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INTRODUCTION 

Since the specific gravity of fish is greater than water, they 

require a mechanism for keeping afloat. Many fish, notably the 

elasmobranchs, keep themselves up hydrodynamically by means of constant 

forward motion. Others, notably large pelagic sharks, have large 

livers consisting of tissue of low specific gravity (Denton 1963). 

Alexander (1966) has calculated that a constantly moving fish, moving 

at a velocity of one body length per second, needs sixty percent of its 

total power output to overcame sinking. The majority of bony fishes 

have overcome this expenditure of energy by replacing part of their 

body volume with gas. The function of the swimbladder is to maintain 

this gas space and to adjust the volume of gas according to the 

hydrostatic demands and Boyles law. 

A consequence of using this floatation device is that the fish is 

restricted in its vertical movement and is in buoyancy equilibrium at 

only one depth. A fish ",ith neutral buoyancy at the surface will, on 

rapidly descending to ten metres or an equivalent hydrostatic pressure 

of two atmospheres, have a swimbladder volume one half of its original 

volume. Until the deficit in gas volume can be made up the fish will 

have to expend additional energy to maintain its position. Once 

the deficit is restored t he fish again regains neutral buoyancy and 

energy output is minimis e d q If a neutrally buoyant fish were to 

ascend rapidly to the surface from a depth of ten metres,the swimbladder 

volume would double and gJS l-lould have to be expelled or absorbed in 

order for the fish to regain neutral buoyancy. 

Movement in a vertical plane is essential t o ffiOst fish species, 
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since without this, optimal habitat utilisation and exploitation would 

be impossible. This ability to move vertically relies on the ability 

of the fish to secrete and absorb gas from the swimbladder, for it is 

this ability that governs the rates of descent to and ascent from deep 

water. Secretion of gas is carried out by the rete mirabilis/gas 

gland complex while resorption areas are usually areas of the 

swimbladder having an abundant capillary system into which gas can 

diffuse passively. The structure and general function of the rete 

mirabilis/gas gland complex has been well documented and reviewed in 

recent literature (Jones 1951, 1952; Jones and Marshall 1953; 

Alexander 1959, 1966; Fange 1966; D'Aoust 1970; Rigg 1970; Steen 

1970; McNabb and Mecham 1971 and Denton et al 1972). 

Despite this accumulation of generalised knowledge on structure 

and function, there still remains comparatively little published work 

on the ecological significance of the ability to move in a vertical 

plane for individual fish species and communities. This is 

particularly evident in the African cichlid community as was shown in 

a recent review of cichlid biology by Fryer and lles 1972. These 

authors stated that the presence of a swimbladder in cichlid fishes 

"was one of the factors that contributed to their ability to colonise 

lakes and, having done so, probably facilitated their establisrnnent 

in a diversity of habitats". They further went on to say "when 

considering which attributes of the cichlids are associated with ·their 

remarkable success in the African lakes this is certainly one which has 

to be taken into account". The importance of depth distribution 

to the cichlid community thus cannot be over emphasised. The diversity 

of feeding zones, the breeding habits and the' community structure are 

all functions related to depth neutrality and the abili.ty of these fish 
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to remain at their equilibrated depths with a minimum of energy 

expenditure. 

The only available work in this field was published by Bishai 

(1961) and still remains the only comparative reference study. 

This work however was not entirely satisfactory since the experimental 

design contained some serious defects. The primary objectives of 

the present study were to initiate an experimental technique capable 

of assessing the ability of some Southern African cichlids to enter 

deep water and to determine some of the limiting factors concerned 

with this function. The study was divided into two parts. The 

first deals with the depth tolerances shown by four species of cichlids 

in a pressure chamber, while the second part deals ,lith some of the 

physiological mechanisms involved in vertical movement. An 

important aspect of the study was the correlation of the experimental 

data with the available field ecology and to determine to what 

extent depth is restrictive in the success of the cichlid community. 
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PART 1. 

THE TOLERANCE OF CICHLID FISHES TO DEEP WATER. 

INTRODUCTION 

Lake Sibaya (32
0 

40'E : 27
0 

25'S) is a freshwater lake near the 

north eastern border of South Africa. The population of cich1ids 

in this l ake consists of four species in two genera. The biology of 

the mos t important, . Ti1apia mossambica, has been the topic of a research 

programme by Bruton (1973 ). It appear s possible from his work on 

!.mossambica, and the observations of other workers on the remaining 

species, that thes e fishes are "depth r estricted" and thus are unabl e 

to utilise the habitat to its full potential. SCUBA divers records 

have t entat ively indicated that the distribution of cic.hlids in lake 

Sibaya was in the l ittoral and sub littoral regions (Boltt et, a1 1969) , 

yet there ar e no environmental physical factors which prohibit these 

fish from occupying the entire wat er co l umn. At it s maximum depth 

of forty metres (Hill 1969) the. lake is well oxygenated and has no 

verti cal t emperature gradient (Allanson and van Wyk 1969) , thus it 

appeared that hydrostatic pressure might be a factor limiting the 

distribution of these fishes . 

In order to investigate this possibility, an experiment al pressure 

chamber simulating the pres sures found at a ll depths in a lake "as 

reqUir ed. The chamber should ideally provide the following contIi ti.ons. 

a) The provision of suffic ient space for the fish to swim 

about. 

b) Water ·of the correct tenperature. 

c) Water flow through the tank at all pressures in order to 

provide oxygen and remove me tabolites. 
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d) There should be no increase in dissolved gas with 

increased pressure, 

and e) It should be possible to simulate the maximum depths of 

the lake. 

On reviewing the current literature a variety of methods became 

apparent, but were generally regarded as being unsuitable for 

fulfilling the above r equirements. Harden Jones (1952) used an 

apparatus in which the fish were exposed to increased pressure by 

means of a water column in a vertical tube. This method is not 

practical for great depths since the height of the tube has to be 

eqUivalent to the required simulated depth. McCutcheon (1966) 

reproduced depth by introducing compressed air into a pressure 

chamber. This method did not permit water circulation through the 

tank and the oxygen deficiency resulting from respiration had to be 

compensated for by aeration of the water under pressure. This 

aeration, as well as the exposure of the l\Tater surface to high pressure 

air,wQuld result in an incr ease in partial pressure of gases in the 

wate~ and consequently in the tissues of the fish. This is a most 

undesirable feature since it reduces the oxygen gradient across the 

swimbladder wall and is thus not a reflection of physical conditions 

in natural systems. It must be borne in mind that under natural 

conditions increased water pressure, associated with incr eased depth, 

is NOT accompanied by a rise in partial pressure of disso lved gases . 

Similar ly, putting an experimental t ank into an hyperbaric 

chamber, as done by Overfield ar,d Kylstra (1971), would result in an 

increased partial pressure of oxygen in the water. Bishai (1961) used 

a ten li tre tank in which he obtained pressure from the mains water 
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supply. Once at the required pressure the tank was closed off 

from the water supply, and there was no circulation through the 

apparatus. He found that adult fish kept in the tank died in ten to 

twenty hours and he was therefore forced to carry out his experiments 

with an air space above the water. As stated above, and recognised 

by Bishai, this causes an increas e in gas tension in the water and 

therefore in the tissue of the fish and would produce confusing results . 

The tank designed for the present work enabl.ed these problems 

to be overcome and fulfilled the conditions set out above. With 

this apparatus the maxim1.!111 depth tol erance of the fish, together with 

their rates of descent, could be determined. Initially a single tank 

was built and experiments on the depth tolerance of !.mossambica 

at 22°C were carried out (Cault on 1972). The results of this 

prelimi nary work indicated that consi derable further work in this 

field was necessary iil order to clarify the depth relations of 

!.mossambica of different sizes and at other temperatures, and to 

investigat e the depth t o l erances of other cichlid fishes. 

MATERIALS AND METHODS 

(0 Construction of the pressure chamber. 

The fo ll owing description of the construction of the pressure 

chambers is based upon the single tank which was used during the 

preliminary part of thi s study (Caulton 1972). The success of the 

design l ed to the construction of four interconnected chambers 

(Plat e 1) which were used in the pr es ent study and which enabled 

observations to pr oc eed more rapid l y. The modifications used in this 

sys t em wi ll be presented after the description of the single chamber 

as set out below. 
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The body of the single pressure chamber was constructed of ten 

millimetre thick steam pipe, thirty centimetres ·in diameter and 

forty-five centimetres in length. The endplates were cut from twelve 

millime tre thick mild steel plate. These end plates had a fifteen 
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Fig. L Di agr ams sho~~ing the structure of t he single 
pressure cbamber . A) Longituui n ill section of the pressure 
chamber sho .... in g the position of the g l ass doors , exhaust, 
outlet, !\Ilfcty v.1 1v(' ;;nd clnmp fasteners . Ii) Front vicw of 
the chamber showing the clamp fas ten er h , r1(!lcs anc! the 
position o f the inlet and outlet pipes with t heir rc s pcccivo! 
£low rc!;u l ato r valvc r. . C) lntcrnal view Qf til'! rcmo\"l.!llc (!:;d 
plate shoo.dr.s the ;>ositiolls of the gas ke-t . O-:-Io g scOt l ilnd 
fixed cl amp fostC'ncrs. 
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centimetre diameter porthole cu t into them. The porthole in the 

r ear end plate (Fig. lC) was centrally positioned, that in the front 

plate (Fig. lB) was off centre so that its top edge was only five 

centimetres from the edge of the plate. This allowed a ten centimetre 

deep water level to be maintained in the tank when the porthol e door 

was not in position. On the internal surface of each end plate , 

two centimetres from the porthole, a four mi llimetre wide, two 

millimetre deep circular groove was milled out to accommodate an 

a-ring . The rear , removable end plate had a t en millimetre wide 

groove , thirty centimetres in diameter , cut into its inner surface so 

as to mate with the end of the cylinder (Fig. lA). A flat rubber 

gasket glued int o the groove ensured an efficient seal. This p lat e 

was bolted onto the main chamber by means of eight stainless stee l 

studs welded onto the body of the tank. 

