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Frontispiece . Adult and copepodite stages of the dalanoid 
copepod Pseudoclia'o t omus hesse i. The photo­
graph shows the calanoids at the int ~rface 
of water 2.nd sand in a substrate bin. The 
flocculent sedimentary tripton is clearly 
visible as a whitish band. The majority of 
the calanoids are sedentary upon the vertical 
walJ.s of the substrate bin. 
Magnifica tion approx . 8X 
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Aspects of the biology of the calanoid cor;epod Fseuclodiaptc,mus 

hes-,?ei are des cribed, vii th part icula r r eference to its vertical 

migratory behaviour. 

The presen t investigations were Carried out la.rge ly by illeaDS 

of Nal1sen-typ8 plankton nets , but several new pieces of apparatus 

were developed and. are described herein. 

The de.ytime vertical distribution of f . bessei varies 

accordinG to dev&lopmental stage and depU of ",at eI'. In shallow 

areas of the lake the ent ire population is bentt.ic or in very clcse 

associat i on "!i th the lake bed. In tl:.e dee;pest r:art of t he lake ( 401'1 ) 

the nauplia.1' and eaIly (i.e. C I - C III) copepodite stages are 

essentially pe l agic, but the adult and l ate (Le. C IV - C V) copepo-

dite stages are pred ominant ly benthic and may be qui escent or in-

f aunal. 

During tt.e hours of darkness, the cal&noids are distributed 

through the water column . The nauplii are cons istently abundant 

in tl:.e surface wate r s but the distribution of tbe other stages is 

not regular. The distri bution can be rele-ted to lunar intensity 

in many cases, with the post-naupliar stages frequently occurring 

deeper in t he wate r column on bright moonlj.ght nights and in the 

surface waters on overcast mool'.less night s. 

The dusk ascent e.nd dawn descent of the cale.noids is clearly 

related to changes in l ight penetration in illost individue-ls . The 

movements of a fraction of the adult s occur in the apparent absence 

of adequate light cues. '[-his behaviour is shown mo r e extensively 

by the adult females. An endogenous activity l'hythm has been shovlI! 

in the speoies under l aboratory conditions e-nd it is suggested the.t 

t his may playa part in the migratory movements. 

A basic examination of the feeding methods , feeding appendages 
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and food sources of adult and lc.tc copepoCii te sta.ges has been I!'.a<le. 

Changes in feeding intensi ty thro~gh h'enty-four have been examined 

in the fielc. and under laboratory conditions. Using as an index 

of feeding int€nsi ty, the proportion of E.nimals ' . .'i th foed in tr,eir 

guts, it has been SflOVIn that a prono~nced di.el differEnce occurs 

in adult calanoids in the lake. Feeding is alrrost entirely restricted 

to the noc turnal presence of tr_e cLlanoids in tte water colo.mn. 

This difffJrence oxis'cs in tllA pre-adul.t copepodite stages, but is 

not nearly ss striking. The absence of feeding during d~.ylight is 

not read.ily acc:ou!ltea for in terms of food "vailabili ty and it is 

at.tributed to the <iuicscent or Fossibl~l infE-unal existe nce of the 

adults .. 

A periodicity in ebg hatching has been ehow!l. Raupliar 

release from the parental egg sac is predcminantly a nocturnal 

phenOIllE·non in tbe hot and cool seasons. It is suggested ttat tbis 

may be import8.nt in attaining a favourable vertical distritut;'on 

for tbe nauplii, and may be: important in tte distribution of the 

specieso 

A preliminary acccunt of tr_e seasonal cycle and population 

dynamios of K. hesse~ is given , hased on data collected over two 

years at a single station. Seasonal chane cs in cala-noid a.bundance 

are intermediate between those recorded in truly tropical a r eas and 

in tempera.te latitudes. 

little change. 

Potential food sources show relatively 

The vertical migration of .E. bessei is considered in relation 

to its apparent ecological significance and comparisons are drawn 

with observations made on thE' same species or ether pseudodiaptomids 

in estuaries and lagoons el sewhere, 
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INTRODUCTION 

Limnological studies in tropical and subtropical areas are 

poorly developed compared to their northern temperate counterparts. 

This is especially true in relation to zooplank ton studies based on 

year round observations. It is startling to realize that detailed 

investigations of the biology and ecology of zooplankton in Arctic 

and Antarctic lakes probably outnumber those of tropic8.1 and, sub-

tropical lakes. In the vast continent of Africa, the major obser-

vations upon the plankton ecology of natural lakes are attributable 

mainly to the works of Talling (1957, 1964 , 1965, 1966) and Burgis 

(1971). Only the latter author has been concerned with zooplankton 

ecology . By compA-rison, detailed studies of zooplanktoil in Arctic 

and Antarctic lakes have been made by Edmondson (1955), Co:nita (195,,) , 

McLaren (1961 , 1964) , Tash and Armitage (1967), Heywood (1970a, b) 

and Roff and Carter (1972). 

Most of the general concepts concerning the ecology and 

biology of freshwater zooplankters have been based upon the northern 

temperate studies. The north temperate zooplankton have received 

extensive systematic and biological investigation . The seasonal 

behaviour of dominant species is known in a large number of lakes 
. 

and the ecological energetics and production processes of many 

species have been stUdied. This much cannot be said of the tropical/ 

subtropical freshwater zooplankton. 

Apart from the systematic studies on various planktonic 

entomostraca (e.g. Fryer 1957 a, b, c, Kiefer 1934 , Sal'S 1909, 1927, 

Harding 1942) and general statements concerning the zooplankton of 

particular lakes (e.g. Jackson et al, pp 45 - 47, 1963) , little is 

known of the ' tropical African lake zooplankton. General limnological 

surveys of several lakes have be on made with particular reference 
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to the inland fisheries. These have resulted in the compilation 

of preliminary species lists and occasional biological notes con­

cerning the invertehrate fauna. Detailed biological studies of the 

zooplankton are exceptionally few, especially considering the econ­

omic importance of various plankton-feeding fish in some of these 

lakes. 

Other than the recent studies of Burgis (1970, 1971), the 

most detailed biological investigations of the zooplankton are those 

due to Worthington (1931) and Worthington and Ricardo (1936) who 

studied the vertical distribution and diel migration of several zoo­

planktonic species in Lake Victoria and other of the East African 

lakes. 

At its inception in January 1968 , the Lake Sihaya Research 

Station provided a permanent field labora tory from which continuous 

studies on various aspects of coastal lake limnology could be ini-

tia ted. This field station, the first of its kind in South Africa, 

is built upon the shores of the large 2t natural freshwater lo.ke in 

Africa, soutn of the Za!!lbezi, and is hriefly described by Allc.nson 

(1968) • The lack of knowledge r8garding the ecology of plankton 

i n natural fresh'nater lakes in South Africa sUCC8 sted the desirabil­

ity of undertaking studies on both the phytoplankton and the zoo­

planktol'. of the lake. 

The studies undertaken by the present author e.nd his ·.7ife , 

have , of necessity, been introductory in many respects. They have 

beEill the first of what is hoped will be many studies on the j,ake 

Sibaya plankton, and have been the first plankton studies under_ 

taken in a natural freshwater lake in Southern Africa. The invest-

igations have been restri.cted in relation to available manpower, 

experience and facilities. Nevertheless, using trcditional approaches 
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some idea of the biology and seasonal behaviour of the numerical ly 

dominant organisms has been obtained and related to aspects of t he 

physical and chemical limnology of the lake where possible. 

The first serious limnological studies on Lake Sibaya were 

carried out in 1965 (Allanson 1969 ). These have been extended since 

then , particularly in relation to the physical and chemical limnology 

of the lake (Allanson and van Wyk 1969) and benthology (Foltt 1969a , 

b , Boltt et ~l. 1969). Prior to the studies initiated by the 

present author , very little was known of the Lake Sibaya pl ankton . 

Net tows had delnonstrated the presence of various crustacean zo o-

plankte=s in the surface waters at night . Hauls taken at intervals 

through the hours of darkness h~d demonstrated changes in zooplankton 

abundance at the surface . During daylight , the surface waters wore 

apparently barren of crustacean zooplan~ton. Hauls t ~ken in January 

and July over s everal year8 had shown that the ca.l anoid copepod 

occurred in significant numbers during both the hot and cool Se0.30ns 

(Allanson, unpublish8d data ) . The phytoplankton had received no 

attention at all. 

