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I. Introduction. 

The importance of the cichlid teleost Ti1apia mossambica as a 

protein source, coupled with its remarkable adaptability, has resulted 

in its introduction into many water systems throughout the tropical, 

sub-tropical and even temperate regions of the world. However, its 

successful exploitation of these waters is dependent very largely upon 

the value of minimum temperatures and their duration. For e. g. Long 

et al (1961) has drawn attention to the tremendous mortalities of 

T. mossambica that occur in shallow water bodies during the precipitous 

temperature decreases that accompany the winter monsoons in Vietnam 
o 

and other eastern countries, even at temperatures as high as 14 or 16 C. 

Coehe (1967) does not recommend stocking with T. mossambica where 
o 

temperatures are not above 14 C all the time. Ailanson et al (1')62) 
o 

conclude, after an experimental study, that low temperatures (13 C or 

lower) in South African highveld dams in winter are certainly an 

important factor in the extensive mortalities of T, mossambica that 

have been reported from these dams. Jubb (1961) also reports that 

this species is often killed during a severe winter in Rhodesia. 

Tilapia is a thermophilic genus, and T. mossambica is one of the 

more thermophilic members of the 7 spp. of Tilapia studied by Fukusho 

(196$). Laboratory experiments by Badenhuizen (1967) and Donnelly 

(1969a) indicate that preferred temperatures for juveniles of T, mossambica 
o 0 

are 27.0 - 33.5 and 34.3 - 36.5 C respectively, and Fukusho (1968) 

shows that similar sized T. mossambica have a maximum Cruising performance 
o 

at 32 C. Donnelly (1969b) has shown that under natural conditions, 

young T. mossambica of under 17 - 19 cm total length have a diurnal 

rhythm of migration, moving into warm, shallow waters (so-called 

wnurseries n ) at 10,00 - 12.00 h, remaining there· until 20,00 - 22,00 h 

when these waters cool down. The fish then go into deep waters to rest. 
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It is possible that an excessive laboratory stay at uniform 

temperature may tend to abolish or alter these diurnal temperature 

responses. 

Optimal temperatures for T. mossambica are normally considered 
o 

as ! 25 to 30 C and Jubb (1961) has indicated (his Fig. 1) that the 
+ 0 0 

optimum range for this species is - 21.1 to 26.7 C (7O - 80 F). 
o 

Long et al (1961) has suggested 20 - 36 C as the temperature range 

for this fish, and that above and below this range lethal temperatures 
o 

are approached; 20 - 16 C and below are considered to be lower sub-

lethal temperatures. Likewise Jubb (1961) indicates that optimum 
o 0 

conditions for this species falloff below 18.3 C (65 F) as 

metabolism is greatly retarded, and Coche (1%7) reports that 
o 

T. mossambica will not breed below 15 C. 
o 

At temperatures below 16 C 

this fish becomes very lethargic, will not feed and thus does not 

grow, shoes little sign of gut peristalsis and has such insignificant 

ventilatory movements that they are hardly discernible. Some fish 
o 

held in fresh water at 14 C show degenerative changes in kidney 
o 

microstructure, seen also in all fish after 4 days at 11 C (Allanson, 

1966, and Allanson & Cross, 1970) and possibly associated with the 

decreased urine production that has been reported under these 

conditions (11inshul1, 1967). Bok (1968) and Allanson et al (1971) 

report significant decreases in plasma osmolarity and in plasma 
o 

sodium and cbloride concentrations in ·fish held in fresh water at 11 C 

(only small decreases were noted in similar fish held in 5% sea water). 
o 

This feature was also recorded in fresh water after transfer to 15 C 

by the same authors, but to a smaller extent, and few experimental 

animals were utilised. Solomon & A11anson (1968) report significantly 

lowered total serum protein concentrations in fish held in fresh water 
o 

at 11 C, but not in fish held in. 5% sea water at the same temperature. 
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The present vork on some aspects of the effect of temperature on 

respiratory and cardiac activities contributes to investigations into 

the effects of sub-lethal and lethal lev temperatures on T. mossambica 

carried out in the Department of Zoology and Entomology at Rhodes 

University, some of vhich has been referred to above. 

It is well known that both heart and respiratory ventilatory 

rates vary with the environmental temperature in poikilotherms such 

that these rates usually increase with increasing temperature over 

the range of temperature at vhich the animal in question can survive 

(e.g. Hasan & Qasim, 1960; Kropp, 1947; Labat, 1966; Long at al, 1961, and 

Tsukuda 19(1). The pacemaker fibres of the heart in fish and other 

vertebrates are very temperature sensitive and it is these fibres 

which are largely responsible for the rate with which the heart beats. 

Other cardiac functions are also affected by temperature, the various 

time intervals of the electrocardiograph (ECG) being lengthened by 

lov temperatures, and in carp and other teleosts, Labat (1966) has 
o 

sh= that low temperatures (10 - 0 C) have a particularly marked 

effect on the duration of the Q-T interval and T hump of the ECG. 

Both of these periods are increased. 

During acclimation to non-lethal lov temperatures, pOikilotherms 

show changes in metabolic rate. The pattern of change is quite variable 

in different animals, and even for different 

homogenates (Prosser, 1964, Fig. 5, p. 17). 

organs, tissues and cell 
1.) 

Usually the acclimatory 

changes have a clear physiological significance, e. g. an increase in 

metabolism at lov temperatures permits increased activi~, grovth etc. 

1.) The use of the term acclimation in this report will follow that 
described by Bullock (1955), and will thus be used for those 
regulatory modifications in response to a changed environment 
that occur during the life of an individual, usually vithin 
days or veeks. 



4 

in contrast to non-acclimated animals at this temperature which may 

be virtually immobile. Other acclimation patterns are not so obviously 

significant and, in some animals, physiological functions may not 

show an acclimatory change at all, even at temperatures at which 

the animal is known to survive quite readily. 

The ventilatory rate reflects the over--all metabolism of the 

organism, and such a relationship betueen opercular movement rate 

and oxygen consumption has been recorded for fish (Sumner & Wells, 1935) 

and Tsukuda (1961) reports that the temperature - respiratory 

frequency curves reflect the temperature - oxygen consumption 

relations at least within a moderate temperature range. Metabolic 

changes during thermal acclimation may therefore be reflected in 

ventilatory rate changes, as found by Sumner & Wells (1935), Meuwis 

& Heuts (1957), and Freeman (1950). The opercular rate has also 

been utilised as an indicator of thermal acclimation by Precht et al 

(1966) and Peak et al (1967). 

Heart rate is also reported to be directly related to metabolic 

rate in .both poikilotherms and homoiotherms (Prosser & Bro~~, 1961, 

p. 274). This relationship has been illustrated in specific studies, 

for e.g. by Owen (1969) for the teal (Aves), by Morhardt & Morhardt 

(1970) for a variety of rodents, and by Spitzer et al (1969) in a 

study in 'which oxygen consumption, heart and ventilation rates were 

measured in bluegill sunfish under varying conditions of water 

oxygenation. The graphical data of this study on the effects· of 

hypoxia indicate that a linear relationship exists between oxygen 
o 0 

consumption and heart rate of these fish at 13 and 25 0, and a. 
o 

nearly linear relationship at 30 O. This is illustrated in Fig la 

below by re-plotting the data given by Spitzer et al (1969). 
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Figure lao 

The oxygen consumption of the bluegill sunfish Lepomis 

macrochirus (from Spitzer et al, 1969, Figs. 2 & 4) as 

plotted against the changes of ventilation (V) and heart 

rate (HR) during changes in the oxygen tension of the 

° ° ° vater as recorded at 13 ,25 and 30 C. The numbers 

next to plots indicate the oxygen tensions in nun Hg at 

the extremes of the oxygen tension range, and the arrov 

indicates the direction of increasing oxygen tension. 

Graphs drawn in by eye to indicate the trends present. 
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Fig. la also indicates that ventilation rate of blue gills is not 

linearly related to oxygen consumption under the progesssively 
o 

~ic experimental conditions except at 30 C. 

The ventilatory and heart rates of fish are not neces sarily 

indicators of over-all respiratory or cardiac function respectively, 

as stressed by Tsukuda (1961, p. 36), but they may be indicators of 

vhether acclimation to temperature change is occUXIing or not because 

of their relationship to the rate of metabolism. It is also 

important to remember that the process of acclimation itself requires 

energy and thus depends on metabolism. 

Acclimation of heart-rate to temperature is vell known in 

poikilotherms and in fish, (e.g. Jankowsky, 196$) although Prosser 

(1962) p~ 12 reports that goldfish heart shows no metabolic 

acclimation to cold. However, few other aspects of heart function 

during acclimation have been studied. Labat (1%6) presents rate-

temperature information for heart rate in barbel and in intact and 

bi-vagotomised carp acclimated to different temperatures (his Figs. 

48 to 52); he also gives the variati ons in heart rate in a number of 

intact and bivagotomised carp during a large portion of a seasonal 

cycle (his Fig. 56) which, on analysis, indicate that winter fish have 

heart rates which are raised relative to spring fish at the same low 

temperatures predominantly because of a lack of vagal inhibition. 

On the other hand Randall & Smith (1967) note that in Tinca, on 

average, heart rate is lower in winter, but these authors do not give 

the conditions under which these measurements were recorded, e.g. 

temperature. Hart (1957) reports seasonal changes, in relation to 

heart rate, in blood pressure, ventricular weight and pcssibly stroke 

volume in 3 spp. of fresh water fish, such that blood pressure is 

higher, stroke volume 10ller and ventricular weight greater in winter, 
o 

and Tsukuda (1961) shows heart rate adaptation in 18 as compared to 
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o 0 
23 and 28 0 acclimated fish (Oryzias and Lebistes). 

As already mentioned, T. mossambica shows decreased plasma 

osmolarity and lowered sodium and chloride concentrations in fresh 
o 0 

water at temperatures of 15 to 11 0 (Bok, 1968, and Allanson 

et al, 1971 ). These plasma electrolyte changes have been 

associated with kidney disorganisation in this fish under these 

same conditions by Al1anson (1966) and Allanson & Oross (1970), a 

feature these authors consider may, in turn, be associated with 

cardiac malfunction. On the other hand it must be pointed out 

that Prosser et al (1970) consider lowered salt concentrations in 

fresh water fish in the cold an energy-saving feature, seen for e.g. 

in the cold-acclimated goldfish, and also reported by Houston & 

Madden (1968) for co1d-acclimated carp. 

The relationship between plasma constituents and their concentra-

tions, temperature acclimation and the normelity of the general 

physiological function of the organism is not a simple one, as pointed 

out by Meincke (1970), p. 289. Each species must, therefore, be 

studied individually and from as many angles as possible in order to 

gain some insight into the problem, as has been done by Houston and 

,co-workers (e.g. Houston et al, 1970). Body electrolyte regulation 

is often considered important from the point of view of membrane­

dependent phenomena (nervous and muscular activities), and, as 

suggested by Houston & Madden (1968) and other authors, also for the 

regulation of int ermediary metabolism, particularly with regard to the 

enzymes involved. Obviously metabolism is, in turn associated with 

the energy-consuming processes involved in electrolyte regulation, 

so these may form a feedback system as is also pointed out by Houston 

et al (1970). 

T. mossambica may be particularly sensitive to plasma ionic 

changes, as suggested by the fact that the cold-induced osmotic 
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breakdown mentioned above has been implicated in secondary chill 

coma (involving obvious central nervous breakdown, opercular move­
o 

ment cessation etc.) which occurs below about 11 C in fresh vater 

animals during slow temperature decreases (Allanson et al, 

1971 ; Bok, 1968 and Solomon & Allanson, 1968) Also coma end 

death occur at a lower temperature in vater of higher total dissolved 

solids (TDS = 130 ppm) as compared to borehold vater (TDS = 19 ppm) 

All ens on et al, 1962, and as pointed out by Jubb (1967b), at its 

most southerly limit of distribution in South Africa, T, mossambica 

is more common in salt vater estuaries than it is in fresh water, 

and this fish can tolerate lower temperatures in saline vater than 

it can in fresh water. In addition water-electrolyte balance 

regulation of fish is influenced by the mass transport activities of 

the cardio-vascular and respiratory systems (Houston & ~~den 1968), 

as these activities affect gill water and ion exChanges, oxygen uptake 

and distribution and, indirectly, metabolism (Houston et al, 1968). 

These are important concepts to be borne in mind in relation to the 

present work on T. mossambica. 

Thus, to summarise these introductory remarks ralevant to the 

present investigations, ventilatory and cardiac functions are 

important because of their close relation to metabolism and as 

indicators of metabolic acclimation, and also because of a possible 

relationship to kidney function and osmotic regulation in this cold-

sensitive fish. 

After some preliminary investigations which included the basic 

morphology of the heart, the characteristics of the electrocardiographs 

(EGGs) and of the electrical recordings of the ventilatory activity of 

the opercular/buccal musculature, and the possible long-term effects 

on ventilatory functions of handling and the anaesthetic used, my 

investigations have been concerned primarily with changes in some 
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respiratory and cardiac functions with temperature changes 

(particularly decreases) under different "acclimation regimes both 

as the temperatu~e changed and for a few days thereafter (i.e. 

short-term changes, ParvathesYararao, 1968), the time at Yhich 

recordings were made being recorded so that any tendency toyards a 

diurnal rhythm could be detected. The Variables studied included 

the durations of both the cardiac and ventilatory respiratory cycles 

and the inversely related heart and ventilatory rates. The times 

taken for the myocardium to transmit potentials and to contract and 

relax again were estimated by measuring the distances between 

specific, clear deflections of the EGG, and the T-hump duration was 

observed. The height of the QRS complex was determined in some 

cases as well as whether a cardio-respiratory correlation exists or 

not. Thus it was hoped to ascertain whether or not acclimation or 

other changes of any of these physiological functions oc~ during 

the experimental periods, particularly vhen the temperature yas 

loyered to values in the lover sub-lethal range for this fish. 

Some introductory comments pertinent to the actual temperature 

changes, times used etc. are given prior to the experimental results 

(pp. 60 to 62). 
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II. Materials and methods. 

(a) Obtaining and holding of fish. 

Tilapia mossambica was caught in North End Lake, Port Elizabeth. 

This lake, formerly called Salt Lake, is a lake of salinity 1 to 30/00 

(Jubb, 19>7a) and is alwa;ys warm as its water is circulated through the 

adj acent cooling system of a large power station. T. mossambica was 

introduced into the lake in 1961 and has flourished; this is again an 

indication of the thermophilic nature of this fish. 

Fish were transported as rapidly as possible to Grahamsto\lIl in 

open buckets which allowed splash, and were transferred either to 44-

litre glass holding tanks, or to larger concrete tanks or enamel baths . 

During the winter season the tanks or baths were heated 50 as to main­

tain a temperature of 21 to 220C as these fish are susceptible to 

fungal attack (Saprolegn1 a) if water temperatures should remain below 

200 e for any length of time (room temperature is usually about 180 e) . 

Fish were fed daily on a mixture of yellow/white maize meal and fish 

meal, and tanks were cleaned daily. The water was aerated and, in the 

case of the 44-litre holding tanks, was supplied with running water. 

All water supplied was tap water of total dissolved solids (TDS) of 

approximately 322 ppm, and a pH of 8.4. Under the holding conditions 

fish maintained their weight well, and in the large concrete baths they 

grew and sometimes bred . An artificial light-dark regime was not used, 

only natural light trom the windows. 

(b) Heart dissection. 

The morphology of the heart was ascertained purely in support of 

the physiological work, and the resulting drawings thus do not represent 
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an anatomical study, and are therefor'l diagrammatic. SOllIe fish that 

had succumbed were dissected fresh or after preservation in formalin. 

As the fish were usually small (11 - 14 em standard length), a binocular 

microscope was used for the dissections. The operculum was removed on 

one side and the heart EIlCpOsed and exalnined from this side. Water now 

from a rubber tube with a finely drawn glass nozzle was used to determine 

the presence of and effectiveness of valves. 

(c) Implantation of electrodes. 

Fish 11 - 15 cm standard length (distance between the snout and 

the base of the caudal fin), weight 35 - 90 fllI, were selected at random 

from the holding tanks, and were rapidly anaesthetised by transferring 

them to a solution of SaIrloz !-IS 222 (150 - 170 mgll) freshly made up in 

tap water at approximately the same temperature as the holding tank. 

Fish took 2 to 5 min to become fully anaesthetised (complete cessation 

of opercular and all other movements and lying ventral side up). Fish 

were gently dried, weighed on a rough balance to the nearest 0.1 fllI, and 

their standard length was measured to the nearest 0.1 cm. 

Leads and electrodes were prepared prevIously in the following 

way: A plastic-insulated copper wire lead was soldered to a 5 cm length 

of fine shellac-insulated copper wire 0.0254 - 0.0324 cm (10 - 12 thou) 

in diameter. The cut end of this fine wire and the region of soldering 

were later insulated with nail varnish or an araldite glue. A tiny 

region approximately 1 mm in length, and half way along the fine wire, 

scraped all around to remove the insulating shellac, was then I silvered I 

with solder. This small region formed the electrode. Electrodes were 

inserted into the fish in the region of the heart using the "bipolar" 

method of Labat (1966) in order that the fish be symmetrically harnessed 

without mechanical stress on the electrodes, as the experimental period 

would be a long one. However, a "unipolar" method (only the positive 
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(tve) electrode implanted) would have been satisfactory from an electro­

physiological point of view, as used for e.g. by Serfaty & Reynaud (1956); 

alternatively only one, the .+ve electrode, need be near the heart, the 

other being implanted in the back or tail (e.g. Remorov, 1964). 

A sharp, gently curved size 12 syringe needle was inserted through 

the ventral body wall of the anaesthetised fish near the midline in the 

gular region, about 4 mm anterior to the posterior edge of the operculum. 

The needle point was pushed dorsally at first, then more posteriorly and 

laterally so that the point again penetrated the body wall just posterior 

to the operculum and in front of the pectoral fin (drawing 1, Fig. lb). 

The free end of the fine copper wire was then inserted into the 

bore of the syringe needle from the point end (drawing 2, Fig. lb) and 

when it came out the other end, the syringe needle was withdrawn (draw­

ing J, Fig. lb). 

The silvered electrode region was then positioned approximately 

5 to 7 mm inside the ventral skin surface (i. e. in the region of the 

heart), and was held in this position after insertion through a small 

cylinder of firm plastic hy bending the wire back over the cylinder and 

then round a few times (drawing 4, Fig. lb). 

A second electrode was similarly implanted on the other side 

of the fish, one being used as a +ve, the other as a negative (-ve) 

electrode. The leads from the 2 electrodes were then passed through 

holes in a perspex holder before being firmly tied, together with a piece 

of foam plastic to prevent slipping, with strong cotton thread (drawing 4, 

Fig. lb). Thus the fish was harnessed just posterior to the opercula, 

and on recovery from the anaesthetic could move and ventilate quite free­

ly. The operation took under 5 minutes, and recovery of the fish took 

5 - 15 minutes. A few fish did not recover. 
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. Figure Ib 

Diagrams illustrating successive stages during 

the insertion of electrodes into the gular or 

heart region of T. mossambica. The fish is 
'" 

shown in T.3. through the heart region as s'een 

from the front of the fish. See opposite for 

explanations of each of the stages shown. 
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1. Hypodermic syringe needle inserted from ventral side of fish >--"" 
and electrode wire about to be pushed into bore of the needle. 

2. Electrode wire pushed thrOUgh needle. _ 

3. Syringe needle removed leaving electrode wire through fish.~ 

4. Posi tive and negative electrodes in position and made firm 
BO that fish "harnessed" by the electrode wires. 
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..... vw>,{!, ~N'" Bl-cK ON P/..Asnc. 

C'IL...IND€R 

\--"-------FV'STIC C'tUNDER 
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The fish was then placed in a labelled experimental chamber 

of transparent plastiC, and the leads passed through a hole in the 

opaque lid where they were firmly tied with strong cotton together 

with a large piece of foam plastic so that the lead ends did not 

slip down into the fish chamber (Fig. 2). This allowed free turning 

of the electrode leads as the fish moved. 

(d) Holding of fish post-anaesthesia. 

The plastic fish chambers were placed in a plastic baby bath 

which served as a constant temperature water bath by placing a BUhler 

of other heater-stirrer in the water at one end. Space was left 

between adjacent fish chambers to allow free water circulation and 

the water was found to be of equal temperature throughout the bath. 

The apparatus was kept in a constant temperature room with a temperature 
o 

1 - 2 C lower than the required water bath temperature. Each chamber 

was supplied with a bubbler which maintained good oxygen levels (oxygen 

content checked using the Winkler technique). Water was gently 

siphoned off from the fish chambers daily and replaced with water at 

the same temperature. During long 

if the experimental temperature was 

experiments fish were fed daily 
o 

25 C or above, and, as little food 

was normally taken, uneaten food was removed after 1 h. Fish held 

at lower temperatures were not fed. The constant temperature room 

had a light-dark r~gime of 12 h each, lights being operated auto-

matically at about 6 a.m. and 6 p.m. by means of a Venner time switch 

Type B3. 

Temperatures were changed as follovs:-

Increasing the temperature: The setting of the BUhler or other heater-
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Figure 2. 

Diagram of fish \lith electrodes implanted as seen 

svimming in the experimental chamber. 
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stirrer was altered as desired, and the temperature in the fish 

chambers changed fairly rapidly. Temperatures were checked with an 

alcohol-in-glass thermometer to within O.loC. These thermometers 

were later calibrated against an accurate mercury-in-glass thermo­

meter. Room temperatures were also altered so that they were 1 to 

2°C below the desired water temperature. 

Decreasing temperature: If the rate of temperature decrease required 

was slow, the heater-stirrer and roon temperatures were altered as 

for Increasing temperature above. However, if rapid temperature 

decreases were required (e.g. a 7 or 8°C decrease in 2 hours), the 

alterations in air and consequently water temperature were speeded 

up by the judicious addition of ice cubes and iced water at 10 to 15 

min intervals both to the water bath and to the fish chambers, after 

removal of a little of the warmer water by syphoning in each case. 

(e) Recording of electrocardiographs and other electrical phenomena. 

A Cossor oscilloscope camera was adapted for use on a Telequipment 

Laboratory Oscilloscope with two type C amplifiers. These amplifiers 

can, theoretically, display a potential difference of as little as 0.1 mV 

on the screen as a 1 cm deflection. This apparatus was found to be 

suitable for the recording of EGGs by recording EGGs from Xenopus laevis 

and comparing these with ECGs of this animal reported in the literature 

(see section VI (a)). 

The Cossor camera has an electrically driven motor which can move 

35 mm film across the back of the camera at a rate that can be varied 

between 0.127 and 63.5 cm/s (0.05 to 25 inches/s) according to the manu­

facturers . This allows continual recording when the oscilloscope beam 

is arrested as a vertically moving' spot'. Film speeds commonly used 
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were 0.634 and 1.270 cm/s. These speeds were checked and calibrated 

by running paper film through the camera and marking it Vi th the aid 

of a stop watch. The above speeds were found to average 0.67S and 

1.434 cm/s respectively. These checked figures were those used in 

all relevant calculations. 

The early siting experiments were done using a blue-sensitive 

paper film (Kodak Linagraph RP. 30), but as this film was old and tended 

to develop gray rather than white and also tended to tear at the 

sprockets, negative film was subsequently used. Both Kodak Tri-X Pan 

and Ilford HP3 film (both approximately AS! 400) were found to be 

sensitive enough and suitable in that tearing was negligible. 

J. fish chamber (Vith air bubbler removed) was taken from the 

water bath, dried to reduce water evaporation on the outside, and placed , 

on a 'floating earth' (a polystyrene box covered with thick aluminium 

foil) which was in turn placed above the oscilloscope resting on the 

metal framework of the oscilloscope trolley. After the fish had 

settled down (if any excitement was noticed), a recording was taken. 

Interference from surrounding electrical maChinery was reduced still 

further by surrounding the fish chamber with aluminium foil-coated 

boxes which were in direct contact Vith the 'floating earth'. The 

earth of each of the Telequipment type C amplifiers was also electrically 

connected to the 'floating earth' (all other earths e.g. taps, leads to 

copper plates buried in the soil Vith rough salt, etc. were all found 

to be unsuitable). 

For each recording the following information was noted I 

Temperature of the water in the fish chamber before and after 
o 

a recording (this changed very little, maximum c~ge 0.2 C). 

The rate of the opercular/gular movements if visible (in some 

later experiments only). 

Air temperature (at the beginning of a series of recordings). 
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Film speed. 

Fish name (a letter of the alphabet or a Roman numeral). 

Y-axis amplification and which amplifier (upper/lower) was used. 

Date and time. 

The negative film was marked by scratching before and/or after 

the recording was made for later identification. Film was cut into 

! 2.3 m lengths for tank development using ribbons, and the pieces were 

later re-j oined with sellotape. A strip of film approximately 1 m long 

vas exposed for each fish or concurrent pair of fish (if both oscillo­

scope beams were used). An example of developed film showing an ECG 

recording is given in Fig. 3. 

Figure 3. 

Developed negative film showing oscillograph traces. 

Arrows indicate deflections of an ECG. 

10 '21 rnV 

Is 

(f) The measurement of rates and intervals. 

Negative film was placed on a glass sheet 0.4 X 15 X 100 cm 

supported over a white surface in bright light.. For each fish at each 

recording the opercular/buccal cycles in 8 cm were counted wherever 

possible. From these the respiratory rate and the duration of the re­

lated respiratory cycle were calculated. The QRS complex height 'Was 

measured! 6 times and, if possible, the QRS complex duration for the 

upper and lo'Wer experimental temperatures. From 8 to 40 of each of the 
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caJ:'diac intervals visible (R~, R-T and P~; see Fig. 9 for details) 

vere measured and averaged. The R~ interval is a measure of the time 

period between two consecutive heart beats, the R-T interval is a 

measure of the time period for which the ventricle remains contracted, 

and the P~ interval is a measure of the time taken for the excitatory 

impulse to travel from the atrium to the ventricle. It was not 

possible to measure the duration of the T-hump accurately as it was 

not at all clear as to where this deflection began or ended; however 

over-all changes in T-hump duration were noted. 

The distances on the film for the respiratory cycle lengths, 

cardiac intervals etc. were then converted to time in seconds using 

the conversion factors given in (e) above. Respiratory rate measure­

ments as calculated from the film usually compared fairly well with 

those observed visually although some difficulties were encountered 

because of inconsistencies between the trace and the visual observa­

tions, and because of Bome strange deflections of an unlmown nature. 

These problems are discussed in section VI (b). 

(g) Post-mortem dissections to locate electrode positions. 

Fish were anaesthetised at the end of an experimental series 

and ellowed to die. The positions of the silvered electrode areas 

of both the +ve and -ve electrode were recorded, particularly in 

relation to the heart and the pericardium. The presence of tissue 

damage caused u.r the electrodes or the leads, or of fungus infection, 

were also noted. 
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III. Results. 

(a) The morphology of the heart of T. mossambica. 

In general, the heart of T. mossambica is an advanced teleost 

heart, with conus very reduced and a well developed bulbus (Goodrich, 

1958). The arrangement of the heart chambers is typical with sinus 

venosus and atrium dorsal to the ventricle and bulbus (see Fig. 4). 

The fish used (standard length approximately 11 to 14 cm) were usually 

those used for the physiological experiments, and the hearts of these 

fish were approximately 1 to 1.5 cm long and were therefore rather 

tricky tc investigate. Only one large specimen with a heart of 2.5 cm 

long was available for dissection. 

PERICARDIUM 

The heart fits tightly into the pericardium which is a bag of 

varying thickness and composition. Posteriorly the pericardium is 

pigmented, strong and fibrous, and together with a muscular septum 

separates the liver and other organs in the coelom from the heart and 

the pericardial cavity. Elsewhere the pericardium is tenuous, trans­

parent and thin and is closely applied to the muscles of the gular 

region ventrally and to the inner borders of the posteri?r pairs of 

gills. No pericardio-peritoneal canals were seen. 

Please consult Figs. 4, 5, 6 and 7 which illustrate the follow­

ing description. Fig. 4 shows the heart in situ as seen from the left 

had side. Fig. 5 is a ventral view of the heart showing atrial 

asymmetry (found fairly commonly), and the sinu-atrial valves. Fig. 

6 is an enlarged drawing of the heart, seen from the left hand side, 

but removed from the fish. In Fig. 7 the sinus venosus, atrium, 

ventricle, ducts of Cuvier and bulbus have been slit open in order 
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Figure 4. 