The por thole ~'indows were of pres tr essed armour plate glass, tw"enty 

centimetres in dimneter and ninete en millimetres thi.ck. Th e front 

window of the sing le tank had a small perspex handle fixed to it "ith 
f 

an epoxy glue. The rear porthole was held permanently in position 

by three rubber covered brass plates bolted onto studs screwed into 

the rear end plate (Fig. lA,C). The front porthole door was movable, 

being held in position by three adjustable cl amp fasteners. These 

clamps were cons truct ed of brass with rubber covering those surfaces 

in contact with glass. The clamps could be rot ated by means of a 

brass bolt which passed through a hole in the end plate and "'hich had 

an external handle (Fig. lA). Wing nuts were used to tension the 

clamps to hold the g l ass firmly against the a-ring. When tightened 

these wing nuts not only pulled the glass forward but simultaneously 

sealed the hole through \;hich the bolt passed, by means of an a-ring 
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and a thick brass washer threaded and soldered onto the bolt. The 

exact position of the glass holder clamps in relation to these metal 

washers was critical. Initially each was set by screwing up the 

wing nuts until the o-ring and washer were tight against the inside of 

the end plate. A clamp was then slipped over the tensioning bolt 

and tightened against the glass by means of a nut and lock nut 

(Fig. lA). Once the correct position was obtained it required no 

further adjustments. In this design, the internal hydrostatic 

pressure on the glass increased the pressure on the o-ring, thereby 

providing an effective water-tight seal. The clamps, therefore,. 

served merely to hold the glass in place and keep the tank sealed 

under low pressure. 

Wat er inlet and outlet pipes were screwed into threaded holes in 

the wall of the tank and then welded into place. The water flowed 

in at the side of the tank and out the bottom. The inlet was fitted 

with a twelve millimetre gate valve and a sensitive needle pres s ure 

regulator valve (Bailey 600 W, type G). A feeding lock, consisting of 

two gate valves, was fitted at the top and this also served as an 

air exhaust during filling (Fig. lA). A safety valve set at 

2 2 
5 kg/em and a pressure gauge reading to 8 kg/em were also fitted. 

The outlet flow was 'regulat ed by a twelve millimetre gate valve. 

Since this single chamber could only accommodate two fish and 

most experiments lasted from ten days t o two l\Teeks, it was decided 

to build a multiple system in which a further eight fish could be 

housed during pressure tolerance work . This allowed a total of ten 

fish to be t ested simultaneous ly. The multiple chambers di ffered 

from the, single tank only sl i ghtly. Since the rear porthol e served 



Plate 1. 

10 

The multiple chambers used to subject fish to 

simulated depth . The fine regulating valves are 

visible in the lower foreground and on the single 

chamber at top right . At left rear is the 

heater unit which increases the temperature of 

the inflow 'mter. 

no function other than allowing greater internal illumination, this 

was dispensed "H.h, and the rear end plate was welded onto the 

cylinder. The front plate, cont aining the glass window, was 

r emovable and held by eight stainless steel studs onto the body 

of the chamber. The movable clamp fasteners were dispe.nsed with in 

t he multiple tanks and the entire front plate was removed for the 

introduction of the fish. This method was not as satisfactory as 

having the clamp fastencr system. The tanks were interconnected 

and the ,,,atcr flowed in at the bottom and out at the top. This was 
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not as efficient as the system in the single tank, since any waste 

matter which may collect on the floor of the chamber could not be 

flushed away. It was decided, however, not to feed the fish on the 

day prior to us e or during the experimental work. This ensured tha t 

there was nO faecal waste. In this system since the outl et was 

at the top no air exhaus t was necessary. 

Int ernally the chambers had a perforated perspex partition 

with a central door enabling separation of the two experimental fish. 

The multiple chambers were mounted in a metal framework and had a 

slight backward tilt to allow complete expulsion of air on filling. 

The chambers and fittings wer e painted inside and out with three coats 

of white epoxy paint over a coat of an anticorrosion compound. The 

temperatur e within the sys tem Has monitored by a pressure resistant 

thermometer , while the tanks were kept in a temperature contro ll ed room 

to decrease heat l oss from the tanks and thus help maintain a constant 

water t emperature. 

Inflowing wat er was heated by passing it through a heat exchanger . 

This consisted of 4 metres of copper piping, one centimetre in 

di ameter, wound into a fifteen centime tre diameter coil and illunersed 

in a water bath in which the water temperature was thermostatically 

regulated by a heater stirrer unit. This heating coil was in turn 

attached by copper piping to the main water supply system. Analysis 

of the copper content in the water before and after the copper coil 

showed no measurable increase in copper ions in the water. A value 

of l ess than 0 .0 03 ppm copper was found by atomic absorption 

spectrophotometry, and this level of copper was regarded as beIng 

harmless to cichlid fishes. 
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The maximum pressure obtained in the chamber is dependant on 

the pressure of the supply system. In Grahamstown this supply 

2 
pressure was approximately 11 kg/em , thus a theoretical hydrostatic 

pressure equivalent to one hundred and ten metres could be generated. 

Since one of the major requirements of the system used was a constant 

water flow, the full pressure could not be utilised. With a flow of 

three to six litres per minute a pressure of 8 kg/em
2 

could be 

maintained, thus decreasing the theoretical working pressure of the 

chamber to an equivalent simulated dep th of eighty metres. For the 

purpose of the present study the safety limit was set at a simulated 

depth of fifty metres. The pressure g·auge was checked against a 

sensitive SCUBA divers depth gauge . During the course of the 

experiments the f ish were subjected to a twe lve hour light and twelve 

hour dark illumination cycle. 

(ii) Qperation of the pressure chambers. 

The water heating exchange unit was set such that the water 

temperature, after having passed through the coil, corresponded to 

that to which the experimental fish had been acclimated. In the 

single chamber the bottom outlet valve was first c losed anq the t op 

exhaust valve opened. When the water l eve l reached the portho l e 

the inflow was stopped and the fish introduced, generally one on either 

side of the perspex partition. The porthole door was lift ed into 

place and the clamp fasteners manouvered into position and tightened. 

Filling continued until water flowed from the exhaust valve. This 

was then closed while the lower outflow valve was simultaneously 

opened to maintain a flow of approximately three litres per minute. 

At thi s flow rate a drop of three per cent in· the oxygen content between 

water ent ering and leaving the chamber was recorded when two larg e 
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I.mossambica were present (Inflow P02 = 152 mm Hg; 

145 mm Hg). 

outflOl< P02 = 

The fish were then allowed a twenty four hour habitat familiarisation 

period. During this period the chamber was maintained at zero 

hydrostatic pressure. 

In the multiple system the procedure was similar except that the 

fish were placed in the bottom chambers first, the end plate bolted 

into position,and then these chambers filled . When the water began 

to flow into the top chambers the flow >las stopped, the fish introduced, 

and aft er the end plates had been positioned the flow was continued. 

This system had a flow of approximately six litres per minute; 

The pressure within the · chamber "as increased by screwing dmm 

the regulator needle valve until the correct pressure increment was 

reached. The single tank and .multiple tanks, although drawing water 

from the same h eating system, had independent pressure regulator systems . 

An important feature of the pressure regulator valve used ,,,as that 

increasing pressure in the tank did n ot alter the flow rates,and 

thu s very little, if any, regulation of the outflow was required for 

the duration of each series of experiment s . 

During the experiments the fish could be seen clearly through 

the porthole and sOon b ecame accustomed to the observer. Increments 

in pressure were c arried out at twelve hour intervals and were designed 

to keep just ahead of the rate at which the fish could eqUilibrate. 

Equilibration was taken as the depth (pressure equivalent) at which 

the fish just floated off the floor of the chamber. Since the pressure 
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was kept greater than this equilibration depth the fish were generally 

"heavy" (a term used to describe a fish which was negatively 

buoyant i.e. the swimbladder was partially deflated). Thus by 

decreasing the ambient hydrostatic pressure, the depth of neutral 

equilibrium of the fish could be accurately determined. After 

recording this equilibration depth, the hydrostatic pressure was 

increased to the next level, and the fish became "heavy" once again. 

At the end of the experiment, curves of equilibrated depths against 

time were drawn up. These showed the rate of equilibration and the 

mean maximum equilibrated depth. This was taken as that depth at 

which no depth increments were shown by fish held for at least thirty

six hours at an ambient hydrostatic pressure greater than the mean 

maximum equilibrated depth. 

Preliminary experiments for the determination of the depth 

tolerances and descent rates for cichlid fishes showed that at 22°C 

they equilibrated to depth comparative ly slowly. From preliminary 

experiments for each particular species, suitable experimental 

regimes for increasing the hydrostatic pressure were devised. 

The following regime was used for :!: .mossambica at 22oC. 

a) A habitat. . familiarisation period of t wenty four hours 

at zero hydros tatic pressure. 

b) The pressure was then increased to 0.5 atmospheres or 

an equivalent simulated depth of 5 metres. At the end of a tl<e lve 

hour period the depth at which the fish were neutrally buoyant ,laS 

determined as previously described. 

c) The pressure was then i.ncreased to 1.1 atmospheres 

(equivalent depth of 11 metres) and after a twelve hour period at 

this depth the equi libration depth was tested. 
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d) Thereafter the pressure was raised by 0.2 atmospheres, or 

an equivalent additional depth of two metres, every twelve hours. 

Once the fish had apparently attained its maximum equilibrated 

depth,the hydrostatic pressure was held at 0.5 atmospheres in excess 

of this depth for a period of 36 hours. If, during the twelve 

hourly recordings over this 36 hour period, no increase in depth 

equilibration was noted, that depth was taken as the maximum 

equilibrated depth. 

The results of these recordings were used to construct equilibration 

curves from which rates of descent and mean maximum equi l ibrated 

depths for varying fish sizes at varying temperatures could be 

compared for different fish species . 

Since the rates of equilibration varied at different temperatures 

and for different fish species , pres s ure incr ement regimes suited 

to each set of conditions had to be developed. Set out below in 

Table 1 are the increment regimes used in this study. 

TABLE 1 . Simula t ed de pth increments s hown in metres for e ach 12 hourly increment. 

period for different fish species at different. t .emperaturcs. *Exarnple 

dc~cribed in the tex t. 