The presence of typically estuarine ;aunal components in 

Lake Sibaya (Allanson et al. 1966) was of great inte rc ~t in relation --
to both the origin of the lake and the biology of ;;he estuarine 

species in a fre shwater l :'\Y.:e Q After publication of AHanson ' s et 

a1. (1966) paper , the plal'_ldonic cal anoid domil1'l. ting the not haul 

collections was identified as Pseud.odiaotomus l!.Q.f-sei (Mr';zek ) , a 

species dominating the plank ton of most Cape estuaries (G:i:'indley 

1972). The species had not previously been known to occur in frosh 

water , although within the Pseudodiaptomidae various other spe"ies 

are reported from fresh;';ater environments (GriJ1 dle y 1965). 

The presenoe of f. hessei in Lake Sibaya was notaworLhy 
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particularly in relation to its numerical abundance in this atypical 

habitat. to hessei is Ue dCriinant species in Sibaya in terms of 

b iomass and it is probably the most numerous s inGle crus tacean zoo-

plankton species . Accordingly, the present investigation has been 

restricted primarily to this calanoid copepodo Early in the invest-

igation, three aspects of the biology of the species seemed worthy 

of detailed studyo 

1. The ionic and osmotic reGUlation of the species . 

2 . The seasonal cycle of growth, reproduction and fecundi tyo 

3. The verti cal distribution of the species . 

Ionic and osmotic regulation 

f. h8s:,ei had been recorded only in estuarine systems or 

saline lagoons prior to its discovery in Lake Sibaya (Grindley 1963) . 

Its presence in },ake Sibaya suggested that an analysis of i t s ion.ic 

and osmotic re gu l a tion might prove interesting , not oIlly in relation 

t o the biology of f. he880i , but in relation to the distribution of 

t he pseudodiaptomids in general o 

Gi'owth, reproduction and fecundity 

~'he importance of f . hessei in the plankton cf Lake Sibaya 

was suggested by its dominance i n terms of biomass . I t appeared 

that analysis of the autecology and production processes of the 

cal anoid would demonstrate , in part, the role of this plankt er in 

the t rophic network of the lake. 

The vertical. distribution 

The die l vertical migrat i ons of f . hc.?sei in Lake Sibaya are 

pr onounced. The migration pattern differ s from the "classical" 

e xampl e given by Cushing (1951 ) 0 More important, it diffe r s in 

several important respects from tbe pattern of die l migration recorded 

f or this spe cies in estuarine systems ( Grindley 1965 , 1972) 0 Thi s 
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much was evident from a study of the diel changes in vertical dist-

ribution made at the onset of the present investigations. In so 

far as could be judged, tho migratory behaviour of f. hessei in 

Sibaya was of central importance to the general topic of vertical 

migration, especially in relation to the more recent ideas concerning 

the initiation and aa.aptive significance of such migrations. It 

was apparent that much could be gained by studying the migratory 

behavi0ur of f . hessei in Sibaya. 

Grindley ' s observations upon the vertical distribution of 

f . hess"i in shallow estuaries have shown that during daylight hours, 

the species may move out of the water col umn and onto , or even into , 

the bottom sediments. While adequate quantifi-::at ion of this move-

ment has not been obtained ( as recognized by Grindley himself (1972 )), 

the evidence for such behaviour in estuaries is reasonable . It 

must be stressed that Grinclley ' s observations were mado in water of 

limited depth ; the es tuaries studied were generally only 1 - 3 

metres deep (Grindley 1965 ) . It was therefore of great interest 

to find that in Lake Sibaya , this movement onto the substrates 

occurred in the adult and late copepodite staGes eve n in water of 

40m depth. Under shallOW, brightly illumin,.ted estuarine conditions 

the movement of f. hessei onto the bott cm substrates might bo attri-

buted to a photo~eeative response . A simple photonega ti 'Ie response 
, 

is not [..s attractive in exc>laining this b~haviollr in Lake Sibaya , 

where the calanoids move into waters which are poorly illuminated. 

An assessment of the mechanisms underlying this behaviour v,a s clearly 

necessary. It appeared that the plankton.ic modG of life might not 

be obligate in the older calanoids during dayli5ht. 

During the past d8cade or so, several pOGitive advanc8s have 

been made in understandine the signifi.cance of and mechanisms under-

lying vertical migratory behaviour. This is evident in tho works 
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of Siebeck (1960 , 1964 , 1969 ), Ringelberg (1961 , 1964 , 1969 ), Wynne-

Edwards (1962 ), McLaren (1963 ), Harr is (1963 ), McNaught and Has l er 

(1964 , 1966) , Hutchinson ( 1967 ), !.liller (19'10 ), Rudjakov (1970 ), 

Vl ymen ( 1970) and Lincoln ( 1970 ), t o mention those which , in the 

author ' s opi nion , have done much to revive interest in vert i cal 

mi grat i on . l 

The majority of modern worke r s agree that light initiates , 

direc t s and controls diel ve r tical migration , although the modus 

operandi is controversial. The older worke r s (with a f ew notabl e 

exceptions) interpreted the migr ation as an attempt by the animals 

to remai n withi n a certa in r ange of l ight intensities , the " opt imal" 

or "prefer endum" light intens i t i es . The more recent workers have 

suggeste d that the rate of change of light intensity provides the 

stimulus to migrateo While this controversy will be t aken up i n 

detai l at a later stage , the obvious importance of light is relevant 

t o the immediate discussion . 

Grindl ey ' s observations (1965 , 1972) indicate that even in 

waters as shallow as 1 - 3m , f. hessei m?y not reach the surface 

waters until well after dark ; he recorded peak numbers in the sur-

face waters only at midnight , in many systems studiedo The major--

ity of animals are r eported as leaving the surface waters before 

dawn . This pattern of vertical ctanges is , as Grindley emphasises , 

difficult to account fo r within the framework of an op t ically cUEd 

migra t i ono 

1 The wor ks mentioned are those ','Ihich are believed to ,,8 the mos t 
important in re l ation to their general applicability to vertical 
migrationo More specific works are more numerous. Adequate 
reviews of the regional , aeasonal and s~rstelilatic aspects of 
vertical migration or vertical distribution ~re ~iven in Cushing 
(1951) , Baylor and Smith (1 957), Bainbridge (1961), Dause (1964·) 
and HutchinJon (196 7)0 
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In Lake Sibaya , however, notwiths t anding the depth of water , 

the calanoids reach the surface waters fairly coon after sunset , and , 

those present in the surface wate r s leave at dawn . The pattern of 

movement is one which is clearly related to chan~ in light inten­

sity. 

From the literature it is clear that a concise and universal 

definition of the adaptiveness of vertical migration has been i ntan­

gible . Only by studying the pattern in detail in one species was 

it thought possible to arrive at reasonably definitive answers to 

t he enigmatic behaviour. The extension of concl usions obtained 

from one species to other species has been cautioned (McKaught a!ld 

Hasle r 1964). This , in itself , is somewhat incoJ:1prehensible . The 

diel vertical migration is a complex beh~viour exhibited not by a 

reGtricted taxanomic group , but by a wide ranf;e of animals having 

o1O.e common factor - a planktonic mode of life. The existence of 

this behaviour j.n such diverse groups would sugge st that a ~ommon 

denominator should be demonstrable , and significan t attempts have 

been made to provide a universal interpr3tation of the adaptiveness 

of the migrations (e.g. David 1961 , Wynne-·Edwards 1962 and McLaren 

1963). 

The importance of diel vertic~l migration h3s bean emphasized 

by many workers, who stress t hat fo!' the beha'dour pe.ttern to have 

evolved in almost all plar~tonic animals , its significance must ce 

profound (e.g. Grindl ey 1972). Others have questioned Vi y an an.i..mal 

should spend so much of its energy moving often thousands of body­

lengths daily (Worthington 1931, Marshall and Orr 1955a, Hardy 1 956 , 

Bainbridge 1961, Wynne-Edwards 1962 ) . The recent work uf V1YI!len 

(1970) he,s suggested that the energs tic cost of these migrations is 

considerably lower than generally believed. A si~ilar conclusion 

had been reached previously by Hutchinson (1967). NeverttelesB, 
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the zooplankton contain gcologically old groups and groups which 

reproduce reasonably rapidly . It would therefore be expected that 

adaptive selection would rapidly suppress the habit if it Vias of no 

adaptive signi ficance. The likelihood that the behavioar pattern 

is an evolutionary relict seems remote. 