Diagram of the branchial cha:nber and pharynx area of Tilapia 

mossambica (animal's left hand side) with the operculum, 

gills, and part of the pericardium removed to show the heart. 
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#' - cut edge where the operculum was removed 
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to illustrate the morphology of the valves and other internal struc­

tural features; the heart is again viewed from the left hand side. 

SINUS VENOSUS 

The sinus venosus is a vary thin-walled chamber containing 

very 11 tUe (if il.D;y) muscle. Together with the two ducts of 

Cuvier the chamber is T-shaped with the base of the T resting 

against the fibrous posterior wall of the pericardium and receiving 

the hepatic veins from the liver through holes in the pericardial 

wall. Some small veins also enter the ducts of Cuvier through 

the posterior pericardial wall. The sinus venosus, in some cases, 

is slightly displaced to one or other side of the midline. It 

is often anchored to the dorsal wall of the pericardium by fine 

fibrous strands (Fig. 4). 

SINU-ATRIAL JUNCTION 

In smaller fish no valves could be seen between the sinus 

venosus and atrium; however one larger specimen was available and 

clearly indicated two thin semi-circular valves at this aperture 

which approach each other to close the aperture. The opening and 

closing of these valves was clearly seen using fine jets of water 

from the sinus venosus and atrial sides respectively. These fea­

tures are illustrated in Figure 5. The larger flap is placed on 

the dorsal side. 

ATRIUM 

The atrium is a large, thin-walled chamber of variable 

shape and dimensions. There is a more or less central chamber 

contd. on p. 22 
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Figure 5 . 

Diagram of the heart of Tilapia mossambica.removed from the 

ti~h and seen from the ventral side. Sinus venosus and bul-

bus have been cut open to shOll internal structural features. 
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Figure 6. 

Diagram of the isolated heart of Tilapia mossambica 

as seen from the left hand side. 
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!rom vhich. there are a number of anterior, dorsal and latero­

ventral extensions or lobes, the 'auricles'. The atrium of some 

fish is thus not bilaterally symmetrical. The various 'auricles' 

of the atrium seem to fill up the space available 'Wi thin the peri-

cardial cavity dorsal and lateral to the ventricle. The lumen 

of the 'auricles' is crossed by strands of muscle, the musculi 

pectinati (Fig. 7). These strands prevent excessive dilation of 

the atrium and are connected to the muscle lIithin the outer vall of 

the atrium. 

ATRIO-VENTRICULAR APERTORE 

The atrio-ventricular aperture is on the ventral noor of the 

central atrial chamber and is a circular opening protected by a 

pair of pocket-like membranous naps, the atrio-ventricular valves. 

The tvo valves are situated roughly on the right and the left, but 

the slit-like opening betveen them is usually at an angle to the 

longitudinal axis of the heart (Fig. 7). One of the valves may 

be larger than the other. These valves prevent back-nov from the 

ventricle to the atrium during the ventricular contraction. Water 

directed at the valves from a fine tube inserted into the ventricle 

causes the val ves to fill out and their inner edges to come to-

gether so closing the aperture. There are no chordae tendinae 

attached to these valves. The valves are, however, strengthened 'With 

fibrous material at the ends of the elongate aperture betveen them. 

This fibrous strengthening may prevent tearing of the membranous 

valves and may also prevent the valves from being forced up into the 

atrium. 
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Figure 7. 

Diagram of the heart of Tilapia mossambica opened to show 

80lIl11 internal features as seen from the left hand side. 

(Compare to Figure 6 where heart unopened) 
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It is interesting to note that the atrio-ventricular and the 

ventriculo-bulbar apertures are close together, both being at the 

anterior end of the ventricle. The same arrangement is seen in 

other teleosts, e.g. Salmo salar (Goodrich,{1958)), and in higher 

vertebrates. . It is caused by the extensive folding of one heart 

chamber on another as the heart evolves from a straight tube to a 

complexly bent S-shaped structure. 

VENTRICLE 

The ventricle is ventral to the atrium and posterior to the 

bulbus. The ventricular wall is very muscular and thick, and by 

far the most powerful pumping chamber of the heart (Fig. 7). 

The ventricle is, however, a relatively small chamber when compared 

to the atrium, and of roug):lly pyramidal shape with the apex pointing 

caudally. The ventricular lumen consists of a small central 

chamber with numerous smaller pockets, the walls of which are formed 

by the columnae camae, muscular strands similar to the musculi 

pectinati of the atrium. These strands, crossing the lumen of the 

ventricle except in the region of the anterior central chamber, 

are part of and continuous with the muscles of the middle region of 

the ventricular wall. The columnae camae (the trabeculae of Grasse, 

(1954)) prevent excessive dilation of the ventricle. 

VENmrCULO-BULBAR APERTURE. 

The ventriculo-bulbar aperture, at the anterior end of the 

ventricle, is guarded by two or three pocket-like membranous valves 

(much deeper than the atrio-ventricular valves) which are, according 

- .\ 
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to Goodrich (1958), equivalent to the anterior valves of the conus. 

The region of the valves thus corresponds to the conus of Elasmo­

branch fish and is termed the bulbus cordis. These ventriculo­

bulbar valves meet in the middle of the aperture when they are filled 

with blood under any pressure from the bulbus, and thus the aperture 

is effectively closed and backflow is prevented when the ventricle 

relaxes at the end of systole. One or two of the velves are situated 

ventrally, and one dorsally. There are often fat deposits in thi~ 

region on the outside of the heart (Figures 4, 5, 6 and 7) and these 

may also be found more anteriorly on the bulbus, and more dorsally 

on the atrium. 

BULBUS 

The bulbus is the most anterior chamber of the heart, although 

it is considered by- many as an enlargement of the ventral aorta, 

i.e. a differentiation of the arteriel trunk, (Grasse, 1954). The 

bulbus continues into the ventral aorta without much definitive boun­

dary, . although in some fish it appears as though there may be sphincter­

type muscles here (see Fig. 5). 

The bulbus is a cone-shaped chamber with the narrow apex 

directed anteriorly. The ventricle is continuous with the broad 

end of the cone at the ventriculo-bulbar aperture as discussed above. 

The wall of the bulbus is variable in thickness (see Fig. 7) being 

thickened posteriorly but narrowing at the apex of the cone anteriorly-

as the bulbus merges with the relatively- thin-wal1ed ventral aorta. 

In the thickened regions, numerous longitudinal projections, the 

trabeculae (Singh, 1960) project into the lumen of the bulbus and even 

continue into the cup-like opening of the three ventriculo-bulbar valves. 
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(b) The electrocardiograph of T. mossambica and the effect of 

electrode poisitioning. 

A number of EGGs were recorded from within the pericardium 

using dissected, anaesthetised fish. The electrodes were placed at 

different points in relation to the heart. expcsed in air, and Fig. 8 

gives some examples of these recordings where the positive electrode 

alone is near the heart and has been placed next to the atrium, 

ventricle or bulbus. Insufficient recordings were made in order to 

pick up any consistent differences betweE!n traces recorded when the 

positive electrode was near different r egions of the heart. The 

EGG recorded frOIl! the exposed heart can be compared fairly well to 

the theoretical scheme suggested by Labat (1966) (see Fig. 9) in some 

cases (Fig. lOB), but not in others (Fig. lOA), depending on the 

pcsition of the pcsitive electrode relative to the ventricle in any 

particular case. 

In the two traces in Fig. 10 (A and B), the forms of the QRS 

complex and directions of the P and T deflections change such that 

the two traces a"e nearly mirror images of each other. This is to be 

expected in this particular case because the positive electrode is 

situated in opposite positions in relatic~ to the heart - in the one 

case on the left of the ventricle, in the other case on the right. 

Thus if the dominant or main direction of depolarisation in the 

ventricular musculature is towaxds the left, t he main deflection is 

a positive one if the positive electrode is on this side (Fig. lOB), 

and a negative one if the electrode is on the other side (Fig. lOA). 

This interpretation is based upcn the fact that if a depolarisation 

front approaches the positive electrode of a pair, it causes a 

positive deflection. 

contd. on p. 30. 
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Figure S. 

ECGs recorded from the exposed heart of a Tilapia 
mossambica where the positive electrode has been 
placed at different points in relation to the heart. 

A - Positive electrode next to the atrium 

B - Positive electrode next to the ventricle 

C - Positive electrode next to the bulbus 
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Figure 9 • 

Theoretical teleost EGG taken from Labat (1966) 

showing characteristic deflections and also the 

* cardiac intervals as measured in the present ex-

perlments. 
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The P deflection corresponds to the depolarisation and contraction 

of the atrium; 

The QRS complex corresponds to the depolarisation and contraction of 

the ventricle; 

The T deflection corresponds to the repolarisatio~ and relaxation of 

the ventricle; with the T hump a meaSUl'e of the time these take; 

The R-R interval is thus a measure of the time period between conse-

cutive heart beats; 

The P-R interval is a measure of the period between the onset of the 

atrial and the onset of the ventricular contraction, and thus 

of the speed of conduction between these two chambers; 

The Q-T interval is a measure of the time for which the ventricle 

remains contracted (R-T measured in this investigation). 



29 

Figure 10. 

ECGs recorded from the dissected and exposed 

heart of an anaesthetised T. mossambica show-

ing the characteristic deflections of the ECG 

and their associated names as used in this 

study 

A - positive electrode on B - positive electrode on 

right of ventricle 
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EGGs recorded in this way from the exposed heart weI'e very 

clear and prominent when compared to recordings using implanted elec­

trodes. The QRS complex recorded from exposed hearts was often from 

0.3 and 0.7 mV in height as compared to 0.01 to 0.17 mV uhere elec­

trodes were implanted. These differences may be due to electrical 

potential dissipation in body fluids, to the insulating properties 

of body tissues (particularly the pericardium, Oets (1950)) and to 

the greater distance between the myocardium and the receiving elec­

trodes, all in the case of the implanted electrodes. 

As Fig. 9 indicates, Labat (1966) suggests that normal teleost 

EGGs, recorded from electrodes in the gular region, show 3 positive 

(+ve) deflections, the P, R and T deflections. lIe reports deviations 

from this pattern only ,There stress or other abnormal conditions are 

present. However other published work and my results from similarly 

placed electrodes indicate that P and T are not always +ve deflections , 

even in seemingly normal fish; likewise the most prominent deflection 

of the QRS complex is Lot always +ve (see T~ble 1, p. 37). 

The cardiac intervals chosen must be easily and reliably 

measured. Fig. 9 indicates how I have measured the intervals used 

in this inv~stigation, and it is clear that I have measured the R-T 

interval instead of the more conventionally used Q-T interval. The 

reasons for this use of R instead. of Q are:- (i) Frequently only one 

deflection represents the QRS complex, or one deflection of the QRS is 

much clearer than the others and is regularly present in anyone trace. 

(ii) The whole of the QRS is of very short duration "hen compared to 

the cardiac cycle duration (0.012 to 0.022 : 1) or even to the R-T 

interval durati on (0.056 to 0.068 : 1); thus measuring the shorter 

R-T instead of the Q-T introduces, at the most, a ! 3.4% error. Thus 
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except where the pattern shown can be easily and directly equated to 

the normal pattern as illustrated in ,Fig. 9 (small, negative Q and S 

and larger, positive R deflection), I have considered the QRS complex 

as a unit \1i th a dominant deflection as a reference or measuring point 

that is, during anyone recording, fairly consistent and either posi­

tive or negative. I ~nve, for the purpose of this study, called this 

deflection the R deflection, although it may in reality correspond to 

an S or even a Q deflection. In the well displayed traces obtained 

in human alectrocardiography, the Q (if large) or q (if small) deflec­

tion is always negative (-ve), the R or r is always positive (+ve) and 

the S or s is always - ve; a qR deflection recorded from a particular 

lead (small q, large R) would be distinguished clearly from an rS 

deflection from the same lead (small r, large S). However, in this 

report, the former qR \10uld be referred to simply as 'R deflection +ve', 

and the latter as 'R deflection -ve'. The QRS pattern seen in Fig. lOA 

is also termed 'R deflection -ve' but, because of the electrode position­

ing next to the exposed heart in this case as has been discussed above, 

the R is probably correctly named although it is -ve. 

Returning again to the measurement of the R-T interval. I have 

used the interval between the R deflection and the peak of the T deflec­

tion (see Fig. 9). I am unsure what practise is followed by other 

workers on fish electrocardiography in the measurement of the Q-T (R-T), 

as they do not explain exactly how their measurements have been made. 

The practise in human electrocardiography is to mea~ure from the begin­

ning of the QRS complex (see above) to the ~ of the T hump, as is 

described by Schamroth (1966) (see Fig. 11). But Schamroth (1966) and 

Peters & Mullen (19G6) find that it is difficult to measure the Q-T in­

,terval accurately because of the gr adual slopes of the T limbs, thus 

Q-T measurements may be variable and are usually conservative. My 
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Figure 11. 

Diagram illustrating the various names and 

measurements used on ECG traces in human 

electrocardiography- (Schamroth, 1966). 

V.A.T. - the ventricular activation time. 

Int. - the intrinsicoid deflection. 
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method of measuring the R-~ is thus one way of overco~ing this diffi­

cul ty, and as the QRS complex and T hump were often of fairly short 

duration (particularly the former, as already mentioned), the R-T 

interval used here would be fairly cJ.osely comparable to a Q-T interval 

as measured in human electrocardiography. The R-T values measured 

were also found to be very constant during anyone recording, and three 

examples of this interval recorded from one of the fish from the last 

experiment {see section (g) (fish 0) are shown in Fig. 12. In this 

Figure a photograph is given of an example in each case, together ~Ti th 

the mean value of the R-T interval, the 1.96 X S.E. value as well as 

the co-efficient of variation (v). The relatively small 1.96 X S.E. 

and v values indicate the consistency of the R-T measurements. 

Similarly, my method of measuring the PooR interval differs from 

that used in human electrocardiography (Fig. il), where this interval 

is measured from the begilllling of the P deflection to the point where 

the trace leaves the iso-electric line at the very beginning of the Q 

deflection. The amount of film available as weil as developing time 

considerations did not allow further expansion of the time scale (a 

faster film speed) such that the P-R and other intervals could be 

measured as in human electrocardiography. However, as with the 

present ~-T interval measurements, the PooR interval measurements were 

very consistent. I notice that Boyer (1966), working on a variety of 

reptiles, had similar difficulties and also decided to use only the 

various peaks of the deflections in his EGGs in order to obtain con­

sistent interval measurements. 

Another feature of interest in the EGGs recorded from Tilapia 

mossambica during these experiments was that, in a few of the fish, 
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the P deflection sometimes varied in sign in the same fish at different 

times. Also the shape of the QRS complex tended to alter slightly such 

that the more prominent or R deflection therefore changed in sign. An 

example serves to illustrate this tendency. In fish A of the last 

experiment (section (g)), at 14.loG, the QRS complex changes within a 

few hours as illustrated by the consecutive recordings given in Fig. 

13. The more prominent -ve deflection, taken as R, in the top photo-

graph (Fig. 13A) at zero time (0 h) becomes reduced and a +ve deflec­

tion becomes the dominant hence the R deflection after only 3.5 h (B). 

The last photograph (G) at 13.5 h also shows a +ve R deflection. 

The position of the implanted electrodes in these fish is very 

difficult to correlate with any specific features of the EGG, in 

distinct contrast to the excellent correlations normally obtained in 

human electrocardiography. However, a few general comments can be made 

with reference to the six fish used in the last experiment (section (g)). 

The general features of the EGG for each of the six animals is given in 

Table 1 together with the position of the +ve and -ve electrodes in 
• 

each case. Previous recordings with the +ve electrode on the animal's 

left hand side (in contrast to all recordings in these experiments 

where the +ve electrode was always on the right hand side) do not indi-

cate any essential differences in the EGGs. 

Where one or both of the electrodes were located within the 

pericardium, and where the fish survived (e.g. fish T, Table 1), the 

recordings commonly indicate clear and fairly consistent EGGs. The 

more usual result of pericardium penetration was, however, death after 

some hours or even days, as was found in four other fish. Post mortem 

examinations sometimes revealed heart damage, but usually no damage 

could be seen. More commonlYf however, the electrodes were located in 

muscle, or in the branchial cavity (Fish I, A, R, V and 0). 

contd. on p. 3:3 
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Figuxe 13 

Changes in sign of the R derlection in fish 

A during a period of 13.5 h at 14.1°0. 

A ~ Time zero (0 h) B-3.5 h c - 13.5 h 

, SECONl). 
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~-----.~ 
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Table 1. 

Electrode positioning, EGG characteristics and ECG 

variabili ty in the six fish of the last experiment 

(see section (g». In all cases the positive elec-

trode vTas on the right side of the fish. 

Most common directions Positions of the im-
of the ECG deflections planted electrodes 

p R T +ve -ve 
electrode electrode 

-ve +ve +ve in gular in branchial 
muscle cavity in 

ventral to connective 
constant constant constant the heart. t. outside 

the peri-
cardium. 

-ve +ve +ve in b:ranchial in branchial 
cavity. cavity in 

connective 
constant variable constant t. outside 

the peri-
cardium. 

+ve +ve +ve in gular in the bran-
muscle; may be chial cavi-
I second I elec- ty 
trode area in 
the branchial 

constant constant constant cavity where 
insulation 
damaged. 

-ve -ve +ve inside the in the bran-
pericardium chial 
next to the cavity. 

constant varies constant ventriculo-
at bulbar junc-

25.SoC tion 

-'Ve Tve +ve in gular in the 
muscle; wire gular 

constant const~t constant penetrates muscle. 
pericardium 
elsewhere. 

-ve -ve -ve in muscles inside thick 
or +ve or +ve or+ve behind the connective 

bone of the tissue next 
variable variable v'ariable pectoral to the 

girdle. pericardi um. 



In the 3 fish yhere the +ve electrode was in the ventral gular 

musculature (Fish I, R and V), the ECG pattern of deflections was · very 

consistent. There was slight variability where the +ve electrode was 

within the pericardium itself and was thus next to the heart (Fish T, 

see above), and moderate to tremendous variability where the tve elec­

trode was in the branchial cavity (Fish A) or behind the bones of the 

pectoral girdle (Fish 0). The most consistent results were thus ob­

tained where thd tve electrode was within muscle proximal to the heart. 

If a depolarisation front approaches the +'le electrode, this 

causes a fve deflection; if it moves away, a -ve deflection results 

(Oets, 1950, Fig. 4, Schamroth, 1966, Fig. 101). A repolarisation 

front causes a -ve deflection on approach, a tve one on moving away from 

the +ve electrode. These deflections are seen as long as the polarisa­

tion front does not, at the s~~e time, move relative to the 2 electrodes 

in the same way. In these investigations the 2 electrodes were never 

immediately next to each other, and the -ve electrode was never on a 

line joining the tve electrode and the heart. 

The fish with the tve electrodes in the gular musculature (Fish 

I, Rand V) show +ve R and T deflections, although the sign of the P 

deflection v~ies (Table 1). The T deflection may be very prominent 

(p. 119 and Fig. 2OC, p. 53, the superimposed trace) and may even be 

mistaken for a respiratory deflection. The +ve R and T deflections sug­

gest that if the tve olectrode bears a constant relation to the ventricular 

musculature, the predominent direction of depolarisation of the ven­

tricular musculature is to;lards the ventral side of the animal, and 

that of repolarisation is towards the dorsal side. These interpreta­

tions arc illustrated in Fig. 14. Where the tve electrode is to the 

right of the heart (Fish A and T), or behind tho heart (Fish 0), the R 

deflection sign is variable, although the T is al~lays +ve except in the 

latter fish. If an electrode is placed at approximately a right angle to 
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Legend for Figure 14 

(opposite) 

Above: Diagram sho'Wing a view of the right side 

of the head of T. mossarnbica with · the branchial 

cavi ty and pericardium opened. The three main 

positions of a +ve electrode near the heart have 

also been indicated. 

Belov: Drawings A, B and C to shO'\J the heart as 

i~ the upper drawing but enlarged. In each case 

one . positive electrode position is indicated to-
~ • L _ q 0 ~ 

gether with the possible EGGs recorded from this 
\. .. 

electrode. 

A - +ve electrode ventral to the heart in the 

gular musculature ( 

B - +ve electrode in the branchial.. cavity or in 

the pericardium lateral to the heart 

C - +ve electrode behind part of the pectoral 

girdle postero-lateraJ. to the heru.-t 

-
KEY 

atrium 

fat 

-ve electrode 

direction of depolarisation of the 
myocardiwn 

direction of repolarisation of the 
myocardium 



Figure 14. 
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a depola..-:lsation front, the deflection recorded ma;r be tve, .... 1e or 

absent, but is usually small and equiphasic (Schamroth, 1966). This 

range is seen in the results obtained for the R deflection in these 

three fish (Fig. 14 B and C). 

The P deflectior. is normally negative; this ma;r indicate that 

the depolarisation in the atrial lobes 1s normally in a dorsal direction 

and probably depends on ~le position of these lobes in any one fish, 

as described earlier (section III(a), Figs. 6 and 7). As these lobes 

or 'auricles' are often fairly long, and as their ends may C006 to lie 

ventrally next to the ventricle, contraction of the myocardium comprising 

their walls in a dorscl direction ma;r expel blood out of the 'auricle' 

tm,ards the main atrial lumen. 

The EGGs of the 6 fish varied also 1n the magnitude of the 

deflections, i.e. in the voltages recorded. The mean height of the 

QRS complex has been plotted for each fish against fish weight in 

Fig. 15. The slope of the regression curve which has been 

fitted for these points (y = -0.0067 + O.000944x) does not differ 

significantly from a horizontal line (P<O.lO); the regression curve 

is dral"ll in on Fig. 15. These results suggest that there is no con­

sistent change in QRS total voltage with fish weight. Heart weight 

probably varies in proportion to body weight, and the cumulative 

electrical changes produced by the ventricular myocardium may be ex­

pected to increase ~~th an increase in the nwnber of muscle fibres de­

polarising. However, this would only be noticeable if recordings were 

made from electrodes in· comparable electrical contact with the ve~tricle 

in all fish. The variable electrode placement relative to the ventricle 

in these experiments would certainly mask any such trend. 

Fig. 15 also shows that the three fish \dth the more consis-



Figure 15 

11ean magnitude of the QRS complex in the six fish of the 

last experiment (section (g)) and their total variation, 

shown plotted against the weight of the fish. 

<:) - mean QRS of fish with electrodes not situated in gular muscle; 

~ - mean QRS of fish with electrodes situated in gular muscle; 
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A regression curve has been fitted to these mean values 

0-12. 

0-10 

I-

..r: 
WI 

ii: 

0-04-

( 

I 
50 bO 

-<= 
WI u: 

70 

o 
-<= 
ii: 

WEIGHT OF FISH IN g. 

to <)0 



43 

tent EGG patterns (fish I, R and V) do not have a more prominent QRS 

than the other three fish (with the possible exception of Fish V). ' 

The mean range of the QRS values does, however, seem a little smaller 

for these three fish (mean range 0.072 mV) when compared to the other 

three fish (mean range 0.102 mV) as can be seen in Table 2. When the 

range in QRS values is taken as a % of the mean value for the indivi­

dual fish, this difference between the two groups of fish becomes even 

more striking and the means (for the three fish in each group) of these 

percentages together with the respective 1.96 X S.B •. values indicate 

that there is a significant difference between the tlfO groups of fish 

at the 95% level (Table 2). Thus this again indicates that ~Ihen the 

positive electrodes are embedded in muscle near the heart, the EGG 

has greater constancy. One reason for this could be that where the 

+ve electrode is in a fluid-filled cavity, electrical potential may 

be partially diSSipated by short-circuiting. The extent to which this 

occurs may depend on slight position shifts of the electrode, or on 

the amount of pericardial fluid (Gu;rton, 1966, p. 216) or on the 

volume of respirator,r water passing through the branchial cavity per 

opercular beat, etc. Where the +ve electrode is in muscle, however, 

the transfer of electrical potential differences occurs via the extra­

cellular tissue fluids (Schamroth, 1966), and its efficacy is probably 

dependent on such factors as its volume, cl!)seness of inter-cellular 

adhesions, and its ionic composition. As these factors are probably 

fairly constant, the conducted electrical changes are thus also fairly 

constant. 
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Table 2. 

Ampli tudes of the QRS complex for the six 

fish of the last experiment (section (g)), 

the ranges ' of the values measured in abso­

lute terms and as %s of the respective me~~s. 

I,jean Mean 
Average Total range Range of magnitude range of 
magnitude of the QRS QRS as a of the QRS the QRS 
of QRS complex in % of the for 3 fish complex 
in mV mV mean in mV for 3 fish 

in mV 

0.032 0.020 ~ 0.070 156% 

0.058 0.015 _0.090 129% 0.067 0.072 

0.110 0.058 ->' 0.150 84% 

0.033 0.015 _0.100 258% 

0.058 0.020 ~0.120 172% 0.049 0.102 

0.057 0.010 .... 0.130 210% 

(i) - the three fish with the +ve electrode 

situated in the gular muscles 

(ii) - the three fish with the +ve electrode not 

situated in the gular muscles 

Hean range 
of QRS for 
3 fish as 
a % of the 

mean with 
1.96 X S.E. 

123 ± 33.4% 

I 

• 

i 

213 :!: 40.2% 
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(c) Oscillographic recordings of respj.ratory activity in T. mossambica. 

As reported by many authors(e~ g. Labat, 1966), 'the electrical 

activity of the respiratory muscles of fish is frequently picked up by 

electrodes in the region of the heart. ' My results also often indica-

ted these potentials. Proof that these are probably caused by opercu-

lar, buccal and other respiratory movements is discussed briefly in 

section VI (b) •. 

Unlike the ECG, the electrical changes produced by the succes-

sive contractions and relaxations of the various muscles responsible 

for the respiratory movements are not 'seen as discrete denections 

from an iso-electric base line; they result rather in a continually 

changing oscillograph. The trace usually indicates one or more rather 

prominent deflection as can be seen in Fig. 16. ,. These deflections 

probably indicate large depolarisations in one or more muscles at 

certain stages of the respirato~ cycle indirections approXimately 

towards or away from the +ve electrode. Correlations between the 

traces and mouth opening or closing, or the contraction of the indi-

vidual respiratory muscles, were not investigated. 

Figure 16. 

Typical. oscilloscope rec'ording of· the electrical. 

changes resulting from the respiratory movements 

of T. rnossambica • 

.J. prominent +ve peak 

, S€CON~ 

T 
0·' mV 

1 



In many of the recordings, the. ECG is seen superimposed upon 

the electrical record of the respiratory activity as seen in Fig. -17. 

A 

Figure 17. 

~ ECGs superimposed upon recordings of elec­

trical respiratory activi~ in two fish of 

the last experiment (section (g)) at 2l.1oC 

A - Fish R B - Fish T 

- I S'£coNl> 

B-- T 
o ·1 ~'\V 

J.. 

SECONb 

In Fig. 17 A, the respiratory activity is very prominent; this 

makes it difficult, in many cases, to distinguish the ECG. In Fig. 17 

B, however, the electrical potentialscausedqy respirato~ movements 

are barely visible, whereas the EGG is prominent. In any one fish, the 

prominence of the respiratory acti~i~ and of the ECG can be very 

variable, even at the same temperature, on the same day, or within 
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minutes, as can be seen in Fig. 18 for Fish 0 and I of the last 

experiments (section (g)). 

A 

Figure 18. 

Variability in the prominence and appearance ~f 

respirato~ activity and ECGs in Fish 0 and I of 

the last experiment (section (g)) '\oThen measured 
~ 

at the same temperature within a short time: 

- Fish 0 at 21.80C; B - Fish I at 25.8°C; C - Fish I at 17.8°C. * a few minutes *" 20 h *' a few minutes 

, SECOND 

, S€CONJ:) 

\ S~CONj) 

A 

T 
O'2mV 

i 

~ 
A Ftw MlN 

~. 
~Oh. 

, SEC-ON,!) 

\ SECONb 



In the example given in Fig. 18C, although no extraordinary 

motility or other signs of excitement were noted in the fish during 

the recording of the earlier trace (left hand side), the fish may well 

have been excited in view of the noticeable increases in both heart 

and respiratory rate a" compared to a few minutes later on (right hand 

trace) when the fish had probably settled down. In Fig. 18A, the 

recordings wore made about 1 h after the electrodes had been implanted 

under anaesthesia, so there may well be rapid changes in the respira­

tory pattern at this stage as discussed in section (d) below. A 

possible explanation of the variabilitJ- in the example illustrated in 

Fig. 18B cannot be offered and, in fact, I am very unsure as to whether 

the indicated reopiratory cycles are valid or not. This problem is 

discussed later in sectior. VI (b). 

