SHORT PAPERS AND NOTES

A Method for Measuring Swimming
Speed in Oxygen Consumption

Studies on the Aholehole

Kuhlia sandvicensis"

INTRODUCTION

It is well established that the oxygen con-
sumption of fish increases with activity, and
many studies have been made of fish cither
stimulated to a slate approaching maximum
activily or induced by confinement and isola-
tion to a state of relative quiescence. Measure-
ments of maximum activity are generally ex-
pressed as some function of swimming specd.
Measurcments of low levels of activity have
thus far been expressed as some function not
of swimming but of nonspecific movements,
Spoor (1946), for example, suspended a pad-
dle in the fish chamber. Movements of the
lish swang the paddie, which closed u switch
and activated a counter. Beamish and Mook-
herjii (1964) replaced this with a thermo-
slalic heater probe sel al a lemperature slightly
higher than that of the chamber water. Move-
ments of the fish generated water currents
cooling the probe. The amount of clectricity
required to reheat the probe was considered
a measure of activity.

Because in both of these siudies oxygen
consumplion and activity were found 1o be
linearly related over a fairly wide range, they
demonstrate the need to measure accurately
low levels of activity in oxygen consumplion
studics. Their common defecl is that the mea-
sure used is arbitrary. Thus only one ulli-
malely useful datum is obtainable per fish —
the extrapolaled oxygen consumption al zcero
activity, Brett (1961) rccently has attacked
the problemm by inducing fish to swim against
a water current of controlled velocily. His
methods were cfficient in determining the re-
lalion between oxygen consumplion and me-
dium-to-high swimming speeds in sockeye sal-
mon, but were not well suited to the low-to-
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medium range. The methods described below
were developed specifically to measure low
to-medium levels of activity us a function of
swimming speed.

F. E I Fry (pers. comm.) has measurec

swimming speed using photosensitive resistors
mounted on the wull of u doughnut-shapec
chamber.
As the fish swims around the circular race
way ol the chamber, it interrupls heams of
light focused on the surface of the photocell
and the interruption is recorded on a digita
counter. Using the same type of chamber the
present writers altempled to find a means 1
detect the passage of a {ish without employing
lights which might disturb the {ish and whict
limit the application of the method to certair
light condilions. Proximity detectors based or
changes in capacilance, successfully employec
by terresirial ecologists (for exumple Kava
nau, 1961), were invesligated but found un
suilable because of the apparent dielectric
gimilarity of the fish and water. This ap
proach was soon abandoned when our allen
tion was drawn to a device perfectly suited te
this application.

Cummings (1963} tesied a Pflueger Fisk
Finder (Enterprise Manufacturing Co., Ak
ron 9, Ohio) for detecting fish movement
Employing the Doppler effect, the instrument
emits a burst of audio-frequency noise coin
¢iding in lime with the movement of a fish ir
the sensing lield. As used by Cummings the
Fish Finder mcasures activity in arbitrary
unila.

The method described in the present report
adapts the Fish Finder to Fry’s circular cham-
l')(:‘.r 850 lllﬂt SWi'lTHTIi“'E’: Hp(“.(:d can }Je n]ellﬁ]]l‘(:d
This method has the distinet advantage thal
swimming of sponlancously active fish can be
monilored under any conditions of ambienl
light, To achicve uniform speeds in the work
reported here, the fish were induced to swir
in a semicircular shadow crealed by a disc
rotating above the chamber. Sample data of
the effect of swimming specd on oxygen von
sumplion, with reference to size of fish, are
incladed to illustrale the application.
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Ficune [—Diagram of the uctivity chamber., Up-
per: lop view with rotating dise and covers lor con-
stant-temperulure bath and fish chumber removed.
Jower: cut-away side view with dise and covers in
pluce. 1. Fish Finder; 2. well lor Fish Finder con-
tinnons with water bath; 3. [ibergluss window; 4.
cireular raceway of chamber; 5. solid cenler; 6. clear
phlexiglass 1op for fish chamber; 7. water circulalion
for chamber; 8. volating dise; 9. drive pulley for
rofating dise

Although we are not concerned here with
other possible applications, the principle can
be used in a wide varicty of situations where
the investigator wishes 1o follow the responses
or spontaneous movements of experimenlal
nquatic animals. Because no uncorrectuble
interference was cncounlered hetween the two
Fish Finders used, it would appear that a
series could be employed Lo study movement
through a variely of one- or two-dimensional
gradients.