In the attempts to relate vertical migration to fep-ding 

behavi0ur , the lack of evidence for interpretative purposes is par-

ticula:ly noteworthy. One of the most widely quoted theories to 

account for the significance of· vertical migration is that of Hardy 

(Hardy 'illd Gunther 1935 , Hardy 1956). Hardy believes that the 

vertical migration will bring the zooplaPLton into new feeding areas 

at night. He sees i t as a mechanism preventi~g depletion of food 

sources in a locaLized area anrr as a mechani sm enabling unfavourable 

areas to be avoided for at least part of the 24 hour cycle. (Worth-

ington (1931), on the basis of his studies on lacustrine zooplankton , 

had previously suggested the importa!lce of f ceding in relation to 

vertical migration. (p 443) " ..• . hunger is ths ulteI'i.or reason why 

the planktonic Grustacea seek the up:De r layers , .• ") Tacit in the 

hypothesis r .)lating feeding to migration is the assu:T,ption that 

feeding is rest ricterr mainly to the hours of darkness. Hare form-

ally , McLaren (1963) has postulated the restriction of feoding to 

the warIll'3r surface waters at nign.t. !lowev8r, the inadequacy of 

data cOllcerning the r€lationshi~ ' betweAn vertical migration and 

feeding and the f8eding behaviour of zooplankton in Ge neral , espec­

ially under natural conditions, is clearly stated by Rigler (in 

Edmond:::on and Winberg 1971 , p 229) 

"In r8cent years models of the dynamics of production ( e.g. 

Cushing 1959) and 2. theory to account for the c.daptivo significance 

of diurnal vertical mi"ration (:k Larell 1963) ha.ve buen creat&d TIith­

out an adequate knowled C:8 of the fe eding behaviour of zoopla"kt cn . 

I 
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The authors were forced to make assumptions about the feeding behav­

i our of zooplankton since the existing observations were inadequate." 

In recent years, much attention has been directed to the 

Arctic and Antarctic freshwate r ecosystems. The biological simpli­

city of such systems (particularly the Antarctic lakes ) ha~ been 

considered to allow of a more thorough investigation of the biolog­

ical inte r actions involved (Goldman 1970 , Roff and Carter 1972 ). 

Worthington (1970, p 667 ) has said of the Arctic/Antarctic systews , 

"These fresh waters obviousl y have a high potential as laborat ories 

and we shal l look forward to learning more from them in future ." 

Tropical lakes also exhibi t a simplicity commensurate with 

the lack of pronounced seasonal changes in solar radiation. In his 

classical study of vertical migration , Worthington (1931, pp 412 -

413) comments on the amenability of tropical lakes to studies of 

vertical migration. "Tropical lakes have considerable advantages 

over temperate lakes for such work as this in spite of their diffi­

cuI ty of access and the fact that their climatic cond.i tions do not 

tend to stimulate the prolonged continuous activity in the field 

which such work demands. The chief advantage lies in the compar-

ative uniformity of physical conditions, especially with rogard to 

light ." 

Hutchinson, also , (1967 , p 725) has pointed out th~t the 

complexity of vertical distribution and migration may increase in 

stratified systems. "Cases also are known in which the vertical 

distribution by day or by night varies systemati.cally with the 

seasons and particularly with the development of thermal stratifi-

cation in summerQ It therefo r e may be supposed that thermal ~nd 

chemical gradients as well as differences in illumination determine 

the position of the zooplankton. " 

Lake Sibaya , with its ephemeral and ccmraratively poorly 
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developed physieal and chemical stratification mieht therefore be 

expected to allow of a more simple appraisal of vertical migr~ticn 

than has been possible for markedly stratified lakes. 

In classical terminology, the lake is undoubtedly oligo-

trophic. The low concentrations of chlorophyll throughout the year 

most probably reflect the paucity of plant nutrients, particularly 

free phosphorus and nitrogen, which are present in the lake wa.ters 

in very low concentrations (Hart, unpublished data). 

o 
Notwithctanding the 10 C seasonal change in water tel!lpc rature 

of thi s subtropical. lake, the standing crops of phyto- and zoo-

plankton are not strikingly different . The lake supports low 

standing crops of phyto- and zooplankton, and r.umerically important 

species are few in numbe r. Basically , therefor'e , the lake provides 

a very simple ecosystem, admirably suited to limnological investi-

gation. 

A considera,ti.on of the simplicity of the lake ecosyst em 

suggested that this simplici ty could be ueed to great advantat:e in 

studying the biology of E. hessei. In short , the lake provided a 

laboratory-type environment in which detailed. studies could be made 

of the biology of E. hessei und.e r entirely naturCtl conditions , and 

this has be en the major aim of the present investigations . Using 

basically conventional techniques , a detailed study has been made 

of the vertical migration of E. hessei and an attempt has been m2.de 

to interpret these migrations within the framework of what is known 

of lacustrine limnology in general and of Lake Sibaya in parti.cular . 

Questions arising from the field observations have been examined 

unde r laboratory conditions whenever this appeared necessary or 

potentially informative . However , for the most part , the present 

investigation is essentially a field study and the level of sophis-

tication of labora:ory studies has been dictated by the physical 
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faciliti es available at the Research Station. 

During the course of the vertical migration studies, data 

have been collected which have permitted a preliminar y Enal ysis of 

t he seasonal behaviour and population dy~amics of the calanoid . 

These data are reported in this work . No attempt has been made to 

i nvestigate the ionic and osmotic regulation of I.. hessel. 

The pionecx·-type studies undertaken on the plankton of 

SibaYll have beeI2 carried out under the primitiv8 conditions which 

are inevitably associated with a new fie ld station isolated from 

modern conveniences. (The Station is about lOOkm from the nearest 

railhead, a~d over lOOOkm from the parent institute.) As a result , 

many techniques and me thods used during t he stuC:S could undoubtedly 

have been replaced by superior ones under more favourable condit ioI2s . 

A large amount of time has had to be spent in waking and maintaining 

equipocnt and the no toriously iI2clement d isposi tiOl: of the lake has 

severely affecteel. t he implementation of a rigidly planned research 

prograome . These are problems appreci£.terl by the fiela biologist 

who is not embraced by Vallentyne's (1969) def i nition of a limno-

logist. Nevertheless , the reade r is as~ed to bear in mind the 

condi tions under which this study wc'.s underta ken, w".ile reading 

t hrough the pages which followo 
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"Fie:. 1. Lake Sibaya: ba.thymetry and position of principal' sampling 
sites. Depth contours at 10m intervals from Hill (1969). 
The nOl'thern and western arms of the lake are not illustrated. 
Inset - Sou.thflrn Africa shcvling location of LakE! Sibaya, 
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THE STUDY AREA 

Lake Sibaya is the largest natural freshwater lake in Africa 

south of the Zambezi, lying in the coastal plain of Tongaland in 

northern Natal (see Fig . 1) . The lake is situated very close to 

the Indian Ocean , separated from it only by a narrow range of coastal 

dunes which, in places, reach a height of over 100m . 'fhe surface 

of the lake is 21m above mean sea-level. 

The lake is characterized by its lack of permanent thermal 

or chemice.l stratification (Allanson and van Wyk 1969, MinshulJ., Hart , 

Allans on , unpublished data). Any thermal stratifice.tion is of an 

ephemeral nature and is vertically depressed or broken down under 

wind stress . Oxygen levels are high at all depths with saturation 

values below 60% not having been recorded , even from the deepest 

waters in summer . 
o 

Seasonally, temperatures re.nge from 18 - 28 C, 

but summer temperatures in exce.1S of 28
0

C have becD recorded . 

'fhe waters of Lake Si baya support a very loy/ stc.nding crop 

of phytoplE.nkton, the volumetrice.lly domir,ant species of I1hich is 

the desmid Closterium ?pronum/ aciculaI..§.' The general ecology of 

the phytoplanktcn has been GxaI!lined by my l'Iife a.nd I dll.rinc; our 

residence at Lake Sibaya. The results of these investigab.ons are 

being prepared for publice.tion. 'rhE: algal species studied sho71 a 

fairly pronounced seasonal cycle of w~x and wane, but standing crop 

values measured e.s chlorophyll, are reasonably stable throull'hout the 

year o 

The crustacean ZOOpll~ ·:..\;:t on is represented by two cladoc8:ce.n, 

four cyclopoid and one ce.lanoid species. 

Mo ina sp. are primarily summer species but are present in the pl~nkton 

throughout the year . Jointly, thu four cyclopoid cOl'epods numerically 

dominate the plankton throughout the year. The four oajor species 
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are Tropocyclons brevis n. sp . , Me~;yclops leukg..rt~_ aequntorialis 

forma m:i.cr'ura. , Th..§:rmocyclcps emini and Thermc>cyc10Ds Cl'assu~ .9on:::imilis 

(Dussart 1972). The calanoid copepQd Pseudodiaptc~uu h0ssei , is the 

most important single species. Numerically , thi:> species contributes 

almost as much as the cyclopoid species combined and its ccmparative l y 

large SiZB places it as the volumetrically dominant species . 

The ",aters of Lake Sibaya exhibit fairly low Secchi disc 

readings of 3 - 3.5m. ThiS ' is somewhat incongruous in relation to 

the paucity of phytoplankton . Photometrically , 1% of midde.y inci -

dent light enerGY is recorded seasonally between 14 and 17m. 

