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Summary

Adult Atlantic cod (2 kg Gadus morhua were fitted with ~ changed with temperature. Hence, calculatind/lo, from Q
Doppler ultrasonic flow-probes to measure ventral aortic is simpler and does not require that temperature be
outflow (i.e. cardiac output). The probes remained patent recorded simultaneously. Variations in cardiac output
for upwards of 3 months, during which time detailed were determined more by changes in stroke volumev§)
relationships between cardiac output @), heart rate fv)  than by fH; therefore, fH was a less reliable predictor of
and rate of oxygen consumptionilo,) were determined as  metabolic rate than wasQ. Given that Q can be used to
a function of swimming speed and temperature (5°C and estimate Mo, so faithfully, the advent of a cardiac output
10°C). The rate of oxygen consumption increased linearly telemeter would enable robust estimates to be made of the
with Q and exponentially with swimming speed. A very activity metabolism of free-ranging fish in nature, thereby
good correlation was observed betweerMo, and Q  strengthening one of the weakest links in the bioenergetic
(r2=0.86) compared with the correlation betweeo, and  models of fisheries biology.
fH (r2=0.50 for all 10 °C data andr?=0.86 for all 5°C data).

However, theMo, versus fi correlation gradually improved

over approximately 1 week after surgery (3=0.86). The Key words: Gadus morhua Atlantic cod, oxygen consumption,
relationship between Mo, and Q was independent of cardiac output, heart rate, stroke volume, bioenergetics, metabolism,
temperature, while the relationship betweenMo, and fH  fish.

Introduction

In fisheries biology, bioenergetic models for the analysis ofind converting them into the rate of oxygen consumplitas)(
fish production systems are quite advanced (e.g. Kitehell  using equations derived from calibration experiments fgi.e.
1977; Kerr, 1982; Krohmet al. 1997). Such models take the versus M,) carried out in the laboratory (e.g. Butler, 1993;
form of a steady-state energy equation in which the totdlucaset al. 1993; Bevaret al. 1995). Such estimates are far
amount of energy consumed is balanced by the total amoumtore reliable for birds and mammals (Buggral. 1995) than
of energy expended through respiration, activity metabolisnthey are for most fish, since cardiac outgt in endotherms
food digestion and assimilation, together with waste losses atislmodulated primarily through changes in heart beat frequency
somatic and gonadal growth. Bioenergetic models have be¢fn) rather than stroke volum&). Given that cardiac output
shown to apply to a wide variety of ecological problemsn fish is determined largely bBys (Stevens and Randall, 1967;
(Hansenet al. 1993; Hewett, 1989; Kitchekt al. 1977) and Randall, 1968; Kiceniuk and Jones, 1977) and that:
have been applied specifically to Atlantic c&h@lus morhup __—
(Krohn et al. 1997). Whereas the growth component can be Mo, =i x Vs x (Cao, = Cvo,), (1)
estimated with relative ease, the ration intake and metabolane could only expect robust relationships betwieemdMo,
components (standard and active metabolic rates) are difficuli circumstances where stroke volumé) and the arterial-
to estimate in the field and require numerous approximationgenous Q content difference Gao,—Cvo,) either remained
and assumptions (Kerr, 1982; Kerr and Dickie, 1985; Boisclaiconstant or varied systematically. Indeed, this is probably why
and Leggett, 1989; Ney, 1993). fn andMo, can be so highly correlated in some species of free-
The ability to telemeter physiological information from free- swimming fish (Wardle and Kanwisher, 1974; Armstrong,
ranging animals in nature promises to open up many new ared886, 1998; Sureau and Lagardere, 1991; Lucas, 1994) and not
of research into animal energetics. There have been sevenal others (Priede and Tytler, 1977; Sureau and Lagardere,
attempts to estimate the activity metabolic rate of free-ranging991; Claireawset al. 1995,b).
animals by taking telemetered measures of their heartfi|xte ( In terms of increased oxygen demands from swimnfing,
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is often not well correlated with metabolic rate and its controscombru¥ and squid l{oligo opalescer)stwice a week before

is not completely understood. Priede and Tytler (1977gxperimentation. To eliminate the effect of feeding on
observed a large range Mib, for a givenfH in rainbow trout metabolic rate, the cod were not fed for 1 week prior to surgery
(Oncorhynchus mykigsbrown trout Salmo truttd and cod. and before and during swimming trials. The cod were never
This variability is presumably due to a large rang®®for a  fed to satiation, and a meal never exceeded 2.5 % of body mass.
given fH. Heart rate has been used to estimate energye limited the animals used here to a mass range of 1.6-2.2 kg
expenditure of brown trout (Priede and Young, 1977; Priedep minimize any possible scaling effects of mass on the rate of
1983) and pikeEsox luciuy (Lucaset al.1991, 1993) in nature oxygen consumptionMo,), cardiac output@) and heart rate

but, according to Thorarensen al. (1996), the accuracy of (fH).