T11<':21a IIcmih.l21ochromis 

I 
Tilil.pia ~ 

mossambica philander rendalli sparnnanii 

~ ime hr lSoC 22°C 30
De 22°C 300 e 22°C nOe 

0 0 0* 0 0 0 0 0 

12 3 5 5 5 5 5 3 

24 6 11 12 10 15 7 6 

36 9 13 '5 12 18 9 9 

48 12 15 20 15 2 ' 11 12 

60 12 '7 25 17 24 11 15 

72 12 19 30 19 27 11 18 

84 12 21 30 21 30 11 2' 
96 12 23 30 23 33 24 

108 25 30 25 33 27 

120 25 27 33 27 

132 25 29 33 27 

144 31 

'56 33 

168 35 
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The regimes of hydrostatic pressure increase such as those 

described above did not appear to have any effect on the behaviour 

of the fish. Pairs of Ti1apia spp. and Hemihap10chromis philander 

successfully courted, mated and produced young while undergoing 

tolerance tests. During the initial rise in hydrostatic pressure, 

however, Ti1apia spp.showed a doubling of their fin beat rate from 

one hundred beats per minute to two hundr ed per minute. This 

increased activity, due to loss of buoyancy, caused the fish to 

fatigu e rapidly and become "heavy". This observation stresses the 

importance of neutral buoyancy, as proposed by Alexander (1966), in 

conserving energy otherwise expended in maintaining lift. 

(iii) The fish: species, locali ty of cRpture and size groups. 

The species of fish used in thi s experimental study were, 

Tilapi a mossambica Peters, Tilapia sparrma.nii A. Smith, Tilapia 

rendalli Bou1enger and Hemi.h aplochromis philander (M. Weber) • 

.!.mossambica were obtained from ei ther Amalinda fish station, 

o 
East London, or from natural ponds n ear Kenton-on-sea ( 33 40'S; 

26 0 40'E). Throughout the experiments these two populations were 

treated indep endently and are described as Ama1inda fish or Kenton-

on-sea fi sh. !. sparrmanii were obtained from ponds in the 

vicinity of Gr ah amstmvn. T .rendalli and B..philander were caught 

in Piet ermaritzburg, Natal, and road transported to Grahamstown 

(there were possible indications that air transportation disrupts 

normal swimbladder function, du '! to the I m-y,_ pressures present in the 

cargo compartment s of modern aircraft). The fish were held for at 

least one month pri or to use, in one metre deep concrete tanks at 

a temperature of 22
0

C t o 2S
o

C with daylight illumination. Before 
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being placed in the pressure chambers the fish were temperature 

acclimated for a period of at least fourteen day.s. 

Sex determinations on Tilapia spp. were generally made by 

dissection at the end of the experiments or by a method described 

by Va as and Hofstede (1952) for live fish. Sex determinations in 

~.philander were by colour differentiation. 

The fishes were divided into size groups and these groups 

were adhered to for the entire work. The measurements of the size 

groups in Table 2 are expressed as total length measurements in 

millimetre s . 

TABLE 2. The size classes of fish used in this study. All 

measurements in mil1imetres. 

~ Species Large Adult s Small Adults Juveniles Fry 

T.mossarnbica 205-246 154·· 185 40-60 10-15 -

.!. sparrmanii 97-125 60-67 - -
T .rendalli - 96-108 - -

~·Ehil and er (mal. e) 50-80 35-40 + 10 <8 

~.phil and e r (female) 40-60 25-30 + 10 <8 
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RESULTS 

(i) Dep th equilibrations and descent rates of fry, juvenile , 

small adult and large adult Tilapia mossarnbica at a 

o 
temp erature of 22 C. 

Fry of !.mossarnbica (sizes as in Table 2) normally res t on the 

substrate, making short excursions int o mid wat er, thus it is 

possible that in this size group the swimbladder is not functional 

as a hydrostatic organ. The effect of pressur e on fry in the 

pressure chamber was undetectabl e . Time intervals between resting 

and swimming were recorded at a variety of pres sures but no 

significant differences were found. 

Juvenile !.mossambica similar ly showed no effect when exposed 

to the experimental pressure r eg ime. I f the hydrostatic pressure, 

however, was increased by three atmos pheres in one minute i.e. 

a simulated depth increase of thirty metres, a pronounced increase 

in the fin beat rate was observed. The fish did not fatigue and 

become "heavy" but tended to congregat e towards the bottom of the 

chamber. Aft er a period of ten to fifteen minutes the normal fin 

beat rates and r and.om distribution were r egained~ This i ncrease 

in fin beat rate and the loss of randomisation indicated that the 

fish does momentarily lose buoyancy and must compensate for this 

by added swimming effort. The important feature is, however, the 

extremely rapid regaining of normal buoyancy. Similar observations 

on juvenile Tilapia nilotica were reported by Bishai (1961). 

Rapid decompression of deep compensated juveniles showed the same 

trends, with fish congrega ting at the roof of the chamber fo r a 



19 

short period of adjustment before regaining a random distribution. 

Since juveniles never showed the fatigue patterns of adult 

fish no quantitative expressions of descent rates or maximum 

equilibration depths could be given. The fish ,.,i 11 seldom 

encounter depths greater than thirty metres in most natural systems 

and thus they were not tested beyond this depth. The greatest 

pressure changes, in terms of Boyles law, are in the upper t en metres 

·and since juvenile fish compensated rapidly for these changes they 

may indeed be able to penetrate to depths deeper than thirty metres. 

The typical behaviour patterns described fo r adults showed 

that they spent at least 98% of their time resting on the chamber 

floor when not equilibrated to the hydrostatic pressure. This 

enabled accurate equilibration depth readings to be obtained from 

individual fish every twelve hours using the previously described 

pressure increment regime. 

The equ ilibration curves constructed from the mean equilibration 

o depths of two Amalinda adult T.mossambica size groups at 22 Care 

shown in Fig. 2. 



20 

15 

10 

5 

Figure 2. 

20 

60 

TIME I N HOURS 

Small adult males 

Small adult f~ales 
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Large adult mal es 0 
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Depth equi:libration curves for small and large adult r.l!lossa~<lbica at 22°C. 

tach point represents t.hE' mean of tho:! equilibrations of 10 fish . and the 

vertical line indicates two standard ' errors about the mean . One curve 

was giv~n (or l arge ~dults since males and females showed no significant 

difference . (Dilta f or small aqults from Caultoll 1972). 

Four striking features emerge from Fig. 2:-

1. Small adults can equilibrate to a greater depth th an l arge 

adults. 
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2. A sexual differentiation exists in the maximum equilibrated 

depths of small adults in this population. 

3. There is no sexual differentiation in the maximum depth 

equilibration of the large adult population. 

4. The rates of descent show similar trends i.e. increased 

rates of descent with increased mean maximum compensated depth. 

Large adult males and females and juvenile !.mossambica of both 

' sexes do not show any significant differences in their respective 

mean maximum equilibration depths or descent rates. Within the 

small adult group investigated, the fish were of comparable size 

and originated from the same population (A~alinda fish hatcheries), 

yet these fish showed a sexual difference in equilibration depths. 

These fish may, however, not be of the same age class or maturity. 

Bruton (1973) has found in Lake Sibaya that female T .mossambica are 

mature from 108 mm in length and males from 130 mm in length. In 

this rather small sized adult population these length differences 

represent a years growth, thus it is believed that the females mature 

a year before male fish. Thus in the experimental Amalinda 

population of small adults, although the males and females were of 

the same size, they were not necessarily of the same age or maturity_ 

Since it. has been demonstrated that there is a marked decline 

in the ability of fish to enter deep "Tater from juvenile to adult, 

it is proposed that the small adults used in this work may represent 

a section of the population which is in a transitory period between 

juvenile and adult equilibrium. Since the small adult female 

equilibration cu;::ve resembles more closely the large adult 

equilibration curve than does that of the small and possibly less 
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mature males, it may be proposed that the ability to enter deep water 

is rel ated to maturity. 

Although the experimental data indicated maximum equilibration 

depths, the fish can move about thi s plane of equilibration by 

active swimming . Bishai (1961) showed that Tilapia nilotica could 

move out of an equilibrium plane and tolerate a 16 to 22 per cent 

expans ion of the swimbladder. Since a !.mossambica equilibrated 

· to 2.5 metres can be imnediately returned to surface pressure 

without undue stress, unlike fish equilibrated to greater depths, it 

is proposed that these fish can withstand a swimbladder expansion of 

approximately 25 per cent. This tolerance would thus enable a 

large adult fish t o move out of its plane of equilibration at 11 metres 

and move up to seven metres. The energy cost of this movement would 

be large and thus possibly only occurs under stress from, for example, 

predators. 

(ii) The effect of temperature on the ability of Tilapi a mossambica 

to enter deep water~ 

Small adu lt T .mossambica from the population collected from the 

ponds near Kenton-c,n-sea were us ed in this series of experiments. 

o 
The retested equilibration of these fish at 22 C showed n o sexual 

differ entiation in max imum equilibration depths and followed the 

curves of the Amalinda large adult population. Thus, as previously 

discu ssed , it was believed that the small adults of the Amalinda 

population were not fully mature, although gonad development had 

commenced, wh:i.le the Kenton-an-sea population of the sallle size was 

mature since they followed the equilibration curve of large mature 

fish as shown in Figure ,4. 
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In addition to the retesting of these fish at 22
0 e ten fish of 

each sex were acclimated to 15
0 e and 30oe. For each temp erature 

a new experimental increment regime was developed. These regimes 

largely followed the regime as described under methods, except that 

the pressure increments wer e smaller for the cooler temperature and 

larger for the warm temperature but were still carried out at 12 

hour intervals as shown in Table 1. 

The equilibration curves for these fish are shown in Fig. 3. 
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DC!pth equilibrat.ion curves [or mature adult I.~~ at lSoC, 22°C and JOoe. 

Each point l'!:!prcscnts the mean of th~ <'quilibl'ations of 10 [ish .l.nd the vertical 

line indicates two stann .lI.:! errors alJout the me:m. Onl:! cur .... e · ... "5 g ivc:n for 

fi~h aL nOe !'Oillec mal"." """.' f~"'al, s , ... ,,, ... " s lowed no signiflc3J',I. differences, 

(Halcfi "" cl o~ ('d c irc l c$ ; 



24 

The data shown in Fig. 3 indicates the importance of temperature 

as a parameter affecting both the rate of equilibration and the 

maximum equilibration depth. At 30°C male fish equilibrated to a 

mean depth of 21.2 metres while female fish equilibrated to a mean 

depth of 19.7 metres. Similarly at the lower temperatures the male 

fish had a slightly higher mean maximum equilibration of 6.7 metres as 

against the female mean maximum of 6.6 metres. However, at none of 

the three temperature ranges were the maximum depths of males and 

.females significantly different. Corresponding to the trend of 

increased depth equilibration with increased temperature were the rates 

of equilibration. At 30°C male fish required 13 hours to equilibrate to 

6 metres, while at 22
0

C they required 35 hours and at 15
0

C they required 

65 hours. Thus temperature not only affects the maximum equilibration 

depth, but simultaneously affects the rates of equilibration. 