The lake is characterized further by its endorheic nature . 

No surface outlet is present. An adequate e.ppr pisal of the wate r 

balance is not e.vai l able . Since surface run- off into the l ake and 

inflow via stree.ms· is believed to be very little, the wat~r l,we l is 

thought to be maintained by direct precipitation onto the lake su.r-
OJ 

f ace (65km~) and by underground seepaGe. Seasonal f l uctuations in 

l ake leve l are dil'ectly comparable to thn rainfall regime. Precip-

itation varies considerably from year to year in both timing and 

quantity, but records col lected at the Research Statio~ between 1968 

and 1972 indicate that rainfal l is most pronounced eitber in early 

summer (October) or late summer (April) but can be expected in smal l 

amounts in practically any month of the year . 
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LI'rERATURE REVIEW 

The vast and confusing literature dealing with vertical 

migration in planktonic animn.ls has been reviewed in several 'WCI'ks, 

anC'. it wo,-,ld be pointless to attempt 8. review here 0 Regional, 

seasonal and syst.eJw tic reviews are given by Cushing (1951), Bain-

bridge (1961) and Hutchinson (1967)0 McLaren (1963) has examined 

the theories to account for the adaptive significance of vertical 

migration: Ringelberg (1964) has revieTIsG. the experiment.al work 

performed on light and gravity responses of plankters und<?r 1abora-

tory conditions. In the past decade , new and stimulating ideas 

have evolved and it is the object of this surrmoary to review these 

ideas in so far as they are relevant to the ]'resent work. 

a) The~j;yre of the direct mieratory_ stimElus 

No serious workers today exclude light as the major abiotic 

factor jnfluencing the migratory behaviour of most zooplankters. 

Of great significBT.'ce is the revival of ideas previously held by 

Clarke (1930, 1933) ~ho suggested that the causal stimulus in ini­

tiating migra.tory movements of certain species was the change. in 

light intensity. For an extensive period , workers have boen pre-

occupied with explaining the migrations as a response to remain 

within a certain optimal or preferential range. of light intensities 

eogo Russel (1926), Kikuchi (1930), Cushing (1951), Harris and Wolfe 

(19 55) and Bainbridge (1961). This idea is tacit even in the re­

cent works of Boden and Kampa (1967) and Kampa (1970). 

"0 •• diurnal vertical migrations of animals living at depths 

in the sea where light is a.ppreciable are directly controlled by 

light and represent the a.nimals' efforts to remain within a comfort­

able and/or useful photoenvironment" (Boden and Kampa 1967, p. 23). 

Indeed, th", day depth of various zooplankters is most easily 
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accounted for in terms of an optimal light intensity. It is not 

so easy, however, to explain the dusk and dawn movements as responses 

to remain within a certain light intensity range. Siebeck (1960), 

Ringelberg (1961, 1964) and McNaught and Hasler (1964 , 1966) have 

examined the role of changes in light intensity in relation to vert-

ical movements particularly of fresh"ater zooplankters. Ringelberg 

(1961) has demonctrated that che,nges in light intensity provide the 

direct cause for vertical migration and has defined the causal stim­

ulus as thE, "relative change in light intensity Do I rl 

I 
Irrespective 

of the causal stimulus, the final result of the migration is the 

same. However, as Ringe lberg (1961, p. 494) points out: 

"'1'he biolo"ical meaning of the reaction may still be the 

maintaining of the initial light intensity. But the prefe~endum 

intenSity is in this case not a causal but a finalistic explanation." 

Nevertheless, the distinction between rate of change and 

preferendum intensity hypotheses is not simple and a consider~ble 

amount of data cannot be unequivocally explained by one or the cther. 

For instance, migratory responses reported under conditions of total 

solar eclipse (e.g. Bright et al. 1972) could be explained by either 

the rate of change or preferendum intensity hypotheses. However, 

the rate of change hypothesis is more acceptable as a physiologically 

valid causal stimulus on the basis of what is known of crustacean 

photosensory mechanisms. 

It is generally believed that crustacean photoreceptor sys-

terns are incapable of measuring absolute light intensities (e.g. 

Ringelberg 1961, p. 498-9) even though intensity discrimination may 

be reasonably good. (McNaught and HE.sler (1966) have reported a 

AI , 
Weber-Fe"hner threshold ( i) as low as 1.1% ~n the blue photosystem 

of Daphnia.) The apparent inability of crustacea to measure abso-

lute light intensicies, while generally accepted, has not been sub--
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jected to rigorous experimental attack . Until such analysis has 

been performod it appears justified to accept the relative rate of 

change of Ijght intensity as the direct migratory stimulus in the 

absence of an alternative hypothesis, a l though it would appear pru­

dent to bear in n,ind that significantly different response ::: may be 

exhibited by cladocerans with their compound eyes and copepods with 

their simple eyes . 

b) Orien t atiofl to light and He importance of the UndeI"N:t.§r photo­

environme n t for depth control purpo cBs . 

Attempts to sj.mulate migration under laboratory conch tions 

are noted for iheir unr eliabili ty , particularly j n copepods although 

greater success has been ob t ained in a cladoceran species (Harris 

and Wolfe 1955) . It is cl ear frcm comparatively rec&nt work that 

tho inability of investigators to simulate migration in the labora­

t ory hac been a result of the oversimplified l i ghtir.g cOlldi tions 

generally employed, Harris (1953) dis cussed the naturally occuring 

angul ar light dist r ibution (A,L, D.) under wate r and suboequent "ork 

by Ringelberg (1964 , 1969) on Daphnia magna and Siebeck (1969) on 

IHxodiaptomus 1 acinia tus has demonstrated that this A. L . D. provides 

an orientation beacon for the cl~doceran and copepod species invest­

igated. The intensity of light under water provides a striking 

contrast between bright and dark at ( ideally) 49 0 with the vertical. 

Light intensity between 4.9 0 and the vertical resHl ts from direct 

penetration and is very bright compared with that ref l ected light 

occuring outside the critical angle. This contrast in light inten--

sity is an essential orientation beacon in the above-men tioned spec­

ies , and by inference , in pl anktoni c cladocera and copepoda i n gene-

r al. 

McNaught and Hasler (1966) have considered the vertical dist­

ribution of four crc!stac ean s pecies in r elation to the underwa t e r 
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photo-environments and optic sensitivity of the species. They 

he.ve been able to relate the daytime vertical di.stribution of DE~hnia 

retrocurva to the quantity and spectral quality of light to which 

the species is most sensitive. Th6Y suggest that the narrow-band 

visunl pigments of D. retrocurva ( the species has trichrorr.a tic sen­

sitivi ty (McNaught and Hasler 1964)) are ideally suited to the de­

tection of shifts in wavelength , both v,i th time and depth. Deter­

mination of tho Weber-Fechr:er (lit) thresholds f or light of different 

wave1 8ngth,; has suggested that ultimately it [Eight be possible to 

determine which wave l engths of light are most important ill the mig-

ratory response and at what times in the diel cycle . Indeed , the 

spectra l sensitivity of a species may , in some cases , be inferred 

from a knovllEdge of i t s day depth . For instance , McNaught and 

HaslEr' suggest that the deep mode of life of Limnocalanus ms.Cl'urus 

points to the species having at least one visual pigment ,";i th max­

i mum sensitivity in the blue. 

These detailed interactions recorded between crustacean 

plankters and their photo-environment indicate st!'ongl y that simpl e 

laborz.t ory studies cannot hope to achieve the level of complexity 

experienced unde r natural conditions . Clearl y , laborat ory studies 

of responses to optic stimuli must be carefully designed with due 

consideration of the facto r s discussed above. 

I t i s not adequate t o subject labor&tory mater{al to "point 

sources " of light or a "parallel beam" of light , and by increasing 

and dec r easing the intensity expect to s i mulate a migratory patter n. 

In some cases this approach bas given reasonable resul t s and a con­

siderable knowledge of the behavioural responses of Da.phnia magna 

t o light have. been obtained in this way (Harris and Wolfe 1955, 

Rineelberg 1964). However , it would appear that a detailed study 

of the species in i ts natural environment has much to recommend it , 
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especially since careful field studies generally result in a better 

apprah,al of the selective advanta.ges of tLe observed behaviour . 

c) Pressure sensi tivi ty and endogenous rlwthmici ty as mod;.fying 

factors. 