these estimates is questionable. Thorarereteal. (1996)

state that the relationship betwedn, andf+ is described by Swimming metabolic rate
numerous curves subject to the physiological condition of a The experiments were conducted at 5°C and 10°C on
fish and to environmental factors. individual fish using a ‘Brett-style’ swimming respirometer

During steady-state swimming, the rate of oxygen uptake dBrett, 1964) described in detail in Webber (1985) and Webber
fish increases considerably, to as much as 15 times the valaed O’Dor (1986). The water volume was 891, and water
at standard metabolic rate in sockeye saln@mcorhynchus currents were generated by a centrifugal pump capable of
nerkg (Brett and Glass, 1973). The cardiovascular systerproducing water velocities up to 2ms A computerized
meets oxygen uptake demands by increa®ingd by utilizing  control system enabled temperature control to #0.05°C.
more of the oxygen in the blood. Sin@ds the product of the Chilled (2 °C) and heated (20 °C) seawater lines gave flexibility
volume of blood pumped for each contractidfs)(and the in setting temperatures. A brief description of the working
frequency of pumpingfi), one would exped® to be highly  system is as follows. Within the toroidal-shaped acrylic pipe, a
correlated with the rate of oxygen uptake. Altho@#ndMo,  fish confined to a straight section 0.2m in diamgt&r2m in
have been measured in fish a number of times, there have béength was forced to swim against the current. Oxygen
no direct and long-term simultaneous measurements ofbothdepletion was measured in a parallel external water circuit
andMo, in actively swimming fish. Studies that have reportedusing a RadiometerPo, electrode (Radiometer Inc.,

a relationship betwee® andMo, use indirect determinations Copenhagen) and Endeco/YSI, model 1125, pulsed oxygen
of Q or Mo,, through solution of the Fick equation (see abovepnalyzer and electrode (YSI, Yellow Springs Instruments,
(Goldsteinet al. 1964; Lenfant and Johansen, 1966; Radin Ohio, USA). Changes in oxygen concentration were not
al. 1966; Baumgarten-Schulmann and Piiper, 1968; Gareyetected in the absence of test fish. The water circuit provided
1970; Hanson and Johansen, 1970; Holeton, 1970; &edh a constant flow over the oxygen probes and facilitated
1976; Kiceniuk and Jones, 1977; Whéeal. 1988; Takeda, calibration of the oxygen system. All sensor inputs (oxygen,
1993; Korsmeyeet al. 1997). temperature, cardiac output) were acquired in digital format

The objectives of this study are to determine precisely thand transformed into real units. Doppler blood flow inputs were
relationship betweeNo, and cardiac variables in cod, over asampled continuously at 50Hz. The rate of oxygen
range of temperature, as a necessary step in developing @nsumption was adjusted to a standard body mass of 1kg
ultrasonic  telemetering transmitter that allows theusing the mass exponent of 0.8 determined by Saunders (1963):
measurement @ in free-swimming fish. The development of : _ .
such a transmitter will permit more accurate estimates of the Mo, (1kg) = (1Mp)°Mo, , 2)
metabolic rate of free-swimming fish in nature, enablingvhereMy is body mass.
guantification of the effects of external factors on fish growth Many studies of swimming energetics use a ‘critical speed’
and production. We describe laboratory results on the efficagyrotocol defined by Brett (1964) in which the animal is swum,
of cardiac output as a predictor of the metabolic rate of Atlantistarting at Omd, at stepwise increases in velocity until it
cod as an essential prerequisite to the development of sucHagigues. The problem with this technique is that the researcher
transmitter. cannot deviate from the fixed incremental protocol even if the

animal appears stressed, overactive or inactive. Rather than
following a fixed time procedure, our protocol involved
Materials and methods swimming the animal at any water speed between 0.08 and