Correlations between the presence of electrical respiratory 

activity on the traces and the position of the electrodes ere difficult 

using the information available. This information using the six fish 

of the last experiment (section (g» is summarised in Table 3. From 

this Table it can be seen that the three fish (Fish I, R and V) with 

+ve el0ctrodes in the gular musculature always gave traces of electri­

cal respiratory activity, except at 14.10 C as discussed below. This 

correlates wtth the regular ECG recordings in these Same three fish. 

In the th:-:-ee fish (Fish A, T and 0) where +ve electrodes "erE! not in 

the gular muscles, the electrical respiratory activity wes not always 

seen on the traces, although it was present in most cases. 

Table 3 also indicates that there is a variability in the 

electrical record of respiratory activity with changes in temperature. 

The most outstanding feature of this is that at the lowest experimental 

temperature used (14.10 C), the recordings of the respiratory activity 
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Table .3. 

Visibility of electrical record of respiratory acti­

vi~ on oscilloscope traces at different experimental 

temperatures. 

Visibili~ of electrical record of respiratory 
activity at following temperatures: 

25.8°C 2l.loC 17.8oC 14.loC 

visible. visible and Vis i ble. seldom visi-
prominent. ble • 

visible. visible, of- Visible, of- often not 
ten prominent ten prominent seen 

normally normally normally normall y 
visible visible visible visibl e 

visible visible and visible sometimes not 
prominent seen 

usually visible and usually usual l y not 
not seen prominent not seen seen 

normally very clear and clear, often clear, but may 
clear very prominent prominent be absent 

(i) The.3 fish "ith the positive electrode situated 
in the gular muscle 

(ii) The.3 fish \;ith the positive electrode not situ­
ated in the gular muscle 

I 
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are difficult to discern, or otherwise no record of respiratory activity 

could be seen at all as is illustrated in Fig."19 for Fish R, a fish 

which normally gives consistent electrical respiratory activity. 

Figure 19. 

Oscillograpbic recording from Fish R at low 

temperature (14.10C) showing the absence of 

~ electrical respirator,r activity. 

, S€CON.b 

T 0-1 mV. 
1. 

This frequent absence of recorded electrical respiratory 

activity at 14.1oC m~ be related to the increase in the opercular/ 

buccal respirato~ ~cle duration at this temperature (discussed 

later in section (g)), and also may be because of a pronounced 

decrease in respiratory muscle activity. This ~ould explain the increa-

sing difficulty in visually observing and hence counting the opercular/ 

buccal respiratory movements in fish at this temperature. Thus both the 

visual and c~cillograpbic methods employed were sometimes unable to 

record opercular/buccal respiratory activity. I wonder if the more 

generally used mechano-electrical transducers (Shelton & Randall, 1962) 

would M.ve been more sensitive to these very slight movements; I doubt 

it. 

Another marked effect was that when the te~perature was raised 

from 17.8 to 21.1oC (see section (g)), the electrical recordings of the 

respiratory muscle activi tysuddenly · became very prominent in some of 
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the fish. In these cases the traces ~ere usually more prominent than 

traces obtained at a ' similar temperature during a temperature decrease 

from 25.80 C (see section (g)). Some examples can be seen in Fig. 20 

\.There traces recorded before and after the temperature increase are 

given .for three fish a~ well as traces recorded previously at approxi-

mately 2loC during a temperature decrease from 25.8°C. Fish A (Fig. 

20A) is a typicalexaillple of the changes that -occur, as are Fish T 

and I (Fig. 2QD), yhereas fish R and 0 are more exceptional (Figs. 20B 

and 20C) in that the electrical respirator,r activity is frequently also 

prominent at 17.8°C (Table 3). 

It would have been interesting to ascertain if there is a.n:y 

correlation between the experimental temperature and the magnitude of 

the electrical respiratory traces. It is also ·.possible that these 

values may change with time at a new experimental temperature and thus 

indicate some sort of acclimation. There was not time to investigate 

these aspects more fully here • 

...J. 

Thus although the methods used for recording the opercular/ 

buccal respirato:y activity were not those more generally used, they 

have provided a fair amount of information about the opercular/buccal 

respiratory cycle length and hence about '~he related respiratory rate. 

These results have also indicated that the opercular/buccal respira-

tory muscle activity as recorded electrically may also indicate altera-

tions with changes in the experimental temperatures. The latter aspects 

will be discussed more fully later in section (g). And finally they 

allowed an investigation of a possible cardio-respiratory correlation, 

i.e. whether the heart tends to beat at any particular stage of the 

respirato~ cycle or not. 

reported in section (g). ' 

The findings of this investigation are also 

r:~-~~' 
/ ' \)" ", r' .:~~ .; .~ 

it/ d ; I..) :: -' . _ " 

\t~ 
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Figure 20 

(below and opposite) 

Examples of respiratory activity in four fish before 

and after the temperature was raised from 17.8°C to 

21.1oC, and at approximately 21°C during a tempera­

ture decrease from 25.8°C (superimposed; actual 

temperature given in brackets) 

A - Fish A; B - Fish 0; C - Fish R; D - Fich I • . 

, S€CONJ) 

, S~C()N]) 

T 
0" mV . 

..1. 

T · 
o.,,.,N. 
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(d) The effects of Sandoz MS 222 anaesthesia and handling on respiratory 

ffnd cardiac functions. 

In an early experiment where 2 fish were caught, anaesthetised 

and implanted with electrodes, it was observed that the opercular move­

ments seemed aeceleraGed for ± 1 day before they SlO,1ed down to a 

level which appeared t o be normal. It ,TaS suggested that t1!ese ele-

vated respiratory rates may have been because of a long-lasting effect 

of the anaesthetic and/or handling and a 3imple experiment ,las thus 

designed in order to investigate this possibility. 

Four fish of standard length: 8.2 to 9.2 cm (fish "ere not 

weighed) \·lere caught at random from a holding tarL1c, and each transferred 

to a transparent plastic chamber (as in Fig. 2, p. 12, but fish , iithout 

electrodes) where they were left for 2 days to settle down. Water was 

aerated, and Has che-nged tHice by siphoning. The fish were then sub-

j ected to one of 4 'treatments', and then after a 5-day break subj ected 

to a different 'trea.tment'. The first and second 'trea.tments' (I and II 

respectively) for the It fish H8re as follows:-

I treatment' I "treatment ' II 

Fish 1 control - nothing done anaesthetised and handled 

Fish 2 handled only ru..aesthetised only 

Fish 3 anaesthetlsed and handled control - nothing done 

Fish 4 anaesthetised only handled only 

Sandoz MS 222, fresp~y prepared, was used as a 150 to 160 mg/l 

solution in tap water at the same temperature as the ,mter in ,Ihich 
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the fish had been held. The fish we~e placed in the anaesthetic and 

were removed only after all respiratory moveme(lts had ceased and the 

animals were lying with their ventral side up. 

Ventilation rates per minute were measured after initial cap-

ture and during and beh/een the two I treatments I. T:.,ese ~Iere determined 

by counting the number of opercular/buccal movements in 20 or 30 second 

periods, and then making the required calculations. The rates were 
o 

corrected for individual fish to those expected at 18 C (using the 

resul ts reported in section (e», as the water temperature varied 
o 

between 17.5 and 21.0 C during the course of the experiment. Some 

selected results are given in graphical form in Fig. 21, and are repre-

sentative of the results obtained. 

Fig. 21 indicates that the opercular/buccal respiratory rate 

during the first day folloWing capture and trans fer to the experimental 

chambers was slightly elevated (points marked B) ~Ihen compared to the 

respiratory rate the next day (points marked C). These values a~e sig-

nificantly different in hlo of the fi sh (Fish 1 and 2) from respiratory 

rates measured during the treatments in the same fish as indicated by 

the 1.96 X S.E. values. During earl~,' anaesthesia and during the few 

minutes of reco-Jery from anaesthesia, the respiratory r ates Here markedly 

elevated and the amplitude of the movements were also increased; duri11g 

the period of complete anaesthesia, howe7er, respiratory movements became 

erratic a..'1d slow, then stopped completely (between -che arrows, Fig. 21). 

Handling in combi nation 1-li th anaesthesia produced similar results, but 

handling on its own caused no significant change in opercular/buccal 

respiratory r ate when compared ,Ii til t he control fish. 

These simple experiments Sh01-1ed that Sandoz HS 222 only caused 

marked alterations in opercular/buccal r espiratory rate during the 
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Legend for Figure 2l t 

(opposite; please rotate through 900 ) 

The effect of initial capture and handling, . San-

doz 113 222 anaesthesia, and later handling on 

the buccal/opercular respiratory rate ·in three 

Tilapia mossambica. 

All readings have been adjusted to represent 

readings at lS.Ooe. 
1. ) 

All points represent the mean of 2 or 3 readings. 

(I) or (II) - before, during or after the first 

(I) or second (II) 'treatment' 

·······0··· 

• 
-·-4·-

-----<>---

1 
- B 

1 
c 

·1· 
J) 

t 
~ 
~ 

- Fish 1 (II); anaesthetised and 

handled. 

":.. Fish 1 (I); 

- Fish 2 (I); 

- Fish 4 (I); 

control • -----} handled only. 

anaesthetised only. 

see the 
superimposed 
sheet 

- · mean of 2 readings on day following 

ini~ial capture, i.e. 2 days before 

'treatment' I. 

- mean ·of 2 readings on day before 

'treatment' • 

- mean of 2 readings It to 1 h before 

'treatment' • 

- 'treatment' carried out at this point. 

- period of complete anaesthesia be~1een 

these arroys: 8~1 respiratory movements 

stopped. 

Graphs fitted by eye in each case. 

1.) Points ~-lith a ~ entral spot (e.g. ~ 1) do not represent 
a · mean of two readings, but represent the mean of all 
reading§. after anyone 'treatment'. Vertical bars give 
the 1.96 X S.E. limits. 
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Figur~ 21. 
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Figure 21. 

• 0 

• 
f-0-4 

• 

o 

:. 

·0 

• . 0 

0 
t() 

0 
.::t-

• 
O · ....... ' ....... - <:f .•.• ". - - •• '!. ••• - •••• - ••• - ••••• o· e · .(of 

" ......... / /" ... ................... ....... . ..... :. ... . 4--- 0 

~ 

--~I-----L----~I----~----~'----~----~I----~----~L'----~--~6~\~ 
~ ~ 2 ~ s ~ 



period ,Then the anaesthetic was present, and for the few minutes 

immediately after transfer back to tap water. Handling was without 

effect except when this was associated ,lith initial fish capture from 

the holding tank, and it is suggested that the stress of initial 

capture and handling was responsible for the slightly raised respira-

tory rates seen prior to 'treatment' I. In the first few days of the 

experiment reported in section (g) there i s also a suggestion of 

raised opercular/buccal respiratory rate following capture of the fish 

which ,-ras closely followed by Sandoz I1S 222 anaesthesia. This can be 

seen both in F'ig. 27 and in section VI (c_). These experiments also 

showed a similar but smaller post-handling increase in some heart 

functions in two of the fish, as there is a slight decrease in both the 

P-R and R...;a intervals in this post-handling period (Fig. 28 and section 

VI(c)). This will be discussed more fully in section (g). 

It is also of interest that in a few early experiments fish 

were re-anaesthetised to correct electrodes or their leads, and in 

none of these cases were post-anaesthesia eJ.tNati.ons in respiratory or 

heart functions noted. 

-Hy experiments provide no information as to the effec',; of whole­

fish anaesthesia on heart rate or other cardiac functions as no suitable 

recordings were available from the anaes'Ghesia or L'IUJlediately post­

anaesthesia periods . However, some f ish were dissected under Sandoz MS 

222 anaesthesia, and EGGs were recorded from the exposed heart (see 

above section (b)) . These EGGs have been compared to those recorded 

from recovered fish with implanted electrodes held at approximately the 

same temperature. The results indicate that under anaesthesia the R_~ 

interval is lengthened proportionately more than the p...;a or R-T intervals 

(the R- R also changes more extensively when compared to the P-R or R-T 

under normal conditions in this fi sh (see p. 133 of the Discussion)), 
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thus the duration of diastole is increased to a greater ~:tent than 

the duration of nystole during the general heart slowing as a resUlt 

of Sandoz y~ 222 applied directly to the heart. 
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In order to avoid unnecessary e:Kplanations later, the next three 

sections «e), (f) and (g) r equire an introduction over and above that 

gi ven in Part I. The follwing thee sections report the results of the 

temperature experiments in 'uhe order in "hich they were done. 

The early ~(periments (section (e» were designed to establish 

the way in ~Thich both the respiratory ana cardiac functions measured 

varied dUl'ing slow temperature changes (2 .0 to 2.5°C per day approrlmate­

ly) o"l1er the range 18 to 360 C. Cons:Lderable or even complete thermal 

acclimation Itay be eA"}lected at these slow temperature changes (Hughes & 

Roberts, 1970), ruld Long et al (1961) suggest 

are adaptive temperatures for T. mossf'l1bi ca, i.e. temperatures to "hich 

this fish can adapt completely. These experiments, however, gave rather 

thin results, and fev EGGs Here recorded except from t"o of the nine 

experimental animals. 

~10 fish "i th implanted electrodes ',hich showed ECGs on traccs 

recorded from '~hem l1ere selected for the next experiment (section (f». 

Both heart and respiratory fu.~ctions were studied using a more sudden 

experimental tempsrature decrease (7 . 50 C in 2 h, i .e. approY~mately 

10C / 15 min). This rate of temperature change might allow some snall 

degree of thermal acclimation during 'vhe c~.ange (Hughes & Roberts, 1970). 

The temperature decrease was from approximateJ.y 25.6 to 18.10C, i.e. frol1' 

"ell l-Tithiu che normal temperature range for thiG species to the upper 
I 

border of the Im.Ter sub-lethal r'ange ',hich Long at al US6l) give as 200_l6°C 

or lower. As the fish ,·Tere orJ.y held at I S. loC for about 2t days, accli-

mation to this 101{ t.emperatnre was probably very incomplete. The results 

of these experiments suggested, hm,ever, that it was importrult to repeat 

and extend the experiments. Tins was done using six fish in the last 

experiment (section (g). 
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In these last experiments, 2 differe;'lt temperature decreases were 
o 0 

used, the 1st. from 25.8 to 17.8 C, an 8 C decrea:o:e very similar to that 
o 

used in the previous experiment, and the 2nd. from 21.1 to 11 •• 1 C, a 
o 

decrease of 7 C. 

ture for 4 days. 

In both cases the fish were held at the 10;/er tempara-

The 2nd. temperature decrease, although of similar 

magnitude to the 1st., has as its lower limit a temperature falling 

;/i thin the temperature range ~lhere physiological malfunction has been 

reported for this fish as already mentioned in Fart I. Host particularly 
o 

Allanson (1966) has found that some fish at 14 C sho\o/ kidney disruption 

and vacuolation after 3, 5 or 9 days at this temperature. It is also 

important to bear in mind that the last elcperiments \,ere performed in 

summer (January), whereas the previous experiments (sections (e) and (f) 

~10re done in winter or early spring (July to September). 

Acclimation to cold is considered a SIOH process in most fish, 

and in a thermophile such as T. mossambica 'cold' ~Qll mean temperatures 
o 

below 18 - 20 C as discussed in Part I. Thus Spaas (1959b) sugge:otn that 
o 

the rate of acclimation to decreasing tempf...ature (25 - 15 C) is slO\,e1' 
o 

than a rate of 1 C/3 days for 3 cichlids he studied, lIaplochromis mel]~, 

T. melppopleura and T. macrochir, and Allanson & Noble (1%4) suggest that 
o 

20 days is required for cold acclimation after a 25 - 15 C transfer in 
o 

To moss8l!lbica. HOlo/ever, the L,.-<ie.y period at 17.8 or 11 •• 1 C in these 

experiments may have been long enough for aC'climatj.on tendencies to be 

seen in those functions 10Ihich start acclimating first as the most rapid 

acclimation changes after any initial lag period may occur during the 

earlier period at a neH temperature (E'reeman (1950) Fig. 6, Peck et al 

(1%7) Fig 2, and Doudoroff (1942)). Hwever, Wells (193511) gives 

oxygen consumption data for Fundulus parvioinlY:1s that indicate that the 

lag period before acclimation may be very lengthy in this species, 

Similarly in the mudminnm, Umbra lima, there is a stabilisation or lag 
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period of 4 - 5 days before oxygen consumption acclimation starts 

(Figs. 1 and 2 of Hanson & Stanley (1970)). 

o 
The 7 or 8 C decreases used in the present experiments is a much 

smaller temperature decrease than tha t experienced in the field under 

monsoon conditions ( for e. g. in Vietnam). In the northern regions of 

Vietnam, during the ~Iinter monsoons , Long et al (1%1 ) r eports Bruzon 

(1930) as follo~IS: -
o 

" •• the water temperature averages barely 23 .9 C, 

and between December and Harch it may drop to 7 - 8
0

C ••• 11 • The r ate of 

t emperature change during monsoons as r ecorded by Long et al (1961) 

i s : 10C ln 12 - 15 min. Else,lhere in Vietnam temperature decreases 

of 150C or more have been reported in winter ~lhere the upper, initial 

t emper ature is approximately 300C (Long et al, 1961); the lower limit 

i s therefor e ! 15°C, similar to t he 10\;8st experimental temperature 

used in the last experiment s ( section (g)). 

Thus, although the lo;rer experimental tempen.tures us ed are 

r epr esentative of l ower sub-lethal temperatures for this species , the 

temperature decreases used in sections (f) and (g) of the present study 

are similar to monsoon cor~itions only in r ate of change, not in extent, 
o 

and the minimum exper imental t emperatures used (14.1 C) are higher than 

minimum monHoon temperatures in general. 
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o 
(e) The 180 to 36 C ~Aporiment~ with particular referenoe to the 

opercular/buccal respiratory rate. 

Electrodes were implanted in the gular region of 9 fish (mean 

weight 45.0 gm) Hhich were then subj ected to the fol101 .. 'ing temperature 

regime after holding at an acclimation temperature of approximately 

220 C for at least 2 days: - The temperature Has lm,rered to 17.SoC and 

held there for 24 h. The temperature wes then raised by approximately 

20 C each day over a period of 2 h leaving the ~APerimental fish at the 

new, higher temperature for appro.ximately 22 h. In this ~ray the tem-

o perature Has raised to 36.0, held there for a day, and then lo~rered by 

increments of appr~Aimately 2.50 C per day (again over a period of 2 h), 

the fish then being left at this new and louer ~Aperimental temperature 

until the next day. The temperature was, in this uay, lm,ered to 25. OOC • 

Experiments were discontinued at this point because the eleotrodes had 

been implanted for over 3 weeks and were causing damage to the fish and, 

in a number of cases, results could not be readily recorded. 

Two of the nine fish showed occasional ECGs on the oscillograph 

traces, and most fish gave electrical records of the opercular/buccal 

respiratory activity. It was, however, not possible except in a fow 

cases, to find any record of ECGs in the two fish mentioned above at 

temperatures higher than 25.0oC; these few results are included in 

Figs. 42 and 43 (pp. 113 and 114) of section (g), and will therefore 

not be discussed here. 

The opercular/buccal respiratory rates at any temperature during 

the temperature increase were not noticeably different from those at 

the same temperature during the temperature decrease (probably because 

of more or less complete acclimation), therefore the results recorded 

over temperature intervals of approximately laC were pooled and a graph 



drawn to indicate the trends (these results are given in full in 

section VI (c)), and mean values have been calculated. TIlese trends are 

illustrated in Fig. 22 (graph 2, p. 66) together with the results of an 

early preliminary experiment on 2 fish (graph 1, mean weight 30 @n), ruld 

of an experiment on 6 fish (graph 3, mean weight 68.6 @TI) which is 

reported more fully in section (g). I have also included (graph 4) 

the mean raoul ts of a rough student experiment using 10 small (:!: II. @TI) 
o 

:!: 18 C acclimated fish "here temperature 
o 0 

and 35.0 C (approximately 1 C in 5 min). 

o 
increased rapidly bet;reen 15.0 

This rapid change is seen to 

have excluded thermal acclimation to a large extent when comparing the 

graphical results, as curve 4 is much steeper than curves 1, 2 and 3 

(Fig. 22). In the latter three cases, considerable thermal acclima-

tion may have taken place, and the opercular/buccal respiratory rates 

have probably decreased at the higher temperatures. 

Curves 2 and 3 are probably not sienificantly different from each 

other as the figures for the 1.96 X S.E. about the mean of the individual 

plots overlap considerably. Size differences may also account for a 

large proportion of the difference between curve 4 (smaller fish) and the 

other 3 curves (larger fish), as it has been found that respiratory 

functions as studied here are speeded up in smaller animals (see section (g), 

p. 89). Size' differences may also account for the smaller differences 

betloleen curves 1, 2. and 3 (mean fish weights 30.0, 45.5 and 68.6 gm 

respectively). Also as curves 1, 2 and 4 are derived from winter or early 

spring fish, whereas curve 3 is derived from summer fish, if the ventilatory 

rate shows any seasonal variation ,~th higher rates in cool season fish as 

compared to warm season fish at the same temperatures, the 10vler values 

for fish of curve 3 (summer fish and larger fish) may be accounted for. 

Fig. 22 also indicates that the opercular/buccal respiratory 
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rate changes unevenly with temper ature, and in particular it does 

not increase so rapidly at higher temperatures approaching the upper 
o 

lethal limits for the species (about 39 c). Thus the graph of res-

piratory rate against temperature is slightly curved particularly at 

high temperatures. The Q10 values (corrected for temperature inter-
o 

vals less than 10.0 C as described in section (g), p. 77) have been 

calculated for the nine fish of the present experiments. The mBan 
o 

Q10 for the 25.8 to 35.8 C range is 1.25, whereas for the 17.8 to 
o 

25.8 C range it is 1.61. Q10s calculated from the slope of the seroi-

logarithmic R- T (rate-temperature) plot give the following values for 

graphs 1 ruld 2 of Fig. 22, and for the mBan of the two graphs:-

Experimental QIO - values 
Temperature Graph 1 Graph 2 Hean of graphs 1 and 2 

0 

20 C 1.87 1.71 1.79 
0 

25 C 1.40 1.50 1.45 
0 

30 C 1.18 1.30 1.24 
0 

35 C 1.08 1.15 1.12 

These results indicate that the Q10 values of the ventilatory 

rate tend to decrease ,Ii th an increase in temperature over the tempera-

ture range used. Results reported in section (g) for the data repre-

sented by graph 3 of Fig. 22, conf irm this. 
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Figure 22. 

The mean opercular/buccal respiratory rate with change in 

temperature during a number of experiments. The full re-

sul ts of curves 2 and 3 are given graphically in se;:tion 

VI(c). All curves have been fitted by eye • 

. -~·-2 fish, ± 30 grn mean ~Ieight, early 
experiment. 

_ 2._ 9 fish, 45.0 gm mean ~Ieight, the 
present experiment. 

0 ...... .. 6 fish, 68.6 grn mean weight, the 
3. experiment reported in section (g). 

4. 10 fish, :!: 14 grn mean "eight, class 
o experiment of August 1970. 
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(f) Experiments over the temperatUl"e range 18.1° to 25.6°C with 

particular reference to cardiac function. 

Two fish ~Iere held at 25.6 ± 0.6°C for more than 7 days before 

being subj ected to the following temperature changes (acclimation to 

this temperature was thus probably complete):- The temperature was 

d~creased rapidly (within 2 h) from 25.6 to 18.10 C approximately, and 

was held at 18.1 ± O.loC for the next 2t days. The temperature was 

1 0 then raised slowly, by increments, over a period of 34 days to 24.5 c. 

Recordings of electrical respiratory activity were not obtained, 

but ECGs ~Iere regularly recorded. The changes in the cardiac intervals 

P-R, R-T and R-R with temperature are illustrated in Figs. 23 to 25. 

In Fig. 23 the R-R interval has been indicated together with the heart 

rate. The heart rate was calculated from the R-R interval as follmlS:-

60 
R-R interval in s 

= heart rate per minute 

Thus the R-R interval and heart rate are inversely related. Fig. 24 

illustrates changes in the P-R interval, and F~g. 25 changes in the 

R-T interval. The two fish used in this experiment were Fish VI and VIII. 

The results show a number of interesting features. As is to be 

expected, ~rl.len the temperature was lowered, all cardiac flffictions 

sho~led an immediate slowing; the cardiac intervals were therefore all 

lengthened. This means that heart rate, the rate of conduction from 

one heart chamber to another as v1ell as the rate with which the myocar-

dium contracts and relaxes again were all slowed. When the temperature 

rose again through stages at 19.3, 21.0 and 22.0 to 24.5°C, the few 

results obtained suggest that all cardiac functions accelerated once 

more (Figs. 23 to 25). 

contd. on p. 70. 
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Figure 23. 

Changes in heart rate and the R-R i nterval 

. durlng the experimental temperature chan ges . 

..-0 "'- - F:i.sh VII; ~~'A- or _..0/- Flsh VIII. 
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Figure 24 

Changes in the P-R interval during the exper:i.-

mental temperature changes. Curves fitted by eye. 

_ - - Fish VII; __ ..0-- - Fish VIII. 
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Changes in the R-T interval during the expeti-

mental temperature changes. 
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It can be seen that the R-R interval and heart rate did not, 

however, remain constant with time while the temperature remained at 

18.1oC, but the R-R interval tended to shorten gradually, and the 

heart rate therefore to increase. The very sparse results do not 

indicate a similar trend in the P-R and R-T interval~. 

In order t.o determine llhet.her the changes in the heart rate 

and in the R-R interval are significant changes or not, the time 

period at 18.1oC was arbitrarily divided into two periods as follows:­

period D - the first 7 h the fish were at 18.1oC 

period E - the remaining period at 18.1oC, i.e. from 7t h to 

~- days. 

In Table 4 the mean values for the three cardiac intervals 

measured have been calculated for the period at 25.6°C, and for the 

two arbitrary periods at 18.1oC, periods D and E, for the two experi­

mental fish. This Table also indicates the % of the cardiac cycle 

occupied by the cardiac interval in each case. Thus the R-R interval 

represents the cardiac cycle, and therefore occupies 100% of it; the 

P-R and R-T intervals, hmlever, occupy a smaller and variable % of 

the cycle. 

Table 4 also illustrates that all cardiac intervals lengthen 

when the temperature is decreased from 25.6 to 18.1oC; for e.g. the 

average values for the R-R interval in Fish VII change from 1.25 

to 2.21 s, and those for the P-R interval for this same fish from 

0.130 to 0.203 s, the 18.1oC value taken from period D in both cases. 

However, if the figures for these intervals during period D are com­

pared to those during period E we see that the R-R interval has shor­

tened with time while the fish was at l8.1oC from 2.21 to 1.75 s, 

i.e. has shortened by 0.46 s, whereas the P-R interval for this same 

fish has shortened frcm 0.203 to 0.184 s, a decrease of 0.019 s. 
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Table 4. 

Average values for ECG intervalG at 25.6 ± 0.6°C and 

18.1 ± O.loC for Fish \~I and VIII, and the relative 

length of these intervals as a % of the cardiac cycle 

time. 

Experimental Mean times of the cardiac intervals in seconds 
temperature 

and the % of the cardiac cycle occupied by 
and, in case of 

18.10 C, period for 
these intervals 

which fish were R-R interval P-R interval R-T interval 
at this 

temperature FISH FISH FISH FISH FISH FISH 
VII VIII VII VIII VII VIII 

1.25 1.80 0. 130 0.110 0.450 0.340 
25.6 :!: 0.6°C 

100% 100% 10.1,% 6.1% 36.0% 18.9% 

18.1 ± O. l oC for 2.21 3.39 0.203 0.185 0.669 0.705 
first 7 hours 100% 100% 9.2% 5.5% 30.3% 20.8% 

(period D) 

• -r a 18.1 - 0.1 C for 1.75 2.76 0.184 0.200 0.659 0.725 
7t hours or longer 100% 100% 10.5% 7.3% 37.6% 26.3% 

(period E) 
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Thsse absolute values for the amount of change are with little meaning 

as, for e. g., the R-R interval i s nearly 10 times larger than the P-R 

interval. If these values are given as a % of the interval in period 

D, we find that the R-R interval has shortened by 20.S% and the P-R 

interval by 9.4%. These relative or % changes in the three cardiac 

intervals between periods D and E are given in Table 5. 