Considerable interest has been shown in pressure sensitivity 

of z00plankton in recent years o This must stem partly from Harris' 

(1953) proposal that vertical migration is an unavoidable consequence 

of using light for depth cont.rol purposes . His views were criti-

cized because it was thought that depth ccntrol could be lLore simply 

effected by pressure sensitivity (UcLaren 1963)0 Barcsensitivity 

has been investigated in several planktonic animals o Knight-Jones 

and Qasim (1966) found no evidence of a pressure response in various 

freshwater c18.docerans B.nd copepods. Lincoln (1970, 1971) examined 

barosensi ti vi ty in Daphnia .!!!i'Ena and Co.lanus helgol"nd.icus. He 

obt.ained evidence for pressure responses in both species , althOl.<gh 

i n 12.. m3.?n~ the response was depressed. in the presectce of light. l!:. 

priori, the selective advalltage of pressure sensitivity in freshwater 

crustace~n plar~ters is obscure o In the mE,rine envirol'.ment , . baro-

sensi ti vi ty might be expe cted to play an important depth-regulc,tory 

role by preventing the organism from sinking into waters too deep 

for subsequent movement into more superficial waters (for feeding 

or breeding). In the relatively shallow freshwater environments 

thj.s does not appear to be a potential hazard, except in a restricted 

number of deep l"kes. The existence of bal'osensitivity in fresh-

water crustacean plankters would therefore appear unnecessary and 

its role in modifying vertical migration or distribution limited. 

Revival of Esterly's (1917) ideas of endogenous locomotory 

rhythmicit.y has resulted particularly from the demonstration of 

such rhythmioi ty in Daphnia ma,o;na and Calanus helgolandicus (Harris 

1963). The existence of endogenous rhythmiCity in other zoopla.nkters 
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has been recorded. Rud.:Jakov (1970) has suggested thl'.t diel migra-

tions are the result of innate alterations of phases of passive and 

active vertical displacements. Having examine d the 6vi~ence for 

such a suggestion , Rudjakov proposes that diel vertic~l migrati ons 

are not the result of adaptations to a plankton.ic mode of life . 

The basic c.ssumption upon v:hich he has four.drod the theory is that 

the dawn descent is a passive I!'overcent . He appears to have over-

locked the very clear evidence of the daY?D descents ·,)eing very 

closely correlated with che.nges in light penetr ation at dawn e.g. 

Mcliaught and ITasler C1964, 1966) and Hoden and Kar.;pa. (1967). 

Endogenous rhythmicity may playa part i " initiating changes 

in J.ocomotor activity in sever'al species, but su~gestions as to its 

uni versali t y as the caus e.1 agen t in vertical mip.ration are unwarranted. 

1 t is usefully invoked in several c&ses in explaining pa.r·c;s of the 

diel movements whi.c!: are difficul t to account fer within a. light-

cued migration model . It is most improbatle , however , that vertical 

migration can be unanimously at t ributed to endog8nous l ocomotor 

rhythmicity. 

d) ThE' adaptive significance and envi ronmental-S2nseguEences of diel 

vertical raj g-raticn 

Many of the older workers fl.uestioned why zooplankters should 

expend so much energy performing diel verti cal migrations , and con­

cluded that it must be of gr eat adaptive significance to the orgallisms. 

More recently it has been demonstrated t h8oretic&l ly that the ener­

getic expenditur e of these migrations is very small indeed. (Hutchin­

son 1967). The problem has also been studied empirically by Vlymen 

(1970) who observed deceleration patterns folloViing a leap by the 

calanoid copepod Labi.doccrD. trispinosa. He applied drag l aw formulae 

to determine energy expencli tura in constant velocity swimming and 

in accelerating from rest to a given velocity. Using this approach , 
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Vlymen has calculated U,at the maintene.nce of reported migratory 

speeds would expeEd less the.n 0.3% of the Basal Leta.bolic Rate. 

In the light of the abovt' wor ks, it is no longer necessary 

to j nvo}:e a high energy e):'pendi ture in the Iliigra tions. In fact , 

only a very small selectivE; advantage would be required to offset 

this slight energetic cost, although it is root suggested that the 

selective ad'":ntage is necessarily s[!1all. 

McLaren (1963) has proposed an ingenious theory to aCC01:nt 

for the adclptive value of vE",rh.cal migration . His arguments are 

based on the established relationships between copepod development 

rate, adult size and fecundity as tempera.ture related fUl!Gtion8. 

His hypothesis is based on the assUL1ption that an energy bonus will 

accrue to animals feeding in the warmer surc'ace waters and E;rov'ing 

'.n the deeper cooler waters. This "bonus" energy can be di2'ected 

into increased fecundity. Unfortunately, our present state of 

knowledge is such that his ideas are no longer entirely va.lid. 

Some of the assumptions upon which his hypothesis was based have 

subsequently been shown to be erroneous. This is particularly 

true in relation to his assulliptions made concerning the restriction 

of feeding to the warmer surfe.ce waters. Experimental ~Lnlysis of 

the effects of varying and constant temperatures on the growth of 

Pseudoca.lanus minutus (Lock and McLaren 1970) has failed to confirm 

any size advantage (and thereby increased fecundity) accruing from 

alternating temperatures, at least in this species under laboratory 

conditionso In view of the ple.teau in development rate recorded in 

Diaptcmus pc.llidus (Geiling and Campb ell 1972) MoLaren' s application 

of Belehradek 's equation to relate va.rious aspects of growth to 

temperature is cautioned. Tacit in McLaren 's hypotheSiS is the 

assumption that there is a selective advantage in growing s l owly 

and producing a greater number of slew- growing offspring . In 
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nature, where conditions are continually changing , it may be that 

rapid growth and the production of a small.o:r number of offspring 

which will mature rapidly and reproduce earlier will be of greater 

selective advantage . In the light of these various criticisms, 

McLe.ren ' s hypothesis must be rej ected . Nevertheless, his hypothesis 

must be rated as ene of , if not the most significant attempt to 

define the adaptive value of vertical migration and the discussion 

and research which can be attributed directly or indirectly to h·.s 

ideas is a fitting tribute to the theoryo 

Wynne- Edwards (1962) has suggested that the vertical migra­

tion of zooplankters may be a social " epide ictic" display serving 

to plot the population density of the species which are then thought 

to limit their reproductive activity accc:rdingly . These ideas have 

been the object of considerable criticism (McLaren 1963 , Hu tchinson 

1967) • Rec6ntly , the reversed migrations of the ro~ifer As~.anchr-a 

priodonta ;n a eutrophic environment have been attributed to inter­

specific competi tion between the rotifer and cledoceran species 

(Dumcnt 1972). Dumont proposes that the reversed migrati.ons are 

initiated in response to species-specific or group-specific vibrations 

and his work suggests that inter-8pecific recognition is possible 

i n these lowly metazoa.ns. It would therefore !J.pr-ear prudent to 

wi thhold judgement on the socc.al interactioLs envisaged by Wynne­

Edwards , althoc:gh intuitively his ideas in relatior. to zooplankton 

migration appear somewhat over-imaGinative. 

As originally propose d by !Je.rdy and Gunther (1935) vertical 

lLigration in the sea was envisaged as a means by which the r:i;;rants 

could. a.void toxic effocts of dense algal patches. 

(1956 ) took the view that the migratory movements would er.ao le the 

migrants to exploit richer food areas and wouJ.d medilte horizon"tal 

displacemer.t into new feeding grour.d.s . The cO llcc'quences uf v()rtical 
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mieration i n the sea have been investiga.ted empj.rically by Miller 

(1970) wbose evidence does not match the tl:eoretical treatment giv611 

by Hardy (loc. cit.) . Usi'1g a vertically migrat i ng pal'achute 

drogue as a model zooplanktor, Miller has determined the exten t to 

whi ch vertical migr ation mediates horizontal displacement . Changes 

in zooplankton species composition determined by frequent net hauls 

in proximity to the drogue were used as an index of horizontal re-

distribution. The resl .l ts of this novel approach have shown that 

while large-iC,cale horizontal displacements may occur during reas onably 

short p"riods , this displacement is not accompanied by the expect ed 

changes in the zooplankton species composition. 

or patches appear to maintain their integrity. 

Zooplankton swarms 

One of the simplest explanations of vertical migration is 

in terms of predator avoidance . This explanation is not fav oured 

in explaini ng migration of !turine zooplankters (McLa r en 1963 ). In 

a lacustrine system, Lowever, this model is more acceptable . It is 

OIost common to encounter zo oplankters i n deeper , darker waters during 

daylight . Potentially , this serves two functions. In the first 

place, it may keep the animals below the effect ive penetrati on depth 

of ultra-violet radiation , which is known to be l ethal to Calanus 

(Marsha ll and Orr 1955a ). Secondly , if the day depth of the animals 

is in reasonably dark water , the prey zooplankters wil l be less 

readily discerned by predators relying on visual recognition of 

their prey,. 