ATTARATUS

The Fish Iinder consisls of a high frequency
CW transmitter and receiver in a small sub-
mersible case. Knergy radiated by the trans
mitter is focused in a narrow, presumahly
conjcal, 4-degrec field. Movement of a fish in
this field shiflts the frequency of any reflected
sienal (Doppler effect). The transmitted and
reflecled signals are compared (heterodyned)
i the receiver and simply cancel oul if there
s no moving objecl lo shift the frequency.
The instrument is sepsitive cnough 1o detect
the movewnent even of a single fin. The fre-
quency used, about 800 ke, is far above the

hearing range of teleosts (Tavolga, 1964) and
appears to have no elfect on the fish.

The fish chamber (Figure 1) is doughnut-
shaped, the circular swimming channcl being
7.6 cm wide and 9.5 cm deep. The mean swim-
ming circumference ig 87.6 cm and the volume
6.6 liters, The center portion is raised from
the boltom; outflowing water is collected {rom
all directions under it and inflowing waler
radiated over the lop. Two wells attached at
langents to the circular channcl house (he
Fish Finders. The inner and outer walls of
the chamber are of sheet aluminum overlaid
with fiberglass cloth and resin, Oval windows
in the uluminum adjacent to the wells allow
passage of the signals. The windows arc cov-
eved with fiberglass 10 separate the water in
the wells from that in the fish chamber and
to hide the transducers from the fish. The
chamber is opaque except [or a clear plexi-
glass Lop. A more recent version of the cham-
ber is made cnlirely of plexiglass (opaque
bottom and walls) which has been [ound to
offer no resistance lo the transducer signals.
The Tish Finders are mounted in a constant-
lemperature water bath in which the fish
chamber is immersed.

The Doppler effeel requires thal movement
be towards or away from Lhe face of the trans-
ducers, Tangential posilioning of the Fish
Finders ensures that the sensing field is maxi-
murm for this type of movement. In actual prac-
tice, however, the positioning is adjusted until
adequate sensitivity is obtained and the sens-
ing fields do not overlap. Thus a fish swim-
ming around the chamber passes through the
individual fields of the two Fish Finders iu
an alternate manner.

When the Fish Finders are powered from
a d-¢ source the passage of the fish can he
heard through the earphones provided. The
passage results In continuous noisc which
varies in amplitude and [requency depending
on the speed and swimming characteristics of
the {ish. I the {ish should stop swimming and
rest in the field of the lransducer it can
usually still he detected by noise resulting [rom
fill movemaents,

The rest of the apparatus is eleclronic ¢ir-
cuitry which takes any signal indicaling thal
thie Tish s present in one field and stores his
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Freone 2.—Oxygen consumption lor wholebole 5,
mainlained at 2 swimming speed ol 0.23 body lengths
per second for b days following o period of nornal
feeding,

information on one-half ol a lalching relay.
A signal from the other Fish Finder completes
the cireuil and registers one revolulion on Lhe
counter.

The output of each Fish Finder passcs
through & separate amplifier multivibrator
unit. The output of the 4-stage amplifier trig-
gers g one-shot multivibrator operating a plate
relay. Movemenls of the fish within the field
of the IFish Finder cause the mullivibrator 1o
pass through one or more cycles of operation
during cach of which the plate relay is oper-
aled. The successive operation of the plate
relays from hoth units opens and closes a
latching relay. One opening and closing cycle
of the latching relay, indicaling o complete
revolution of the {ish, results in one count on
a counter and on a recorder. The slrip-chart
recorder provides the number of revolulions
{or any lime inlerval.