Approximately 60 Atlantic codGadus morhud..) (mean 0.7ms? for approximately 1-1.5h at each speed. The cod
mass 1.91kg) were acquired from Eastern Passage, Nowueere allowed to rest for 1-2h between swimming trials and
Scotia (63°25W, 44°34 N) in the autumn of 1993 and from overnight. The water velocity was corrected for the
nearby Sambro Fisheries in the autumn of 1995. The animadeceleration of water around the fish according to the method
were transported in aerated fresh sea water to the laboratorycdit Webb (1974). The animal was monitored on a video
Dalhousie University and maintained in ambient andmonitor.
temperature-controlled sea water between 5 and 10°C and atApproximately 1 week prior to surgery, the animal was
30-32%0 salinity under a controlled photoperiod (12 h:12Hiested in the respirometer. During this time, fish were exposed
L:D). The cod were fed a diet of frozen macke®tdmber to various water currents, providing a control to compare with
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post-surgery swimming performance and to acclimate th 45
animal to the chamber. The rate of oxygen consumptior _
tailbeat frequency and water speed were measured during “_é, 35 |
swimming trials before and after surgery. Cardiac output an «
fH were measured after surgery. Every effort was made t E o5 |
minimize stress. The animals were not exposed to an electi g
grid and were seldom prodded to encourage activity. Reporte 3
values are means + standard error of the mean. = 151
8
Surgery % St
Cod were anaesthetized with 0.05%l tricaine

methanesulphonate (MS-222), weighed, measured ar -5 : : : : : : : :
transferred to an operating sling immersed in oxygenated ar -0.05 0'_05 0.15 0.25 0.35
temperature-controlled sea water. The gills were continuous Distance along vessel hypotenuse (cm)
bathed with aerated sea water and 0.025Y1S-222. The 45 ‘
ventral aorta was expose@ a 1.5cm long and approximately B
3cm deep incision. Cardiac output was measured using o 40 ¢
Doppler ultrasonic flow probe and a directional pulsed Dopple f 35t
flowmeter (Bioengineering, University of lowa, USA). The E 30|
Doppler crystal was pre-mounted at 45° in the flow probe. / £
flow probe (3—4 mm inside diameter) was chosen to match tt = 25
diameter of the ventral aorta as closely as possible. The tubii & 29!
was then fitted around the ventral aorta and fixed in place wit § 15
silk or braided polyglycolic acid ligature. A 10cm long 14 5
gauge needle was used to lead the wires under the skin frc 8 10 |
the incision, behind the pectoral fin, to emerge at the base 5 ‘ ‘ . . . . .
the dorsal fin. To minimize infection, antibiotics were applied 5 10 15 20 25 30 35 40 45
to the wound before completely closing the incision using Blood flow in vitro (ml min™ kg')

res. : . - :
sutures Fig. 1. (A) Comparison of blood flowvp) through a tube (filled

f TW? Callbhratlgn telchnlbqluesc,i were (;qud tol determlneh b_loocircles) _and_ through _the ventral _aorta (qpen _squares) of_ Eautlié
. ow from t ,e_ oppler blood spee 'Slgna. Or_‘e tec n'qu'morh@ in vivo. The lines were fitted using distance-weighted least-
involved excising the heart and perfusing the atrium, ventncl'Squares smoothing. (B) The relationship between cardiac o@put (
and aorta with perfusate at known flow rates. The otheécalculatedn vivoin resting or swimming fish an@ measured using
technique, performed on four cod, involved calibrating the flovin vitro ventral aortic perfusion. Different symbols are for different
probe using latex tubing of known inside diameter and bloofish. Q(in vivo)=—0.049+1.02&b(in vitro); r2=0.90;P<0.0001;N=4.
flow rate. Human or fish whole blood or Cephadex particle
(20um diameter) were used for the calibration. The velocity
of the blood was measured, at 45° to the direction of flow, gested at 5°C. Over this time, other acute temperature and
various distances across the tubing. This velocity profile wafeeding experiments were performed. It is important to note
measured at different flow rates. Once the probe had beémat the same animals were used for both temperature trials.
implanted, the velocity profile of the ventral aortic blood was
measured daily, thus calibrating blood flow (Fig. 1A). Both
techniques vyielded comparable flow/voltage ratios. A Results
comparison of the two techniques is illustrated in Fig. 1B. The The cod were able to maintain an upright position after 1 h
equation relating blood flow (mlImi#) for the two techniques of recovery from surgery in sea water. Physiological recovery
was linear with a slope near 1 and the coefficient ofvas judged to take from 2 to 7 days after surgery on the basis
determination %) was 0.90 l=4; P<0.0001). of the resting heart raté+j values. During the first 24 h after
After the 30-60 min operation, the cod were placed in theurgery,fH generally exceeded the maximum values observed
swimming respirometer to commence recovery. Data werduring swimming (46sersus40 beats mint). After 1 week of
collected immediately after surgery; however, fish were nopost-operative recovery, tife for resting cod decreased to
exercised until the next day. Extreme care was taken to avoapproximately 28.3+0.53 beatsmin (N=6) and remained
disturbing the animal. To measure metabolic ratesGaader  consistently at that level for the duration of the experiment at
the long term, 60%N=4) of the animals were kept in the 10°C. Also, most of the animals accepted food after 1 week,
respirometer for up to 3 months. The remaindér3) were  suggesting that recovery was near complete. The condition
kept for 2 weeks to 1 month. Initially, cod were tested at 10 °Gactor (mass/leng#h of the cod used in this study was higher
for 2 weeks, acclimated to 5°C over a 3 week period and thehan that observed in cod in nature. Condition factor is
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generally accepted as an indication of the general health of awimming speed for fish equipped with cardiac outgdt (
animal. The level of activity or observed spontaneoudlow probes is shown in Fig. 3. A regression line of the form
movements of cod in the respirometer did not appear to bdo,=abY was fitted, where is the value of Nlp,) at zero
different before and after surgery. velocity (the standard metabolic ratgmol kg™t min-1) and
U is the swimming speed in mls The correlation coefficient
Oxygen consumption, swimming speed, cardiac output, strokgr this relationship for each individual was always higher
volume and heart rate when fitted to logarithmic than to linear coordinates, and the