Granted, thi s predator avoidance may not be a r eali ty in 

those species which do not e.ppear to move i nto sufficiently dark 

waters . But in "lany copepods , the migration will take them into 

waters where even if they are not entirely in the dark, they will 

be apparently l ess vulnerable t han if they were in brightly illum­

inated surface waters . 
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Younger stages of copopods are frequently captured nearer 

the surface during daylight tho.n older stages. In this case, the 

smaller size of the younger stages probably reduces the chances of 

their being seen by predators. It also permits them to remain in 

what may be richer feeding grounds for a longer period of time. 

Surface area/volume considerations suggest that the energetic cost 

of the younger stages actively remaining in shallower waters will be 

less than that involved in the active maintenance of older stages 

at similar depths. In older stages, feeding may have to be restrict-

ed to the time during which they are in the surface waters and some 

ability to store food reserves in these later stages would appear 

nec6ssary. In Cale,l1Us, for example, there is S0me evidence of in-

creased fat content in successively older copepodite ·stages (Marshall 

and Orr 1955a). 

Maly (1970) hac examined the effect of predation on adult 

sex ratios of two diaptomids . General extension of his observations 

suggests that differential predation is a function of relative prey 

size and prey activity, and feeding behaviour of the predator. 

Larger and more active prey species are differentially captured by 

predators relying on vis':al prey recognition, while predation by 

passive predators is likely to be a function of prey abundance. By 

moving into deeper and da~ker waters, larger species or development­

al stages of zooplankton are likely to avoid. predation by visual 

predators while younger stagas or smaller species are less likely 

to be seen .in more brightly illuminated waters. Zaret (1972) has 

suggested that transparency of cyclomorphic cladoceran species may 

function to red.uce visual recognition. It might be expected that 

younger stages or species inhabiting more illuminated layers during 

d~ylight would be more transparent than deeper living f.orms. How-

ever, a balance must develop here between trans;;arency as an aid to 
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invisibility and pigmantation to offset the harmful or lethal eff8cts 

of ultra-violet radiationo 

This brief survey of the more recent literature demonstrates 

clearly that the probl em of vertical mi.gration is by no mGam< re solvedo 

The more closely the problem is investigated , the more co~plicated 

a,ppear to be the ramifica tions of this enigmatic behaviouro Two 

major problems are apparent :_, the direct and the ultimate causes of 

the migration. Laboratory work on Daphnia has gone a long way in 

demonstratine the nature of the response to the direct migra,tory 

stimulus . How<3ver, our knowledge ccnc5rning the adaptive signif-

icance of the migration is st i l l very limited and the ul ti!llP.te 

reason for the migration is the subject of considerable speculation. 

The present study has been concernerl primarily with an 

anal ysis of the migratory behaviour of f . . ~~s se i . More specific-

a l ly , an attellipt he.s 00en mad's to dete!'mine the direct and ultimate 

causes of migration in this spaGies. 
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Figo 2. Motor Research Vessel "Tilapia" on the western 
littoral shores of Lake Sibayao 
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A wio.e range of methods have been employed during the course 

of the present study. Seyeral of the tech niques are standard prac-

tice in plankton studies , but ot'c.ers hav8 been d8veloped during the 

course of this study as and where the need for new or. m'JG.ified meth-

ods arose . It is proposed to deal firstly with conventional method-

ology , and secondly witt special rr.ethods used in this study. 

GENERAL J.!ETHODS 

The field studie3 reported in this work were undertaken on 

Lake Sibaya in a 5. ~.m aluminium motor vessel , "Tilapia", powered by 

m8ans of a 33 R. ~ . outboard motor (Fig . 2). 

On all sampling dates , cloud cover, vlind speed estimated on 

the Beaufort :l cale , and wind direction were recorded. During e.ll 

rou tine sa;nplings surface tempe!'a tU!'f' was determined by means of a 

o 
mercury in gl ass thermometer calibrated to 0.05 C. Temperature/ 

depth profiles were obtained by. means of a Wallaoe and Tiernan bathy·. 

thermograph. 

stations 

Fig. 1. shows th~ positioning of the five "ampling sites 

used for most of tho r outine invest i gations. ~be stations are 

given in relation to the bathymetric feat~res of the main basin of 

the lake, after Hill (1969). Various other s i tes were used for 

sampling purposes. The position of these other stations is given 

in the appropriate contexto 

Stations most r.egularly usei: fo r sampling purposes were 

permanently buoyed and sampling was undertaken while moored to the 

buoys . Other stations were marked with marke r buoys and an anchor 

was used al'l a mooring on all but the calmest days. Where sampling 



28 

was required at unm&.rked positions in the lake, a Sea-Scribe echo­

sounder was used to establish station depth. 

Sampling 

Water bottles and plankton nets were used to sample the zoo­

plankton in the water column. All samples were retained on #10 mesh 

(mean aperture 158~) . This mesh size was found to reta in all the 

developmental stages of R. h~ss~i with the exception of some of the 

first naupliar instar (N II). 

a) Water bottles 

In the early stages of the study, a 2 litre stainless steel 

Friedinger water sampling bottle was used. In the later stages of 

the study, a transparent 5 litre van Dorn sampling bottle was used 

for a restricted number of samplingso 

The samples collected by means of water bottles were concen­

trated by pouring the entire ·contents quantitatively through a plank­

ton bucket fitted with a large stainless steel windon of # 10 mesho 

The concentrated samples were then transfer"'ed to 500ml screw top 

containers, and preserved by the addition of 40% formaldehyde to a 

final concentration of 5 - 10% formalin in lake water. 

The major shortcomings of these water bottle samplers (part­

icularly of the small volume Friedinger sampler) related to the small 

volumes collected and the impracticality of sampling the entire 

vertical columno These two limitations are serious ones where an 

analysis of the vertical distribution of the zooplankton is the 

major aim of the samplings, and especially when zooplankton abundance 

is lOW, as is the case in the present study area. 

b) Nets 

The majority of the samples collected during the course of 

this study was collected by means of a vertical closing net, const-
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ructed of "r.lO mesh bolting silko Between 24/4/1970 and 5/5/1971 

a vertical closing net of 30cm mouth aperture diameter and 1. 5m 

total length ·"as usedo From 5/5/1971, a scale replicate of the 

original net was used , but the mouth aperture we.s reduced to 20cmo 

Tbe net was conical in shape, with a canvas headpiece and tailpieceo 

A tripodal bridle was attached to the headpiece ring. A brass 

bucket (4·0ml capacity) fitted with a large window covered with #10 

copper gauze mesh was secured to the tailpiece. The bucket was 

heavily weighted to ensure the rapid and regular descent of the I'.et 

to the lower limit of the haulo The closing mechanism consisted 

of a cable trip arranGement which throttled the ne t approximately 

* of its lengt h from the mouth when triggered by means of a sliding 

messenger. 

The ne t W8.S lowered by means of a limnologicsl ha nd winch 

attached to a davit which cleared the boat laterally by 50cm. The 

winch cable ran over a pulley driving a high quality meter wheel, 

calibrated to O.lm. 

During collections, the net was lowered rapidly , bucket 

first, to the preselected depth and then rais9d at approximately 

0.3m/sec. The hauling rate was not standardized , but varied little 

with time. If split level hauls were being taken, the closing 

mechanism was activated as the net reached the preselected upper 

limit of the haul. The timing of net closure ensured that the net 

was not left open at the upper limit of the haul , and also precluded 

overspill and loss of portions of the catch during closure (Barnes 

1949 , Currie and Foxton 1956). 

The collapsed net was raised rapidly to the surface, thor­

oughly rinsed down and the contents of the bucket decanted into 

screw- top containers and preservedo Standard post- sampling treat-

ment of the net inv"lved thorough flushing Vlith tap water and subse-
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quent drying~ 

1'he use of vertical ne t hauls in plankton sampling presents 

several difficultie s o The,.e relate chiefly to filtering efficien-

cies: which are unlikely to be perfect. However, for the purposes 

of the present study, the paucity of crustacean plankters 3.1ld the 

relatively lar[:e depth of water to be sampled precluded the satis-

factory us e of discrete depth pelagial samplers. Large volume 

samplers (e.g. Plankton trap or Schindler's sampler), whilst OVE:r­

coming s evera l of the probler~s involved witt. net sampling tect.niques, 

could not bc used to sample a 40m water column adequately at the 

very short time intervals necessary to follow rapid migratory move­

ments. 