Thus the R-R interval Changes to a greater extent than do the 

P-R or R- T intervals, and the change in the R-R is also in a constant 

direction in the v#o experimental fish. 

Referring B.ga:l.n to Table 4, it is also clear that if the R-R 

interval decreases in a more marked \oIay than do the other intervals 

when the fish were held at lS.loC, these latter intervals \oIi11 there-

fore come to occuP,r a greater proportion of the cardiac cycle. Thus 

the % of the cardiac cycle occupied by both the P-R and R-T intervals 

are larger in period E than in period D. 

The P-R interval together with the R··T interval as measured in 

the present experiments represent apprOXimately the period for which 

the myocardium remainE contracted (excluding a:,y sinus venosus compo­

nent,if present). Hence these two periods together represent electrical 

cardiac systole, and the remaining time {R-R minus (P-R plus R-T)} repro-

sents the period of electric8~ cardiac diastole. Thus if the carniac 

cycle time shortens markedly during the experimental period at IS.loC 

as compared to the period of systole, the relative proportion of the 

cardiac cycle occupied by systole becomes greater, and the period of 

diastole shorter. Thi s is illustrated in Table 6 where the % of the 

cardiac cycle occupied by systole is sh01·m. 

Thus ~Ihile the temperature remains at lS.l °c the % of the cardiac 

contd. on p. 75 
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Table 5. 

% changes in the cardiac intervals between period D 

(fish at l e. loC for first .7 hours) and period E (fish 

at le.lo for remaining time) for Fish VII and VIII. 

A positive percentage indicates that the time occupied by an interval 

during period E is longer, i.e. the interval has increased ~dth time; 

a negative percentage indicates that the interval has decreased with 

time. 

Experimental Change in cardiac intervals at le.loC as a % 

fish of the values for the intervals during period D 

R-R P-R R-T 

Fish VII -20.e% -9.4% -1.5% 

Fish VIII -Ie. 6% -is.I% +2.e% 
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Table 6. 

Average values for the duration of cardiac systole 

;. 0 + ° . at 25.6 - 0.6 c and 18.1 - 0.1 C for F~sh VII and 

VIII, and the % of the cardiac cycle occupied by 

systole. 

Values ~/ere calculated only from readings where R-R , P-R and 

R-T were measured concurrently, and the nwnber of r eadings 

averaged are given in brackets. The % of the cardiac cycle 

is follmo/ed by the 1.96 x S.E. of the mean value. 

}lean duration of systole (P-R plus 
Experimental temperature 

R-T) in seconds, 
of 18.10 C, 

and % of cardiac 
and , in case 

cycle occupied by systole :!: 1.96 x 
period for which fish ,lere 

S.E. of the mean. 
at this temperature 

Fi sh VII Fish VIII 

25.6 :t 0.6°C 
0.5S 0.45 
46.6% 25.0% 

I S.1 
-+- 0 0.S7 (4) - 0.1 C f or first 7 0.S9 (2) 

hours (period D) 42.0 :t 3.9% 27.0 :t 1.4% 

;. ° for 7t hours 0.7i (2) IS.l - 0.1 C 0.90;. (7) 
or longer (peri od E) 47.5 - 0.5% 3S.6 - S.4% 
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cycle occupied by systole increases by 8.6% and 7.3% in Fish VII and 

VIII respectively. These represent significant changes as is shown 

by the 95% confidence limits of the means (Table 6). 

Wi th reference to Table 4 again, it i s interesting that in F'iah 

VII the % of the cardiac cycle occupied by the cardiac inter-vals P-R 

and R-T are virtudly the same for the 25.6°e period and for the period 

after 7t h (period E) at 18.10 e. This -similarity may mean that, after 

some time has elapsed when thw fish was at 18.10 e, cardiac acclimato17 

changes had occurred such that the proportional times occupied by these 

measured phases of the heart function resembled those at higher, mOl~ 

normal temperature for this species. This aspect will be discussed 

more fully in the next section. 

By measuring the cardiac intervals R-R, P-R and R-T, some idea 

is obtained of the time that has elapsed between two discrete electrical 

events. By then converting these intervals as described above for the 

R-R interval to the rates of the various activities, rates of the same 

or different activities can be compared at the same or different tempera­

tures, and the QIO and Arrhenius p. values can t ':1us be calculated. Thus 

60 
= the rate of ventricular activity in arbitrary units 

R-T interval in s 

and 

60 
:= the speed of conduction between the atrium and the 

P-R interval in s 

ventricle, also in arbitrary units. 

Table 7 gives the QlO values calculated for the 7.5°e interval 

(25.6 to 18.10 e) for the v.arious cardiac rates. The formula used for 

calcw.ating these ~O values makes a correction for the use of any 

temperature interval less than or greater than 10°C (Prosser et al, 
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Table 7. 

Q10 values for the rates of the various cardiac 

functions calculated over the 7.50 C interval be-

tween 25.6 and 18.1oC for Fish VII and VIII using 

values both for period D (first 7 hours at 18.1 ~ 

O.loC) and period E (~~ hours or longer at 18.1 + 

O.loC). 

Period at Q10 for the different cardiac functions 

1$.1 ± O.loC 
Heart r ate:: Rate atrio-ventri- Rate ventricular 

cular conduction:: contraction and 
used in the 

l;E-R interval 1;1' -R interval rj&olQrisation:: 

calculation of 
1 -T interval 

the Q10 values FISH FISH FI SH FISH FISH FISH 
VII VIII VII VIII VII VIII 

18.1 :t O.loC 
for under 7 h 2.14 2.33 1.81 2.02 1.70 2.65 

(period D) 

18.1 ± O.loC 
for 7-i?: h or 1.57 1.77 1.60 2.22 1.67 2.75 longer 

(period E) 
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1952) and is as follous:-

~O = K raised to the power of f 

where K 
_ Kl 
---K • 

2 

Kl and K2 are the rates of any activity at the higher and lower tempera­

ture respectively; ~ is the higher and t2 the Im-rer temperature. 

The QIO has been calculated for the 7.~C temperature interval 

using the mean intervals (P-R etc.) during both periods D and E at l S.loC. 

Table 7 also indicates that the QIO values for the rates of the three 

cardiac activities measured all fall in the range of 1.57 to 2.75, with 

Fish VIII showing rather raised QIO values (2.65 to 2.75) for the speed 

of contraction and relaxation of the ventricle as compared to the other 

fish, and to other aspects of heart activity in the same fish . A more 

relevant point to the above discussion, hmlever, is that the only 

obvious differences in QIO values bet,reen those calculated using rates 

from period E ruld from period D are for the QIO values of heart rate. 

In the t,TO fish the QIO values of 2.14 and 2.33 respectively using 

r ates from period D are substB-~tially l arger than the values of 1.57 

and 1.77 respectively using rates from period E. This is another indi-

cation that heart rate is probably acclimating to the lower temperature 

by speeding up, whereas other cardiac functions remain slowed. 

These findings, based on very limited results, suggested that 

this experiment should be repeated, and a larger number of fish held at 

the l Ot{er tempera.ture for a longer period to try ruld establish more 

firmly whether this possible heart-rate acclimation is a feature of 

the cardiac physiology of this species at about 18.10 C. This experi-

ment, together with a second temperature-<iecrease experiment, is repor-

ted in the following section. 
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(g) o 
Repeat and extended experiIJents using t emperatures betueen 25.8 

° and 1/+.1 O. 

SL-.c electrode- implanted fish showing eonsilltent or occasional 

EGGs were selected togethe:.- \lith a control fish (anaesthetised as ,·rere 

the others, but not operated upon). The fish were of standard length 

11.4 - 14.6 Clil and "reight 49.8 - 88.0 gm. After these fish had been at 

appraximatsly 22°0 for a 1 - 2 day period, they vere toget!ler subj ect to 

the foliowing temperature regime (Fig. 26):- Fish were held at 25.8 = 
0.1°0 for a minimum of 3 days and then the temperature was 101~ered rapidly 

(vithin 2 h) to 17.8° ± 0.20C where it remained for 4 days. Then the 

temperatm'e ,ras raised fairly steadily over 17 h to 21.10C where it re­

mained for 7 h, folloued by a rapid decrease to :!: 14°0, again 'nthin 2 h. 

The temperature vas maintained at 14. 1 ± 0.1°0 for the remaining 4 days 

of the experiment, Thus 2 rapid temperature decreases of 80 and ~O 

respectively were made. 

As Mgh-temperature acclimation is often very rapid (Love, 1970), 

it was considered likely that fish "ere "rell acclimated to 25.g00, and 

possibly even to 21.10C after only 7 h at this temperature fol101~ing 4 

days at 17.8°C and some days before that at 25.8°C, as this 25.8°C stay 

may have resulted in a long-lasting warm acclimation. Also these fish 

were summer animals (January). 

Only in the case of the R-R. interval vas there an indication of 

diurnal changes. The R-R. was slightly increased dur ing the night and 

early morning, (from ± 0.00 to ! 10.00 h) in fish held at 14.1 or 17.8°C, 

but not in 25.8°0 held fish. Full results are given in section VI(c). 

The mean results of all 6 fish have been considered together for each 

experimental temperature and mean values calculated; trends from the in­

dividual plotted results have also been drmm (section VI(c)), alld these 

features are given in Figs. 27 and 28. The results indicate similar 

responses to temperature change of the respiratory and cardiac functions 
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Figure 26 

The temperature of the water in the plastic con-

tainer of Fish V, of the 'later-bath, and of the 

air in the constant temperature room during the 

course of the experiment. 

'.!I , Fish V container; ~ ,later bath; 
\ 
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o air. 
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studied as were repo.ted in section (f). In the cases of the ventilatory 

functions, the data for 25.SoC has been plott~ as 2 separate points -

for the 1st. and 2nd. 2-<iay periods (period M and L respectively). For 

Fish I and A period M "as shortly after electrode implantation and initial 

hanQling, so the increased respiratory rate may be, in part, a reflection 

of this (section (d) above). The other 4 fish had been subjected to 

initial handling, anaesthesia and electrode implantation some days 

previously, and the increased ventilatory rates during the earlier period 

M (as seen very clearly in Fig. 31 for Fish T, R and 0; ~lsh V is an 

exception in this regard) may be due to the increase from ! 22.00 C to 

o 25.8 c. This temperature change may also be of importance for the 

increased respiratory rates in period H in Fish I and A. Thus the 101,er 

respiratory rates during the later period at 25.80 C may be an indication 

of a thermal acclimation fu'ld/or of a settling d01m after an initial 

handling and operative stress. IncreasC3s in the p ... H, and R~'l. interval 

during the period at 25.8
0
C are also seen (Fig. 28) but are insignificant. 

The mean results of the cardiac fu'ld opercular/buccal respiratory 

functions (Figs. 27 and 28) are given together with an estimate of the 

95% confidence limits in each case. These limits indicate that in some 

cases the variability about the mean is greater, whereas in other cases 

it is smaller. Some possible reasons for this variability ~Iere thus 

investigated.. 

1.) 
It was considered likC31y that smaller fish would, as in the case 

of the opercular/buccal respiratory functions (see section (e) above), 

have more rapid cardiac functions than would larger fish, and 

1.) As all fish used ~Iere caught from a rapidly-breeding natural 
population (see secti on II (a)), it was considered likely that 
fish of similar size ,lOuld be of approximately the same "physio­
logical age", i. e. at a similar stage in their physiological 
development, although males are often larger than females. 



P.T.O. for pages 81 and 82 

(Fig. 27) 



81 

Legend for Figure 27 

(opposite; please. rotate through 900 ) 

Diagrams of the changes in the R-T cardiac in­

terval, the opercular/buccaJ. respiratory cycle 

length antl the opercul~/buccal respiratory 

rate for the six experimental fish as the tem-

perature was changed as indicated over a period 

of 14 days. The mean values at the main experi­

mental temperatures are given (position on the 

X-axis within any experimental temperature is 

arbitrary) as well as the 95% confidence limits 

around these means; the 95% confinence limits 

are also recorded as a ~ of the mean in each 

case. The respiratory functions are plotted 

both for the first 2 days or part thereof at 

25.8oC (period M), and for the later 2 d~s at 

this · temperature (period L), instead of for the 

whole period at 25.8°C. Refer to section vr(c) 

for the complete ~; et of plotted points from 

which these graphs were fitted by eye. 

--.-- - operbular/buccal respiratory rate 

-'--0-- - R-T interval 

~ - opercular/buccal respiratory cycle 
length. 
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Figure . 27. 
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P.T.C. for pages 83 and 84 

(Fig. 28) 
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Legend for Figure 28 : 

(opposite; please rotate through 900
) 

Diagram of changes in the values of the R-R and 

P-R interyals for the six experimental fish as 

the temperature was changed as indicated over a 

period of 14 days. The mean values at the main 

experimental temperatures are given (position 

on the X-axis within any experimental tempera-

ture is arbitra~) as well as the 95% confidence 

limits aro~~ these means; the 95% confidence 

limi ts are also given as a % of the mean in each 

case. Refer to section VI~) for the complete 

set of plotted points from which these graphs 

were fitted by 6,1e • 

.. 0······ - R-R interval ' 

''x.... - P-R interval .... 
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Figure 28. 
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t.hat the response of different size fish to t emperature insofar as these 

cardiac and respiratory functions are concerned, may also be different. 

This latter has been suggested for most rate functions by Rao & Bullock 

(1954). 'rhus as fish of weight 49.8 - 88.0 gm were used in this experi-

ment, fish size could introduce a source of variation into the results. 

Fish weight varies in a fairly regular way with fish length in this 

species in the range of fish size used in these experiments as can be 

seen from data published in the literature, from data of a colleague, 

and from my data (Fig. 29). Only in t he case of very small fish 

(.c 8 cm total length) does fish length change very rapidly in comparison 

with fish "eight. As it was thus unimportant whether fish weight or 

length be used as a measure of fish size, the cardiac intervals were 

plotted against fish ,/eight for the experimental temperatures (Figs. 30 

and 31). 

Fig. 30 illustrates that the R-T interval, and even more particu-

larly the P-R interval, remain fairly constant at anyone temperature 

irrespective of the size of fish used, as already illustrated in Figs. 

27 and 28 as the confidence limits about the means for these intervals 

are small (t4.0 - 13.0% of the mean values of the respective intervals), 
o 

an exception here being the R-T interval at 21.1 C. Also the individual 

fish QlO values for these intervals show no particular relationship to 

fish size. 

The R-R interval and QRS duration are, on the other hand, more 

variable, and this can be seen both i!l Fig. 28 (R-R interval) and in 

Fig. 30 (R-R and QRS, on the right and left sides). Although the 

95% confidence limits for the R-R interval represent 15.1 - 39.6% of 

the mean values, this variation does not seem to be related in a consis­
o 

tent way to fish weight, except perhaps at 14.1 C where R~~ tends to 

decrease with increase in fish size. This relationship is not a signi-

ficant one, however, as the slope of the regression line calculated for 

contd. on p. 91. 
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Figure 29. 

H eight of T. lJlossa!1bica in relation to standard length and total length 

using data from the literature and measurements on fresh and fixed fish. 

Curves have been drm.Jn by eye to indicate the trends present. 
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P.T.O. for pages 87 and 88 

(Fig. 30) 
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Legend for Figure 30. 

(below· and opposite) 

Opposi te: The R-R, P-R and R-T intervals for individual fish 

plotted against the l-leight of the fish in grnfor 25.8, 17.8 

o 
and 14.1 C. Vertical lines indicate the individual fish. A 

.regression line for the R-R interval at 14.1oC is drawn, and 

the formula given for the line. 

G 0 • R-R interval at 25.8, 17.8 and 14.1oC respectively 

EJ 0 • P-R interval at 25.8, 17.8 and 14.1oC respectively 

A tJ. • R-T interval at 25.8, 17.8 and 14.1oC respecti v'ely 

Below: The QRS complex duration for individual fish plotted 

against fish weight in gm for 25.8 and 14.1oC. VerticaJ. lines 
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Figure ~O. 

( continued) 
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P.T.O. for pages 89 and 90 

(Fig. 31) 
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Legend for Figure 31. 
t 

(opposi te) 

The opercular/buccal respirato~~ rate and the 

corresponding respiratory cycle duration (the 
, " 

superimposed sheet) for the individual experi-

mental fish plotted against the weight of the 

fish in gm for the experimental temperatures 

o 25.8, 21.1, 17.8 and 14.1 C. The readings ob-

tained for the initial period at 25.80 C (peri­

od M) and for the later period at this tempera­

ture (period L) have been plotted separately. 

Vertical lines indicate the weights of the in-

dividual fish. 

* - 25.80 C; period H 

• - 25.80 C; peri~d L 

0 - 21.10C .. - 17.80 C 

0 ° - 14.1 C 

Regression lines ' which have been calculated 

for each temperature, have been drawn in, and 

the relevant formula is given in each case. 
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for these values (Fig. 30) is not significantly different from a horizon­

tal line (p< 0.40). Information from many more animals would be needed 

in order to clarify this 

rate and the ventricular 

relationship. QIO values calculated for heart 

1 
depolarisation rate ( :: QRS ) do, however, show 

a correlation with fi8~ size (just si~1ificant in the case of the ventri-

cular depolarisation rate, P< 0.05) as smaller fish tend to have hig.l-jer 

QIO values than larger fish for these functions. This data is presented 

in Fig. 32 (p. 94) together with the ventilatory data. 

In contrast to the cardiac intervals, the ventilatory rate and 

cycle length do indicate changes in relation to fish size in these ex-

periments (Fig. 31). Both indicate that these respiratory functions 

tend to be accelerated in smaller fish as compared to larger fish at all 

experimental temperatures used. In the case of the ventilatory cycle 

length, the regression lines calculated for the plots seem to be parallel 

and thus of similar slope at the differeDt temperatures, but in the case 

of the ventilatory rate they seem to be of a progressively steeper slope 

,.,i th an increase in temperature, reachi.ng a maximum for period 11 at 

25.8°C (first 2 days at this temperature). These apparent slope diffe-

rences are, however, purely a function of the Hay in which a rate func-

tion is related to the interval from ~lhich it has been derived. 

This content:i:on is also supported by the close similarities between 

the ventilatory rate and the ventilatory cycle length regression line 

t and P values at the same temperature (Table 8), Only in the cases 

of the early period at 25.8°C (period ~D, and of the period at l7.8°C, 

are the slopes of the regression lines both for the ventilatory rate 

and for the ventilatory cycle length significantly different from 

horizontal lines (p values of < 0.05 or 0.02). However, from a con­

sideration of Fig. 31 and Table 8, in particular of the l7~8°C results 
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Table 8 

Probabilities that regression lines calculated 

for values of the opercular/buccal respiratory 

functions at different temperatures, plotted 

against fish size. (Fig. 31), are significantly 

different from horizontal lines, together with 

the relevant t values and degrees of freedom 

(n-2) 

An asterisk ("I-) indicates a significantly small 

P value 

Both t.>le earlier 2-day and later 2-day periods 

at 25.80 0 are represented (periods M and 1 res-

. pectively). 

Temperature n-2 Opercular/buccal t value P value 
00 respiratory function 

cycle length 2.974 <0 •. 05 
25.8 (H) 4 

rate/min 4.116 -< 0.02 

cycle length 2.112 <0.20 
25.8 (1) 3 

rate/min 2.196 <0.20 

cycle length 2.170 <0.10 
21.1 4 

rate/min 1.950 <0.20 

cycle length 3.366 <0.05 
17.8 I. 

rate/min 3.513 <0.05 

cycle length 2.038 <0.20 
14.1 4 

rate/min 1.959 <0.20 

* 
'" 

* 
*' 
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where the plotted points were closely positioned around the regression 

line, it seems clear that if more experimental. fish had been used, the 

regression lines (although probably of similar slope to those dra,m here) 

would probably have proved to be more significantly different from a 

hor izontal line in all cases. Thus the above indicates, as does the 

information presented in Fig. 22 (p. 66), that there may well be a signi­

ficant variation in opercular/buccal respiratory function rates Hi th 

fish size over a large temperature range in this species. 

It is also clear that the QIO v?J.ues for these ventilatory func-

tions in the experimental temper ature range would tend to increase '·Iith 

a decrease in fish ;leight, as can be seen in Fig. 32. This tendency is 

significant for the opercular/buccal respiratory values (P<: 0 .02), just 

significant for the ventricular depolarisation rate (p< 0.05), and is 

not significant, because of great variability in the results as discussed 

earlier, for the heart rate (P<O.lO). Thus these results indicate a 

size-related variation in ventilatory function '-Thieh is accentuated at 

higher tempe~~tures, in particular during the early period at 25.aoC 

"hich- is, in many cases, concurrent with an initial handling stress. 

Therefore He can suggest that the variation in the rnagni tude of the 1. 96 

X S.E. values about their means for the cardiac and opercular/buccal 

respiratory functions studied at the different experimental temperatures 

may be partly due to the differential responses to temperature of the 

different size fish only in the case of the opercular/buccal respiratory 

functions. 

Returning to Figs. 27 and 28 (pp. 82 and 84 respectively), it can 

be seen that during the first temperature decrease (25.8 - 17.8°C) there 

is a slm-Ting of all cardiac functions and of the ventilatory rate (see 

Fig. 48, p. 121 for photogra.phs). Once agq.in, as reported in section 

(f), the heart rate (or its reciprocal the R-R interval) shows an acc1i-

o 
matory l'esponse during the time the fish are held at 17.8 C. This change 
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Figure 32. 

QIO values for the (i) ventricular depolarisa­

t ion rate (14.1 - 25.8°C range only), (ii) 

opercular/buccal respiratory rate, and (iii) 

heart rate (mean of all 6 temperature intervals 

in both t he latter) plotted against fish ~Teight 

. in those fish "hich gave complete results. See 

section VI(c) for the full respiratory r esults. 

Regression lines and reLevant formulae have been 

calculated and are given. Vertical lines indi-

cate the individual fish. 

• - ventilatory rate <:> - heart rate 

* - ventricular depolarisation rate 
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Figure 33. 

Mean R-R interval values in pBriod D (first 7 

h at t lSoC) and in period E (7t h or longer 

at :!: lSoC) for the 2 fish of an earlier experi­

ment (Fish VII and VIII, see section (f)) and 

for the 4 fish of the present experiments uhich 

gave adBquate readings. The mean value for all 

6 fish is also given together uith the 95% con­

fidence limits (1.96 X S.E.). In each case the 

value in period E is also given as a % of the 

value in period D. 
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in the R·~ interval is a significant one as can be seen in Fig. 33 where 

the mean values for each of 6 fish are given for the arbitrary periods. 

D and E as defined i n the previous section (page 70). The 6 fish used 

in this analysis were 4 from the present experimental series (the other 

2 gave no results in period D), and the 2 fish from the previous experi­
o 

ment ( at 18.1 C). In each case the mean value for R-R in period D is 

higher than that during period E for anyone fish. Using the method of 

paired comparisons, the probability that this pattern will be fOillld in 

other fish under similar experimental conditions i s high (P'(O.Ol). 

Also there is no overlap between the average 95% confidence limits for 
o 

the 2 periods at 17.8/18.1 C (Fig. 33). The mean heart r ate for the 6 

fish in period D is l7.6/min, whereas in period E it is 23.2/min. The 

R-R value in period E has been calculated as a % of the value in period 

D which is taken as 100%. These %s are given in Fig. 33, and the mean 

period E value for the 6 fi sh is 76.5%. As Fig. 28 and the full results 

in section VI (c) indicate, the R-R value remains relatively stable for 
o 

the remaining time at 17.8 C after these initial Changes. It i s also 

of interest to note that the 2 fish from tl,e earlier winter experiment 

show a smaller acclimstory response as compared to the summer fish of 

the present experiment (Fig. 33), also the average R_~ interval is lower 

in these winter fish in both periods D and E (2.80 and 2.26 respectively) 

than for the summer fish (3.70 and 2.65 respectively) suggesting a seasonal 

variation in heart rate. More extensive experiments would be necessary 

t o certify this finding. 

These more extensive experiments also indicate that the R-T interval 
o 

appears to acclimate to a small extent with time at 17.8 C (Fig. 27). 

(The earlier experiments on 2 fish have few and variable results for the 
o 

R-T interval at 18.1 C (p. 71)). This R-T acclimation appears to take 

a much longer time, and is less extensive during the 4~ay experimental 

period than in the case of the R-R interval. It can be demonstrated in 
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Figure 

Mean R-T interval values together with their 95% 

confidence limits in period G (first It days at 

17.8°C) and in period H (It days or longer at 

this temperature) for each of the 6 fish of the 

present experiment. The mean values for all 

fish in each period is also given together with 

their 95% confidence limits. In each case the 

value in period H is given as a % of the value 

in period G. A dotted line joins the values in 

periods G and H for anyone of the fish • 
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a similar 'my to the R-R acclimation if the period at 17.g0C is divided 

into 2 arbitrary periods as follows:-

period G - fish at 17.8°C for under It days 

period H - fish at 17.8°C for It days or longer. 

Hean results for individual fish during these 2 periods are given in 

Fig. 34, together with the mean of all fish for each period and the 

relevant 95% confidence limits. In each and every fish the mean value 

during period G is always higher than that during the later period H, 

and the probability that this pattern will be found in other fish has 

been fOlmd. to be high (p < 0.01) using the method of paired comparisons. 

It ill clear that the mean of the means also shm/s this pattern, but 

the 95% confidence limits for the individual fish and for the means of 

all fish for the 2 periods often sho,/ considerable overlapping. If 

the mean R-T values for any one fish during period G is taken as 100% 

and the value during period H is given as a % of this, the values are 

variable, and the mean for all fish is 93.5%. This small decrease in 

R-T with time at 17.80C is, in contrast to the rapid R-R decrease '.Ihich 

is followed by a plateau (Fig. 28), probably not complete by 96 h (4 

days) as can be seen from Fig. 27 and in section VI (c) "Ihere the full 

results are given. 

o 
The second temperature decrease (21.1 - 14.1 C) caused all res-

piratory and cardiac functions studied to slml down even more than at 

17.8°C, and these features are also seen in Figs . 27 and 28 . Unlike 

the 25.8 - 17.80 C decrease, there >las no indication of any cha.,ge in 

any cardiac function with time during the 4 days that the fish were at 

this 10>ler ta~perature. For e.g. there is no consistent difference 

behleen the mean R-R value during the first 7 h at 14.10C and the later 

period at this same temperature for the individual fish as can be seen 

in Fig. 35. Thus there is a large overlap between the 95% confidence 
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Figure 35. 

Mean R-R interval values during the first 7 h 

at 14.10 C (period J) and during the later pe­

riod K (7t h or longer) at this same tempera-

ture. Bean values for each of the 6 fish are 

given as ';rell as the mean values for all 6 

fish together with their 95% confidence limits 

(1.96 X S.E.) In each case the value in period 

K is also given as a % of the value in period J . 
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limits about the means of all of the fish in the 2 arbitrary periods 

as can be seen on the right hand side of this FigID-e. 

The magnitude of the QRS complex (as total height of the QRS on 

the recoI"iings convert-,ed to mV) was also measured a number of times for 

indivIdual hsh at all the experimental temperatures, as has already 

been mentioned in section (b), where QRS complex height in relation to 

electrode position and fish size was also discussed. Although individual 

fish show considerable variability, the mean QRS heights show only small 

variations with temperature as can be seen in Fig. 36. 

The results given in Fig. 36 may indicate a tendency for the 

electrical field surr~unding the heart and therefore probably the ven­

tricular muscle potentials to decrease slightly at temperatures below 

about 18Ce. This interpretatIon is, of course, based on the assumption 

that the myocardium is functionally a syncytium ,-11th complete depolari­

sation occurring at each beat. The slightly 101{er QRS voltages at 14.10 C 

are thus another indication of a change in cardiac function at this lower 

temperature, and the tendency for the QRS voltages to be fairly constant 

over the 17.8 - 25.80C range may indicate a stabilisation of the poten­

tials generated '::Jy the ventricular myocardium over the normal temperat ure 

range for this fish. The QRS complex heights showed no indication of 

acclimation ~uring the 96 h (4 d~) stay at 17.8°0 in contrast to the 

R ... ~ a.n1 R-T intervals; however a 1,,4% increase compared to earlier and 

later readings was r ecorded at 13 h (average of the 3 fish which gave 

complete results; see section VI (c) for complete results) . 