Cod were exercised in the respirometer at 5 and 10°C. Aflooled data also gave a slightly higher correlation for a
animals were able to maintain their positions in the swimmindpgarithmic model than for a linear model. The predicted
chamber and swam steadily at low speeds. At higher speedslues for standard metabolic rate and active metabolic rate
water velocity was lowered if animals began to ‘burst swimwere 35+1.2 and 97+28nol O2kg=tmin~1 at 10 °C ¢2=0.9;

(i.e. to show sporadic rapid accelerations). In no instances dk0.0001;N=9) and 22+2.0 and 72+50nol O;kg=t min~1

the animals become exhausted. We refer to this level of activigt 5°C ¢2=0.91; P<0.0001;N=7). These values correspond
as ‘maximum activity’. The linear relationship betweento swimming at 0O and approximately 1bodylengths
swimming speed and tailbeat frequency suggested that tlaed they can be used to calculate the metabolic facultative
animals were swimming smoothly (Fig. 2Ar2=0.85; scope for activity; i.e. the difference between maximum
P<0.0001). This relationship confirmed that the respirometeand standardMo, (62pmolOzkg™2min™l at 10°C and
provided reproducible swimming exercise. The rate of oxygebOpumol O2kg™min™1 at 5°C). The @, between 5 and
consumption was also correlated with tailbeat frequencyO °C, for metabolic rate was 2.5 at rest and 2.1 at maximum
(Fig. 2B;r2=0.67;P<0.0001). activity.

The rate of oxygen consumptioMd,) as a function of The interactions betweerMo,, temperature and the
cardiovascular variables are illustrated in Figs 4—6. At 10°C,
from rest to maximum activityQ) increased by 192 % from
12+0.74 to 35+2.6 mlkg min~1 (N=7) (Fig. 4),f4 by 43%
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Fig. 2. (A) The relationship between swimming speél and

tailbeat frequency fre in cod (U=0.02+0.00588; r2=0.85; Fig. 3. The relationship between the rate of oxygen consumption
P<0.0001;N=9). (B) The relationship between the rate of oxygen(Mo,) and swimming speedUj in cod Gadus morhuaat 5°C
consumption Nlo,) and tailbeat frequency Mp,=20+0.648r8;  (asterisks) Nlo,=21.8x9.72; r2=0.91; P<0.0001;N=7) and 10°C
r2=0.67;P<0.0001;N=9) in codGadus morhuat 10 °C. (open circles)Nlo,=34.8<4.79; r2=0.90;P<0.0001;N=9).
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Fi.g. 4. The relationship petween the rate of oxygen consumptioFig. 5. The relationship between the rate of oxygen consumption

(Mo,) and cardiac outputQ) in cod Gadus morhuat 10°C (open (Mo,) and heart ratef{) in cod Gadus morhuaat 5°C (open

circles) and 5°C (asterisksM6,=5.6+2.46); r2=0.86; P<0.0001; triangles, dashed lineMp,=—35.5+3.7%H; r2=0.86;P<0.0001;N=5)