(iii) Depth equilibration and descent rat es of adult Tilapia 

o 
sparrmanii and Iil£P.i a r endalli at 22 C. 

These cichlids differ from !.mossarnbi cii since they belong to 

the group of substrate spawners and non mouth brooders. Tilapia 

sparrmanii is adapted to living in cooler temperatur es but is widely 

distributed in rive~s and reservoirs south of the Z &~bezi river 

(Jubb 1967). It feeds largely on benthic crustacea and aquatic 

insect larvae while T.r endalli feeds on macrophytes and periphyton 

(le Roux 1956). 

At 22 0 C mature adult T .rcndalli showed a very shallow maximum 

equilibrati on depth of 8.5 metr es , attaine d after about three days, 

which was the same as the initial rate of descent shown by mature 

adult T.mossambica. 
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The depth equilibration curve for mature adult !.sparrrnanii 

showed a mean maximum depth equilibration of 15 metres for both males 

and females at 22 0 C (Fig. 4). The initial rate of descent to six 

metres was similar to that of T.mossambica. A further experiment 

on smaller sized sub adult fish (60-67 rnrn) showed the same maximum 

depth equilibration as the larger fish but this depth was attained at 

a rate twice that of the larger fish. 

No sexual difference was obtained in the equilibration rates 

of either !.sparrrnanii or T.rendalli. 

15 

10 

5 

T .sparrmanii 

(n = 15) e 

!.rendalli . 

--'>--<>----¢ (n ~ 12) 

L. __ J-__ L--L __ J-~~ __ L-~ __ -L __ k-~~~ 
60 120 

TIME IN HOURS 

Figure 4. Depth ('quilibriu:n curves (or !.~l.lnii and 1 . .!..£!:Idalti. adults at 

22°C. Each point is the mean of n fish 5nd th e vertical line 

indicates twO standard errors about the mean. Sexes are not 

dtfferentiated although approximately cqunl numbers of ench 5CX 

were used. 
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(iv) Depth equilibration and descent rates of Hernihaplochromis 

philander at 22
0

C and 30
o

C. 

~.philander, like !.mossarnbica,is a member of the mouth brooding 

group of cichlids and is found widely distributed throughout southern 

Africa except in the extreme south where it is generally restricted 

to isolated warm water systems. 

During the experiments in the pressure chambers these fish were 

extremely active and very sensitive to movement by the observer. 

Frequently during periods of recording, the changes in pressure caused 

the fish to swim up before equilibrium was attained. This made 

accurate recordings of equilibration depths extremely difficult and 

this was probably one of the contributing reasons for the 

comparatively large standard er.rors as ShOlNn in Figure 5. 

Pressure experiments were carried out on young and old fry as well 

o as, juveniles of three and four months old at 22 C. Six day old fry 

were introduced into the chamber in a glass beaker with a gauze top 

and the chamber was filled in the normal manner. These fish showed no 

effects with increased pressure, but no quantitative data could be 

obtained due to the"ir almost constant activity. Fry of this age 

divide their time between resting on the floor of the container and 

swirmning into mid water. This activity was unaffected by pressure 

changes since the time spent on the container floor or in mid water 

was not statistically variable with changes in pressure. Eight week 

old fry treated in the same manner and showing a similar behaviour 

pattern did show a definite increase in swimming effort and longer 

resting periods if t.he pres sure ,.;ras increased to four atmospheres. 

Normal behaviour and distribution ",as regained within fifteen minutes .. 

At lower pres sures no change in behaviour T.{as observed. 
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Figure 5. Depth equilibration curves for mature adu l t !!.£!!.!It:r.dcr at 22°C and 30oe . Each 

p.oint represents tIle mean of the equilibrations of 15 fish and the vertic.:;! line 

11ldicatcs t wo standard errors about -the r:l€Cln: (Nales = c l osed circles; 

females = open circles). 

Three month old juvenil e fish showed depth equilibration to at 

least forty metres - the maximum depth tested. These fish did 

bec ome "heavy"· and rest on the floor of t h e container, but due t o 

their extr eme activity an d sensitivi ty to movement and pr essure' 
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changes,no accurate readings were obtained. However, at lower 

hydrostatic pressures (down to an equivalent depth of ten metres) 

the fish showed increased swimming effort but never fatigued. 

They did, however, congregate towards the lower portion of the 

container, but equilibration was apparently regained within 15 

minutes after which swimming effort was normalised and a random 

distributi on regained. Juveniles, four months old, showed the 

adult pattern of equilibration but at a faster rate, attaining a 

maximum depth of between 15 and 25 metres in five days, whereas the 

adults required about 10 days. 

At 22 0 e adult male fl.philander equilibrated to 15.8 metres 

(range 14 to 17 metres) while females equilibrated to a mean 

maximum depth of 26 . 2 metres (range 22 to 30 metres). Adult fish 

acclimated to 30
0
e showed a marked increase in their rates of 

descent, but while male fish did show an increase in their mean 

maximum depth equilibration from 15.8 metres at 22°e to 20.3 metres 

at 300 e, the femal es showed no significant incr ease" . Thus 

temperature, although hav ing a marked effect on the rate of descent, 

does not have the same marked effect on the maximum equilibration 

shown by T .mossambica. 
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DISCUSSION 

A cornmon feature throughout the results of Part 1 of this study 

was the finding that the four cichlid fishes used were all 

restricted in their ability to enter de ep water. This restriction, 

when considered in relation to the habitats occupied by these 

fishes may have been expected, since very few natural water systems 

south of the Zambezi river have a depth great er than 20 metres. 

It is also significant that three. of these fish are large ly 

herbivorous, the exception be ing ~.philander, and thus their depth 

limitation may be related to the depth of the photosynthetic zone. 

Adult T .rendalli feed almost exclusively on macrophytes and s i nce 

macrophyt e growth is largely r estricted to wat er less than 8 metres 

deep , the maximum depth attained by thi s fish (7.5 m) closely 

corresponds to this depth. T'.rn ossarnbica, and to a certain extent 

I. sparrmanii, feed on benthic algae and diatoms . Since the 

production of thi s food source generally occurs to a much greater 

depth than the macrophytic production, the abilitY ' of these fish 

to penetrate to at least 11.5 metres (even in relatively cool 

o 
temperatures of 22 C) would ensure access to this food supp ly. 

The rat e of descent to deep water is , however, s low and thus no 

diurnal vertical movement would be expected from adult fish . 

(Adul t I.mossambica required 9 days t o descend to 11.5 m and then 

o return to the surface at 22 C). Juvenile fish of the spec ies 

investigated would be capable of diurnal movements to and from deep 

water. 

In habit~ts largely devoid of fast moving fish predators e.g . 

l ake Sibaya , juvenile cichlids have been recorded as inhabiting 
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deep water (Bruton 1973, Boltt et ~ 1969, Hart pers.comm.) and 

in so doing can extend their feeding areas and utilise the benthic 

food sources more efficiently than adults. In many systems, 

however, the ability of juveniles to inhabit deep water is not 

apparently utilised. This has largely been attributed to the 

effect of predation (Donnelly 1969). Since most fish predators 

are fast moving physostomes (Matthes 1968), for example Hydrocynus 

spp., Lates spp., and Hepsetus sp., the juvenile cichlids would 

only find relative safety in the densely vegetated margins and not 

in open or deep 'vat er . 

Temperature plays an important role in the vertical distribution 

of cichlids and would thus be ~xpected to have an important bearing 

on the ecology of those species subjected to large seasonal 

temperatur e differences. These fish will obviously be able to 

penetrat e to a greater depth in summer than in winter. These and 

other ecological problems r e lating to vertical movements i n natural 

systems will be analysed in more detail in the final di scussion. 
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PART 2. 

PHYSIOLOGICAL EXPERIMENTAL STUDIES. 

INTRODUCTION 

The experimental results of Part 1 of this study have revealed 

several physiological problems. The mechanism of depth equilibration 

obviously involves the secretion of gas into the swimb1adder. 

Although oxygen is generally regarded as being the most common gas 

used in swimb1adder filling Abernethy (1972) has demonstrated that 

nitrogen could be accumulated in a similar manner. Since both 

nitrogen and oxygen have been found in the swimbladders of freshwater 

fishes, it was there fore of interest to establish what gases were 

actively secreted by T.mossambica. The well knOlm pH controlled 

Root effect shown by most teleosts with swimb1adders is a blood 

function r e lated to efficient gas secreti.on (both oxygen and nitrogen -

Abernethy 1972) and since this effect has not been demonstrated for 

!.mossambica haemoglobin,it was investigated in the following sec tion 

of this study. The total pressure maintained by the swimb1adder at 

any dep th should be balanced by the rate of active secretion of gases 

and the rate of passive gas loss by diffusion. Recent work has shown 

that passive gas loss from the swimb1adder is an important aspect of 

swimb1adder function in some deep sea fishes (Denton ~ ~ 1972). 

The role of passive loss by diffusion in shallow water fishes has not 

been documented and was therefore investigated in T .mossambica . Since 

temperatur e played an important part in the depth distributions of 

cichlids, the effect of temperature on both the secretory mechanisms 

as well as on the passive loss by di.ffusion was investig at ed. 
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1. DETERMINATION OF THE PARTIAL PRESSURES OF GASES IN THE 

SWIMBLADDER GAS OF TILAPIA MOSSAMBICA. 

MATERIALS AND METHODS 

All fish were obtained from the Arnalinda population and held at 

22°C. The swimbladders of unanaesthetised fish were exposed by 

ventral dissection. A ten millilitre glass syringe fitted with a 

fine bore needle was used to withdraw the gas sample. The dead 

space in the needle and syringe ,,,as previously filled with a saturated 

sodium chloride solution so as to prevent contamination of the gas 

sample with residual air. The volume of gas extracted from adult fish 

was generally 3 to 4 mls leaving about 2 mls of gas in the swimbladder. 

The gas sample was injected directly into a micro blood .. gas 

analyser (Radiometer BMS-3) capable of determining the partial pressure 

of oxygen (P02 ) and carbon dioxide (PC02 ) in a gas sample to an 

accuracy of one percent. The determinations were carried out at 37°C 

(the most eff ic ient analytical temperature) but the results were 

corrected to the acclimation temperature of the fish. Cal.ibration 

of the oxygen electrode was carried out using the prevailing atmospheric 

pressure as measured with a Fortinette mercury barometer. In 

Grahamstown, due to it's altitude, the atmospheric pressure was 

usually around 720 mm Hg. 