The fish is induced to swim al given cou-
stant speeds by rotating a dise above the clear
plexiglass top of the chamber. One-half of the
disc is black and the olher clear. The majority
ol the fish remain in the semicircular shadow
created by 1he dise and swim around the cham-
ber at any reasonable speed the investigator
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chooscs. The fish is normally held at one speed
for about 4 hours to insure that the {lowing
water reaches equilibrium and that the {ish
has settled down. In most cases the [ish faith-
fully follow the disc but the activity monitor
is essential Lo verify this, particularly becausce
the fish chamber is isolated and usually unat-
tended. Periodic waler samples arc taken {from
the outflow tube and from a sampling line
[rom the inflow water, and oxyzen determina-
tions made with a Beckman model 777 ana-
lyser using a magnetic stirrer,

RESULTS

A scries of the euryhaline sholchole Kuhlia
sandvicensis ranging from 9 to 00 gms was
acclimaled to freshwaler at 23 C. When intro-
duced into the chamber larger specimens wen-
erally sought the shadow of the dise and fol-
lowed il when it was rolated. In most casce
the fish would respond even to the shadow re-
sulting from moonlight enlering a nearby win-
dow. Smaller [ish showed more variation in
response; some could be induced to follow the
disc by the use of an overhcad bright light but
most would not follow it for a sufficient
length of time.,

Determination of the effecl of swimming
speed on oxygen consumption generally re-
quircs that the fish be held in the chamber
lor uboul 3 days. It is therefore necessary to
consider the effect of progressive starvalion.
As shown in Figure 2 the oxygen consumyplion
of a 44.4-gzm aholehole maintained at a con-
slanl level of activity (0.23 body lengths per
sccond) decreases from a peak after feeding
und reaches a minimum in about 3 days. The
curve is similar in shape Lo those given by
Beamish (1964) for standard metabolism. In
the remaining experiments reported here, the
fish were deprived of food for approximately
3 days before being placed in the chamber.
Thus the effect of feeding should he elimi-
nated {rom the oxvgen consumption dala,

For those [ish which would [ollow the disc
for sufficient periods of time and al a nuinher
ol speeds, the effect of swimming specd on
oxygen consuroption appeared to be lincar.
That is. straight lines could he fitted to the
data on arithmetic plots. Some of the lines lor
fish of different weights showed a consicder-
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Treone 5.—The cffect of swimming speed on oxy-
gen comsumption for six wholehole runging from 9
to 60 gmz All [ish were deprived of food for 3 days
hefore experiment began, Swimming speeds for fish
1 and 4 ure not comparable to those [or other fish
(sve text) and their data poinrs are nol shown.

able divergence, larger fish having a greater
slope, suggesting that a semilogarithmic Lrans-
[ormation might result in parallel lines, For
six fish the plots of the logarithm of oxygen
consumplion against swimming speed in fork
lengths (herein termed body lengths) per sec-
ond are shown in [igure 3. Straight lines arc
again obtained and three are nearly parallel.
Because swimming speeds great enough to de-
tect nonlinearity in an arithmetic plot appar-
ently cannol he obtained with Lhis apparalus,
the sclection of either base remains tentalive
until higher rates of awimming are examined.
From his studies on the medium-to-hizh range
in salmon, Brett (1964) postulaled the loga-
rithmice relationship

Y = aet

wheve Y is oxygen consumplion in mgm per
hour, @ is the resting oxygen consumplion,
X i swimming speed in body lengths per sec-
ond and b is the regression coefficient. Em-
pirical consideration of our data. based on
mavimum sustained swimming vates and oxy-
gen consumptions found in the literalure (c.g.,
thuse of Brett) give us no cause lo reject his
postulation.