The duration of the QRS complex, measured a few times in each 

recording where possible, gave mean values of 0.026 ± 0 .007 at 25.8°0, 

and 0.048 ± 0.008 at 14. 10C (see Fig. 30). The QIO value for the 14.1 -

25.8°0 range for the inversely related rate of ventricU:ar activation 

cont.d. on p. 103 
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Figure 36. 

Mean QRS compl6"'A heights in mV for the six fish 

of the present experimental series for three of 

the experimental temperatures (14.1, 17.8 and 

25.8oC), together with their 95% confidence li­

mits. As two of the fish (Fish I and A) gave 

no results at 2l.1oC, no point was plotted for 

this temperature. 

The complete results from .rhich this Figure was 

drawn is given in section VI(c). 

A curve has been fitted qy eye. 

.----------------
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Figure 37. 

Cardiac function rates (excluding ventricular depolarisation 

rate) and ~~e ventilatory rate plotted on a logarithmic 

scale against the experimental temperatures. The mean rates 

(see footnote, p. 104) were plotted and a smooth curve drawn 

to fit these points by inspection. Q10 values, calculated 

from the tangents to the curves at 15, 20 and 250 C are given. 
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or depolarisation ( :: *) is 1.70. 

The R-R, P-R and R-T intervals were converted to rate functions as 

described on pp. 67 and 75 and their mean values and those of the opercu­

lar/buccal respiratory rate have been plotted (on a log. scale) against 

experimental temperature In Fig. 37. These results have been utilised 

for the cBlculation of QIO values at 15.00 , 17.50
, 20.00 , 22.50 and 25.00 C 

from the tangents to the slopes of the curves at t hese temper atures. The 

resul ts are also used for the calculation of Q2.0 values from all the 

temperature intervals available, using the method described on p. 77. 

These results are given in full in section 1TI(C). 

The QIO values suggest, as is to be expected for biological pheno­

mena "lith a lower thermsllimi t at Hhich they cease, that the QIO for an 

activity tends to increase as the temperature decreases to,Tards a lethal 

limit . This tendency can be seen In Flg. 38 where the mean QlO values of 

all activities measured (using the mean values of an activity at anyone 

temperature) over the 6 possible temperature intervals are indicated, 

together with their midpoint. These midpoints have been taken as being 

indicative of the centre of the temperature ranges over which this QIO 

value is operative, and have hence been used as plotted points for the 

calculation of a regression line Hhich is, hOHever, not signiflcal1tly 

different from a horizontal line (p< 0.10). It cloes indicate a tendency 

for QlO values to increase as the temperature decreases. H01.rever, if 

the mean QIO values for these same actlvities as calculated from the 

semi-logarithmic plots of Fig. 37 are plotted, al1d a regression line 

draHn, this line is steeper and has a slope that is significantly dif­

ferent from a horizontal line (p -< 0.001) . 

The QlO values also suggest that those for heart rate seem 
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elevated when compared to those for the other rates measured. This 

feature is illustrated in Fig. 39 where the mean QIOs of the 6 possible 

temperature intervals and their 95% confidence limits are plotted for 

each of the activities (~Acluding the ventricular activation rate), 

using only the mean ratesl .) of anyone activity as is the usual prac-

tise unless other>Qse stated. It is clear from Fig. 39 that the QIO 

and Arrhenius )1 values (see below) for heart rate are significantly 

higher than thos e for the other activities, with a mean QIO of 2.86 as 

compared to mean QIOs of 2.27, 2.22 and 2.18 for the ventilatory rate, 

the rate of conduction from the atrium to the ventricle and the rate of 

ventricular functions respectively; the heart rate QIO is also much 

higher than that for the ventricular activation rate (QIO " 1.70, see 

p.l03). This Figure also indicates that the rate of depolarisation 
1 and conduction spread be-Q,een the atrium and the ventricle ( :: P-R) 

has very consistent QIO and)1 values uhen compared to the other rate 

functions. Similarly mean QIO values of each activity are plotted as 

calculated from Ute semi-logarithmic plots of ]<'ig. 37, and these indi-

cate similar trends, although heart rate QIOs are not quite so elevated 

as compared to the value calculated from the discrete temperature inter-

vals (2.62 as compared to 2.86). This means thus that heart rate ,Qll 

tend to decrease more quickly as the temperature drops, or increase more 

rapidly as the temperature rises, within the experimental temperature 

range, when compared to the other rates studied. 

The Arrhenius)1, expressed in cal per mole (calories per mole), 

is derived from the following formula (Prosser, et al, 1952; Hoar, 

1966):- 4.53 log] 0 (le2 - leI) 

1/ Tl - T2 

where Kl and K2 are the rates of activities at the 2 experimental tem-

1.) The use of the term 'mean rates' excludes thos6 means calculated 
from an arb5.traril chosen oeriod only, with the exception of the 
later 2 days at 25.8 C period L) for the ventilatory functions 
,·,hich is taken as the mean for this particular rate at this tem­
perature. 
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Figure 38. 

Mean QIO values for rates studied (excluding the rate of 

ventricular depolarisation (:: _1_), wherever results . QRS 

from all experimental fish ~Iere complete) plotted against 

experimental temperature: (a) QIOs are indicated as hori-

zontal arrm,s over the relevant temperature range for 

each of the 6 possible temperature ranges studied; the 

midpoint of each arrm, is plotted (dark circle), and 

these plots are used for the calculation of a regression 

line. (b) QIOs are given as calculated from semi-log. 

rate-temperature plots (Fig. 37) for 15.0, 17.5, 20.0, 

22.5 and 25.0oC (light circles); a regression line has 

been calculated for these plots. Section VI(c) gives the 

complete data from which this Figure was constructed. 
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peratures (tl and ~), and Tl and T2 are these temperatures respectively 

on the absolute scale. Thus ~ is a function of the slope of the graph 

resulting from the plotting of an activity as a logarithm (to the base 

10 in this case) against the reciprocal of the absolute temperature. 

The Arrhenius ~ values change in a manner closely comparable to the way 

in which the QIO values vary for the same activity, as has already been 

suggested by the information presented in Fig. 39. This relationship 

has also been stressed by Rao & Bu.llock (1954) ' Iho suggest that "the 

SA-pression mu value may be substituted \,herever the former (i.e. QIO) 

is used ••• except when values for Q10 are given." (Underlined part my 

insertion). In fact p and QIO values as calculated from the same data 

sho\.[ a linear relationship as is seen in Fig. 40. 

The logarithms to the base 10 of the various rate functions have 

thus been plotted against the reciprocal of the absolute temperature in 

Fig. 41, and the calculated Arrhenius p. values are given. These indicate 

the same trends as shown by the QIO values as calculated from the dis­

crete temperature intervals, as given in section VI(c) • 

Parenthetically it should be noted here that I was unable to 

calculate the Jl values in the usual ,lay from my limited number of experi­

mental temperatures. This more generally used method is to plot, as 

individual points, values of an activity over a slowly changing tempera­

ture range. Parallel lines are then drawn to enclose the points, and a 

series of differently sloping pairs of parallel lines usually result (for 

e.g. see Fig. 10, Crozier, 1926). The slopes of these lines allow the 

required ~ values to be calculated. 

In order to investigate "hether the oparcular/buccal respiratory 

and cardiac functions studied are significantly different at the adjacent 

experimental temperatures, the means of these functions together with 

contd. on p. 109. 
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Figure 39. 

Q10 (dark circles) and Arrhenius ~ (light circles) 

values (mean of the 6 possible temperature ranges) 

together with their 95% confidence limits, for the 

ventilatory rate and the cardiac rates studied (exclu­

ding the ventricular depolarlsation rate :: -dis). 
Section VI(c) gives the complete Qata from which the 

information presented here was taken. Q10 s as calcu­

lated from the semi-log. rate-temperature plots of 

Fig. 37 are also given for comparison in each case 
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Figure 40. 

Q10 values (represented on a Log. lO scale) 

plotted against Arrhenius }l values as calcu-

1ated from the same experimental data. The 

0 

graph has been fitted by eye. 

• - from experimental data of this inves­
tigation. 
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their confidence limits as presented in Figs. 27 and 28 are re-dra\m in 

Figs. 42 - 45, both for the intervals measured" (on the left hand sides) 

and for the related rate functions (on the right hand sides). (The 

ventilatory rate VB. temperature plot and graph has &lready been given 

and discussed, see Fig. 22, and p. 62). The 95% confidence limits are 

also given as a % of the mean in each case and, in the case of an inter­

val and its related rate function at the same temperature, these sh01-l 

close similarities in 10 of the 16 cases (ratio of one % to the other 

0.95 - 1.05). In the other 6 cases (indicated in Figs. 42, 44 and 45), 

the % values were not so comparable, but no explanation of this fact 

can be offered. 

Curves have been fitted by eye in Figs . 42 - 45 as linear regres­

sion lines were considered to be unsuitable and invalid, because these 

could only be drmm for small sections of the experimental temperature 

range and remain 'Iithin the 95% confidence limits about the means in all 

cases. It was not considered practicable to attempt calculating the 

formulae for non-linear regression lines to fit the plotted points as 

the cBlculations are extremely involved . The curves dra,m for the dif­

ferent cardiac or respiratory intervals (on the left hand sides) tend 

to approach the Y axis asymptotically at the lower end of the temperature 

scale, a feature related to to the fact that as a function ceases at low 

t emperatures, the time taken for that function becomes inordinately long. 

The rate curves for the cardiac functions (Figs 42 - 44, right hand 

sides) appear to become asymptotic lJith the Y axis at the upper end of 

the temperature scale also, with the R-T interval as a pOSSible exception 

(see later). 

Figs. 42 - 45 indicate that ,Ihere the variability in a function 

is small, as for e.g. for the R-T and P-R intervals and their related 

contd. on p . 112. 
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Legend for Figure 41 t 

(opposite) 

The ventilatory rate and the rates of the cardiac 

activities measured (excluding ventricular depo-

larisation rate), as logarithmic values to the 

base 10, plotted against the reciprocal of the 

absolute temperature. Graphs have been drawn by 

joining only points derived from the mean rates 

(see footnote on p. 104) and the corresponding 

Arrhenius p values are given for the intervals 

bet,,,een adj acent temperatures. The full results 

of the )l values calculated for all , available tem­

perature intervals are given in an Appendix (see 

.. 

section VI (c)) • 

( 1 
-0. K is proportional toR-R i.e. K is 

"- x, 
"-

heart rate; values for periods D 
and E at l7.8°C are also plotted. 

1 
K is proportional to R:"'T; values 

for periods G and H at l7.SoC are 
also plotted. 

1 
K is proportional to P-R 

K is respiratory ventilatory rate for 
the presBnt experimental series; 
the value during period H at 25.SoC 
is also plotted. 

K is respiratory ventilatory rate for 
the earlier 1967-1968 experiments. 
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rate functions (Fi gs 43 and 44), and the 95% confidence limits at 

adj acent experimental temperatures are well separated from each other, 

and hence the functions concerned are clearly significantly different 

in magnitude at the 2 temperatures concerned. If the variability is 

larger, ho'.rever, as in the case of the respiratory rate, R-R interval 

etc., the 95% confidence limits do approach, but only in the cases of 
o 

the r espiratory opercular/buccal functions at 17.8 and 21.1 e (~'i g. 45) 

is there actually an overlap . In these instances it can be suggested 

either that there is a significant difference at the 2 temperatures 

but the variability wi t hin the 6 fish (size-correlated in these particu­

lar cases as discussed earlier) masks this and causes the OVerlap, or 

that there is no significant difference. The method of paired 

comparisons was therefore used to compare the values of the venti-

latory functions at the 2 temperatures, and the P values of ~ 0.02 and 

~ 0.01 (for ventilatory ~fcle length and ventilatory rate respectively) 

indicated t hat these respiratory functions were indeed significantly 

different at the 2 temperatures at greater than the 95% level. Thus 

in all cases t he functions studied were significantly different at 

adjacent experimental temperatures which represented temperature inter-
. 0 

vals of as little as 3.3°e (17.8 - 21.1 e). 

The rate function vs. temperature graphs (R-T graphs in the 

literature, not to be confused "ith the R-T interval !) on the l eft hand 

sides of each of the Figs. 42 - 45 would have been able to give an indi-

cation of the low temperature at which the various functions might be 

expected to cease if lower experimental temperatures e . g. 100e had been 

used. The results that have been obtained do not provide reliable extra-

polations belm·l about 100e, but do suggest that the ventilatory functions 

may well cease at a higher temperature than the various cardiac functions 

contd. on p. 117. 
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Figure 42. 

Mean values for the R,...R interval (left) and the heart 

rate (right) at the four experimental temperatures to­

gether with the 95% confidence limits about the mean 

in each case. The confidence limits are also given as 

a % of the mean next to each point. At 14.1 and 17.SoC 

these limits as a % are rather different when the rate 

function is compared to its related interval. These 

are indicated by Al & A2 and Bl & B2 respectively, and 

the relevant ratios are as follows:-

= 1.27 ; = 1.lS. 
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Figure 43. 

Mean values for the P-R interval (left) and the 

rate. of conduction from the atrium to the ventricle 

(right) at the four experimental temperatures to­

gether with the 95% confidence limits about the 

mean in each case. The confidence limits are also 

given as a % of the mean next tc each point. Three 

plots have been included from one fish of an early 

experiment (section (e» and graphs have been fit-

ted by eye to indicate the trends present. 

Present experiment plots -1 ; section (e) plots -}i 
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Figure 44. 

Mean values for the R-T interval (left) and the 

rate of ventricular functions (right) at the four 

experimental temperatures together with the 95% 

confidence limits about the mean in each case. 

The confidence limits are also given as a % of the 

mean next to each point. At 14.1 and 2l.1oC these 

limits as a % are rather different when the rate 

function is compared to its related interval. These 

are indicated ~ Al & A2 and Bl & B2 respectively, 

and the rel~vant ratios are as follows:-

Al ~ 

A2 
= 1.08 ; 

B2 
= 1.10. 

Graphs have been fitted ~ eye to indicate the trends 

present. 
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Figure 45. 

Hean values for the ventilatory cycle length (a) and 

its related rate (b) for the 6 fish of the present 

experiment (mean weight 68 . 6 gm) at the 4 experimental 

temperatures together with their 95% confidence limi ts. 

These limits are also given as a % of the mean in each 

case, and these %s are usually closely cOr.lpare.ble in 

(a) and (b) at the same temperature (ratio between the 

2 between 0.95 and 1.05). o However at 21.1 and 25.8 C 

this is not so, and the ratios in these cases are as 

fo11O\,s: - 0 Al 0 Bl 
21.1 C:- = 0.91 ; 25.8 C:--= 0.89 

A2 B2 
In addition 6 points have been plotted for the 9 fish 

(mean weight 45.0 gm) of the earlier experiment repor-

ted in section (e). Graphs have been fitted by eye • 
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studied as discussed again later. These Figs. also give some insight 

into the changes of the various cardiac intervals and the ventilatory 

cycle time Hith temperature and indicate that at temperatures "Ihich 

approach the upper lethal temperatures (± JSOC) for this species, there 

is a distinct flattening of the curve only in the case of the ventila-

tory cycle length, as seen also in Fig. 45 for the smaller fish utilised 

in the earlier experiment reported in section (e). This tendency is 

also noticeable, but to a small extent only, in Olle of the cardiac 

functions - the R-T interval - at about 25.8°C (Fig . 44). 

The relationship bet"leen the ventilatory beat and the heart beat 

is an interesting one, as a cardio-respi ratory synchrony is well lcnmnl 

in many elasmobranchs, and sometimes in teleosts partictuarly under 

stressful conditions such as anoxia. This synclrrony is probably of 

functional significance as it alloHs the most rapid gill ,later floHs 

and blood floHs to coincide . The mean ventilatory and heart r ates have 

been plotted against temperature together (Fig. 46) as well as the ratio 

of the hear t rate to the ventilatory rate with temperature, in order 

to investigate ,[hether there are general trends towards a cardio-

respiratory synchrony at any temperature in this fish or not. These 

graphs illustrate the raised QIO values for heart rate as compared to 

the ventilatory rate (steeper R-T graph), and that a possible 1:1 ratio 

between the 2 rates may be a fairly general phenomenon only at very high 

(± J70 C) and very 101-1 (:!: 9°C) temperatures, i.e. Hhere the extrapolations 

of the R-T graphs for heart and ventilatory rate (dotted lines) inter-

sect (Fig. 46). However, on the odd occasion, 1:1 ratios ,Jere observed 

o in one or two of the traces recorded at 21.1 C. 

In order to ascertain ;lhether the heart beat may tend to occur at 

any particular region(s) of the ventilatory cycle, P deflection pOSitions 
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Heart rates (light circles) and ventilatory 

rates (dark circles) at the different experi-

mental temperatures, and the associated ratio 

of heart to ventilatory rate (crosses) as 
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relative to the electrical recording of the ventilatory cycle of move­

ments (see section (c), p. 45) were recorded at the main experimental 

temperatures in a number of cases where both the ECG and ventilatory 

recording; were clear enough. The methodology used here is basically 

that used by Hughes & Umezawa (1968), and also by Berger et al (1970) 

when studying ventilation-Hing beat relations in birds. Some examples 

are given in Fig. 47. These records often indicated a very temporary 

tendency for the heart beat to start in particular regions of the venti-

latory cycle (the mouth opening or closing etc. stages ~Tere not correla­

ted with the electrical recordings, unfortunately), but no permanent 

tendency was seen, not even at l4.loC where, because of the very low 

ventilatory rate and small movements , possible hypoxic stress may be 

expected. Also the 1 m lengths of film exposed at anyone time for any 

one or pair of fish did not allow sufficient readings to be made so as 

to establish whether these tendencies were significant at anyone time 

or not. 

To help summarise the results of this last experiment, selected 

photographic results from Fish R and T 'Thich were considered fairly 

representative of the 6 fish, are presented in Fig. 48 for a fe" 01: the 

experimental temperatures in the order in which they ,Tere experienced. 

(N.B. the scale on the time or X axis used for the l4.10 C records as 

sho,m is much smaller than for the other temperatures because of the 

long periods between ECGs, etc.). These photographs illustrate the 

various aspects discussed above such as increasing length of intervals 

with temperature decrease, and also that when the temperature drops 

o 0 
rapidly from 21.1 - 14.1 C or from 25.8 - 17.8 C, the T deflections may 

become more pronounced in some fish, as seen in photographs (ix) and 
o 

(iii), the latter recorded at 20.3°C during the 25.8 - 17.8 C decrease, 

and indicating marked differences in this respect from photograph (Viii) 

contd. on p. 123. 



120 

Figure 47. 

Dra1-dngs of the electrical changes caused by 

a ventilatory cycle in a feu of the experimen­

tal fish ,Ii th the frequency of the occurrence 

of the P deflection of the EGG a t di fferent 

phases of t he ventilatory cycle indicated as 

a histogram. Fish name , and the temperature 

at uhich t he r ecording \·Tas made , is given in 

each case . The ventilatory pattern is shown 

on top i n each case. 
rr~~~--~r-~~~ n--r-r~-'~r-r-~~ 

FISH V 

FISH R 

FIS 1-+ 0 

s 

o 

FISH T 

FISH R 14-' 1°C 

FISH 0 

5 

s 



P.T.O. for pa.ges 121 and 122 

(Fig. 48) 



121 

Figure 42. 

(Below and opposite) 

Oscillographic recordings showing ECGs ( also ven-

tilatory IIDlscle potentials in some cases ) from Fish 

R and T during the experimental temperature changes. 

The photographs are presented in the order in which 

they were recorded «i) - (x)) and those from Fish R 

are displaced to the left, those from Fish T to the 

right. ECG deflections are labelled, and, where 

visible, a v8ntilatory ~cle is marked by a horizon-

tal arrow. The temperature is given and, 1-lhere the 

period at a temperature has been arbitrarily subdivi-

ded for study purposes, these are also .given if they 

apply. 
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recorded at 21.1OC where the temperature had just been raised. The 

T-hump height and duration are often difficult to discern because of 

the marked ventilatory activit.1. but both seem not to be so marked. 

No diminution in T-hump prominence was noted at 14.10C, but, in some 

fish, actually an increase during the 4-day stay at this temperature. 

Finally, the over-all changes in heart function with temperature 

can best be summarised by a histogram indicating not only the times 

occupied by the cardiac cycle (R~ interval duration), but also the 

times for ~Ihich t.he heart remains active (electrical systole, approxi­

mately equal to the p~ plus the R-T interval), or inactive (electrical 

diastole, approximately equal to the R~ interval minus the period of 

electrical systole). These are illustrated in Fig. 49 which includes 

the durations of the P~ and R-T intervals. 

As illustrated in Fig. 49, and also in Fig. 48 utilising discrete 

examples, the main features accompanying a decrease in temperature over 

the experimental temperature range are as follows:-

1. The over-all duration of a cardiac cycle increases. 

2. The component parts of a cardiac cycle, electrical systole and 

diastole, also increase, as do the P-R and R-T intervals which 

comprise electrical systole. 

3. The QIO values for systole and diastole over the 25.S - 14.1oC 

temperature interval are 2.05 and 3.49 respectively, indicating 

that diastole increases more rapidly than does systole as the 

temperature decreases. Therefore systole occupies, in general, 

a progressively smaller % of the heart cycle (41.5% at 25.SOc; 

29.0% at 14.1oC). {The only exception to this is that during the 

first few h the fish were at 17.SoC (period D), systole occupied 
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Figure 49. 

Line histograms of mean R-T and P-R interval lengths, 

and block histograms of mean lengths of systole and dias­

tole (in s and as a % of the cardiac cycle) for 6 fish at 

the experimental temperatures used. Two additional histo­

grams have been dravm for 17 .80 e, incorporating informa-

tion from the two fish of the earlier experiment reported 

in section (f) with that from four fish of the 

present experiment. These histograms are for 

period D (fish at 17.8°e for 7 h or less) and 

for period E (fish at 17.80e for 7t h or more). 
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° all even smaller % of the cardiac cycle than at 14.1 0). Oonse-

quently both the P-R and R-T intervals occupy smaller and smaller 

proportions of the cardiac cycle as the temperature decreases over 
o 

the experimental temperature range e.g. P-R : R-R = 0.095 at 25.8 0 
o 

but only 0.073 at 14.1 0 (see Fig. 50, p. 129). The 2 components 

of systole have, however, a fairly consistent relationship to each 

other over the experimental temperature range, the P-R : R-T ratio 

varying between 1 : 2.86 and 1 : 3.41 in random fashion. 

4. Diastole occupies a progressively larger % of the cardiac cycle 

° ° 0 time (58.5% at 25.8 0; 71.0% at 14.1 0). Again, period D. at 17.8 0 

is an exception as diastole occupies a larger % of the cardiac cycle 
o 

than at 14.1 O. 

° ° 5. After the 8 0 temperature decrease (25.8 - 17.8 0), as discussed 

earlier, there is a cardiac acclimation involving an R-R interval 

shortening, mainly a result of a shortening of diastole. This 

acclihlation means, therefore, that the relative period of systole 

increases from 27.5 to 34.0% of the cardiac cycle time while the 

fish remained at 17,8°0, this acclimation being complete in less 

than a day, and being more marked in summer fish. 

This last point is, perhaps, one of the more interesting findings 

of the present experiments. It indicates that the % of the heart cycle 

occupied by systole (the systolic duration fraction) changes with time 

and approaches the situation found at more normal temperatures, because 

of a possible acclimation in the form of a shortening of electrical 

diastole. No similar changes were observed during the 4-day experimental 

period at 14.1°0, however. 



IV . Discussion. 

(a) Heart structure and electrocardiographs. 

The heart of T. mossambica anQ the arrangement of the chambers of 

the heart are closely similar to other higher teleost fish, including 

the large atrium with a volume similar to that of the ventricle, the 

non-contractile elastic bulbus arteriosus, and the 2 atrio-ventricular 

valves (Satchell, 1971). Shrivastava (1965), hm,ever suggests that 

most teleosts have 4 such valves, often arranged in 2 unequal pairs. 

Some features of the heart of T. mossambica are, on the other hand, 

probably different to those of some or many other teleosts. These 

include (i) the arrangement of the atrio-ventricular and ventriculo­

bulbar apertures in close proximity; this is also seen in Salmonids, 

(Satchell, 1971); (ii) the longitudinal folds on the i~~er wall of the 

bulbus arteriosus, reported also for Clarias batrachus by Shrivastava 

(1%5); (iii) the occasional presence of asymmetrically arranged atrial 

lobes (the eel usually has the left sides of both atrium and ventricle 

better developed (Oets, 1950); and (iv) the apparently non-contractile 

nature of the sinus venosus, as no oscillograph deflections could be 

obtained even from electrodes i n direct contact ~ri th this chamber; thus 

either pacemaker potentials originating here are too small to be recorded, 

or pacemaker potentials are associated with the atrial musculature. The 

importance of the bulbus in maintaining blood flow during a large pro­

portion of systole, particularly at higher heart rates as f ouqd by 

Randall (1968) for the lingcod Ophiodon elongatus, is relevant here. 

The heart of vertebrates is composed of distinct cells of 2 main 

types, muscle elements and pacemaker/conductile elements (Purkinje fibres). 

Fish heart muscle elements may be smaller, on average, than their mammalian 

counterparts (Randall , 1962) and, unlike other vertebrates, intercalated 

discs are absent where adjacent muscle elements join (Couteaux & Laurent, 

1957). Notwithstanding the myocardial elements of fish together form 
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a functional unit, as in other vertebrates, particularly as the 

transmission of electrical potentials from one cell to the next seems 

in no way impeded bY the intercellular boundary (Schaefer & Haas, 1962; 

Prosser & Brown, 1961) Thus the variation in the voltages recorded 

from the ventricle (the QRS complex height) at different temperatures 

could hardly be because of uneven or partial recruitment of the myocardial 

elements. Also the generally lo'~ EGG voltages recorded from Tilapia 

and from other teleo~ts as compared to other vertebrates (see Table 9) 

are probably not related to the smallness of the individual elements, 

but rather to the small relative and absolute size of the teleost heart 

(0.10 to 0.21% of the body weight, Lagler et al (1962) and the distance of 

the electrodes from the heart (Table 9). The fact that, in the present 

investigations, a "bipolar" lead system was utilised, may also be of 

importance as Serfaty & R~aud (1956) have shown that more prominent 

and clear deflections were usually obtained using a "unipolar" system 

in tench when compared to a "bipolar" one. 

It is not surprising that the stages of the ECG can be accurately 

correlated with changes in the trans-membrane action potentials in 

individual ventricular cells for a particular animal, as shown by 

Omura et al (1967) for rats, turtles and frogs. These authors similarly 

describe parallel alterations in the Q-T interval and the transmembrane 

action potentials after heparin injection into these animals. Therefore 

we can suggest that, for the individual experimental fish used in this 

investigation, the R-T interval as measured bears a more or less consistent 

relationship to the duration of the action potential in the individual 

cells of the ventricle. 

The ECG also informs us of the rate of impulse conduction over the 

heart. The QRS indicates the rate of ventricular conduction, and the 

degree of synchronisation of the myocardial elements of the Ventricle. 

The QRS duration varies between 0.020 and 0.055 s in the Tilapia 

mossambica studied here, and Kisch (1948) reports values of 0.04 to 0.06 s 
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Table 9. 

Approximate QRS voltages as recorded from intact and dissected 

animals both from the present investigations arid as recorded 

in the literature. It can be seen that, in many cases, for 

the same animal or animal group QRS magnitudes are 2 to 10 times 

larger when the recording electrode is near the heart (~) than 

when it is implanted subcutaneously or placed on the skin sur-

face at some distance from the heart (0). 