Swimbladder gas pressure deternLinations were conducted on a 

variety of size groups and from fish equilibrated to both shallow and 

deep water. The analysis of the swimbladder gas from deep equilibrated 

fish was carried out on rapidly decompr~ssed fish. These were removed 

from the pressure chamber follmiTing instantaneous decompression, and 
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gas analysis was completed within fiv e minutes of decomp r ession. 

These fish generally di ed , probably due t o a sphyxiation since the 

expanded swimbladder constricts both the heart and dorsal aorta, but 

in no ins t ances did the swimbladder ru pture. The P0
2 

values from these 

deep equ ilibrat ed fish were corrected t o the acclimation temperature 

and pressure to which the fi s h had been equilibrated. The t otal 

pressur e exerted by t h e swimbladder gas would be expected to be 720 

mm Hg .at the surfac e and 720mm Hg plus 760mm Hg hydrostatic pressure for 

each 10 metres to whi ch the fish had equilibrated whi le under pressure. 

RESULTS 

The PC02 of the swimbladder gas was found to be be low 8 mm Hg 

(the lower limit of the e l ectrode used) and was th erefore ignored in 

all ca l culations . 

The results of the oxygen analysis are shown in Table 3 . 

TABLE 3. Partial pressures of oxygen (P02 ) in 5wimbladder gas obtained f r om I .mo s s~~bica. Gas 

corrected to 22°C and atmospheric pressure . The sex of large s~zed adu lt s is i ndicated 

by f for females, and m for males . 

Small adult Small adult Sm all adult Small adult Large adu l ts at 
Juv eni le males females males females thei~ individua l 

Om Om Om 20 m 12. 8 m maximum equilibrate 
depths 

; 

l eng th P0
2 l ength P0

2 length P0 2 length P02 1 ength P02 l ength P02 
mm mm Hg nm rom Hg "'" rom Hg mm mm Hg rom "'" Hg mm romHg 

65 2)4 158 )47 1) 7 192 162 1865 128 1357 205 f 968 

67 20) 170 3BB 140 302 172 1486 136 1274 205 m 11 84 

69 19B 174 347 1 ,0 )29 IBO 1 55{~ 145 1108 215 f 1203 

70 302 177 347 1 70 )97 185 1770 145 1254 225 m 945 

79 201 181 )74 IBB 347 185 1256 150 1346 226 m 1284 

80 I B7 190 297 170 1357 231 m 1077 

19) )11 232 m 1256 

241 f 1240 

246 f 1359 

"ean P02 
220 )44 313 1586 1283 1168 

td Dcv. 4) 3) 76 240 96 142 

x Scd Err. 35 25 6B 214 79 95 

Total 720 720 720 2240 1 708 1556 
Prcssur~ 
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Juvenile fish showed a lower P02 than did adults equilibrated 

to surface pressures (p< 0.01). There was no ,significant difference 

in oxygen content between small adult males and females equilibrated 

to surface pressures (P > 0.1). The small adults showed a significant 

difference in P02 between males and females at depth (P< 0.05) and 

as expected the deeper equilibrated males showed a higher P0
2 

value. 

Similarly the P02 in small adults was significantly higher, in the case 

of both males and females, than the P0
2 

found in the swimbladders of 

large mature adults from their respective maximum equilibrated depths. 

DISCUSSIO N 

Since the P02 of the blood of fish cannot exceed the part ial 

pressure of oxygen of the ambient water (160 mmHg at sea level) and 

is generally less than 120mm Hg '(Satchell 1971), small adult !.mossambica 

have a t\V'o to threefold increase in swimbladder P0
2 

s relative to 

arterial P02 , when at the surface pressures. The same fish show at 

least a tenfold increase in swimbladder P02 , relative to arterial 

P02 , in order to equilibrate to their maximum depths . Thus it is 

certain that oxygen is secreted and accumulated in the swimbladder, 

probably in the manner described by Kuhn ~ ~ (1963) since the 

swimbladder structure of T.mossambica conforms to the typical 

euphysoclistis plan (Dehardrai 1959, Caulton 1972). 

The PN2 values can be calculated from the available data since, 

as pointed out above, the remaining gas pressure would be expected 

to be exerted almost entirely by nitrogen. The total pressure in 

the swimbladder was 720mm Hg from surfa'ce equilibrated fish and at 

22°C 20mm Hg of this total pressure would be exerted by the partial 
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pressure of water vapour. Thus the total gas pressure would be 

700 nun Hg. Since in small adult females at the surface,313 nun Hg 

of this t otal pressure was exerted by oxygen, it would leave approximately 

387 rom Hg t o be exerted by nitrogen (PC02 disregarded). Although 

these fish h ad never been subjected to depths greater than one metre, 

the swimbladder gas was not in equilibrium with the blood and tissue 

since the P02 was at leas t two to three times the expected blood 

value. When these fish had equilibrated to their maximum depth of 

12.8 metres the total pressure within the swimbladder WGuld be 1708 

rom Hg (720 nun Hg plus 978 nun Hg hydrostatic pressure) and since the 

PH
2

0 would be 46 nun Hg the total pressure exerted by oxygen and 

nitrogen would be 1662 nun Hg. The P02 recorded from these fish was 

1283 nun Hg (Table 3) thus leaving approximately 379 mm Hg t o be exerted 

by nitrogen. Since the swimbladder volume returns to its original 

volume on equilibration, and since the partial pressures of the gas 

components act independently, it would be expected that the PN2 would 

remain at the original pressure of 387 mm Hg. Thus nitrogen does not 

appear to be actively secreted in I.mossambica although nitrogen has 

been shown to be secreted in many other fish (Abernethy 19 72). 

Similarly the total gas pressure in the swimbladders of large mature 

fish was 1516 mm Hg of which 1168 n@ Hg was exerted by oxygen and 

thus 348 mm Hg by nitrogen. Since the initial P02 was 331 mm Hg 

(combin ed males and females at surface) the expected PN2 woul.d be 

369 mm Hg, again indicating no significant mOV6~ent of nitrog en during 

depth equilibration. The small adult males did, however , shm, a PN2 

increase but this was not accepted as being significant due to the 

large standard deviations shown by the P0
2 

values (Table 3). 
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2. THE EFFECT OF TEMPERATURE AND pH ON THE DISSOCIATION 

OF OXYGEN FROM THE BLOOD OF ADULT T; MOSSAMBICA. 

The mechanism of gas secretion into the swimbladders of teleost 

fishes has been demonstrated as a function of pH change in the counter 

current multipliers of the rete mirabilis. The pH of the blood 

entering the rete complex drops by a value approaching 1 pH unit 

(Hochachaka and Somero 1971),and this decrease in pH facilitates 

the release of oxygen through the Root effect. Lactic acid is a 

byproduct of localised swimbladder epithelial glycolysis (Steen 1963, 

D'Aoust 1970),and since the Pasteur effect (the inhibition of 

glycolysis by high oxygen pressures) does not function in this tissue 

(Ball ~ al 1955),the Root effect is generally believed to be the 

most important mechanism of oxygen secretion. No data is available 

on oxygen dissociation from the blood of T.mossambica and in view of 

its importance in swimbladder physiology the effect of temperature 

and pH on oxygen dissociation was determined. 

MATERIALS AND METHODS 

All fish used in this section were small mature adults obtained 

from the Kenton population. A comparative spectrophotometric 

analysis of blood haemoglobin solutions was devised in order to 

determine the oxygen dissociation from !.mossambica blood. 

Preliminary experiments using whole blood cells were unsatisfactory 

due mainly to excessive light scattering by the erythrocytes (Kay 

1964) • Thus with the instrumentation available,whole cell analysis 

was abandoned in favour of haemolysate ·soluti·ons. The pH measurements 

were obtained using a micro pH unit (Radiometer BMS-3) capable of 
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reading to an accuracy of 0.002 pH units. The pH electrode was 

calibrated with two precision buffers whose temperature coefficients 

were known and accounted for during calibration. 

The pH of T.mossambica blood from fish acclimated to 22°c was 

found to vary between 7.30 and 7.45 (range of samples from five fish). 

A suitable basic buffered fish saline for freshwater fish was prepared 

as described by Kerkut (1968) and the pH of this solution was 7.36. 

Fish, very lightly anaesthetised with sandoz MS.222, were bled 

from the heart by exposing the heart through the floor of the 

pharynx after removing the operculum and deflecting the gills. The 

blood was drawn up into a heparinised glass pipette and immediately 

o 
mixed with five millilitres of buffered saline at 10 C and containing 

2 to 3 drops of heparin solution. Generally One to two millilitres 

of blood were obtained. The blood/saline mixture was centrifuged 

for five minutes at 3000 r.p.m. and the compacted erythrocytes 

coflected while the supernatant was discarded. A second and third 

wash and centrifugation of the compacted erythrocytes ensured a 

plasma free sample of blood cells. These cells were then lysed by 

the addition of 2 mls of distilled water and the resulting haemolysate 

made up to 12 mls with buffered saline. This solution was then 

centrifuged for 15 minutes and the supernatant collected while the 

ghost cells and other compacted debris were rejected . The haemolysate 

was subdivided into 3 equal portions. which were heated in a water bath 

to the required temperature and used immediately. 

Gas mixtures, made up in cylinders- using' oxygen free nitrogen 

and filtered compressed air, were used to equilibrate the haemolysate 
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to a variety of P02 mixtures. Prior to use, the P02 of the mixtures 

was determined using the gas analyser (Radiometer BMS-3). The 

spectrophotometric analysis procedure used is set out below. 

1. A Beckman DB (double beam) spectrophotometer was 

calibrated to 100% transmission using two haemolysate subsamples 

which had been aerated by passing air (P02 = 152 rnrn Hg) through them 

at a rate of 2 litres per minute for 15 minutes. One of the 

matched pairs of cuvettes remained full of haemolysate and this 

r emained as the reference sample throughout each series of analyses. 

Thus all readings were compared to this aerated reference sample. 

2. A gas mixture containing the highest P02 was bubbled 

through the working haemolysate subsample at 2 litres per minute for 

15 minutes. 

3. This sample of haernolysate was then rapidly decanted into 

the empty cuvette using a pipette and the difference in light 

transmittance between the reference (P02 = 152 rnrn Hg) and this working 

subs ample was recorded. 

4· The working sample was then removed from the cuvette, 

subjected to successively lower P02 gas mixtures and the comparative 

light transmittance noted for each P02 value. 