N=7). An analysis of variance with regression for the 5 and 10 °Cand at 10 °C (open squares and asterisks). The open squares represent

data revealed that the slopes and intercepts were not significandata collected less than 7 days after surgery, and the asterisks

different (>0.6). represent data collected more than 7 days after surgery. The solid
line drawn through the asterisks is represented by the equation
Mo,=-92.7+4.6%1; r2=0.86; P<0.0001;N=7. The combined data at

from 28+0.84 to 40+0.81 beats mi(N=7) (Fig. 5) and stroke ;igl é: thrsereel;ﬁ grt]i?“&);;:hi Z ?tf;zk;ﬁggo%%?g <%?335615;N(:d7(;t.ted line)

volume {/s) by 100% from 0.45+0.03 to 0.88+0.047 mtkg

(N=7) (Fig. 6). At 5°C,Q increased by 240% from 9+0.87

to 31+x2.9mlkgiminl, fu by 72% from 16+0.41 to

28+1.0beatsmirt and Vs by 120% from 0.515+0.04 to the relationship betweeio, and fH can be very highly

1.12+0.06 mlkg. From rest to maximum activityVs correlated, and if thé4 data from ‘recovered’ (greater than 7

constituted 69 % of the increaseQrat 10°C and 62% at 5°C. days post-surgery) cod only are related Ntp, (Fig. 5,

The Mo, versus Qrelationship had a much higher correlation asterisks), the relationship?£0.86;P<0.0001) is as strong as

(r2=0.86) at 10°C (Fig. 4) than tiMo, versus fi relationship  that betweemo, andQ. During the recovery period, tho,

(r2=0.50) (Fig. 5; dotted line). versus Qrelationship did not change appreciably.

When theMo, versus i relationship was examined on a day-

to-day basis following surgery, the slope of the line remained High-resolution measurements of activity

constant but the line shifted to the left such that, over fitae, Fig. 8 illustrates th&) of a resting cod that initially gently

increased for the sanfa. Indeed, heart rate decreased frombeat its pectoral fins, then stopped for 15 min before restarting

approximately 46 to 28 beats mir(at rest) over the first week again at 0.63Hz. Generally, while resting, cod spontaneously

following surgery. The downward trend ifm is clearly beat their pectorals or caudal fin for short periods and, as a

illustrated in Fig. 7. Immediately after surgefy,was higher result, true resting rates @ are difficult to measure. The

than that observed at maximum levels of swimming activityesponse of) to the beating pectoral fins was similar to that

(approximately 40 beats miH; fH took upwards of 8-10 days observed when a cod flexes its tail and starts to swim. Cardiac

to stabilize eventually at 28 beats rminAs the fish recovered, output did not rise immediately after the onset of exercise but

heart rate decreased progressively &% increased, took up to 10min before stabilizing. If we assume that the

corresponding to a gradual increasé/m On any given day, drop inQwhen pectoral fin beating stopped was related to the
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Fig. 6. The relationship between the rate of oxygen consumptioFig. 7. Heart rateff) plotted against timet)(after surgery for resting
(Mo,) and stroke volumeVg) in cod Gadus morhuaat 5°C  cod Gadus morhuaat 10°C {+=35.670873 r2=0.81; P<0.0001;
(asterisks; solid line)Mo,=—12.4+75.%/s; r2=0.71;P<0.0001;N=5) N=6). Each different symbol represents a different fish. The mean
and at 10°C (open circles; dashed linfdp{=—2.6+98.%/s; r2=0.70; value offH at maximum swimming activity is indicated.
P<0.0001;N=7).

They present evidence that seveial, versus f curves exist
drop in Mo,, then the cost of pectoral fin beating can bein the literature for the same species and, as a result, they have
estimated from theMo, versus Qrelationship. We used proscribed the use dfi as a useful tool for measuring the
12.7mlkglmin-1 as a baseline value §f estimated the drop metabolic rate of fish in nature. However, we would like to
in Q from Fig. 8 and calculatedlo, (from Fig. 4) to be 3.4% point out that, if fish are allowed to recover fully from surgery
of total metabolic rate or 5.6 % of the aerobic scope. and if individuals are calibrated before release into nature
rather than predictiniylo, from fu at a population level, then
many of the concerns of Thorarensen al. (1996) can
. probably be ameliorated. Our results demonstrate that the

Mo, and cardiac variables relationship betweemMo, and fH, for cod, is temperature-