Vfnile it is appreciated that the net samples cannot give 

absclutely quantitative measures of zooplankton abundance, the 

resul to of the net samples are reported in absolute terms, assuming 

a filtration efficiency of 100%. While this assumption is not 

necessarily valid, common use is made of this co,~vention in report­

ing results from net haul collec'Gions (Patalas 1969 and Cart er 1969) 0 

Notwithstanding the errors inherent in net sampling, net 

collections have enabled estimates to be made of the vertical distri­

bution of the zooplankton populations throughout the entire water 

column. Samples taken b.v means of nets have enabled temporal 

changes in the vertical distribution and abundance cf the zoo-

plankters to be studied on a relative basis. In the light of 

various critisisms raised against the use of vertical net hauls, 

the comments of Tonolli (in Edmondson and Winberg 1971 , p 5) are 

noteworthy. 

"Despite uncertainties about the effective value of filtra­

tion, the net may be used in many cases , since even if . it cannot 

guarantee completely quantitative evaluation , it permits relative 
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TABLE 1. 

Net filtration coefficients for various developmental stages of 

P.hessei, assuming 100% sampling efficiency for the van Darn Sampler. 

Adu 

Adu 

Tot 
Adu 

lt 

lt 

al 
lts 

if 

\! 

Naup 1 .• _H 

CI 

CIV 

cv 

Tot 
cop 

Tot 
P. 

I 

al 
epodites 

al 
hessei 

Net hauls 

0-3Om 

(942 litres) 

247 

158 

405 

1152 

1044 

566 

256 

200 

124 

2190 

3747 

van Dorn I van Dcrn FiltratIon 

sam? les samp les coefficient 

(35 litres) corrected 

to volume 

of net hauls 

12 324 0.76 

10 270 0.59 

22 594 0.68 

I 
5 135 8.55" 

43 1160 0.90 

59 1590 0.36 

15 405 0.63 

16 432 I O. ~6 

3 81 1.40 

136 3668 0.60 

163 4397 0.85 

* The very low Naup liar catch in water bot t le samp l es may be a 

reflection of an irregular vertical distribution masked in net 

hauls. 
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cO.1parisons, valid wi thi.ll the same environment between anaJ.ogous 

components of the population"" 

1'he entry of zoopJ.ankton into nets while they were being 

lowered, mouth upwards, has been reported (Bayly 1962) although 

Smyl.y (1968a) found that very fel":' zoop18.nkton were captured during 

net descent. In an earlier work (Smyly 1961) he r ep orted lower 

catches in a net used to "fish" on its descent than in a net used 

to "fish" on its ascent. In the present study the net was lowered 

mouth upwards and used to capture zooplankton on its ascent . Spor-

adic checks on the entry of zooplankton during lowering indicated 

that insignificant numbers were captured during this process . 

imal errors of appr oximately 0 . 5% were recordedo 

Filtration efficiency 

M6.X-

A limited aQount of evidence is available to indicate that 

fil tration efficiency of the nets used in Si baya is reasonab l y higho 

In the first instance, as a resul t of the oligotrophic nature of the 

lake in terms of algal biomass , clogging of the nets was never obser­

ved. Secondly, in a series of collections made simultaneously with 

water bottle and vertical net hauls, a reasonably high mean filtration 

coefficient of 0085 was ob tained (Table 1) . Within each develop­

mental stage of E. hessei, however , there was considerably greater 

l atitude in this filtration coefficient. 

The mean filtration eff iciency of the nets used in the present 

study area compares favourably with estimates ob t ained by other workers . 

For example , Smyly (1968a) records filtration efficiencies of 50 - 75% 

and Kibby (1971) reports a mean effjciency of only 36%0 

Coefficient of variability at a single station 

The coefficient of variability f or repl i cate hau l s was calcu­

lated from a series of 9 replicate hauls made between 30m and the 
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TABLE 2. 

P.hessei: Mean percentage deviat ion in catch of nine pairs of r eplicate 

hauls made at Station IlIon alternatp nights (5/5/71 - 25/5/71). 

Pair 
no. 

1 

2 

3 

4 I 
5 

6 

7 

8 

9 

Mean 

Adult catch Adul ---l--
Rep licate Rep' 

t catch 
.... icate 
2 1 

390 I 442 

218 306 

110 102 

262 414 

295 259 

253 265 

2313 202 

228 311 

405 357 

266 295 

Mean 
Percentage 
Deviation 

12.5 

33.6 

7.7 

45.0 

13 . 0 

4.6 

16 . 4 

30 . 8 

12 . 6 

19.6 
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surfaceo 'l'he hauls were mc.de on alternate days bch;een 5/5/71 and 

25/5/71 at Station 1110 Each replicate haul was madc v:1. tliin a few 

minutes of its predecessor and total counts of the catch of adult 

f. hessei wor e made . 

The cat ches of replicate hauls in the nin3 pairs are pre-

sented i n Table 2, together with the mean percentage deviation for 

each pair of catches . (Mean pe rcentage deviation 

Nl - N 100 N.I - N 100 
( ~y. + ' 2x )x 1 

2 
1 1 

where N
l

, N2 rep"ese!lt the larger and smaller numbers of the pair). 

Table 2 SDOWS that t he mean pe rcentage ~eviation for repli-

cate hauls varies from 5 - 45% , with an overall mean percentae;e 

deviation of app::'oximately 20;;. The mean perceatage deviat ion is 

simil~r t o t hut rec orded by other ~o ~kers. HeYWClod (1970',) recorde.d 

variation of 26 - 52;'1;, Chapman (1969) ,13 - 25% a.od Bayly (1962). 

9 - 40%. The 4th sample pair in the pres8nt s eri es increases the 

ranee considerably. All others ara below 34%0 

Characters used in the doter'wination of devel~",-'2ntal staf,8 in P . hesse i 

D<lacriptions of post- embryonic developIlen t have been pub-

lished for several pseudodiaptomids. Johnson (1948 ) has described 

development in f . euryhalinus. Gr icB (1968) has stu~ied the davel-

opment of f. coronatus ",hile Alvarez and Kewalramani (1 970 ) have 

studied naup lia r development in fo ard,iuna . In the species ade-

quately studied , the first naupliar stage is apparently suppressed 

and the eggs hatch directly into NIl . As in other calanoid cope-

pods, N VI passes into C I , and C VI is the sexually mature adulto 

Characters us ed in t he s eparation of the copepodite stages 

of f. hes se i in the present study have been based upon obse rvations 

made on the Sibaya material, and to a limited extent upon unpublished 
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data of Grindley (pers. comm.). Individual calanoiJ.s fro", a sample 

taken from Sibaya were examined. ~'J.T1ber of pairs of legs, number 

of urosome se g:nents and total length were recorded for a large number 

of individuals. 'l'hese data v.'3re plott.ad on a scatter diagram re-

l ating size to number 0: pairs of legs and urosome segments. The 

data resulted in discrete groups of points on the scatter diagram; 

each group could be related to a particular devel ·)pm.ental stace. 

These char,·,ctars -'w re checked in laboratory raised calnnoids a'ld are 

sll'llmarized below. Determination of dev~1 ')pf!10ntal stage was b:l3Cd 

on these characters~ 

Adult males are easily recognized by their geniculate antenna 

and jointed caudal setae . The adul t females are characterized by 

the genital segment on the urosome and their sword-shaped central 

caudal setae (Grindley 1963) . 

No. pairs legs No. urosome segments Mean lenrrth 
()1) 

C I 2 2 410 

C II 3 2 520 

C III 4 2 580 

C IV 5 3 685 

C vO' 5 4 770 

C v~ 5 3 870 

C VIr! 5 5 920 

C VI~ 5 4 1090 

Laborato~treatment of samples 

For counting purposes the sample was transferred to a #- 10 

plankto:l bucket . In this bucket the sample was rinsed gently to 

remove the supernatant formalin solution . From the bucket the sam-

pIe was transferred either to the countinG chamber or to the sub--
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sampling vessel. 

A square, transparent perspcx tray (internal dimensions 7.0 

o 
x 7.0 x 2. Oem) with sides f).ared outwards at 10 to provide an opti-

cal ly clear base, was used as a counting chamber. A series of 

guidelines was scored on the underside of the base at 1 cm intervals 

giving a lcm2 grid. 

Counting Counting was ?erformed under a Cooke, Troughton and Simms 

binocular dissecting micY'oscope , using a total magnification of 12.5x 

for al l counts of adult and late-stage copepodites . Higher magnifi -

cation (15x or 25x) was m,ed for counting the nauplii and early-stage 

copepodites. 

In sa~ples in wtich enumeration of total numbers was 

impractical owing tt, the numbers involved , subsampling was employed. 

However, in practically all ca,es, all adult calanoids were counted . 

The subsadplinb' technique used was slightly modified from the method 

described by Allanson a,,,d Kerrich (1961) . An octagonal vessel was 

used and the sL,mple Vias stirred by means of an L-shaped glass rod . 