5. Full deoxygenation was obtained using nitrogen. The 

comparative transmission of this sample gave the percentage light 

transmission range, from oxygenated to deoxygenated haemolysate, and 

from this value the intermediate transmission readings were calculated 

to show the proportionate percentage saturations for the various 

P0
2 

values. 
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In this method of comparative transmission it was important to 

obtain as wide a difference in transmittance between oxygenated and 

~eoxygenated blood as possible. This is largely governed by the 

wavelength used. In order t o determine the most suitable wavelength 

a comparative Scan through the entire visible light spectrum was 

undertaken. The wavelength showing the maximal light transmission 

difference between oxygenated and deoxygenated haemolysate was taken 

as the most satisfactory. 
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This was 600 nm (Fig. 6). 
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Figure 6. A l ight wavelength trans mis s ion s c an of oxygenated and deoxygenated !.mo ss amb i ca 

70 

haemolysate solution at pH 7 . 36 and 22°C. (Solid line == deoxygenated haellio ly s atc , . 

broken line == oxygenated ha cmolysate ). 

Using the same procedure outlined above,the effect of temperature 

on the dissociation of oxygen was determined. The reference sample 

remained at a temperature of 22 0 C while the working solution was 
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maintained at either 15°C or 30
o

C. Thus the effect of temperature 

was shown relative to 22°C and the difference in oxygen content 

between samples exposed to the same P02 could be regarded as being 

entirely due to the effect of temperature. 

Investigation of the effect of pH change on oxygen dissociation 

was det ermined by comparing the standard sample (pH 7.36 at 22°C) with 

a sample in which the pH had been lowered by the addition of 1.5 N 

hydrochloric acid. This acid was used in preference to a weak acid 

such as l actic acid because being a strong acid only very small 

volumes are required to change the pH of the sample. To ensure 

that the volume added did not cause a comparative light transmission 

difference due to the dilution effect , an equal volume of saline 

was added t o the reference sample. This data was us ed to construct 

a dis soc i ation curve. In order to establish the pH range most 

effective in the Root effect , it was necessary to examine the oxygen 

content of blood exposed to a range of pH changes. Exact replication 

of the pH values was difficult using the method outlined above. 

To overcome this probl em samples of haemo lysate were subjected to a 

number of small pH changes , through the sequential addition of 

approximately 5 microlitres of 1.5 N HCl. After aeration at a 

P02 of 152 mm Hg the samp le of ac idified haemolysate was compared 

to a suitably diluted reference sample at pH 7.36. The addition of 

acid continued, on the same haemo lysate sample, until the pH had 

dropped below 6. Thus through replicating this procedure a Root 

effect curve was constructed at P02 152 mm Hg. The effect of 

temperatur e was determined by comparing a sequentially acidified 

o . o · . 
sample at 30 C to a 22 C reference sample. 
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Hematocrits were determined on samples of fish blood. These 

were analysed by centrifuging for 15 minutes on. a MSE hematocrit 

o 
centrifuge at 12,000 r.p.m. at a temperature of 22 C. 

RESULTS 

The haemolysate studies showed that the blood of T.mossambi c a 

has a high affinity for oxygen (Fig. 7). At 22
0

C the P50 value 

Fish (1956) found a P
50 

value of 6 mm Hg in was below 10 mm Hg. 

Tilapia escu lenta. The effect of temperature fo llows the classical 

shift in dissociation as described by Brown 1957, namely that the 

haemoglobin has a higher affinity for oxygen at lower temperatures 

(Fig. 7). 
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Figure 7. Oxygen dissociation curves for !.mossambica haemoglobin. 

Solid circles represent twelve replications at 22°C, 

open circles represent f ive r eplications at 300 e and 

squares represent five replications at 15°C. The 

vertical line indicates two standard errors about 

the mean. 
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It is of interest to note that at saturation (P02 152 mm Hg) 

the effect of temperature shows no difference in the affinity of 

o 0 
oxygen in the haemolysate at 30 C and 22 C, but that an increased 

affinity is found in the 15
0

C solution. There was no significant 

difference between the oxygen affinity of the male and female 

haemoglobin at any temperature. 

The effect of pH change on the diss oc iation curve is shown in 

Fig. 8. The Bohr effect and the Root effect are both clearly shown 

by !.mossambica blood. 
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Figure 8 . The effect of pH on the oxygen dissoc iation of 

!.mossambica haemog lobin. The solid circles 

represent twelve replic ations at pH 7.36 &nc open 

circl es represent a sing le determination ~t ?H 6.80 . 

The vertical line indi cates two standard errors abou t 

the mean. 1'cmpcraturc 22°C. 
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The Root effect was investigated in greater detail at two 

temperatures and the results are shown in Fig •. 9. The Root effect 

was marked in the range pH 6.6 to 7.36 (normal blood pH). 
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Figure 9, The Root effect as shown by !.mossambica haemoglobin at POZ 150 nun ~[g . Closed 

circ l es represent determinations at 22 °C and open circ les at 30oe. The line 

of best fit was constructed for the 22°C detel~inations . 

Within this pH range it was possible to return the blood to 

full saturation by readjustment of the pH by addition of a strong 

base. Below forty percent saturation (pH 6 . 4) however, the 
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haemolysate showed signs of deterioration and some degree of 

precipitation occurred. It is possible that the isoelectric point 

of I.mos s ambica haemoglobin lies between pH 6.3 and 6.6. 

The results of the hematocrit determinations are given in 

Table 4. 

Female Male 

Number of determinations 11 11 

Mean % packed cell volume 40.818 36.090 

Std. Deviation 5.547 . 6.625 

TABLE 4. Hematocrit values for male and female mature adult 
o T.mossambi ca at 22 C. 

No significant difference was found between the P.C.V. of males 

and females (p> 0.07). The mean valu e of 38.46% is considerably 

higher than that of 24.2% recorded by Hattingh (1972) for 

l:,mossambica. Since the latter author gave no indications of 

method, number of replications, fish size, state of maturity or 

acclimation ternperature,no reasons for this difference can be 

suggested. 

DISCUSSION 

The effects of temperature on the oxygen affinity of 

!.mossambica haemoglobin are in general of the same nature as the 

effects observed for trout and tench (Eddy 1973). Decr easing 

temperatures caused an increase in the oxyg en affinity of the 
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haemoglobin. In trout and tench haemoglobin it has been demons trated 

that pH is directly linked to temperature . At low temperatures 

arterial blood has relatively h igher pH values. Thus it would be 

oxygen saturated at relatively low oxygen tens ions, and its oxygen 

unloading t ensions wil l be lower (Eddy 1973). Whether or not this 

ph e nomenon is important in the functioning o f oxygen secretion into the 

swimbladder could not be demonstrated, but s ince secretion of oxygen 

is relative ly slower at l ow t emperatur es , it may be expected that the 

.relatively lower unl oading tensions would possibly be of some importance. 

The effect of temperature, however, on gross physiological factors, 

such as heart beat rate, respiratory rate etc ., may b e more important 

than the direct effect on blood chemistry in proposing a mechanism 

responsible for the increased -rates of descent. J osman (19 72) has 

shown that T.mossambica has a f i ve fold increase in heart beat, and 

presumably cardiac output, with a temperature increase of 15
0 e (from 

lSoe t o 30oe). A thr ee fo ld increase in the opercular /buccal 

respiratory rate has also been shown for the same t emperature range 

(Josman 1972) and the se differences agree wi th the large increase in 

oxygen uptake over the same t emperature rang e (Job 1969). Thus it 

may be expected that an increase in the rat e of blood passing the 

rete/gas g land complex would facilitate an increase in oxygen release 

into the swimbladder . McNabb and Mecham (1971) analysed the secreti on 

rates of oxygen into the swimbladder of the blue gi ll sunfish (Lep omis 

macrochirus) and showed an increas e in the rate of oxygen secretion 

with increas ed temp erature. These authors did not expect these results, 

argueing that increased cellular metabolism at higher t emperatures 

would leave l ess oxygen available for secretion to the swimbladder. 

I n discussing their results McNabb and Mecham suggested that their 
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findings may be due to gross physiological functions such as those 

mentioned above,and in addition a possible increased activity of 

the lactate dehydrogenase,resulting in an increased production of 

lactic acid. This,in terms of the generalised role of lactic acid 

and the Root eff ect, may increase the rates of oxygen secretion to 

the swimbladder. As shown by the work of McNabb and Mecham and 

the data presented in this section, no single factor can, at this 

stage, be proposed as being responsible for increased oxygen secr etion 

with increased temperature, but it would appear rather to be related 

to a number of integrated phYSiological functions. 
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3 . THE RATE OF OXYGEN LOSS FROM THE SWIMBLADDER OF 

T. MOSSAMBICA BY PASSIVE DIFFUSION. 

Denton et al (1970), Kutchai and Steen (1971) and Denton et al -- --
(1972) have all reported loss of oxygen from the swimb1adder of eels by 

diffusion through the swimb1adder wall. If the loss of oxygen from the 

swimb1adder of !.mossambica was relatively large, it may be expected 

that a state of equilibrium would be reached when, at a relatively 

high P02 , the loss of oxygen by passive diffusion would equal active 

secretion by the rete/gas g l and complex. This balance would be expected 

to restrict the final depth equilibration of the fish. Although higher 

temperatures may result in increased rates of oxygen transport and 

secretion, the rate of los s of oxygen by passive diffusion from the 

swimb1adder may not follow the same trend. At high temperatures, if 

the loss of gas by passive diffusion did not a lter at the same rate as 

the increased oxygen secretion, it may be expected that the fish would 

have either greater or lesser mean maximum equilibration depths. Thus 

with the increased secretion at warmer temp eratures and the greater 

maximum equilibrati on depths, it may be propos ed that the loss of gas 

from the swimbl adder was not proportionately increas ed at higher 

temperatures. This hypothesis was tested by determining the effect of 

temperatur e on the rate of oxygen diffusion across the swimbladder wal l. 

MATERIALS AND METHODS 

Oxygen diffusi on across the swimbladder wall was measured using 

a modified version of the apparatus described by Kutchai and Steen 

(1971). The apparatus (Fig. 10) was constructed of perspex and f itt ed 

wi th a Beckman model 777 oxygen probe capable of recording to a 1% 

accuracy. 
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• 
Beckman oxygen probe. 

.: . 

: : . 

Apparatus used for de t erm i ning the' oxygen perNeab!lity of 

the swimbladder wall. The tissue (broken line) separates 

chamber A and B. The whole unit was imnersed in a 

cons tant t eoperature ba th . 