Our data indicate that cardiac outpu®) (shows great dependent and are in agreement with Clairestad. (1995%).
promise as a tool to estimate metabolic rate for use i@laireauxet al. (199%) also observed that thdo, versus f
bioenergetic models of free-swimming fish in naturerelationship varied with seawater oxygen saturation.
Certainly,Q is a much more robust and reliable indicator ofTemperature can easily be measured in the laboratory and
Mo, than isfH. For example, th&lo, versus Qelationship was telemetered in the field. We suggest that, for dedsan be
independent of time after surgery and of temperature and waseful under known conditions of temperature, oxygen level
linear over a range of activity levels (Fig. 4). In contrast theand salinity in fully recovered animals; however, the ude of
Mo, versus i relationship depended on both temperature ands a predictor oo, will be subject to uncertainty for a free-
time after surgery in terms of intercept but not slope (Fig. 5)ranging animal patrolling large volumes of water through

We stress that, by usingvip, versus fi calibration from the  changing fields of temperature and changing oxygen and
recovery periodMo, can be overestimated by as much assalinity levels.
100%. Thorarenseat al. (1996) state that the relationship  Clearly, surgically induced trauma affedts Presumably,
betweenMo, and fu is subject to change depending on theearlier studies that report poor correlations betwden and
physiological condition of a fish and environmental factorsf have not considered the physiological effects of surgical

Discussion
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14 : : ; ; obvious implication is that fish must be given approximately 1
week to recover from surgical procedures before meaningful
measurements can be made. Most earlier studies have
acclimated fish for 24 h or less before measuMiagand other
cardiac variables, and this is clearly not sufficient in cod. For
instance, a study designed to examine the relative contributions
of fH andVs to increases i@ during exercise might, on the
basis of abnormally high values & 24h after surgery
(Fig. 7), erroneously conclude thatplays little or no role.

Very few studies have reportéd for controlled levels of
exercise (Stevens and Randall, 1967; Kiceniuk and Jones,
1977, Davie and Forster, 1980; Kolek al. 1993; Keen and
Farrell, 1994; Thorarenseet al. 199@; Korsmeyeret al.
1997), and no studies have measu€gdirectly in relation to
oxidative metabolism in fish. Our measurements showGhat
increased by almost 200 % at 10 °C from rest to near-maximum
exercise, a rise similar in magnitude to thaiduring a swim
to the critical swimming speedJ§it) in the rainbow trout
(Oncorhynchus mykiss(Kiceniuk and Jones, 1977). The
percentage increase@at 10 °C as swimming speed increased
from 0 to 0.67 bodylengtiisin cod was 100% in this study
compared with 47 % in a study by Axelsson and Nilsson (1986)
and 57% in a study by Axelsson (1988). There are, however,
a number of differences between these studies. The cod used
by Axelsson and Nilsson (1986) and Axelsson (1988) weighed
0.5-0.6kg compared with the 2kg cod used in the present
Fig. 8. Cardiac outputQ) plotted against time of day for a resting study, and the scaling effect between massGisdunknown.
codGadus morhuat 10 °C. The solid arrow indicates the time when Also, their cod were from North Sea populations considered
the cod stopped beating its pectoral fins and the open arrow indicatgenetically distinct from the Scotian Shelf cod used in this
when it started to beat its pectoral fins at 0.63Hz. A mean cardiagudy (Pogsoret al. 1995). North Sea cod inhabit water of
output was calculate_d 15min before and 15min after the arrows,armer annular temperatures. Also, our higiigsalues were
(Qoase 12.7mlkgmin™) and between the armowsQdon  recorded at least 2 or 3 days after surgery
11.2mlkgimin1), The difference  QvaseQdrop) of . . . . '

With few exceptions, increases@were brought about by

1.5mlkgimin™? was used to estimate the rate of oxygen. . :
consumption Nlo,) (3.3umolkg-imin-l) from Fig. 4. The increases in both stroke volumé/sf and fH, with Vs
In the present study, the percentage

percentage of metabolic costs of the total metabolic scope a,g{edc.)mir.\ating. _ : I
activity scope were determined to be 3.4 % and 5.6 % respectively. contributions tdQ by ft andVs for all 5°C and 10 °C data were
35% and 65%, respectively (42 and 58%, respectively,