The regression values for the inlercepts
foxygen consumption at zero swunming) and
the slopes are given in Table 1 with other per-
tinent data. The slopes for {ish 3, 5, and 6 are
quile similar although a slight divergence is
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Froure 4.~ The ellect of hody weight on resling
oxygen consumption. Tho oxygen consumption valnes
shown were ohlained by extrapolation to zero swim-
ming in Figure 4. Data [rom Tuble 1.

still apparent, The divergence may be due to
a number of factors. Tt is possible that larger
fish encounter more difliculty in swimming
the circular channel. The data for fish 4 were
oblained using an carly and very crude ver-
sion of the rotating dise, which proved un-
satisfactory, The fish tended to swim in hursts
rather than in a smooth continuous lashion
characteristic of the other fish. Fish 1, the
smallest of all, would nol follow the dise for
sulficienl lengths of time even when a bright
light was placed overhead (the same response
was obscrved with three other [ish ol similar
size). The data shown for fish 1 were oblained
during periods of spontancous swinuning with-
out the rotating disc. The swimming speeds
are averages for 2-hour intervals, Thus the
steep slopes obtained for fish | and 4 niay
nol be very meaningful: in any case they arve
nol comparable to those for the other lour
{ish,

The stecp slope observed fov {ish 2 cunnol
be explained away because data for three trials
for this {ish all fall on the same line under
conditions the same as those for fish 3, 5. and
6. Thus it cannot be determined [rom the
present data whether the relation helween
swimming speed and oxygen cousumpton is
the same for all sizes of aholeliole. Differences
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Tasre 1—Weight and length data for six aholehole
and regression coefficients for the effect of swim-
ming speed on oxygen consumption as shown in
Figure 4

Welght Fuork Fork lengths Intereept

Tis} : - : Slope
Itis (gms) 1(5 (1:;‘%(31 mvowlclx‘)“nn 0:} 1(1)\‘ - O
1 9.0 8.2 10.68 0.04 2.12
2 11.9 8.1 2.03 1.18 0.83
3 20.3 10.3 5.50 1.60 0,139
4 270 117 7.49 2.24 1.59
3 444 137 0.39 3.27 0.44
G GU.l 148 5.82 4,17 0.49

obscrved might be due to variation in response
to the chamber, Lo variation in individual {ish,
or to a rcal change in swimming character-
istics with size,

Despite the variation in slope, the extrap-
oluled oxygen consumption at zero swimming
appears Lo be a good statistic. The logarithms
of these values are plotted against the loga-
rithms of body weights in Figure 4. The points
give a good fit to the line

log Y = log 01664 4- 0.7845 log X

Thus it would appesr thal the extrapolated
point serves ag an anchor and thal variations
in swimming characteristics affect the slope
of the line originating {rom this point.
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Observations on the Swimming
Ability of Adult American
Shad (Adlosa sapidissima)

INTRODUCTION

For several years the Buresu of Commer-
cial Fisheries, under conlract with the U, 5.
Army Corps of Enginecrs, has been investigal-
ing various factors influencing the behavior
of adult salmonids in relation to fish passage
problems on the Columbia River and its tribu-
taries  (Collins and Elling, 1960). In the
course of these investigations, incidental ob-
scrvalions were made on the American shad
(Alosa sapidissima) which utilized the same
waterways as the salmonids. Observations
presented in this report were made during the
period of 18 Lo 28 July 1961.

The objective of the primary study on sal-
monids was to gain [urther knowledge of the
maximum water velocities that could be nego-
tiuted. The presence of shad during the exper-
iments, however, also made it possible 1o ob-
tuin information on the swimming ability of
this species. Specifically, this report covers
the channel distances negotiated by the Amer-
jcan shad in waler velocities ranging {rom
114 to 13.6 fect per second.

Although velocilies ol this magnitude muay
nol often he encountered by American shad
nscending the rivers and f{ishways at exisling
dams, a knowledge of their swimming ability
in these higher velocities is meaningful. The
conlinuing effort to develop more efficient
and cconomical fish passage facililies in the
Columbia River druinage requires a thoroogh
kuowledge of the physical requirements unicl
swimming abilities ol the various species of
fish involved.

Even though American shad in the Colwn-
bia River are not at present regarded with the