02 inlet . . 

The swimbladder membrane was r emoved from lightly anaesthetised 

fish, generally from the anter i or chamber of the swimbladder. The 

dor-sa l su r face of the bladder was u sed as well as the ventral surface , 

this latter membrane was usually att ached to the thick peri t onea l 

membr ane separating the visceral cavity from the swimb ladder . The 

membrane was positioned across the a-ring between chambers A and B. 

The two halves of th'e apparatus were closed and held tightly by brass 

bolts. Chamber A was flushed wi th humidi f i ed nitrogen and the oxygen 

probe zeroed, the probe was then calibrated by flushing humid i fie d 

air through the chamber. After calibration, humidified nitrogen 

was passed through chamber A and humidified oxygen t~rough chambe r B . 

When the oxygen probe registered zero P02 in chamber A i t was sea led 

by closing the' inlet and outlet taps. - The flow of oxygen continu ed 

through chamber B at about 1 l i tr e per minu t e . The P02 i n chamber A 
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was measured every 15 minutes for 90 minutes indicat ing the rate of 

diffusion of oxygen from chamber B to chamber A.through the membrane. 

2 
The rate of diffusion of oxygen in f<l /hr/cm for a difference of 

1 atmosphere of oxygen was calculated from the following formula 

k = (P02 f - P0
2
i) (v) 

(720) (a) (T) 

where P02f was the final P02 (derived by regression analysis) after 

time T (hours). P02i was the initial P02 and V was the volume of 

chamber A in microlitres and the area of the membrane (a) was given 

in s'quare centimetres. 

A control experiment in ~-lhich a non permeable membrane (aliminium 

foil) replaced the swimbladder· membrane and ch amber A was filled with 

a gas mixture of P0
2 

= 20 mm Hg showed that the oxygen probe itself 

used no measurable oxygen after 4 hours. Thu s the P02 values 

monitored during the experiments were attributed t o oxygen diffusion 

thr ough the swimbladder from chamber B to chamber A. These rates 

'of diffusion were investigated at 15
0
e, 22

0
e and 30

0
e by placing the 

app aratus in a temperature controlled water bath. 

The thickness of the swimbladder wall of mature adult fish was 

determined by two methods. The first was by direct recordings from 

a mechanical ~easuring device (Mercer gauge) capable of reading to 

0.0005 mm. The second method involved calculating the thickness 

from the weight of a known area of tissue. The specific gravity 

of T.mossambica tissue was taken as 1.066 (eaulton 1972). Fifteen 

measurements were made using the Mercer gauge and five by the area-

weight technique. 
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RESULTS 

There was no measurable diffusion across the ventral swimbladder 

wall when attached to the peritoneal membrane. All the results 

report ed below therefore refer solely to the swimbladder wall. 

The results of the diffusion analysis are shown in Table 5. 

Since no significant difference was found between mature adult fish 

(P > 0.2) these values were not treated i ndependently. In the 

small sub adult fish, however, there was a significant difference in 

the rate of oxygen diffusion (P < 0.01) with the deeper equilibrat ed 

males having a larger rate of diffusion. 

Sex and Size n Temp. Equilibration Rate of diffusion Std. deviation 

°c depth m. f lIhr fern 2, stmos . 

Small adult male 9 22 20 81.303 14.683 

Small adult. femaie 10 22 13 35.200 8.6013 

Mature male and fem ale 8 15 7.5 24.286 9.849 

Mature male and female 8 22 11 20.684 5.188 

Hature male and female 10 30 20 21.562 5.866 

TABLE 5. Rates of oxygen di ffusion through the swimbladder wall of !.mos sambica. 

(n ",. .number of replicates). 

Although the experiments were all carried out with the same 

pressur e differences across the membran~those fish that equilibrated 

to the de epes t maximum depth i.e. small sub adult males, showed the 

greatest loss of oxygen by diffusion at 22
0

C. Thus there was a 
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marked tendency f or decreasing rates of passive diffusion with 

increased maturity and equilibration to shallower depths. The 

effect of temperature on the rates of oxygen diffusion across the 

swimbladder wall showed no significant differences in mature adult 

fish at either 15
0

C , o 0 
22 C or 30 C. 

The swimbladder of !.mossambica is extremely thin varying from 

The swimbladder was not of a uniform thickness 

and varied from one area to another. The mean thickness as determined 

by the area/weight method was 2.8)< m. 

DISCUSSION 

!.mossambica loses relative ly large volumes of oxygen per unit 

area of swimbladder in comparison to the loss of oxygen from the 

swimbladders of eels (Dent on et al 1972, Kutchai and Steen 1971). 

Spec ies Swimbladder Max. depth loss of 02 by p~ssive Author 
thickness (jJ.m) recorded m diffusion I"l /cm /hr/atmos 

~ conger 182 1000 0.26 Dent.on.!! & (1972) 

! 

An2uilla anguilla 300 250 1.9 Kutchai &. St.een (1971 ) 

r·mossambica 

TABU< 6. 

2.8 11.2 20.7 This study 

Swimbladdcr wall thickness and comparative rates of oxygen loss by passive diffusion from 

three species of fish. 



52 

The rate of oxygen loss will be dependant on the relative 

thickness of the swimbladder and since the swimpladder of T.mossambica 

is extremely thin it would be expected to lose a large amount of 

gas by passive diffusion. From the data above, Anguilla anguilla, 

having a swimbladder 100 times as thick as that of !.mossambica, 

loses about 10 times less oxygen by diffusion. It is also noted 

from Table 6 that the deeper the maximum depth to which the fish 

penetrates the lower the loss of oxygen. However it would be 

expected that at depth the eels would lose greater absolute amounts 

of oxygen. If the rate of loss is related to pressure, the loss of 

oxygen in Conger conger at 100 atmospheres would be considerably 

2 
larger than 0.26 fl/cm /hr/atmos. Similarly the loss of oxygen in 

!.mossambica sub adults may be expected to be greater at their maximum 

equilibration depths than are reported in Table 5, Since a greater 

diffusion rate was found in .sub adults it may be suggested that on 

attaining maturity the swimbladder undergoes a structural change, 

so decreasing the loss by gaseous diffusion. Denton ~ al (1972) 

have demonstrated the crystalline structure of the silvery layer to 

be an important factor in preventing diffusion and this crystalline 

component may, in !.mossambica, be only fully developed at maturity. 

Thus the rate of gaseous diffusion from the swimbladder could be a 

limiting factor governing the maximum depth to which these fish can 

descend. If the rate of active secretion equalled the loss by passive 

diffusion the fish would remain in equilibrium. Thus in !.mossambica 

the increased equilibration depth shown by juveniles and sub adults 

would therefore necessitate an even greater secretory rate in order 

that these fish can maintain a deeper equilibration. A further 

important fact in this function may be the relatively small volume of 

gas required to recharge the swimbladder of juveniles at depth and 
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similarly the smaller area of the bladder would be expected to have 

a relatively smaller total loss of gas by diffusion. Thus it would 

appear that a number of integrated factors relating to secretion 

rates and diffusion rates would be important in determining the 

mechanisms enabling juvenile fish to penetrate to deeper depths at 

faster rates than adults. Since the rate of secretion is affected 

by temperature while the rate of passive loss is not, it would be 

expected that the adult fish would be able to descend at a faster 

.rate and to a deeper depth in warmer temperatures. This has been 

demonstrated in the tolerance experiments in Part 1 and the results 

shown in this section have indicated a proposed mechanism for this 

function. 
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GENERAL DISCUSSION 

Of particular interes t to this study is the correlation of the 

presented experimental facts with the available field data on the 

biology and distribution of the respective cichlids. The 

physiological effects of temperature have been shown to be an 

imp ortant factor in the tolerance and rate of descent to deep water. 

This should have important implications in the biology of these fishes. 

Bruton (1973),working On the biology of T.mossambica in . lake Sibaya, 

reported that these fish showed both a vertical and horizontal 

seasonal movement. The trend was for breeding adu lts to occupy the 

shallow 2 metre deep marginal terraces in the summer . During the 

transitional seasons and when not actively breeding,the majority of 

adults occupied water to a depth of 13 metres,with a maximum of 18 

metres h aving been recorded. During the winter adult fish occupied 

the upper 7 me tres of the water column but genera lly away from the 

shore and over deep water . The juveniles during most seasons of the 

y e ar occupied th e shallow terrace but according to Brut on al so 

occupied the shelf and deep water. These juveniles were seen to move 

diurnally from the terraces to deep water during winter, only occupying 

the terrace during midday when water t emperatures were relatively 

high. 

The horizontal seasonal movement of adult !.mossambica has been 

largely attributed to the marked temperature preferendum shown by 

these fi sh . During winter the water temperatur e of the lake varies 

between 17
0

C and 18
0

C which is diurnally constant in deep water but 

not on the marginal terrace, where water temp erature may change by 

o . 
15 C over a 24 hour period (Bruton 1973). It is generally accepted 
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that diurnal temperature fluctuations of this magnitude would prohibit 

the adults from inhabiting this area during winter and thus they 

inhabit the homothermal open waters. During the transitional seasons, 

the fish feed almost exclusively on the abundant benthic diatoms,while 

the few winter fish analYjed indicated that these fish were feeding on 

terrestrial flying insects that had fallen into the water as well as on 

phytoplankton extracted from the water (Bruton 1973), but not apparently 

on the benthic diatoms although these were abundant on the substrate 

during winter. Thus the problem arises as to exactly why the winter 

adult population was inhabiting these relative ly poor feeding areaS 

of open water and not feeding On the bottom,as were the juveniles. 

From the results of the experimental and physiological data presented 

in this study it may be suggested that these fish have restrict ed 

vertical movements coinciding with the seasonal water t emperature of the 

environment. The maximum equilibration depths of mature adult 

I.mossarnbi c a at the experimentally tested temp eratures are summarised 

in Fig. 11. 
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Figur e 11. The effect of temperature on the maximum equilibration depth of mature 

adult !.mossambica. (Summary of Figure 3). 
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If these maximum depths are replotted to correspond with the 

mean monthly temperatures found in lake Sibaya,. an expected seasonal 

maximum depth distribution for any particular year can be shown as 

for example 1968/1969 (Fig. 12). 
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Figure 12. Th e expected maximum depth equilibrations of mature adult 

!.mossambica in Lake Sibaya for 1968/69. Solid circles = 
male fish; open circles ~ female fish. 