calculated from Axelsson and Nilsson, 1986; Axelsson, 1988).
trauma. A detailed time course following surgery has not bee®ur measurements ofs at rest (0.45mlkd) and during
previously reported; accordinglfy may still be a very useful exercise (0.88mlkg) are consistent with values reported in
tool for estimating metabolic rate if full post-operative other studies (Hart, 1943; Kiceniuk and Jones, 1977; Kelok
recovery is achieved before calibration and experimentatioral. 1993; Takeda, 1993; Keen and Farrell, 1994; Thorarensen
Heart rate is the conventional cardiovascular variable recorded al. 1996). This means thaVs largely accounts for the
but, except for a study on frogs (Dumsday, 1990), there awdifferences in Q during exercise in cod. Thus, the
few data describing its long-term variation. A number ofpredominantlyVs-modulated increase iQ in cod contrasts
factors influence the metaboftatus quoand it has long been markedly with the situation in higher vertebrates, where
postulated that confinement and external stimuli can be majancreases irQ are primarily frequency-modulated. Frequency
causes of stress to animals. Gampedl. (1994) have shown modulation is thought to be an advantage in higher vertebrates.
that cannulated trout in ‘black-box’ confinement have elevatedmphibians and reptiles have two atria and one ventricle. With
levels of plasma cortisol and catecholamines, and the tintais design, arterial and venous blood depend on laminar flow
course to reach resting levels is 6-8 days post-confinement. im keep them from mixing, and large increased/snmight
our study, a similar time course was observed forMae cause undesirable mixing of the venous and arterial
versus f relationship (Figs 5, 7), witliH taking upwards of bloodstreams (Satchell, 1991).

8-10 days to stabilize. Asis influenced adrenergically in cod  Data on rates of oxygen consumption and cardiac output for
(Farrell, 1984; Fritsche and Nilsson, 1990), duresults are cod from this study and for other fish species are shown in
consistent with the hormonal data of Gampedl.(1994). An  Fig. 9. Although cardiac output in the other studies was
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400 : : : : - sluggish and active fish species. Animals that have high
metabolic requirements have high cardiac outputs (Farrell and

350 Jones, 1992), and the\to, versus lopes are steeper (Fig. 9).

High-resolution measurements of activity
An advantage of the Doppler flow measurement technique is

300 that small and low-frequency metabolic events can be detected.
. Generally, while resting, cod spontaneously beat their pectoral
_H'g 250+ or caudal fins for short periods and, as a result, a true resting
HE o | heart rate is difficult to measure. The responsé&)db the
2 beating pectoral fins was similar to that observed when a cod
o 200 - . flexes its tail and starts to swim. Oxygen measurements, at the
3 A level of resolution described here, would not reveal subtle
_ Ec? 150 1 activities of this kind. If our assumptions are correct, this means
that for free-swimming fish it will be possible to measQria
low-frequency events and to estimate with high accuracy the
100 - metabolic cost to the animal. This, in turn, will mean more
] accurate bioenergetic estimates. It may also prove useful in this
5 and other species in determining the energetic costs of various

behaviours (e.g. reproduction, courtship, territorial defence).

The effects of temperature My, and cardiac variables

0 20 40 60 80 100 120 Cardiac and swimming performance is greatly affected by
Cardiac output (ml kgL min1) temperature (Keen and Farrell, 1994), and if exercise is linked
_ he relationshio b h _to cardiac performance one would expect similar trends
Fig. 9. The relationship between the rate of oxygen ConsUMptioge,ean metabolic rate and cardiac variables. The increased
(Mo,) and cardiac output)) for various fish species. Cardiac output . . -
metabolic demands during exercise are met through complex

values in this study were measured directly using a Doppler

ultrasonic probe. The remaining data were estimated using the Fiéﬂteractlons between ventilation volume and frequency, blood

principal, based on arterial-venous blood oxygen content differenceXYgen content an@. Both standard and active metabolic
and whole-body oxygen consumption or by combining data for 4ates were lower at 5°C than at 10°C. The f@r Mo, from
species from different publications. Data were taken directly ob t0 10°C was 2.5 at rest and 2.1 at high levels of activity.
calculated from other studies. Open squares, yellowfin ftimanflus ~ Acute and chronic changes in temperature are expected to
albacare$ at 24-25°C (Korsmeyeet al. 1997,b; Dewer and affect Q; a Qo of 1.0 would indicate complete temperature
Graham, 1994)Mo,=-286.8+5.8), N=2); filled squares, albacore compensation and aiQof 2.0 would indicate temperature
tuna  (Thunnus alalunga at 22°C (White et al. 1988)  conformity. The Qo values ofQ andfH from 5 to 10°C were
(Mo,=-54.9+5.6, N=7, r?=0.81, P<0.05); filled circles, rainbow 1 g5 and 2.93 for rest and 1.22 and 1.97 for near-maximum
trout (Oncorhynchus mykiysat 9-10.5°C (Kiceniuk and Jones, activity, respectively. In both cased: was the more

No.=— ) = 2= - fi i .