Experimental Investigator or Posi tion of the Approximate 
animal Information source recording elec- QRS voltage 

trodes in mV 

Mustelus canis Kisch (194S) ~ On ventricle, 
(Elasmobranch) (Fig. 17) dissected fish 1.40 - 4.50 

An411a vulrariS Oets (1950) o skin surface 
Teleost in intact 0.11 - 0.40 

fish 
f-- - --- -----
~ pericardium 
dissected fish 0.70 -1.00 

Pleuronectes flesus Oets (1950) + on ventricle, 
(Teleost) dissected fish 0.15 - 0.20 

Tila2ia mossambica present gular muscle in 0.01 - 0.17 
(Teleost) investigations. 0 intact fish (average 

0.03 - 0.09) -- - -- - - - --
+ on heart, dis-

sected fish 0.30 - 0.70 

OS2hronemus subcutaneous 
goramy Remorov (1964) 0 muscles in 0.50 

(Teleost;) intact fish 

Xeno:Qgs 1aevis Furman (1960) various positions 
(Amphibian) ~ near heart in 0.50 - 3. 00 

'- preSen:t-
intact toad ----- T onheart,- -

investigations 
(section VI (a)) 

dissected toad 0.40 - 0.50 

Caeci1ia ggentheri Peters & Hullen + near heart in 
(Amphibian) (1966) intact animal 0.30 - 1.00 

Cani!! (Hammal) Schaefer & Haas + on heart, dis-
(1%2) sected animal 15.00 - 25.00 

JIomo sayiens Schaefer & Haas skin surface in 
(Mammal (1%2) 0 intact man 1.50 - 2.50 

(leads 111, V2, V3 
and V4) 

. 
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for those teleosts he studied. This latter author suggests that 

this interval is short in fish as compared to ·mammals (0.093 s jn ~), 

but Robertson et al (1966) report values of 0.12 to 0.60 for 66 - 96 cm 

o 
salmon at ll.O - 15.5 c. These findings are of interest as fish are 

not known to have Purkinje fibres which are specialised for impulse 

conduction. Thus the small size of the fish heart (particularly in 

smaller fish) and a possibly rapid conduction within the ventricular 

myocardium itself, may therefore compensate adequately except in large 

fish such as the salmon mentioned above which have hearts weighing 

between 6 and 16 gm (Robertson et al, 1966). 

The P-R : R-R ratio is normally considered as an indicator of 

the rate of atrio-ventricular conduction, and also of the extent of 

the atrio-ventricular junction delay. The smaller the above ratio, 

the smaller the delay, and the less advanced the nodal delay tissue 

responsible for it. This P-R : R-R r atio in the T. mossambica of the 

present investigation varied between 0.073 and 0.095 (see Fig. 50). 

Other vertebrates have higher values, amphibians included (Furman, 1960), 

and Peters & Mullen (1966) report ratios of 0.172 to 0.200 for Cecilia 

guentheri. Thus the heart of T. mossambica and other fish contains 

little nodal delay tissue (i. e. "transitional cells" of Martinez - Palomo 

et al, 1970) between atrium and ventricle. This is an interesting and 

puzzling feature in vie,l of the similar volumes of atrium and ventricle, 

and of the fact that the contraction of the atrium is responsible for 

ventricular filling to an extensive degree (Randall, 1968), unlike the 

tremendous atrial through-flow prior to atrial contraction in mammals. 

The R-T : R_~ ratro in Tilayia is also markedly less than in 
1. 

Caecilia and other vertebrates, being 0.216 to 0.324 (see Fig. 50) as 

1.) Kisch (1948), however, reports long Q-T intervals for fish as com­
pared to mammals; his use of intact but anaesthetised fish may 
explain his finding. 
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compared to 0.57 to 0.67 in C',ecilia (Peters & Mullen, 1966). 

Thus, because of the small P-R : R-R and R-T : R_~ ratios in Tilapia,. 

it is suggested that electrical diastole in this fish is rather long, 

and the phases of electrical ~stolel= R-T plus P-R} are rather short, 

when compared to other animals. This feature is also a function of 

temperature (Fig. 50) and it seems clear that both the P-R : R-R and 

R-T I R-R ratios increase with temperature increase, suggesting both a 

more efficient atrial-ventricular blood transfer and ventricular con-

traction at higher temperatures. 

The P-R : R-T ratio in T. mossa~bica is fairly consistent at all 

experimental temperatures (Fig. 50), and that the P-R and R-T intervals 

respond in a similar way to temperature (Fig. 37, p. 102) is probably 

the reason for this. The atrial cells of fish repolarise more rapid-

ly than do the ventricular cells, e.g. Jaeger (1965) found that 80% 

of atrial cell repolarisation occured by 0.194 s and 80% of ventricular 

cell repolarisation by 0.470 s. These times give an atrial : ventricular 

repolarisation t ime ratio of 1: 4.2, a ratio similar to the P_~ : R-T 

ratios of 1 : 2.9 to 1 : 3.4 found in Tilaoia, and to P-R : R-T ratios 

for other fish e.g. 1 : 1.88 in catfish, 1 : 2.5 to 1 : 5.00 for 5 spp. 

teleost (Labat, 1966) and 1 : 3.33 for salmon (Robertson et al, 1966). 

These suggest that the small potentials associated with atrial 

repolarisation will tend to be hidden by the QRS complex, a feature 

probably found in all fish (Satchell, 1971) and in other vertebrates 

(suggested for Caecilia by Peters and Mullen, 1966), as it is obviously 

important that the atria remain contracted until but not beyond the 

onset of ventricular contraction. 

Labat (1966) suggests that only positive P, R and T deflections 

should be expected in normal fish (Fig. 9, p. 28) and Satchell (1971) 

suggests the R as +ve, and the T wave as most often +ve. Satchell's 

(op. cit) Fig. 3 indicates a -ve P wave for . an elasmobranch fish, ruld 
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Fig. 500 

The fraction of the cardiac cycle occupied by the 

P-R and R-T intervals (i.e. the P-R : R-R and 

R-T : R-R ratios) at the 4 main experimental temp-

eratures, and the trend of these with temperature 

change is indicated by lines fitted by eye. 

The P-R : R-T ratio at each temperature is also 

given as a figure next to each P-R : R_"t plot. 
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Schaefer & Haas (1962) suggest that most animals hav~ -ve T waves. 

As indicated in Table 1 (P. 37), 5 of the 6 fish of the last 

experiment always have a ive T deflection (the 6th fish shows both 

ive and -ve deflections), 4 fish have .. ve R deflections (one has -ve, 

the last both ive and -vel and 4 fish have -ve P deflections (one +ve, 

the last both .. ve and -ve). Thus it is clear that in these apparently 

normal fish, no absolute consistency in the direction of the main EGG 

deflections is seen, a feature also reported ~ Robertson et al (1966) 

for salmon with pectoral fin electrodes, and other authors also report 

teleost EGG's of pattern dissimilar to Labat's typical teleost EGG 

(Oets, 1950; Hoar, 1966 in his Fig. 5.10). As summarised in Fig. 14 

(p. 39 - 40) the sign of the deflections obtained in the present 

investigation may be correlated with the position of the electrodes in 

relation to the heart, and may also reflect the direction of movement 

of polarisation waves across atrium and ventricle. Thus a standardi-

sation of electrode positions in relation to the heart may be a necessarf 

requirement before we can generalise and give a "typical II teleost EGG. 

The interpretation of the QRS complex in this ~/Ork has been to 

name the R deflection that deflection of the QRS complex that is most 

prominent (see pp. 30 - 31). The correct interpretation of ~~e QRS 

is clearly difficult in some teleosts, for Kisch (1948) reports that 

the Q - deflection is seldom Visible, ~Thereas Satchell (1971) suggests 

nQ is always a negative deflection, ••••• the S deflection is usually 

feebly developed." Also only one deflection may be recorded if inter­

ference is bad (see Fig. on pp. 25-6 in Remorov, 1964). 

The P-deflection, as recorded here in T. mossambica, never 

showed double peaks etc. such as have been recorded by Oets (1950) and 

Serfaty & Reynaud (1956). Thus the auricles of the atrium form an 

electrical unit in Ti lapia. The recording of mirror-image EGGs from 

elec'trodes placed on left and right sides of the exposed heart in Tilapia 

parallels similar observations ~ Kisch (1948), and further support the 
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above contention that a generalised teleost EGG can only be suggested 

if electrode position is constant. 

The consistency of the P-R and R-T intervals at the same 

experimental temperature, in any one fish or even within the group 

of fish used is very marked, the R-R being very variable in contrast 

(Table 10). Labat (1966) indicates consistency in both the P-R 

and Q-T intervals (his Table 1), and Peters & Mullen (1966) have found 

the QRS and Q-T (less so the P-R) to be consistent as measured in 

different speCimens of Caecilia guentheri. These latter authors 

consider the greater P-R variation as a possible artifact related 

to the anaesthetic used. The P-R was the most consistent interval 

measured in Tilapia, however, and the neaxly complete lack of nodal 

delay tissue in teleosts, as suggested above (p. 129) may be the 

reason for this. HQ1,rever, Xenopus laevis has a very stable SV - PR 

interval (Furman, 1960) when compared to the QRS duration or the 

Q-T interval, and shows an atrio-ventricular delay (although no nodal 

delay tissue has been found in this species). 

The tremendous P-R and/or R-T constancy while there is a large 

change in R-R during the recording period (Table 10) is parallel1ed 

by similar observations on Xenopus (Furman, 1960) and on crocodilians 

(Huggins et al, 1970); and Thauer (1965) finds Q-T (or S-T) changes 

do occur in hypothermic, anaesthetised dogs, but are much smaller than 

R-R alterations; QRS and P-Q changes were hardly noticeable. Thus 

in the heart of Tilapia, as in other animals, factors affecting pace­

maker depolarisation rate are often without effect on the rate of 

impulse conduction across the heart; in fact increases in R-R can be 

accompanied by slight decreases in P-R or R-T as readily as by slight 

increases (Table 10). This conclusion is supported by the observations 

of . Omura et al (1967) that the transmembrane action potentials can be 

experimentally shortened ~rithout any effect on heart rate; similarly 
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Table 10. 

Values of the P-R, R-T and R....R intervals as recorded during 

earlier (A) and later (B) stages of recordings are given in 

seconds for 6 instances where marked heart rate changes were 

observed during a recording. In each case the % change from 

A to B is also given, and the number of intervals averaged 

is given in brackets where this is known. The last column 

gives the average change from A to B for all instances, and 

without reference to sign ( I x I ) 

Stage Fish name and experimental temperature 
and % 
change Fish 0 Fish V Fish V Fish T Fish I Fish 0 
from A 

14.1°0 14.1°0 to B 25.8°0 25.8°0 14.1°0 14.1°0 

A - 0.126 0.297 (15) 0.280 (10) 0.303 (10) 0.291 (26) 

B - 0.140 0.288 (10) 0.290 (n) 0.315 (8 ) 0.284 (18) 

x = % - + n.o% - 3.0% + 3.6% + 4.0% - 2.4% 
change 

A 0.50 - 1.090 (10) 1.ill (10) 0.990 (9) 0.933 (12) 

B 0.50 - 1.080 (6) 0.997 (9) 0.990 (8) 0.932 (14) 

x=% 0.0% - - 0.9% - 10.2% , 0.0% 0.1% 
change 

A 1.91 (33) 2.13 5.45 (14) 3.81 (9) 4.59 (8) 3.01 (35) 

B 2.17 ( 51) 1.24 6.31 (11) 2.92 (14) 3.68 (10) 3.71 (16) 

x=% - 14.0% - 42.0% + 15.8% - 23.3% - 19.8% + 23.1% 
change 

Ix I 
as % 

I 
4.80 

2.24 

23.00 
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temporary R-R chrulges led to no appreciable R-T alteration. 

Also Rruldall (1966) found that vagal stimulation in goldfish and 

tench, resulting in reduction in heart rate, caused no changes in 

the spatial relationships of the P, QRS and T waves of the ECG 

Although the sinus venosus of T. mossambica is apparently non­

contractile (see above), a pacemaker area in the sinus venosus region 

Crul be demonstrated in this fish using the heat method of Gaskel (a 

heated glass rod placed near the sinus venosus caused the exposed heart 

to increase its rate of beat). This observation is difficult to 

correlate ,dth the suggested movement of the atrial depolarisation front 

from the extremities of the auricles in a dorsal direction towards the 

main atrial chamber (Fig. 14, pp. 39 - 40), as it would be expected that 

the sinu-atrial pacemaker would initiate a depolarisation wave at the 

sinu-atrial junction. However, an extremity to main atrial chamber 

depolarisation front, if it was accompfuLied by an isotonic muscle con­

traction, is of obvious functional Gignificrulce in emptying the atrial 

auricles. 

The movement of the ventricular depolarisation front from baee to 

apex or from atrio-ventricular node dowmrards B..."ld backwards in a ventro­

posterior dir~ction (Fig. 14, pp. 39 - 40) has also been reported for 

fish (Randall, 1968; Noseda et al, 1963), for Caecilia guentheri (Peters 

& Mullen, 1966) and also possibly for Xenopus laevis as suggested by the 

graphical resul ts of Furman (1960). The direction of ventricular con­

traction in trout (observed Visually) appears to be from apex to base 

(Randall, 1968); this may be so in all teleosts. Thus the direction of 

the electrical depolarisation (together ,lith isometric muscular contraction?) 

is in a direction opposite to that of the direction of observable isotonic 

contraction during the ejection phase of the ventricle. The ventricular 

repolarisation front in T. mossambica moves in an opposite direction to the 
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depolarisation front in this chamber (Fig. 14, pp. ·39 ~ 40). This 

situation is commonly found in fish and other animals e.g. Caecilia 

guentheri (Peters & Mullen, 1966). 

The electrode positions used in this investigation (Fig. Ib, p. 10) 

are essentially a reversed lead I, with electrodes to left and right 

of the heart. In view of the suggested approximately antero-posterior 

direction of ventricular depolarisation, other electrode positioning would 

obviously be more suitable e.g. one electrode anterior, the other 

posterior to the heart, and would probably give not only bigger ECG 

deflections, but also more consistent results. SUch electrode positioning 

on a long term basis ~;hich will allow a stable harnessing of the fish, is 

desirable but has not, to ~ knowledge, been achieved. Robertson et al 

(1966) record considerable variability in their results from pectoral 

leads (lead I arrangement) in salmon which they blame on a variety of 

causes. I believe the cause is their electrode placement. Serfaty & 

Reynaud (1956) illustrate larger deflections (Traces 1, 2, 3, Figure on 

p. 124) where one electrode is just posterior to the heart and the other 

in the water when compared to recordings where both electrodes are situa­

ted in the precordial region (Traces 4, 5, 6, Figure on p. 124). These 

authors suggest tllat they achieved better traces in the former cases 

because of less muscular interference; this interpretation seems invalid 

as all traces indicate background oscillations (due to muscular activity 

from surrounding muscles~) of similar magnitude. 

Variability in recordings obtained even a few hours apart (Figs. 12 

& 13, pp. 34 & 36) may be caused by slight shifts in electrode position 

in relation to the heart, as Oets (1950) and Peters & Mullen (1966) 

report that very small changes in the position of tile electrodes relative 

to the heart can cause very large changes in the ECG voltages recorded. 

Clear visibility of the ECG may also be masked by potentials from surround­

ing muscles, particularly the muscles operating the respiratory pump as 
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these can cause large deflections that all but obscure the ECG (see 

photograph (viii), Fig. 48, pp. 121 - 122). Interference from these 

sources was probably minimal in most of the present experiments as 

recordings 10Iere only made 'Then fish 10Iere quiet, as Serfaty & Reynaud 

(1956) have found that the ventilatory potentials decreased in the 4 spp. 

of teleost they investigated 10Ihen the animals 10Iere at rest. Similarly 

Labat (1966) reports that "parasitic" deflections from the voluntary 

muscles disappear 10Ihen the fish rests. Variation in the appearance 

of the EGG may also be caused by changes in both the composition and/or 

the volume of the pericardial fluid, as \laS seen after the first human 

transplant .Then aberrant ECGs 10Iere recorded from the transplanted heart 

which 10Ias n010l situated in an over~ig pericardial sac. In a f810l of 

the experimental fish used in this investigation, 10Ihere pericardial 

penetration by the electrodes or their leads occurred this may be a 

factor to consider as a cause of variability. 

In our T. mossambica (weight of 48 to 90 gm), no size-related 

features 10Iere noted in the cardiac intervals or in the height of the 

QRS deflections, 10Iith the possible exception of a tendency t010lards a 
o 

slightly lower heart rate at 14.1 C in smaller fish when compared to 

larger fish (Fig. 30, p. 88). Most fish and other animals show an 

opposite trend, i.e. smaller animals have a more rapid heart rate. 

However, Labat (1966) reports that cardiac frequency varied little with 

fish length in the 6 species of teleost he studied. Only in the 

Japanese killifish (Orvzias) is the same trend sh01olO as seen here in our 
o 

experimental Tilapia at 14.1 C as small fish and larvae have lower 

heart rates than adults (Yamamoto, 1931, and Matsui, 1940) . H01olever, 

at the 10Iarmer experimental temperatures used in these investigations, 

the use of the differently sized fish in the 48 to 90 gm range 10Ias 

without noticeable effect on the features measured. 
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(b) Handling and anaesthesia stress. 

In the present investigations the temperature changes themselves 

vere probably not rapid enough to cause a stress situation; however 

the handling of fish for the first time, or after a long break undis­

turbed in a big tank ('initial handling') was investigated (PP. 54 - 59) 

and f ound to cause an increase in the ventilatory rate for up to 24 h. 

Fry (1957) also reports that fish are slow to reduce their metabolic 

rate after activity or excitement, and Wells (1935a) allowed 24 h to 

elapse before measuring "normal metabolism" following any disturbance 

of the environment in Fundulus. An increased ventilatory rate after 

stress has been found in one of the 3 spp. of teleost investigated ~ 

}~rvin & Heath (1967) and a readily provoked increa3e in oxygen con­

sumption is a well-known indicator of excitement or of increased activity 

in fish (Fry, 1957, end Spaas, 1959a). 

Anaesthesia 'lith Sandoz M2 222 on its own did not cause a similar 

disturbance, as ventilatory functions were only markedly affected during 

and immediately after the anaesthesia pel~od when the fish appeared 

darkened, a sign of stress. Similar increases in ventilatory rate are 

reported for Hydrocynus under Sandoz MS 222 anaesthesia ~ Begg (1969), 

and our results are closely similar to those of Shelton & Randall (1%2) 

using the tench (Tinea tinca). 

The effects of the operative procedures used (e.g. the implantation 

of electrodes, pp. 7 to 11), were not specifically investigated, but the 

increased heart and ventilatory rates in the post-implantation period 

(Figs. 27 and 28, pp. 81 - 84) suggest that the actual operation may 

contribute to stress, but that the increased temperature (in all fish) 

may be a more likely cause of the increased rates observed; 'initial 

handling' plus operative stress may contribute in the two fish handled 

more recently. 
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Heart rate is also reported to change after. handling. In the 

tench there are large increases in heart rate, whereas in the trout 

there i s a decreased rate (Randall & Smith, 1%7). The data f r om 

T. moss~~bica in the present experiments are contradictory. After 

electrode implantation, and with a 220 to 25.80 C temperature increase, 

an increased heart rate i s recorded as compared to those r ecor ded later 

at the same temperature, as mentioned above. However, on two of three 

occasions when fish appeared excited or stressed during the experiments, 

heart rate was l ower or the same immediately fol lowing or during the 

stress than under more normal conditions at the same temperature; on 

only one occasion was the heart (and ventil atory) rate elevated (Table 11). 

Fish 
Name 

e 

0 

A 

T 

Table 11. 

Respiratory and ventil atory rates of' fish under stress, or 
of abnormally active fish (i) as compared to average/rates 
of the same fish at the same temperature (II). A dash 

indicates that no readings were available. 

Stress cause , or Tem- Heart rate Ventilati ons 
symptoms seen. pera- per min. per min. 

ture. 
I II I II 

@·Very active before 25.80 C 57.4 36.4 - -
r ecording. 

Very darkly pigmented, 14.10 C 22.5 22.9 31.7 30.4 
? due ,to fungus infection. 

Very active before 25.80 C - - 79.3 5:5.0 
r ecording. 

Out of water and handled 
to replace just before 17.8°C 19.9 25.2 52.2 62.0 

recording. 

@ See Fig. 54 for photograph of part of this recording. 

Fish e when apparently st ressed (increased pigmentation, 2. above in 

Table 11) sh01.red no changes in heart or ventilatory rate. Table 11 thus 

suggests that periods of over -activity (1. and 3., Table 11) were accom­

panied ~ decreased heart and ventilatory rates (but perhaps also by an 

increased ventilatory amplitude and/or an increased cardiac stroke volume), 
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whereas periods of removal from water and handling (4., Table 11) W3re 

accompanied ~ increased rates. 

c) Diurnal cycles. 

Wells (L935a) reports that there is no indication of a diurnal 

rhythm in metabolic functions of Fundulus, but diurnal cycles of activity 

have been reported for other species e.g. Polyakov (1940) reports an 

oxygen consumption rhythm, and Siegmund (1969) has found that gill beat 

rate has a diurnal cycle for 3 spp. of teleost fish, and decreased con-

siderably during rest phases. 

As pointed out in the Introduction (pp. 1 - 2), young T. mossambica 

have a diurnal cycle of activity in the field (Donnelly, 1969b), as also 

found ~ Maruyama (1958). The latter author describes resting fish, at 

night, as motionless and deeply pigmented on the bottom or sides of the 

dam. Only when ~Tater temperatures increase and/or sunlight penetrates 

the ~Tater do the fish migrate to I;~urseries I or to the water surface to 

feed etc. 

This diurnal pattern of activity in T. mossaTIbica is also readily 

observed in the laboratory, even under constant temperature conditions 

and in a confined space. Late night or early morning (up to 10.00 a.m.) 

recordings often indicated smaller amplitude ventilatory movements and 

very slightly decreased heart rate (e.g. 14.4 beatS/min at 14.1
0
C, 

experiments r eported in section III ( ~) as compared to later in the day 

at the same temperature (15. 5 beats/min at 14.10 C; see section VI (c) 

for the full results), This pattern thus correlates with the above 

mentioned data from other teleosts, although the difference between day 

and night readings were not significant. The slight day-night differences 
o . 

in heart r ate were not observed at 25.8 C (see section VI (c)), perhaps 

because such warm temperatures are more normally found during the day ill 



, 

shallow or surface waters. 

d) Ventilation, respiration, temperature and fish size. 

The oscillographic traces show ventilatory muscle activity 

(pp. 45 - 53) similar to that reported by other authors, e.g. Marvin & 

Heath (1967). Although these deflection patterns were not correlated 

specifically with the phases of the ventilatory cycle, they nevertheless 

have provided information about the length of the cycle. An indication 

of the amplitude or strength of the respir atory movements is also given 

bw the height of the oscillographic deflections, assuming that the same 

muscles are usually involved. 

Sumner & Wells (1935) also report that the ventilatory rate is 

strongly correlated with the depth of the ventilatory movements in 

Gillichthys and Fundulus, a correlation I have found only in general in 

o the present experiments as there were some marked exceptions at 21.1 

and 25.8oC (see below p. 142). It can be suggested that increases in 

the ventilatory rate and/or amplitude, as recorded oscillographically, 

indicate increased ventilatory volumes, i.e. the volumes of water .passing 

through the branchial chambers. This relationship can be inferred 

from opercular movement traces of carp in conjunction with ventilatory 

volume values which were recorded simultaneously (Peyraud, 1965), and 

Spitzer et eJ (1969) r eports an increase in ventilation volume as mediated 

via rate and/or amplitude increases under hypoxia. Such ventilation 

volumes will, in general, be proportional to the amount of blood-water 

exchange occurring, in particular to the oxygen-uptake of the gills, other 
1.) 

factors being more or less constant. As we are concerned with some 

1.) Such factors as catecholamine , adrenaline and haemoglobin concentra­
tions of the blood, rate of gill blood flow, gill blood distribution, 
water flou patterns between the gill lamellae, water oxygen content, 
etc., are of importance for any accurate assessment of the relation 

' be~,een ventilation volume and, for e.g. oxygen uptake. 



aspects of metabolic functions as they relate to ventilatory and cardiac 

activity, this oxygen-exchange factor is of interest, and we can therefore 

suggest a probable tendency towards greater oxygen uptake at higher 

temperatures as ventilation rate increases (Fig. 22, p. 66, and Fig. 27, 

pp. 81 - 82); a 101Jer uptake at lower temperatures. 

There is a tendency for the ventilatory rates of the summer animals 

(Fig. 22, p. 66, curve 3) to be lower at all experimental temperatures 

than those of winter animals of slightly smaller size. (Fig. 22, curves 

1 and 2). The size difference may also be partly responsible for the 

differences, as vill be discussed below (p. 11.4). Wells (1935b) reports 

a similar seasonal variation in oxygen consumption in Fundulus parvipinnis 

with higher consumption recorded in the coldest months although measured 

at the same experimental temperatures. 

The 3.30C overnight temperature increase from 17.8° to 21.10C 

resulted in a marked increase in the amplitude of the ventilatory move­

ments in most of our experimental fish (Table 3, p. 49, and Fig. 20, 

pp. 52 - 53) as compared to the same fish at the same temperature during 

the previous temperature decrease. However, when the temperature was 

increased from ± 22.00C to 25.8°C at the start of the experiment (e ± 3.8
0
C 

change), no ventilatory amplitude "overshootl' was seen (Table 3, p. 49) 

but, in this case, a marked increase in ventilatory rate is recorded as 

compared to later at the same temperature (99.5 ± 14.5 beats/min in 

period M as compared to 77.5 t 10.3 beatS/ min in period L, see Fig. 37, 

p. 102). Peyraud (1965) also reports an "overshoot", in his case in 

respiratory water volume in carp, recorded 1-Then the temperature increased 

o 0 from 2 to 7 C. In our + ° ° experiments, both the - 22.0 to 25.8 C and 

. ° ° 17.8 to 21.1 C changes ,probably both cause a marked increase in ventilation 

volume, but by different means. These differences may reflect the fact 

° 0 that the 17.8 to 21.1 C change follows a warm-acclimation period at 
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25.SoC (Fig. 27, pp. Sl-82), thus the fish are essentially warm-

adapted and are not under conditions of handling etc. stress. However, 

the fish had not had any recent high temperature experience when they 

° were transferred to 25.S C at the start of the experiment, although 

they had recently been under a feeding regime (P. 6) and were also fed 

at 25.SoC although little food was taken (p. 11). Feeding may cause 

an increase in metabolism for some days, although Wells (1935a) did 

not find this to be so in Girella nigricans. Thus the different ventila-

tion responses to the increased temperature in these 2 cases may, therefore, 

reflect the different thermal, handling and feeding histories. 

The rapid stabilisation and/or acclimation responses of the 

ventilatory rate within about 48 h after the 3.3° or ! 3.S
o
C temperature 

changes is comparable to known acclimation responses in ventilatory rate 

in this and other species during temperature increases of similar or 

greater magnitude. (The early experiments (section III (e», using 

2.0
0
C increases, do not indicate similar overshoots, as the temperature 

changes were smalle:rl. Thus Peak et al (1967) report that T. sparmanni 

requires 10 to 14 days for ventilatory rate acclimation after a 13°C 

change (16° to 290C), Meincke (1970) has shown that Tinca tinca requires 

4 day's after a l2.50C change (13.5 to 26.0
0

C) and Freeman (1950) reports 

similar results for Carassius after a 7°C change (20.00 to 27.0
o
C). 

Meuwis ~~d Heuts (1957) found a 100% increase in the ventilatory rate of 

o 60 ( ° carp when fish were transferred from 32 to 3 C water 4 C change near 

the upper lethal limit for t his fish). Only It days were required for 

SO% of the later accommodation in ventilatory rate to take place. 

Donnelly (1969a) notes that ventilatory rates were extremely rapid for 

about 10 days when 2 - 4 cm T. mossambica were transferred to water at 

Acclimation was considered complete after 15 days. 

The 4-day periods after the , 2 temperature decreases of S.Oo and 



o (0 0 0 0 and 7.0 C 25.8 to 17.8 C, and 21.1 to 14.1 C respectively, section 

III (g», were probably not long enough to allow ventilatory rate 

acclimation (if this occurs at all at lower temperatures) as acclimation 

to lower temperatures takes longer (Bullock, 1955). However, Freeman 

(1950) found that 88% of the acclimatory increase in oxygen consumption 

of Carassius took place in 4 days after a 150 C temperature decrease 

(from 27
0 

to 12
o
C). The very slow and slight ventilatory movements 

o 
at 14.1 C do not change at all during the 4-day period at this tempera-

ture, suggesting a very 101~ ebb in metabolic activity at this t empera-

ture, and the ri sing ventilatory rate QIO values (Fig. 37, p. 102) 

suggest that this trend continues and gets .. /Orse as temperatures drop 

further (discussed below p. 154 ff.) 

Another point of interest i s the ventilatory rate variat ions with 
1.) 

fish size as seen in Fig. 22, p. 66 and in Fig. 31, pp. 89 to 90. 