From the data presented above, it may be expected that during 

winter adult T.mossambica would be res tricted to water less than 

7 metres deep, and since they are not found on the marginal terraces, 

their bottom distribution would be res tricted to a relative ly narrow 

area of the steep s lop e where the water is relative ly homothermal. 

The bottom substrate area available to the summer popUlation would 

be greatly expanded since th ey can occupy, in addition to the terraces, 
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bottom areaS down to a depth of 20 metres. The distribution of 

immature sub adults and juveniles would not be expected to show the 

same seasonal variations since they are capable of inhabiting deep 

water throughout the year and only with the onset of maturity will 

they become restricted. The restriction of adults during wint er 

and their non feeding summer habits would probably result in poor 

feeding for a large part of the year. Needham (1964) and Martin 

(1966) have both shown that poor feeding results in early gonad 

development, ovaries in particular, and consequently a population 

of small sized fish which breed at a young age. In lake Sibaya the 

male 1.mossambica mature after two years while the females after one 

year and both at a small size. The maturity age reported for the 

Sibaya population and the smal l adult sizes could be due to a poor 

food supply , not necessarily through t~e abundance of food but rather 

the accessibility of the food source to the fish . 

In other 1.mossambica habitats where the bathymetry of the lake 

follows a more gently sloping regime, unlike the steep slope of lake 

Sibaya, and where the winter diurnal temperature does not prohibit 

habitation of this gently sloping area, it would be expected that 

feeding areas would not be inaccessible and a larger mature fish of 

a great er age would be produced . In lake Kariba for example marginal 

slopes generally extend for long distances, up to 5 km, from the 

shore,and thus would be accessible as feeding grounds throughout the 

year and would probably thus be a factor contributing to the fish 

attaining maturity only after 3 years at a length of 30 ems. 

(Donnelly pers.comm.). 

It has been shown that 1.rendalli,which feeds on rooted macrophytes, 
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is restricted to water less than 8.5 metres in depth at 22
0

C. Like 

1.mossambica,it would be expected that this depth would be extended in 

water of a higher temperature. In lake Kariba 1.rendalli has been 

recorded from 7.5 metres (Coke 1967) which corresponds to the maximum 

depth of macrophyte distribution (Donnelly 1969). Tilapia sparrmani i 

adults are shown to penetrate to 15 metres at 22 0 C and would Similarly 

be expected to increase this depth with increasing temperature, 
:.."'" 

hm<ever no field data on vertical distribution } s available for 

this species. 

Hemihaplochromis philander fry have been caught in the deepest 

parts of lake Sibaya. Very young fry have been trapped at 38 metres , . 
in zooplankton traps designed to sample substrate zooplankton 

populations (Hart pers.comm.). Adult fish have been recorded 

courting at 15 metres (Hill per·s .comm. SCUBA r ecord 25-1 - '71, water 

temperature 26 0 C) while nest sites and territorial males have be en 

observed to 20 metres (Ribbink pers. comm.) . 

Ribbink (p ers .comm.) has sugges ted that in lake Sibaya .!!'Ehilander 

mates during early summer at 15 to 20 metres. This conforms to the 

expected equilibration depths of both sexes at a temperatur e of 

After mating the females migrate to deep water and 

release their fry. Both fry and female fish show a tolerance to 

depths in excess of 20 metres under experimental conditions. This 

behavi our pattern wou Id allow the fry maximum prot ection from the 

predatory males, which would be limited to wate.r l e ss than 20 metres 

deep. The fry and juveniles feed predrnninantly on zooplankton and 

small benthic crustacea (Jubb 1967) in' which · the deeper waters of lake 

Sibaya abound (Boltt 1969, Hart 1973 ),and s inc e they are relatively 
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free from predators,would be expected to face few factors that would 

impede their survival and growth in deep water. 

In addition to the advances in the understanding of the ecology 

of the species, the data presented may have some value in the efficient 

design and development of commercial fisheries in newly formed lakes 

such as Kariba and Cabora Bassa. 

In lake Kariba prior to inundation, Jacks on (1961), in conjunction 

with the Joint Fisheries Research Organisation of Northern Rhodesia, 

suggested the clearing of all trees and bush to a depth of 60 feet 

(19 metres) below the l owes t proposed water level. Since the fishing 

industry at Kariba was to be based largely on Tilapia mossambica 

(= !?mortimeri),this action was undertaken in certain areas to 

facilitate commercial gill net fishing of this species. An annual 

draw-down of at least 30 ft. (9 metres) was expected,thus the clearing 

limit from the high water mark was to be a total of 90 feet (28 metr es ). 

These levels were not based on any factual data but rather "in view of 

the fact that nearly all African freshwater fisheries catches were 

taken in l ess than 80 feet in depth" Jackson (1961). 

Once the dam had filled and had attained equilibrium,it was 

found that the maximum annual draw was less than expected, somewhere 

in the region of 1 to 3 metres below h igh water leve l (Begg 1970). 

Secondly,it was noted that fish catches were relatively poor in 

cleared areas as compared with the better returns obtained among the 

submerged trees in the non cleared areas (Mortimer 1965). This 

trend has generally been followed in the succeeding years,but with a 

steady decline in the fish population in the cleared areas. This 
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decrease is shown in commercial catches which decreased from 5200 tons 

in 1964 to 1300 tons in 1970 (Minshull 1973). 

During the initial period of productivity decline,it was suggested 

by Mortimer (1965) that this was due to the fish moving into water 

deeper than the 28 metre cleared limit. Joeris (in Jackson 1966) 

stated that T.mossambica (!?mortimeri) were present from 90 feet 

(28 metres) to 160 feet (49 metres). These records, obtained both 

by SCUBA observations and netting records, are extreme ly suspect. 

The inexperi ence of the early data collectors, especially in the art 

of setting deep set nets could have produced misleading results. 

The setting of deep gil l nets requires a special skill and in areas 

of extremely high fish production, such as was present at that time, 

the chances of snaring fish at shallow depths whi lst lowering and/ 

or raising these nets cannot be overlooked. Although he g ives no 

actual fi gur es,Joeris does state that catches were poor,and thus 

unless the net setting t echniqu e had the required precision to ensure 

trapping at the desired depth only, these result s may be misleading . 

Similarly,poss ibl e misidentification with fish such as Serr anochromis 

or non cichlid fish by the non biologist divers in generally poor 

visibility and low light levels may have been responsible for the 

added confusion. This data has never been substantiated, and the 

comprehensive survey by Coke (1967) showed !.moss ambica (!?mortimeri) 

only to a maximum depth of 15 metres. Mr P.B.N. Jackson (pers .comm .) 

has agreed on the probable unreliability of these early records. 

Winter temperatures of lake Kariba above the 20 metre th ermoc line 

o 0 
are from 22 C t o 24 C (Begg 1970, McLachlan 1970). The experimental 

data presented in this work suggests a maximum equilibration depth of , 
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11 to 13 metres at this temperature. The mid summer temperatures 

o 0 of 28 C to 31 C would suggest a depth tolerance- of 17 to 22 metres. 

In the light of these results,tree c l earing to a maximum depth 

of 15 metres would probably have been adequate,and in fact clearance 

t o this level would probably have been beneficial to fish production. 

Mortimer (1965) has indicated a trend for greater fish yields to be 

obtained from non cleared areas. These fish are probably utilising 

the periphyton that grows abundantly on the submerged trees. Since 

macrophyte growth only extends down to 7.5 me tres (Donnelly 1969),the 

cleared areas would be relatively barren, in t erms of periphyton 

growth, below this depth. The macrophyte zones vary in extent from 

a few metres to nearly 5 kms . Thu s the areas of non macrophyte 

growth to the submerged tree line may be relatively large. In 

the Sanyati east cleared area,for example,only 7 sq.km of the total 

33 sq.km area had a macrophyte cover (December 1969). If the 

submerged trees, however, had been available below the 15 metre contour 

the fish popul ation would have accessible periphyton feeding areas 

while sufficient space for commercial netting would still be avai l able 

whereas at the present level the submerged trees may be large ly 

inaccessible to the adult population. 

The statement by Fryer and Iles (1972) on the importance of the 

swimbladder in the success of the cichlid community has been confirmed 

by the data presented in this study, and many f ormerly unexplained 

activities in the cichlid community of lak e Sibaya and probably other 

systems as well may possibly be r e lated directly to swimbladder 

function. It is hoped t hat future workers engaged in ecological 

studies on cichlid biology will consider t h is aspect. 
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SUMMARY 

1. Using an experimental pressure chamber the rates of descent 

and the maximum depths of buoyancy equilibrium of some 

cichlid fishes were tested. 

2. Tilapia mossambica juveniles could descend to depths greater 

3. 

4. 

5. 

6. 

than 30 metres very rapidly. At 22°e small sub adult 

male fish (length ± 160 rom) could descend to a maximum 

buoyancy depth of 20 metres, small sub adult females to 

13 metres while large adults (length ± 200 rom) of both 

sexes could descend to 11 metres. The fish generally take 

4 to 5 days to reach their maximum equilibration depth. 

o 
At 30 e mature adult male and female T.mossambica increased 

th ° ° °lob to d th t 20 metres and at 15 0 e e~r max~mum equ~ ~ ra ~on ep 0 

showed a decrease to a maximum depth of 6.7 metres. 

Temperature affects the rates of descent in a similar 

manner. 

o !.rendalli can descend to 7.5 metres at 22 e. 

!.sparmanii can descend to 15 metres at 22 0 e. 

Hemihaplochromis philander fry and young juveniles are 

not affected by pressure. Adult males can descend to 16 

metres at 22
0

e and 20 metres at 30
o
e. Adult females can 

descend to 26 metres at 22 0 e and 27 metres at 300 e. 

7. In !.mos sambica oxygen appears to be the only gas secreted 

into the s,,,imbladder to compensate for buoyanny los s. 
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8. The haemoglobin of !.mossambica showed a marked Bohr 

and Root effect. 

9. Increased rates of descent with increased temperature are 

believed to be due to increased O2 uptake, heart output 

etc. rather than as a direct effect of blood chemistry. 

10. The swimbladder wall of !.mossambica is extremely thin 

(2.8 f m) and consequent ly a large amount of gas is lost 

through passive diffusion. 

11. Diffusion is not affected by temperature,consequently the 

increased secretory rates at higher temperatures are not 

balanced by a proportionately higher diffusion loss,thus 

enabling the fish to maintain a deeper buoyancy equilibrium 

at higher temperatures. 
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