1977) Mo, .68'6+4'8Q‘.N 5T 0'97‘P<9'001)’ filled triangles, temperature-dependent component Qf Therefore, the
carp Cyprinus carpip at 24-25°C (Takeda, 1993) AP )
(Mo,=-96.9+4.24, N=5, r=0.94, P<0.05): open triangle, carp reduction inQ with lower temperature was attributable mostly
(Cyprinus carpiy at 10°C (Garey, 1970): plus signs, Atlantic cod to a large reduction !fH. This sen§|t|V|ty ofH to temperature
(Gadus morhupat 5 and 10°C (this study)l6,=5.6+2.4&, N=206 has been observed in other studies (Armstrong, 1986; Gehrke
from seven cod,r2=0.86, P<0.0001); asterisks, winter flounder and Fielder, 1988; Kolokt al. 1993; Keen and Farrell, 1994;
(Pseudopleuronectes americajuat 5-10°C (Cectet al. 1976) Claireauxet al. 1995), and there is considerable variability
(Mo,=0.469+0.83Q, N=5,r2=0.93,P<0.01); filled diamonds, Pacific among species. The large reductioririfirom 10 to 5°C was
dogfish Gqualus suckleyiat 6-10°C (Hanson and Johansen, 1970)partially compensated by an increas&/an(i.e. stroke volume
(Moz_:o.09+1.05Q, N=6, r_2=0.96;P<0.OOl); open diamond, Pacific \yas higher at 5°C than at 10°C).
gogglsh Bqualus S”Ck'e)’('jat l'lhsc (l',-err:fam and ”JOhanse”' 1966);  Temperature is a strong determinant of Khs, versus f

ouble ‘open square, dogfistBcfliorhinus stellaris at 16°C helationship. Heart rate demonstrated a greater thermal

(Baumgarten-Schulmann and Piiper, 1968); minus sign, dodfis - o
(Squalus acanthigsat 12°C (Robinet al. 1966); double circle, ependence, compared wiws, and it is well known that

shorthorn sculpinMyoxocephalus scorpijist 15-18°C (Goldstein L€Mperature affectls directly through changes in pacemaker
et al. 1964); open circle, haemoglobinless Antarctic fishate and response to modulators (Farrell, 1984). Therefore, one

(Chaenocephalus acerajuat 0.3-1.4°C (Holeton, 1970). should not necessarily expefet to follow metabolic rate if
pacemaker rate is influenced by the interplay of a variety of
effector mechanisms. Claireaekal. (1995%) also reporiVio,

calculated using the Fick equation, it is clear that cardiac outpwersus # relationships for cod at 5°C and describe left and

can be used to estimate the rate of oxygen consumption for baight shifts in the intercept when cod are exposed to 2.5 and
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7.5°C, respectively. Thilo, versus fi relationship at 5°C for metabolic costs resulting from other physiological processes.
cod from this study closely matches the data from Claireaux We are currently designing an ultrasonic cardiac output
al. (199%) for cod from the same geographical region. transmitter that will make it possible to estimate the metabolic
The Qofor Qfrom 5 to 10 °C (1.65) was lower than thepQ rates of free-swimming fish in the field.
for Mo, (2.5). According to the Fick equation, this would mean
that, at the lower temperature, the arterial-venous oxygen We thank Todd Bishop for his technical assistance and the
content difference is smaller. With lower metabolic demandstaff of the Aquatron (Dalhousie University, Halifax) for
at lower temperatures, cod probably maintain a high arterigdroviding us with excellent working conditions. We are most
blood oxygen content but remove less oxygen from the bloograteful to Dr C. H. Clark, the university veterinarian, for his
while loweringQ by only a small amount. surgical and antibiotic expertise. We also thank Dr A. Pinder
Stroke volume at rest was only slightly lower at 10°Cfor the loan of the Doppler blood flow meter and Martha
(Vs=0.45mlkg?) than at 5°C \{s=0.52mlkgl) (P>0.05; Krohn for constructive criticism and technical assistance.
N=7). At high activity, the lowe¥s at 10°CYs=0.88mlkg?  Funding for this research was provided by a Strategic grant to
versus 1.12mlkg? at 5°C; P<0.05; N=7) can simply be S.R.K. by the Natural Sciences and Engineering Research
interpreted as either cardiac filling time being compromisedouncil of Canada. Resource funding was also provided by
because of higher contraction frequency or a reduction in theéambridge University to D.M.W.
force of contraction at high frequency (Faregdllal. 1989).
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