At low temperatures (14.10 and l7. 8
0
C), the differences in ventilatory 

rate ,lith fish size are apparently small. As the temper ature increases, 

the smaller fish have ventilatory rates that are increasingly faster than 

these of the larger fish. Hot~ever, as explained on pp. 91 and 93, when 

the ventilatory cycle length is considered instead, or if larger numbers 

of experimental fish had been used, it is likely that the ventilatory 

rates would always be significantly higher in smaller fish at temperatures 
o 0 

between 14 Md 35 C. 

Long et al (1961) indicates a similar variation in ventilatory rate 

with changing fish size (his Table 4), and his data are plotted together 

with the mean data from the six fish of our last experiment (section III (g» 

1".) Fish size \las given as fish weight in g)ll in the present experiments, 
and the relationships between standard length, total length and 
weight as given in Fig. 29 (p. 86) are closely comparable to the 
data for the same measurements as given by Hoe (1969) for the red 

"grouper Epinephelus morio. 
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in Fig. 51, the data from our fish being given as two plots, one for 

the mean results of the 2 smaller fish (mean weight 53.0 gm), the 

other for the mean results of the 4 larger fish (mean weight 76.3 gm). 

This Figure shows that the ventilatory rate results of the present 

experiments are similar to but lower than those reported by Long et al 

()
" 0 0 0 0 1961 1n the 10 - 15 C to 25 - 30 C temperature range, but both sets 

of results clearly show the tendency for smaller fish to have a more 

rapid ventilatory rate than larger fish. As Long et al (1961) do not 

give data as to acclimation temperatures, time of year, etc., it is 

difficult to suggest reasons for the differences in the 2 sets of results. 

H01~ever, as Long et al (l96l) also report that cold death occurs between 

° ° 5.5 and 8.1 C in their fish, whereas cold death has been observed at 

between 7° and 9°C in fish acclimated to ! 22
0
C in our laboratories, 

it is possible that their fish were, in general, more cold adapted than 

ours. These authors also report that ventilation movement are more 

regular in the larger than in the smaller fish (fish weight varied between 

30 and 90 gm), a comment we could not substantiate in the fish we used 

(fish weight 49 to 90 gm). Sumner & Doudoroff (1938) also report that 

small fish have a more rapid respiratory rhythm, but there are also 

reports of larger fish having the more rapid ventilatory- rate e.g. in 

Cyprinus carpio (MeuvQs & Heuts, 1957) if fish No. I and II of Fig. 4 

(larger fish, .average weight 2,000 gm) are compared to the other fish in 

the study (smaller fish, <320 gm). 

The greater ventilatory rate in smaller T, mossambica as compared 

to larger fish, may be related to the fact that in fish and in organisms 

in general, oxygen consumption/gm/h is higher in smaller than in larger 

animals (Job, {1969a and 1969b) for T. mossambica; Prosser et al (1952) 

for organisms in general', and Gerald & Cech (1970) for a large number of 

fish and other aquatic organisms). Gerald & Cech (1970) also show that 

ventilation volume/kg decreases with increasing size, a feature they also 
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Figure t51. 
(oppo~ite) 

Mean ventilation rates/min for T. mossambica as 

given by Long et al (1961) (his Table 4), and 

as determined in the present investigations, 

plotted against the approximate experimental tem­

peratures. Fish of different-weight groups are 

plotted separately, and curves have been drawn 

by eye to indicate the trends present. Vertical 

bars indicate the total range of ventilation 

rates as given b.r Long et al (1961). 

Key to plots of Long et alls (1961) data: Num­
ber of fish averaged in an approximate way are 
given in brackets: 

/~ 
........ 

- <::: 30 ~. fish (4) 

.,.. .......... . - 30 ~o 60 gm fish (21) 
......... ,.,. 

x"" - 60 to 90 gm fish (19) 
" ........ 

" 
,.,. .. ' 0"" - >90 gm fish (6) 

Key to~lots of present experimental data: 
Number of fish averaged are given in brackets: 

-- 53.0 gm (average) (2) 

- 76.3 gm (average) (4) 



147 

Figure 5:1 

220 

II 
2.00 • 

IgO "1 
I 

1'0 I 1 / 
x 

I 

.~·/r 
/ 

14-0 I 
Z / 
~ 

0 .. - 1, 
~ ~A 

.' / . 
" c:[ \20 / "'l \l) 

(D 

~ 
! .r ----,----fJ;? 

X . __ 

/ ~ -- X 
100 ----« t· /. 

~ ~ x 

~ iO .--. . < 
..J 1 - .. -f: .. 
% 1 * / ~ 

60 / 
• 

H 

T \. 
" .......J 

'0- l5 - 2,0-.25 35-40 

TC:MP€RATURe IN oc. 



illustrate for Ictalurus of 3.5 to 9.5 gm. The fact that smaller 

fish have a larger square area of gill lamellar nurface/gm body 

weight (Fry, 1957), is also an important point to remember in these 

considerations. 

Thus the observed i ncr eased ventilatory rates of smaller animals, 

together with the increased ventilation volume/gm and the increased gill 

lamellar surface area/gm may comprise an important part of the machinery 

responsible for the increased oxygen consumption/gm seen in smaller 

fish. 

These ventilatory rate differences with fish size in the 49 - 88 gro 

range used are of particular interest in the light of what is known 

about other size-related features in T. mossambica. In particular it is 

important to consider the oxygen consumption data for 5, 20 and 80 gm 

fish as presented by Job (1969a, 1969b). 
o 

This author, using 30 c-

acclimated animals, studied the oxygen consumption of fish immediately 

after transfer to temperatures between 15 and 400C under fresh water 

(0.4% 0S), 50% sea water (12.5% 0S) and 100% sea water (30.5% 0S) 

conditions. The relevance of this work is clear for cold-temperature 

studies on T. mossambica in view of the fact that cold death and cold-

coma are far more marked and occur at higher temperatures in fish held 

in fresh water than in fish held in "ater of higher TDS (see p. 5c). 

The fresh-water data in Table 1 of Job (1969a, p. 123) and in 

Table 1 of Job (1969b, p. 224) have been modified so as to be presented 

as oxygen consumption in ml/gro/h, and are given in graphical form in 

Fig. 52, together with the ventilatory rate data from the present 

experiments (abscissa scale different) as derived from Fig. 31 (PP. 89 -

90). It can be seen that there is a general similarity of response 

by both the oxygen consumption and the ventilatory rate in the different 

sized fish to the different temperature conditions, and also that the 
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Figure 52. 

The oxygen consUlllption of fresh-water T. mossnmbica 

as recorded at temperatures of 15° ~Oo 25° n~d 30°C ,", = 

from Job, 1969a and 1969b; curves A, B, C, and n), 

and the ventilatory rates of our experimental fish at 
o 

the four main experimental temperatures used (25.8 , 

o ° 0 21.1 , 17.8 and 14.1 C using data from both period 
o 

M and period L at 25.8 C; curve& E, F, G, H and J), 
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oxygen consumption per gm decreases with an increase .in fish weight 

as will be discussed more fully below. 

This data from Job (1969a, 1969b) can also be used, in conj unction 

with the ventilatory data from the present experiments and with the 

ventilatory data provided by Long et al (1961, his Table 4, p. 449) 

for the same species, to calculate the approximate oxygen consumption 

per ventilatory beat in fresh water under different temperature con-

ditions (Fig. 53). The formula used is as follows (modified from 

Stroganov, 1956):-

RO oxygen consumption in ml/gm live wei ght/h 
= 

R ventilatory rate/min 

where the oxyge"n consumption (RO) includes both oxygen absorbed from 

the medium through the buccal cavity and gills, and through the general 

body surface (Stroganov, 1956). This value RO/R is a measure of the 

efficiency of oxygen uptake from the medium, and, as has been found by 

Stroganov (1956) for the tiny mosquito fish (Gambusia affinis holbrooki), 

it is often (but not necessarily) true that higher RO and RO/R values 

are indicative of a better adaptation to the cold or a better ability 

to survive cold conditions. 

Fig. 53 indicates that larger fish have a more efficient oxygen 

absorption per ventilatory beat and at all temperatures studied i.e. 

14.0 to 37.50C, except in the case of the 20 gm fish in comparison to 

the 45 gm fish above 22.5°C. The efficiency of oxygen uptake per 

ventilatory beat seems maximal at about 27.5 to 37.50 C (Using the data 

of Long et al, 1961), but declines markedly below these temperatures in 

all sized fish. If the results of the present experiments are con­

sidered (using only the earlier period at 25.8
o

C, period H, to represent 

the 25.8oC period, see Fig. 27, pp. 81 - 82), this tendency of the RO/R 

values to decrease i s not seen "below 25.8°C. If the later period at 
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Figure 5.3. 

Oxygen consumption of T. mossa-nbica of varioul> weights per ventilatory 

beat (using a formula modified from Stroganov, 1956; see p. 150) as 

calculated from data of Job (1969a, 1969b) in conjunction with data 

from the present experiments (fine graphs) or from the experiments of 

Long et al (1966) (heavy graphs) plotted against the experimental temp-
o 

erature. Two plots for 25.8 C are given when our data is utilised, 

i.e. from the earlier (M) and later (L) periods at this temperature. 
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25.8°0 (period L) i3 utilised, however, there is a decrease in the 

RO/R values below 25.8°0, in close agreemen~ with RO/R values deter­

mined using Long et al's (1961) data. It is very important to stress, 

however, that such use of data from different authors has a distinct 

disadvantage as different (or even unknown) temperature acclimation 

regimes have been used, fish are used at different seasons and are 

drawn from different populations etc. However, these combined restlits 

do indicate that T. mossambica in fresh water has a m~~imally efficient 

absorbing system between approximately 25.0 and 38.0°0, again an 

indication of the thermophilic nature of this species. The data also 

suggest that, in general, larger fish have a slightly more efficient 

oxygen absorbing system per ventilatory beat than do smaller fish 

at all temperatures in the range of fish size used. 

Other factors in relation to size may, however, be of greater 

importance. In 50% sea water, Job (1969a) finds the increase in 

oxygen consumption ,dth increased size is in direct proportion to the 

increase in weight of the fish. Thus b values (representing the slopes 

of the double logarithmic plot of oxygen conswnption of the whole animal 

against the wet weight of the animal, (Zeuthen, 1953, and Prosser & 

Brown 1961)) ar~ approximately 1.0 (average 0.9999) and are consistent 

except at 35° and 40°0 where slightly lmrer b values are found (0.988 

and 0.915 respectively). However, in 100% sea water, b values are 

lmrer than in the case of 50% sea water fish (b = 0.874 on average), 

although consistent at different temperatures, and, of greatest relevance, 

the fresh water fish have even lower b values, values that are not at all 

consistent at different temperatures and increase with temperature increase 

(b = 0.638 at 15°0, b = 0.826 at 40°0); the regression line calculated 

for a plot of these b values against temperature is significantly differ-

ent from a horizontal line (P<O.OOl). Thus, in fresh water, less and 

less metabclic energy is available to animals as they grow and as the 
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temperature decreases (see Fig. 53). b values for fish in the 

literature, suggest that higher b values are found under temperature 

conditions to which the animals hav.e become adapted on an acclimatory 

or evolutionary basis. Thus the fresh water fish Fundulus adapted to 
o 0 

and held in sea water at 10 to 12 C, have increasing b values as the 

temperature drops from 220 to 120C (Wells, 1935a), an interesting 

feature in this normally thermophilic fish. The Cichlid fish Etroplus, 

indigenous to the monsoon lands of India and Ceylon, has a b value of 

1.00 at OOC, but a lower b value at 350C (b = 0.67) (Prosser & Brown, 

1961). Thus a fish which has evolved in areas where temperatures 

commonly plummet to ~ or SoC may have adapted to this through evolution 

by means of raised b values at these low temperatures. The high b values 

for T. mossambica in 50% sea water also correlate with Job's (1969a) 

finding that in both 20 and 80 gm fish, highest oxygen consumptions are 

found in 50% sea water, giving this fish greatest "scope for activityn 

at this salinity (Fry, 1947, in Job, 1969a, p. 124). 

The above results suggest that T. mossambica under fresh water 

conditions has less energy available for the various physiological pro­

cesses such as ventilation, osmoregulation, motHi ty, digestion etc. 

i.e. fresh water inhibits metabolism to some extent, more so under low 

temperature conditions. This interpretation seems preferable to the 

suggestion that more energy is required in water of low TDS for osmore-
1.) 

gulation, etc. Conversely, in water of higher TDS, it is not that less 

1.) The probable breakdown of osmoregulation in fresh water at low temp­
eratures (see pp. 2, 5c - 5d ) may reflect a situation that is detri­
mental to the whole function and survival of the fish (Bok, 1968, 
and Allanson et al, 1971), and may involve not only metabolism but 
also hormones e.g. prolactin-like hormones are important for blood 
ion regulation in fresh water T. mossambica at normal temperatures 
(Dharmamba et al, 1967). Also such a blood dilution as is reported 
for T. mossambica. must have a limit at which various physiological 
functions which depend on blood ion homeostasis, will stop. Whether 
blood dilution continues as temperatures drop further below 11°C is 
not known, but investigations are continuing in this Department. 
To what extent the lowered blood chloride etc. at 11°C is adaptive 
(needs less energy for regulation to this level, Prosser et al, 1970), 
or detrimental, is not known at present. 
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energy may be required for osmoregulation, but rather that more 

energy is available under these condit:lons as. metabolism is boosted. 

A similar but smaller boost occurs in fresh water T. mossambica as 

the temperature rises. Wikgren (1953) reports similar metabolic 

boosts in fresh water in the crucian carp and in the lamprey where 

these animals are under a marked osmotic stress. This author suggests 

that the "higher energy output in fresh water as compared to that in 

saline water is not primarily dependent on the osmoregulatory strain. 

An increase in the basal metabolism may possibly be involved." 

R-T (rate-temperature) graphs (Fig. 22, p. 66, and Fig. 45, p. 116) 

indicate a fairly consistent increase in ventilatory rate with temp­

erature, but with a slight decrease in the slope of the R-T graphs as 

temperature increases. This is also reflected in the progressively 

lower QIO and Arrhenius p. values at the higher temperatures (P. 65 and 

Fig. 37, p. 102), a feature found in all the rate functions studied 

in these experiments (Fig. ·38, p. 105). Long et al's (1961) data 

suggest a slightly different pattern, however, (see Fig. 51 above), 

as in all fish size groups there is an increase in the slope of the 

R-T graphs above 30 or 3500, followed in the case of the largest fish 

(»90 gm) by a decrease in ventilatory rate. A similar decrease in 

ventilatory rate above 3500 is reported by Denzer (1968) for young 

T. niloticE... 

The QlO values for the ventilatory rate data of the present ex­

periments, as well as that obtained from a semi-logarithmic plot of the 

data presented in Table 4 of Long et al (1961) for their 30 to 90 gm 

T. mossambica, are given in Fig. 54. This Figure indicates that the 

summer T. mossambica of the present experiments (curve 1) give higher 

QlO values than the winter animals (curve 2), and than the QlO values 

deriv8d from Table 4 of Long et al (1961) (curve 3). Thus although 

the summer animals of the present experiments were, on average, larger 

fish (average weight 68.6 gm) than those used in the earlier winter 
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(opposite; 
Figure 54 

please rotat~ through 90°) 

QIO values for ventilatory rate, oxygen consumption, and car­

diac function rate data as derived from various of the present 

experiments on T. mossambica, and ~om other published work on 

the same species and on other fish and on enimals in general 

as plotted against temperature. 

Key to the curves in the Figure:-

A. . Those on the lower graph: 

- 1. Ventilato~ rate, summer T. mossambica, present experi­
ments (section III(g)); average veight 68.6 gm. 

--t;---- - 2. As in 1., winter fish; average we-igbt 42.0 gm. 

--... -,".' 

-0--

. .. 0·' 
/ 

.. -A / 
'. -

. / 
-I> 

- 3. Ventilatory rate T. mossambica, Long et al (1961); 
combined 30 to 60 and 60 to 90 gm weight groups. 

- 4. Rate of ~gen consumption, Yinter cunner (Tautogolabrus), 
from Table 5, Scholander et 8.1" (1953). 

- 5. As in 4., but summer cunner. 

6. Venttlatory rate, Carassius auratus, Freeman (1950) • 

- 7. Metabolic rate, Gambusia affinis holbrooki, mean of fish in 
various· physiological states, Table 1 . Stroganov (1956); <1 gm . 

- 11. Oxygen conSl.1JIiption T. mossambica held in 50% sea Yater, 
Job (1969a, 1969b); weight 80 gm. 

- 13. Ventilatory rate winter to early spring T. mossambica, class 
experiment at Rhodes University; average yeight 14 gm. 

B. Those on superimposed graph: 

- 8. Oxygen consumption for number of temperate poikilotherms, after 
Krogh, from Tables, Scho1~~der et al, 1953. 

- 9. Oxygen consumption, T. mossambica in fresh water, Job (1969a, 
1969b); weight 80 gm. 

- 10. As in 9, but weight 20 gm. 

- 12. Heart rate, summer. T. mossambica, present experiments (section 
III (g)); average weight 68.6 gm. 

- 14. Rate of ventricular functions; rest as in 12. 

- 15. Rate of atria-ventricular conduction; rest as in 12. 

(Continued opposite) 
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Figure 54. 

-.- - 16. Rate of diastolic fWlctions; rest 
as in 12. 

- 17. Rate of systolic functions; 
as in 12 • 
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Figure 54. 

-.- - 16. Rate of diastolic fWlctions; rest 
as in 12. 

- 17. Rate of systolic functions; 
as in 12 • 
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experiments (average weight 42.0 gm), they still giv~ higher QIO 

values over the same temperature range, contrary to the normal QIO -

size relationship for ventilatory rate (see above). The results of 

the class experiment on small (average weight = 14 gm) winter 

T. mossambica under conditions of acute ventilatory rate measurements 

(curve 1.3, see also Fig. 22, p. 66) give higher QIO values at all 

temperatures than for the other winter fish (curve 2) and than for the 

large summer fish (curve 1), probably because they are very small fish, 

and were under conditi ons of more rapid temperature change (laC in 

5 min approximately). The comparison with Long et al's (1961) data 

suggest once again that their fish were more cold-adapted than those 

used in the present axperiments because of the lower QIO values for 

similar sized fish. Similarly winter cunner, Tautogolabrus, (curve 4 

Fig. 54) have lower (and more consistent) QIO values than summer fish 

(curve 5) (Table 5, Scholander et al, 1953). These findings are 

similar to those of Wells (19.35a) who found that Mystus had ventila-

tory rate QIO values of 2.1, and could withstand cooler temperatures 

than Barbus with a QIO of 2.8 under the same experimental conditions, 

and Rao & Bullock (1954) suggest that QIO values increase with an 

increase in the adaptation temperature. The results in Fig. 54 also 

suggest that the slope of the QIO vs . temperature graph is steeper for 

summer than ' for winter ani mel s of similar size both in ~.l2lf. (compare 

curves 1 and 2) and for Tautogolabrus (curves 4 and 5). 

The winter fish (curve 2) of the present experiments give a con­

tinually decreasing QIO value with temperature increase even at .30
0 

and 

350C, probably because of the very slow temperature changes used (p. 6,3). 

This interpretati on is in agreement with a report by Su1mnann (1955) 

who found that QIO values for carp in the upper range of temperature 

fell with warm acclimation. Morris (1965b) reports a similar finding 

for a catfish, Ictalurus natalis. Long et al's (1961) results suggest 
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an increase in QIO above about 30°0 (curve 3), probably because 

temperature changes were sudden, although no·data is given on this 

point; a later experiment reported b.1 these authors indicate a 

rapid temperature increase (their Table 5, p. 450) thus a similar 

method ma;r have been used in the case UIlder consideration. However, 

the small T. mossambica of the class experiment (curve 13) gave no 

such Q10 increase at higher temperatures, although rates of temperature 

change were fairly rapid. This again suggests that Long et al's 

(1961) fish may have been more cold-adapted than those held under 

laboratory conditions here (200 to 22°0). 

Thus in T. mossambica there is a pattern of Q10 increase with 

temperature decrease for the ventilatory rate closely comparable to the 

pattern seen in Carassius (curve 6, Fig. 54, after Freeman, 1950), 

Gambusia (curve 7, after stroganov, 1956), summer Tantogolabrus (curve 

5), and to the generelised curve for temperate animals as suggested 

b.1 Krogh (curve 8, from Table 5 of Scholander et al, 1953) for goldfish, 

frog, decerebrate toad and mosquito. The oxygen consumption data for 

fresh-water T. mossambica of Job (1969a) suggests QIO values which 

change in a similar way with a temperature change (curves 9 and 10, 

Fig. 54), and rather different to the pattern obtained from 50% (curve il) 

or 100% sea water animals. This pattern of Q10 change with temperature 

change in fresh water T. mossambica is quite different from the pattern 

obtained from arctic aIrl tropical animals (Fig. 5, Rao & Bullock, 1954) 

thus indicating that T. mossambicais not a tropical but rather a 

temperate fish when held in fresh water, and the tendency for the venti­

latory rate Q10 data to be higher in summer than in winter animals also 

indicates that T. mossambica ma;r show a seasonal pattern of response to 

temperature for this activity. However as even winter T. mossambica 

have a fairly steep R-T curve, and have continualJy increasing QlO values 
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as the temperature decreases (as in other temperate forms, this suggests 
1.) 

not onlT a drastic drop in metabolism and ventilatory movements but 
2.) 

in nervous and other activities wen the temperature drops below 

150 to 12
0
C. Thus the QlO (or R-T) curves of Fig. 54 suggest that 

fresh water T. mossgmbica cannot survive moderately low temperatures even 
3.) 

as well as other fairly cold-sensitive forms e.g. Carassius or Gambusia 

because the R-T curves for T. mossambica are steeper or further to the 

right than for these other fish. Also the QIO variations with tempera­

ture in SO gm T. mossambica held in 50% sea water (curve 11, Fig. 54) 

indicate clearly that there is not a rapid fall-off in oxygen consump­

tion in this medium as there is in fresh water, once again indicating 

why this animal is more tolerant of cold in a saline medium. 

When considering the cardiac functions in comparison to the ventila~ 

tory rate, only the ventricular depolarisation rate shows a significant 

QI0 increase with decrease in fish size (Fig. 32, p. 94) although heart 

rate shows a similar but not statistically significant trend. These 

results are also included in Fig. 54. 

Thus for some of the rate functions in fresh-water T. mossambica 

there is a tendency for the QIOs to increase with a decrease in fish size 

1.) 

2.) 

3.) 

Al9lCander (1967), on the other hand, points out that ventilatory 
movements of fish are very gentle ani slow under conditions of good 
oxygenation and when fish are at rest. 

Early siting experiments also indi8ate a progressive reduction of 
central nervous actiVities as ! 20 to 2200 - acclimated T. mossambica 
go into chill coma: -At:!: 9. ~c balance is lost, Swimming ceases 
at ± S.7°C, and ventilation stops att 7.SoC. Roots & Prosser (1962) 
indicate a similar progressive cessation of nervous activity in 
goldfish as the temperature decreases. 

Gambusia can survive several months at 100C if temperature decrease 
is slow (Stroganov, 1956), and Carassius can survive temperatures 
of! SOc (Roots & Prosser, 1962). 
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in the size range above about 14 to 30 gm, whereas the QI0s of o;vgen 

consumption show an opposite trend in this size range (Job, 1969a). 

The independent nature of different rate functions as stressed u.r 
Bullock (1955) is thus demonstrated. Thus small fish may gain from 

a metabolic point of view at low temperature and the apparent loss 

from a ventilatory rate point of view is probably irrelevant to the 

over-all ability of the gills to acquire sufficient oxygen because of 

regulation of other features controlling ventilation volume or oxygen 

absorption (see footnote p. 141). Some authors report an increasing 
1.) 

QlO with an increase in fish size e.g. Morris (1962) and Meuwis & 

Heuts (1957), whereas other authors report the reverse e.g. Hasan & 

Qasim (1960), Sumner & Lanham (1942) and Wells (1935a). It is 

interesting to note that both 50% and· 100% s~a water To · mossambica 

indicate hardly any QI0 variation with fish size alteration (Fig. 60, 

and Job, 1969a), and it would be interesting to investigate whether the 

same is true for the heart and ventilatory rate functions in these media. 

(e) Heart functions and temperature. 

Our results have indicated not only the general pattern of responee 

of ~arious cardiac functions of T. mossa~bica to temperature over the 

too range of - 14 to 26 C, but have also suggested that changes of some 
. 0 

heart functions ·occur in time at 17.8 C after a decrease in temperature 
o 

from 21.1 C. 

The general responses of heart rate and the rates of atrio-ventri-

cular conduction, ventricular depolarisation time and the rate of ventri-

cular functions to temperature as illustrated in Figs. 42 to 44 (pp. 113 

1.) The results of Mo&:is (1962) actUally suggest (his Table 1) that 
only for the ! 27 C acclimated Aeguidens portalagrensis (a Cichlid) 
is this increase in QIO with incresge in fish size undoubtedly 
true. The low (220C) and high (32 C) temperature acclimated fish 
tend to show an opposite trend. 
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to 115) and in Fig. 49 (p. 124), indicate that all rate functions of 

the myocardium are affected by temperature in the same sort of way. 

However the extent to which they are affected are clearly dissimilar 

as are indicated by the rates of change ld.th temperature (QIO and 

)l values) as shown in Fig. 37 (p. 102), and more dramatically perhaps 

in Fig. 54 (pp. 155 to 156) where Q10 values at different temperatures 

are given for heart rate (curve 12), atrio-ventricular conduction rate 

(curve 15) and for the rate of ventricular functions (curve 14). 

These illustrate the markedly different response of heart rate compared 

to the other two rate functions, the Q10 values for heart rate rising 

steeply as temperatures decrease (curve 12), levelling off a little 

by 15
0
0, whereas both of the other rate functions have Q10 values that 

rise only slowly with decreasing temperature. The T-hump length, 

where roughly assessed, showed ·no dramatic lengthening with the temp­

erature decreases we used, and the R-T (Q-T) interval also did not show 

the radical lengthening as shown by Labat (1966). Possibly the temp­

eratures we used were not low enough, and it m~ well be that T. mossam­

bica would succumb because of other reasons before such temperatures 

were reached. However, the results of Labat (1966) do show a similar 

trend to those of our own when the R...R interval and the period of 

systole are compared (Fig. 55) as in both instances the R...R interval 

increase with temperature decrease tends to be more extensive than those 

of systole (i.e. they would have higher Q10 values). It is interesting 

to note that Labat (1966) does not appear to have commented on this, but 

has only emphasized Q-T and T-hump changes, both representing periods 

that are normally considered as part of systole (see p. 31). 

These strong reductions in heart rate while systolic functions do 

not slow so rapidly cause a marked increase in the rest period (diastole) 

over the temperature range under consideration. The rate of increase 
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Figure 55. 

% increases in the cardiac cycle 1engtb (0 plots) and the 

durations of systole (a plots) and diastole (X plots) in 

relation to the value of these at the highest experimental 

temperature used as calculated from the present experi­

mental results for T. mossambica (solid plots) and from 

the results of Labat (1966) for the carp (open plots). The 

T. mossambica results for winter fish (section III (r): 

cross through the plots) and for summer fish (section III 

(g)) are both given. Curves have been drawn by eye in 

some cases to llldicate the trends present. 
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of diastole with temperature change i.e. the QIO of .diastolic 
1.) . ° 

change ,thus increases rapidly to a high value over the t 26 to 

22°0 temperature range (curve 16, Fig. 54, pp. 155 to 156) and QIO 

values remain more or less consistantly high down to ± 14°0 (Fig. 56) 

at QIO = 3.45. Systole, on the other hand, shows a different pattern 
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Figure 56. 

The rates of systole and diastole as plotted on a 

logarithmic scale vs. experimental temperature for 

the 6 fish of the experiment reported in Section III (g). 

QIO values as calculated from the slope of this semi­

log. plot, are given for a number of temperatures. 
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of change with temperature (Fig. 56) and Q10 values are lower then 

for diastole (mean Q10 value for 25.80 to 14.l
o

C = 2.05, whereas for 

diastole mean Q10 over same range = 3.27). The Q10 values for systole 

at different temperatures are also given in Fig. 54, ani show a region 

+ 0 0 
of elevated values between - 16 and 22 C, the progressively lower 

values at higher temperatures being similar to the pattern in all other 

rate functions studied (Fig. 38, p. 105). 

