

. Fig. 7. (A) Integrated tailbeat presswersusswimming speed for seven co@ddus morhup
tgllbeat .frequency, separate. slopes swimming in a ‘Brett-style’ respirometer at 5°@P=19.93410.61%, N=84, r2=84.9,

fish of fjlfferent Iengt.h are eVIdgnt, Sl p<0.0001; wherelP is ‘integrated pressure’ (Pa) and is swimming speed (nT%).

that using a generalized equation W¢ gy Maximum minus minimum pressure or ‘pressure differenegsusswimming speed for
overestimate relative swimming veloc  seven codPD=44.6%48.22, 12=0.87,P<0.0001,N=147, wherePD is ‘pressure difference’
for a large fish and underestim (Pa). The double circles represent pressure data calculated from Dubois and Ogilvy (Dubois
relative swimming velocity for a smi  and Ogilvy, 1978) for swimming bluefisR¢matomus saltatr)x
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Fig. 8. Rate of oxygen consumptioWd,; pmol mintkg)versus
swimming speedU; ms1); for six cod Gadus morhupswimming

in a ‘Brett-style’ respirometer at 5°C. Different symbols represen
individual fish.Moz=22.33<5.75J, r2=0.77,P<0.0001,N=60, where
22.33 isMo, at zero velocity (the standard metabolic rate).
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speeds, it is reasonable to conclude that pressure, rather t Pressureiff ererce (Pa)

tailbeat frequency, would be the preferred method o1
measuring swimming speed. Pressure will increase with bofFig. 9. Rate of oxygen consumptiolld,; pmol min-tkg™) versus
increases in frequency and amplitude with speed, whereintegrated i) and differencelP) pressure (Pa) for six coG&dus
measuring frequency alone excludes the contribution cmorhuf:) at 5°C. Different Symbols represent individual fish.
amplitude changes to thrust production. (A) M02=?3_-14+9'14§9°: r?=0.68, _P<0.0001, N=52, where

The total power output of a fish against the water is the tot;igéﬁgnrs;r;'rgurﬁgmir'; L\Ar‘;zine}ﬁnifgopr'gtsi%geodr Fg;ssssuurfe' d(i?fae?ze oo
power exerted on the water by the backward-travelling wave =y _34 7.0 05pD, 12=0.43, P<0.0001, N=48, where
The capa_blh_ty of measuring pressure directly using m|n|z';_1turw34.7umoI min-kg is Mo, at zero pressure difference.
sensors is ideal. Dubois and Ogilvy (Dubois and Ogilvy.
1978) estimated the power output and propulsive efficienc
of the tail of bluefish using non-differential pressure sensorpressure difference between positions on or near the body of
hard-wired to data-acquisition systems. The differentiathe fish.
sensors used in the present study could easily be implanted inThe measurement of tailbeat pressure is an alternative
the musculature with small-diameter rigid ports exiting thetechnique to radio telemetry of electromyograms (EMGSs). The
body wall. The use of differential sensors allows theadvantage of measuring EMGs is the capability of analyzing
experimenter to treat pressure as an alternating signal (badke function of red, white or mosaic muscle types in relation
and-forth tail motion), reducing error due to zero drift of theto the behaviour of the fish in nature. However, the technique
pressure sensor. In addition, any changes in depth pressuredapends on the proper placement of electrodes so that the
a result of vertical movement have no effect on the pressuraeasured electrical signal reflects closely the power output of
output of the signal, making this sensor ideal for fieldthe tail musculature. The electrodes must not shift over weeks
applications. The sensor used in the present study could bad months (scar tissue impedes the signals), and it must be
miniaturized further without significantly impeding the powerassumed that the electrochemical nature of the muscle fibres
production of the tail or without adding significantly to does not change with training and temperature. Temperature
frictional and pressure drag. These features should pernaffects the recruitment of different muscle types, but there are
accurate laboratory estimates of tail power output and enablery few data showing how temperature affects EMG signals
researchers to examine locomotor efficiencies. The pressuire spontaneously active fish in the laboratory and in the field.
ports could also be used in such a way as to measure tihbe pressure technique described here measures pressure as a
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function of power output, which does not change withalmost certainly caused by spontaneous bursts of activity rather

swimming speed over different temperatures (Rome, 1990)han by the experimental treatmeydr se Tailbeat pressure

Pressure generated for a given speed should be independentvoluild be a very useful measure for indicating the relative

temperature, so a single calibration of pressuemsusspeed proportion of spontaneousersus constant activity. For

for a fish should be sufficient for predicting swimming speednstance, on several occasions, we observed that cod were ‘too

at different temperatures in nature. It is important to note thatctive’ at very low speeds (accelerating and decelerating) or

we have not performed long-term laboratory tests on ththey ‘burst swam’ (anaerobic metabolism) or supported

pressure sensor to investigate the effects of temperature on themselves against downstream grids at high speeds. Real-time

electrical integrity of the sensor and on the tailbeat pressuraeasurements of pressure allow the experimenter to assess the

versusspeed relationship. Also, we do not know how well theswimming ‘smoothness’ of the animal.

pressure sensor will perform in situations where fast-flowing In conclusion, this study illustrates that differential pressure

water is present. Clearly, both the EMG and pressurmeasurements of water speed and tailbeat undulation will be

techniques need more rigorous investigation before they carery useful for measuring the swimming speeds and activity

be universally accepted. Transmitters measuring EMGs amhtterns of fish in nature. If such pressure measurements can

differential pressure could be used on the same fish. This wouleé coupled with a heart rate or cardiac output transmitter, it

elucidate the relationship between the use of various muscéhould be possible to define the energetic expenditures of free-

fibre types and tail pressure in nature. ranging fish in nature with much greater precision than has
The results from this study suggest that both ‘differencéeen attained previously.

pressure’ and ‘integrated pressure’ are appropriate measures of

swimming speed antflo,, and both measurements are also We thank the staff of the Aquatron (Dalhousie University,

easy to obtain. Radio and ultrasonic transmitters are nowalifax) for providing us with excellent working conditions.

equipped with micro-controllers that can execute smalFunding for this research was provided by a Strategic grant to

software programs that are capable of pre-processing raw d&@aR.K. by the Natural Sciences and Engineering Research

into a more manageable format. These microprocessors ha@euncil of Canada. Resource funding was also provided by

on-board real-time clocks and analog-to-digital converters thatambridge University to D.M.W.

can operate at data sampling frequencies of 100Hz or higher.
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