Thus it is clear that the high Q10 of heart rate and diastole at 

low temperatures on the one hand, and the lower QIOs of the other two 

rate functions and systole (which th~ together comprise) on the other, 

represent two rather different processes of cardiac activity in T. moss­

ambica which may be of tremendous functional significance. For 

example as the temperature decreases, a larger and larger % of the 
1.) 

cardiac cycle is occupied by resting phases of the heart , smaller 

%s by active phases (Fig. 49, p. 124) and thus the ability of the 

bulbus arteriosus to feed back pressure energy to the blood by means 

of its elastic wall (p. 25) also cannot continue throughout the 

lengthening resting phase; thus blood pressures falloff to zero for 

greater and greater proportions of the cardiac cycle time. The 

possibility that this may result in reduced kidn~ filtration cannot 

be excluded, and. thus the red.uced urine volume at Im{er temperatures 

(Minshull, 1967) in T. mossambica might be pa.--tially explained. Also, 

with lowered heart rate and thus a possible decrease in cardiac 

efficiency such as a reduction in cardiac output, venous return may be 

impaired (causing the above reduction in stroke volume) which may be 

secondary to tissue space flooding and oedema (Berne, 1954, reporting 

1.) Electrical diastole is taken to be roughly equivalent to mechan­
ical diastole. 
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Prec and co-workers). Oedema and resulting tissue damage is re­

ported by Allanson (1966) for T. mossambica at temperatures below 
o 

about 14 C. Alternatively the heart rate may be insensitive to in-

creasing venous pressures, i.e. where "intrinsic rate regulation" 

as described by Jensen (1970) for the hagfish and for some teleosts, 

does not occur. It must, however, be stressed that the basic op-

eration of the heart as an effective pump does not seem impeded at 
o 

temperatures near 14.1 C. There is sufficient time for atrial and 

ventricular contraction and emptying, and the ~ocardial contractions 

result in normal ECG traces which suggest that the potentials pro­

duced by the ~ocardium of the ventricle (related to QRS complex height) 

are probably adequate for competent muscle activation as the decrease 

in QRS height with temperature decrease is extremely slight in extent 

(Fig. 36, p. 101). The total spike height recorded from Purkinje 

fibres of sheep and calf (Coraboeuf & Weidmann, 1954) when redrawn 

from Fig. 2, p. 34 of these authors, suggests a similar pattern of 
· 0 · 

QRS voltage decrease below about 25 C ( a slight decrease as temp-
o 

eratures are raised above 30 C is also suggested by the data of these 

authors). 

The variations in the Q10 values for the different phases of 

the cardiac cycle can be compared with Q10 values for various phases 

of the action potential as recorded from fibres of sheep and calf 

heart (Fig. 4, Coraboeuf & Weidmann (1954», as illUstrated below: 

Q,o" I."''a--~)I 

n TI+R€S HOlD'~ 

Pon''(T wHeRE R.€.POl..A­
,-<i-E------RISATlON OCCURS 

___ ~IO = Z,5~ 

t>€:POI..AR ISA'TtOIJ 
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Thus very high Q10 values ere found for the slo~ phase3 of the 

action potential i.e. a.) the plateau, corresponding to the period . 

foI' l.ulich the cardiac fibres remain depo1arised i.e. for which the 

atrial aDd, of greater ralevance, the ventricular muscle remains con-

tracted, (i.e. the Q-T (or R-T) interval approximately including the 

T-hump); and b.) the slow diastolic depolarisation Yith an even 

higher QlO of 6.20 (corresponding to the period of diastole). Thus 

although our results have not indicated any markedly raised QIO for 

the rate of ventricular fUnctions (? because of the method of R-T 

measurement, see pp. 31 and 33), these are stressed by Labat 0.966); our 

resul ts do indicate the very temperature-sensi ti ve diastolic period. 

The rather sudden elevation of the voltages of the QRS complex 

~ 13 h after the temperature decrease to l7.80
C (see section VI (c) 

for complete results) cannot be explained very readily. Similarly 

the fact that there is a tendency for heart rates to decrease Yith 
o 

a decrease in fish size only at 14.1 C (Fig. 30, pp. 87 - 38) does 

not correlate Yith what is known about the response of T. mossambica 

to cold from a ventilatory rate point of view (Fig. 31, pp. 89 to 90). 

Similarly early siting experiments suggest that average cold-coma 

temperatures for 9 smaller fish (10 to 20 gm) were hardly distinguish-

able fro~ those of 18 larger animals (.38 to 50 gm; 

compared to 9.9 ± 2.4°C respectively). 

+ 0 10.2 - 3.7 C as 

The heart ~lnctions at l7.8
0
C suggest that both heart rate 

(involving mainly a shortening of the diastolic period) and, at a 

slower rate and to a smaller extent, ventricular functions, tend to 

acclimate by accalerating (Figs. 33 and 34, pp. 95 and 97). It is 

interesting that these acclimations involve sections of the heart 

cycle Yith high QIO values (see above), and, in both cases, sections 

where there is a slow change in membrane permeability leading to 
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"threshold" or to a point ~here membrane repolarisation occurs (see 

diagram p. 165). o 
These features suggest t~t at 17.8 C the heart 

becomes more efficient with time (see pp. 123 to 125). In particular 

the proportion of the cardiac cycle time occupied b.1 s,rstole increases, 

tlms the proportion of the cardiac cycle during which adequate arterial 

blood pressures are maintained, is increased. Thus although similar 

proportions of the cardiac cycle are occupied b.1 s,rstole when fish are 
o 0 0 

first cooled to 17.8 C or to 14.1 C, at 17.8 C the acclimation of the 

R..a interval causes a marked change in this situation which does not 

° occur at 14.1 C. However the possibility that the heart retained 

some heart rate acclimation from the earlier stay at 17.80C, cannot 

be excluded. The inability of the rate of the 14.10C fish heart to 

acclimate wi thin the 4-day experimental period may thus be because 

acclimation had already occurred and had not been lost. Alternatively, 

of course, no acclimation of heart rate (or of the rate of ventricular 

functions) may ever occur at temperatures below ± 14.50
C. More 

extensive experiments would be required to clarify the situation. 

The possible mechanism of heart rate increase after some time at 
o 17.8 C may, on the one hand, be because of r. reduction in vagal tone, 

as is found to be the operative factor in the increased heart rate of 

winter carp (Labat, 1966, his Fig. 56). Heart rate acclimation is 

reported for other fish (Randall & Smith, 1967; Hart, 1957 and Tsukuda, 

1961), hut the possible reasons are not given. Although a SYmpathetic 

innervation of the taleost heart is not usually advocated, reports 

of adrenalin - containing cells within the teleost heart and of 

acceleratory or other positive effects of catecholamines, are presented 

in the literature (Gannon & Burnstock, 1969; Randall, 1968 and Jofre 

& Izquierdo, 1967). Randall & stevens (1967) also report that the 

presence of catecholamines in the blood of fish are effective as heart 

accelerators when vagal cholinergiC action is abolished. Shelton & 
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Randall (1962), commenting on early results of theirs using Tinea, 

suggest that "there may be some cardio-accelerator fibres in the 

vagus if not elsewhere" (P. 249)., These possibilities are of interest 

as Berne (1954), using hypothermic dogs used artificial stimulation 

to increase heart rate (his Fig. 2, p. 92). The collective data in 

this Figure is redrawn in graphical form (Fig. 57), and it is inter­

esting that small increases in heart rate (e.g. from 17.6 to 23.2 

beats/min as found in our fish at 17.8°0) result in a marked improve-

ment in diastolic pressures in the ~othermic dog, and in a reduction 

1M 

~O 

M 

40 

J I 

10 

. Figure 57. 

The relationship between aortic pressure (diastolic 

and s,ystolic), pulse pressures and the rate of heart 

beat in hypothermiC dogs when artificial stimulation 

vas used to elevate heart rate, as taken from Berne 

(1954). The duration of ti,e cardiac eycle, diastole, 

and of ventricular systole are also given. Curves 

have been fitted by ~e to indicate the trends present. 

rbe 2 dotted vertical lines indicate 17.6 and 23.2 

beatS/min, the average heart rates found in our fish 

at 17.800 in periods D and E respectively. 
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in pulse pressures. Systolic pressures are also elevated. Thus 

if similar alterations in blood pressure accomp~ the heart rate 
o 

increase in our l7.S C fish, they would be of great functional signi-

ficance. Metabolic increases as a possible cause of the above acclima­

tions are discussed in (f) below. 

(f) Cardio-respiratory correlations. 

Although both ventilatory rate and heart rate are intimately 

associated with metabolic rate in fish and animals in general (seo 

Part I), and although the general responses of these two basic functions 

(ventilation and cardiac function) . to temperature in this study have 

been shown to be basicalJy comparable as is to be expected (Figs. 42-

to 45, pp. 113 to 116, and Fig 37, p. 102), it is of interest that 

particular differences emerge, as have done within the cardiac func­

tions themselves (see (e) above). In particular no indication of 

~ ventilatory acclimation to low temperatures were indicated, al­

though ogershoots of either rate or ventilatory movement amplitude 

were noticed after temperature increases (pp. 142 to 143). However 

it is possible that there were changes in respiratory volume etc. 
o 0 

at 17.S C or 14.1 C which would not be detected ~ the methods em-

played. 

The cardiac and respiratory activities may also be correlated 

in a temporal sense both in te1eosts e.g. the tench (Shelton & Randall, 

1962) and, more particularly, in e1asmobranchs. This type of cardio­

respiratory synchrony may be of functional significance if maximal 

blood and water flows co-1ncide in and out of the gill lamellae respec-

tively, and if such flows actualJy are effective in improving oxygen 

uptake ~ the blood. Some measurements (Fig. 47, p. 120) and general 

impressions suggest that, under the conditions used, no sign of cardio-
o 

respiratory synchrony is found in T. mossambica, even at 14.1 C, 

possibly related to the fact that blood flow through the gills is likely 



170 

to be fairly even due to the elastic rebound propert~es of the bulbus. 

Fig. 46 (p. 118) indicates that, if the extrapolations suggested for 

heart and ventilatory rate are v~id, cardio-respiratory synchrony 

might + 0 + 0 occur at higher ( - 36 c) and at lower ( - 9 c) temperatures, 

temperatures that are indeed equal to or close to the lethal temp-

eratures for T. mossfu~bica. Such a synchrony might be of significance 

at these temperatures. The ventilatory and heart rate curves and their 

relationship to each other (Fig. 46, p. 118) are closely comparable to 

similar data given by Tsukuda (1961) for Oryzias and Lebistes over the 

normal temperature range and encroaching slightly into the sub-normal 

range for these fish. Tsukuda (1961) gives values of between 0.5 
o 0 

(at 10 C) and 1.0 (at 30 C) for ,the relationship heart rate 
ventilatory rate 

which are similar to those for T. mossambica as given in Fig. 46 (p. 118). 

The possible relationship of both cardiac and ventilatory 

activity to metabolism cannot be readEy assessed, and although 

oxygen consumption 'data of Job (1969a, 1969b) could be compared in a 

limited sense to ventilatory data,no information is available other 

than the heart rata data as to whether a metabolic adaptation to 
+ 0 temperatures of - 18 C occurs or not. If such metabolism increases 

occurred, these may affect the activity of the cardiac pace-maker and 

of other myocardial elements and thereby may, in fact, be the cause of 

the cardiac acclimations observed. 
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v p onclusions. 

1. Fresh water Tilapia mossambica, obtained from North End Lake in " 

Port Elizabeth, were utilised for a series of experiments on aspects 

of respiratory and cardiac function in relation to temperature. 

The basic structure of the heart of this fish was also investigated 

as background to the functional investigations. 

2. The form of the electrocardiograph (EGG) recorded from T. mossambica 

oscillographically was discussed both in relation to the position of 

the implanted recording electrodes, and to what is known in general 

about the teleost EOG. It was concluded that a "typical" teleost 

EGG can only be suggested if electrode positions are standardised. 

3. The oscillographic tracings of ventilatory movements as recorded 

have been discussed, and variations in the ventilatory functions with 

size of fish and with temperature are given. 

4. Possible effects of initial handling, later handling, and MS 222 

anaesthesia have been investigated. Only initial handling causes 

long term alterations in ventilatory functions which may last for a 

day. 

° ° 5. Small temperature increases and decreases in the 18 to 36 0 range 

cause a reversible alteration in ventilatory rate without overshoots 

or any " sign of acclimation. This rate function has a QI0 of about 

1.5 which increaseu with a temperature decrease. 

6. More extensive temperature increases of from ± 22.0 to 25.8
0
0 or of 

17.80 to 21.1°0 cause a temporary "overshoot" in ventilatory rate or 

amplitude (as recorded oscillographically). 

7. Rapid temperature decreases (3° to 4°0 /h) from 25.8
0 

to 17.8°0 

° ° and from 21.1 to 14.1 0 resulted in no observable ventilatory rate or 
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amplitude change within 4 days, but both heart rate, and, to a 

smaller extent and more alowly, the rate of the ventricular functions, 

became more rapid during the early part of the 4 deys after the 
o 

temperature decrease to 17.8 C; a similar change was not seen after 
o 

the decrease to 14.1 C. The possible functional significance of 
o 

these acclimatory changes at 17.8 C are discussed and related to 

other known aspects of the response of T. mossambica to cold. No 

information is available such that these cardiac acclimations can be 

related to any metabolic acclimation at this temperature, although 

such a relationship may exist. 

8. Cardiac functions such as the heart rate, rate of atrio-ventri-

cular conduction, rate of ventricular functions, rate of ventricular 

depolarisation and height of the QRS complex have been studied from 

the various deflections of the ECG. The QIO values for all cardiac 
o 0 

rate functions have been determined for the 14 to 26 C range, and 

heart rate has bE;>en found to have a noticeably higher average QIO 

value than the other rate functions. This feature is related to the 

high QIO value of the rate of diastolic repolarisation (QIO = 3.27) 

as compared to an average QlO of the various rate functions occurring 

during systole which have an average QIO of 2.05. The QIO values of 

cardiac functions ell tend to increase with decreasing temperature 

over the temperature range studied. 
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VI Appendices. 

(a) Suitability of recording equipment for electrocardiographs: 

trials using Xenopus heart. 

South African clawed toads Xenopus laevis of weight similar to 

the experimental fish used (35 to 50 gm) were decerebrated and pithed, 

and the heart was exposed from the ventral surface. Electrodes, as 

used to record EGGs from fish, were held manually such that the +ve 

electrode was in contact with the ventricle, thus the electrode 

placement corresponded roughly to the V2 position used by Furman (1960). 

EGGs were recorded at room temperature (= 2000), and 2 examples are 

given in Fig. 57(a). These EGGs compare favourably with EGGs recorded 
o 0 

from the same species by Furman (1960) at 15 to 25 0 as can be seen 

from Fig. 57(a). 

These results suggest that the experimental technique utilised 

provides a fully detailed EGG of the platanna, and is therefore suit-

able for use with animals of similar size such as our experimental 

T. mossambica. 
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Figure 5?(a) • 
• 

PlJGa as recorded from pithed Xenopus laevis (A) and (B) 

as compared to :mGs recorded from the same animal by 

Furman (1960) (C) using implanted electrodes. 

B - depolarisation of the bulbus arteriosus. 

l' 
T 
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(b) Respiratory opercular-buccal movements and their recording as an 

electrical phenomenon. 

During very early stages of the preparatory ~ork for the recording 

and interpreting of ECGs from T. mossarnbica. difficulty ~as encountered 

in correctly interpreting the various deflections recorded oscillographically 

not~thstanding the kind advice of Dr W. H. Craib. It ~as thus considered 

imperative to actually check ~hich of the d9flections ~ere caused qy the 

contractions of the various muscles associated ~th the ventilatory movements. 

This ~as simply done by visually comparing observed opercular movements of 

a fish in a temporal sense ~th deflections on the oscilloscope screen in 

an electrode-implanted fish. 

While one observer recorded the opercular or buccal movements (which­

ever ~as easier) on moving paper film, the other observer similarly recorded 

~hen the large oscillographic oscillation cycles occurred. Both observers 

recorded on the same strip of moving paper film, one immediately above or 

belo~ the other (see Fig. 58). The film ~as analysed, and the relationship 

bet~een buccal movement cycle rate on the one hand and the oscillographic 

oscillation rate on the other, ~as determined as a ratio bet~een the rates 

of the two cycles (Table 12, p. 177). Table 12 clearly sho~s the very close 

relationship in a temporal sense bet~een these t~o cycles, thus it ~as 

concluded that the deflections described in section III (c) above ~ere 

indeed associated ~th the ventilatory muscle de- and repolarisati ons and 

~ere t hus not associated ~th the heart contractions . Subsequent more 

careful recordings demonstrated ECGs, often together ~th the ventilation 

records. 

Although the above results made it possible for us to use later 

oscillographic deflections of similar form as representative of the venti­

latory cycle, etc., there ~ere a number of occasions ~here visually ob­

served ventilatory rates did not correlate very ~ell ~th oscillographic 
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Figure 58 (a) 

Diagram illustrating the simultaneous recording of 

visually observed opercular/buccal movement cycles and. 

of oscillographic beam oscillations, yhere pencils are 

used b,y 2 independent observers to record the completion 

of each cycle, pencil marks being made along the same 

vertical line as paper film is moved across the back of 

a Cossor oscilloscope camera. 
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Table 12 
• 

The numbers of complete cycles of ventilatory activity 
-

observed visually in arbitrary time periods (x) and 

the number of oscillographic cycles observed in the 

same time (y) together with the ratio Y 
x 

Number of complete Number of complete y -ventilatory cycles = x oscillographic ~cles = y x 

40 40 1.00 

18 17 0.94 

1$ 48 1.00 

57 57 }..oo 

43 44 1.02 

records of immediately before ,or after. Thus in later experiments , both 

oscilloscope and vis~ observations y ere utilised and a mean of the tvo 

used in the calculation of results. liQ consistent relationship was 

observed between the two classes of observations, e.g. one alv~s faster 

than the other of by a set amount. Thus variations in ventilatory rate 

within a short time (l to 4 min) may be the reason for these variations 

at least in p~. Also where rather larger and regular deflections 

(Fig. 19B, p. 47 and Fig. 59{a» were recorded, it was not known whether 

these were of ventilato~ origin or not, and the distance between them 

(from 2 to 6 seconds), seemed too great for such an interpretation. Cases 

where extensive bodily movement was occurring or where 50-oycle or other 

extraneous electrical disturbance was prevalent produced entirely differ-

ent results when compared to these more regular deflections of unknown 

origin (Fig. 59(b». 
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Figure S9 (a) 

Oscillograph trace recorded from Fish T 

° at 25.8 C showing large, regular defiec- ' 

tions (arrows) of unknown nature that 

occurred every 2 to 6 seconds in this 

recording. 

, .Figure 59 (b) 

. ' 
Oscillograph trace recorded from Fish 0 

at 25.80C ~en the fish was in an excited 

and disturbed. state. Note the irregulari-

ties superimposed on the ventilatory cycle 

and oscillations. A fev QRS complexes are 

clearly visible. 

, S 
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(e) Complete results of Part III. 

The complete results of certain portions of section III, given 

e1 ther in graphical or tabular form, are presented belov in the fo11ow-

ing order: - " 

Opercular/buccal ventilatory rates of earlier experiments 
(pp. 63 - 66) in particular ••••••••••••••••••••••••••••• pp. 180 - 181 

Ventilatory cycle length, later experiments (Fig. 27, 
pp. 81 - 82) ••••••••••••••••••••••••••••••••••••••••••••• p. 182 

Ventilatory rate, later experiments (Fig. 27, 
pp. 81 - 82) •••••••••••••••••••••••••••••••••••••••••••• p. 183 

R~ interval, later experiments (Fig. 28, pp. 83 - 84) ••• p. 184 

P-R interval, later experiments {Fig. 28, pp. 83 :. 84) ••• p. 185 

R-T interval, later experiments (Fig. 27, pp. 81 - 82) ••• p. 186 

Diurnal slight alterations in R~ ••••••••••••••••••••••• p. 187 

Full Q 0 results for ventilatory rates of the individual 
fish (r1g. 32, p. 94) •••••••••••••••••••••••••••••••••••• p. 188 

QRS voltages for individual fish at experimental 
temperatures (p. 101) ••••••••••••••••••••••••••••••••••• p. 189 

QRS value alterations with time at 17.80C (p. 100) •••••• p. 190 

Full QI0 and Arrhenius p. values for ventilatory rate, 
and the cardiac intervals ••••••••••••••••••••••••••••••• pp. 191 - 192 
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(Figure 60) 
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Legend for Figure 60 

(opposite) 

Full results for the graphs labelled Tilapia 2 and Tilapia 

3 in Figure 22 for the opercular/buccal respirato~ rate 

changes with temperature over the range 14.1 to 36.000. 

(The Tilapia 3 values at 25.800 are those only for period 

L - i.e. after the fish had recovered from any initial 

handling stress ~) Each small point represents the mean 

value at that temperature for anyone fish •. Each large 

point represents the mean for all fish of the experimental 

group at that temperature and the 95% confidence limits 

are also given for these points: Graphs have been fitted 

by eye. 

KEY 

__ 1":'--' -Yisli of the 1967 - 1968 experiments 
. . . ' (see Section III (e)) 

--.. _.r Fish of the January 1969 experiments --;-r .. -- (see Section III (g)) 
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Figure 61 

Full results (six fish) of the changes in opercular/ 

buccal respirato~ cycle length during the experiment 

res ported in Section III(g) as the temperature was 

changed as indicated below. Mean values for indivi-

dual fish (smaller dots) and for all six fish (large 

encircled dots) are given, the latter with 95% confi-

dence l1mi ts. A graph of the overall trends has been 

f1 tted by eye. 
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Figure 62 

Full results (six fish) of the changes in opercular/ 

buccal respiratory rate during the experiment reported 

in Section III (g) as temperature was changed as indi-

cated below. Mean values for individual fish (small 

dots) and mean values for all six fish (large dots) 

are given, the latter with 95% confidence limits. A 

graph of the overall trends has been fitted qy eye. 
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Figure 63 

Full results (six fish) of the changes in the· R~ in-

terval during the experiment reported in Section III 

(g) as the temperature was changed as indicated belovo 

Mean values for individual fish (small circled dots) 

and mean values for all six fish (large circled dots) 

are given, the latter with 95% confidence limits. A 

graph of the overall trends has been fitted ~ eye. 
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Figure 64 

Full results (six fish) of the changes in the P-R in­

terval during the experiment reported in Section III 

(g) as the temperature was changed as indicated belovo 

Mean values for individual fish (small crosses) and 

mean values for all six fish (large crosses) are given, 

the latter with 95% confidence limits. A graph of the 

overall trends has been fitted by ~e. 
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Figure 65 

Full results (six fish) of the changes in the R-T 

interval during the experiment reported in Section 

III (g) as temperature was changed as indicated be­

low. Mean values for individual fish (small circles) 

and mean values for all six fish (larger circles) 

are given, the latter with 95% confidence limits. 

A graph of the overall trends has been fitted by eye. 
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Figure 66. 

Plots of the R~ duration in the 6 individual fish 

of the experiment reported in section III (g) as 

recorded bet~een midnight and 10.00 a.m. (on the 

left) and bet~een 10.05 a.m. and 10.00 p.m. (on the 

o 0 0 
right), for 14.1 , 17.8 and 25.8 C. The position 

of the plots on the X axis is arbitrary. Means (oC ) 

of each series are given as a horizontal line, and 

the value of the mean is given above in each case 

together mth the 1.96 x S.E. values • 
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Table 1.3 

Full QI0 results for ventilatory rates of 

the individual fish over the various tem-

perature intervals. 

Temperature Fish T Fish R Fish A Fish I Fish 0 Fish V 
intervel 49.8 gIn 56.2 gIn 68.5 gIn 71.2 gIn 77.6 gIn 88.0 gm 

25.8°(1-1) _ 14.10 C 2.93 2.63 2.60 2.82 2.52 2.06 

25.8° (L) - 14.10 C 2.2.3 2.06 1.6.3 - 2.05 1.82 

25.8°(L) ° - 21.1 C 2.10 1.93 - -- 1.94 1.69 

21.1 ° - 17.80 C 1 • .30 1.78 2.96 1.50 1.42 1.11 

17.8° - 14.10 C .3.87 .3.72 2.71. .3.55 1.67 .3.06 

25.80 (L) - 17.8°C 1.8.3 1.56 1.28 - 2.25 1.4.3 

21.1° - 14.10 C 2 • .36 2.64 2.76 2.36 2.12 1.90 



Fish 
name 
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R 

T 
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Table 14. 

Mean QRS voltages for individual fish at the main 

experimental temperatures together with the means 

and 1.96 x S.E. of 4 and 6 fish at each temperature. 

The number of recording means that have been averaged 

is given in brackets. 

° 14.1 C 17. 8°C 21. 1°C 25.8°0 

0.039 (8) 0.039 (7) - 0.047 (3) 

0.036 (11) 0.018 (2) - 0.050 (1) 

0.066 (10) 0.047 (6) 0.068 (2) 0.023 (3) 

0.049 (10) 0.054 (il) 0.000 (3) 0.071 (8) 

0.094(10) 0.125 (13) 0.100 (2) 0.109 (il) 

0.035 (10) 0.071 (il) 0.042 (3) 0.076 (7) 

Mean of 6 0.061 1: 0.022 + 0.070 :!: 0.030 0.074 - 0.030 -
0.052 :t 0.018 ... ... ... 

Mean of 4 0.059 - 0.027 0.073 - 0.021 0.063 - 0.022 



Fish 

T 

0 

V 

Total 

Mean 

1~ 

Table 15. 

Variations in the QRS voltages in 3 of the experi­

mental fish with the passa~e of time at 17.8
o
C. 

QRS height in mV after indicated number of hours. 

0 @ @ Mean of 3 items 
:!:lh :!: 13 h ±18h >30 h marked @ 

@ @ @ 

0.051 0.082 0.054 0.055 0.053 

0 @ @ 

0.085 0.126 0.085 0.081 0.084 

@ @ @ 

0.120 0.164 0.123 0.122 . 0.122 

0.256 0.372 0.262 0:258 0.259 

0.085 0.124 0.087 0.086 0.086 
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Table 16 

Full Q10 results (means of all 6 fish) for venti1a­

tor,r rates and cardiac fUnctions over various temp-

erature intervals. Where values from period D or 

E at 17.8°0, G or H at 17.8°0, and M or L at 25.8°0 . 

are used instead of values from the llhole period at 

these temperatures, this is indicated by means of 

the period letter in brackets. 

- Atrio-
Temperature Ventilatory Hearl ventricular Rate of 
interval rate rate conduction ventricular 

rate functions 

o 0 
(M) 2.96 

21.1 to 25.8 0 2.4b 2.22 1.59 
(L) 1.96 

17.8° to 21.1°0 
(D) 7.413 (G) 3.60 

1.86 1.98 
(E) 2.91 (H) 2.91 

° ° 
(11) 2.4b (D) 3.65 (G) 2.23 

17.8 to 25.8 0 2.12 
(L) 1.89 (E) 2.64 (H) 2.05 

o ° (M) 2.65 
14.1 to 25.8 0 2.79 2.24 2.00 

(L) 2.31 

° ° 
(D) 1.55 (G) 1.60 

14.1 to 17.,8 0 3.12 2.51 
(E) 3.12 (H) 1.92 

° 0 
14.1 to 21.10 2.45 3.04 2.24 2.34 
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Table 17. 

Full Arrhenius ~ results (means of all 6 fish) for 

ventilatory rates and cardiac functions over various 

temperature intervals. Where values from period D or 
000 

E at 17.8 0, G or H at 17.8 0, and M or L at 25.8 0 

are used instead of values from the wo1e period at 

these temperatures, this is indicated by means of the 

period letter in brackets. 

Temperature Ventilatory Heart Atria- Rate of 
interval rate rate ventricular ventricular 

conduction functions 
rate 

21.1° to 25.8°0 
(M) 18,850 

15,900 13,900 10,500 
(L) 11,450 

° ° 
(D) 31,350 (G) 21,550 

17.8 to 21.1 0 10,450 1l,400 
(E) 18,000 (H) 18,050 

° 0 
(M) 15,600 (D) 22,450 (G) 13,900 

17.8 to 25.80 13,000 
(L) 11,550 (E) 16,800 (H) 12,450 

° ° 
(M) 16,750 

14.1 to 25.8 0 17,600 13,800 11,950 
(L) 13,650 

0 ° 
(D) 7,430 (G) 7,880 

14.1 to 17.8 0 19,100 15,400 
(E) 19,350 (H) 1l,OOO 

° 0 
14.1 to 21.10 15,050 18,700 13,500 14,300 
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