In the present study , however , the sample was stirred by hand whi l e 

an aliquot sample of 25ml was withdrawn by means of a wide mouthed 

(4mm diameter ) pipette. 

Subsampling Errors In aU net samples collected during the present 

s t udy , total counts wore made of adult males , ovigerous and non- ovi-

gerous adult females . In the case of numerically large samples , sub­

sequent fractions of t , t or t by volume of the total sample were 

taken for anal ysis of the pre- adult stages of E. he§sei or other 

crustacea not reported upon in this work . With very little extra 

l abour it was possible to make counts of the adul t calanoids in these 

subsamples . Therefore , for the majority of net samples in which 

subsampling was used , counts of adult E. hessei Vlere made fo r both 
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the 3ubsample fraction and the entire sample. These data h8.'!c en-

abled an assessment of the errors involved in subsampling to be mad", 

for the entirc duration of the study. Figs 3, 4, and 5 show the 

relationships between subsample counts and the total count of the 

parent sample. 

Allanson and Kerrich (1961) have examined the reliability of 

using Gubsamples ith by volume of the parent sample to estimate the 

total frequency of a species in the total sample. They have deter­

mined that when the subsample count (n) is less than 150, the confi­

dence limi t s for the subsample count can be obtained from standard 

tables of the Poisson distribution. The corresponding estimate and 

confidence limits for the parent sample are obtained by multiplica­

tion. In subsample counts greater' than 150, tbe 95% confidence 

limit s of n are given by 1~16 to O~84' The 95% confidence limit3 

given in Fig. 3 have been determined using Allanson and Kerrich's 

procedureo 

In the present study, the majority of subsampliug bas been 

based on fractions t or t by volume of the parent sample . Experi-

mental analysis of the errors involved in using t or t subsamples 

has not been done . There is no evidence to suggest that the rules 

developed by Alla.nson and Kerrich for i subsamples ca.n be extrapo­

l ated linearly for use with t or t subsamples. Accordingly , cOm/'en­

tional r egress ion analysis (Snedecar and Cochran (1967)) has been esed. 

to determine the 95% confidonce limits of the parent sample counts 

based on t or t subsample counts . These confidence lines are shown 

in Figs 4 and 5 . The asoessment of subsampling error has been based 

upon adult calanoid data. There is some evidence to suggest that 

this asses sment can be applied to the pre-adult stages . Biased sub-

sampling of different stages may occur , but the extent of such bias 

appears to be insignif icant. 
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Su'osample counts of the pre-adult stage s of f. he s2~i. were 

based on a minimum count of 50 individuals of anyone copepodite 

stage, or 75 nauplii. (Numerically small samples were counted in 

entirity . ) The 95% confidence limits civen in Figs 3, 4 and 5 give 

percentage errors of 29%, 28~; and 17% rcspccti vely for sub "ample 

counts of 50 i ndividuals. The percentage accuracy of the estimate 

increases as the subsample count is increased. ThLse values (29%, 

2&;'0 and 17%) therefore represent the r.laximum errors introduced by 

subsampling pract i ce. 

'l'he conclusions reached during the present study have been 

based upon vertica l differences in calanoid abundance far greater 

t han the variation attributable to subsampling error. It is clear , 

therefore, that while error is introduced by subsampling, the error 

is of little s ignificance in the totality of the observations, and, 

for mose practical purposes, can be ignored. 

SPECIAL r.1ETHODS 

During the course of the study, various special sampling 

techniques and sampling apparatus were developed to cater for special 

problems which arose . Early in the study it became apparent that 

t he adult calanoids and late copepodite stages were reaching t he 

lake bcd, or immediately overlying water , during daylight . It be-

came of primary importance to develop an adequate and simple method 

of capturing the calanoids in close proximity to , or upon , the sub-

strate/water interface . While two conventional techniques have been 

appl ied. for this purpose , they are c.i3cussed in this section as a 

matter of convenience. Detailed diagrams of the construction of 

the sampling devices designed during the present study are given in 

the appendix. These diagrams are annotated and may be referred t o 

in relation to the descriptions in the text . 
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Van Veen Qrab 

Ini tially, a van Veen grab of 225cm2 bite , fitted with ·rubber 

flap val ves (Boltt 1969 a) WdS used. However, the effective separa­

tion of copepods from the mass of substrate collected was impractical. 

Further, the currents set up by the sampler on its descent (Wigley 

1967) -illf2re likely to disturb the calanoids off the substrate as a 

result of the well developed rheotactic response observed in f. hessei 

during the present study. 

Vertical Bottom Sam~lor (Appendix 1) 

Some idea ')f the abundance of the copepods on the substrates 

was obtained from samples collected with a "vertical bottom sampler" 

designed and built during the study. This app&~atus consisted of a 

sgyare perspex column (15 x 15 x 30cm) with an upper and lower 1::ori-

zontal sliding door. 1'hese coors were cocked in the open pos;. tion 

during deSCent and Vlere triggered automatically upon reaching the 

lake bed when the weight of the sampler was taken off the cable. 

After trigge r i:1g, tho doors, powered by strong rubber bands , slid 

along grooves and closed the sampler. Valuable introductory data 

were obtained with this apparatus , but problems associated with 

water-tight sealing were insurmountable when the apparatus was used 

on hard sandy bottoms. On soft flocculent bottoms , penetration 

below the level of the lower doo r was possible and the substratum 

enclosed effectively sealed the lower door. However, in view of 

the predominantly sandy nature of the lake bed , a more reliable 

sampling technique was r equired. 

Jenkin's ~~rface-m~d sampler 

A Jenkin surface- mud samjJ l e r (Mortimer 1942) was used with 

some success on sand but the very small sampling area and its immense 

. weight precluded it s extensive operation. 
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Fig. 6. Substrate bin in the 
open (upper photograph) 
and closed positions. 
The littoral sand intro­
duced as a substrate is 
clearly visible. The 
burrows of various benthic 
crustaceans can be seen. 
The shallow dark band 
above the sand is the 
flocculent tripton which 
collects in the bins. 
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Subst.rate Bin (Fig. 6 , Appendix 2) 

Cal anoid populations on the lake bed and in the waters imoe­

diately overlying the lake bed have been successfully monitored by 

raear..S of the "substrate binI!. This apparatus consists of a. pers-

pex box (15 x 15 x 22cm) with a base, fitted into a tub~lar metal 

framework . The perspex box is fitted with a hinged upper l id of 

#10 mesh bolti~g silk stitched onto a wire framework and glued onto 

the psrspex wal l alon& the hinging surface. The lid is connected 

to an "automat ic" opening and closing device by means of nylon fish-

ing twine. The closing device consists of a "square-U II 5haped wire 

with one upright saction approximately twice as long as the other. 

This wire runs through eyes on thE'> sides of the perspex box and is 

provided with a broad metal foot attached to the horizontal section 

',f the "u" below the base of the perspex box . A nylon line runs 

from the end of the longer wire to the face of the lid parallel with 

the hinging ph.ne, and a shorter cord runs from the shorter upright 

of the "U" to the same point on the lid. As the bin is lo~ered on-

t o the substratum, the weight of the apparatus is taken by the foot 

on the trigger wire and this forces the wire to slide up the walls 

of the box until the base of the box rests upon this foot on the 

l ake bed. In the process, the cord from the longer upright of the 

"U" is tightened and raises the hinged lid. The oin is therefore 

in the open position while i t is on the substrate and closes auto­

matically as it is raised off the substrate, and the weight is taken 

off the foot . 

Estimates of copepod abundance as assessed by these substrate 

bins depend upon prior vertical movements of the calanoids into the 

containers. For this reason , it was necessary to lay these traps 

on the evening before the requisite sampling date. By doing this, 

the substrate bins effectively sampled the calanoids which r eached 
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------.. 

Fig. 7. Horizontal Bottom Sampl er in the open (uPll er photograph) 
and closed positions. 
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the substrate as a result of their descent at dawn. Before the 

bins were layed, a layer of littoral sand substrate about 4 - 5cm 

deep was introduced into the bins. The absolute depth of substrate 

waf' of no importance since the estimates of abundance have been in­

terpreted as numbers per unit area of substrate and not per unit 

volume of overlying watero 

Horizontal Bottom Sampler (Fig. 7, Appendix 3) 

Towards the very end of the study, a simple horizontal bot­

tom sampler was designed and constructed. This consisted of a per­

spex tube (50cm x 7cm diameter) which was mounted upon and ran along 

two horizontal rails. These two rails, together with an upper thir& 

rail, were mounted on triangular leg frames. The leg frames were 

of such a length as to allow the perspex tube to run horizcntally 

clong the lake bed cutting slightly into the interfacial detritus o 

The trailing end of the perspex tube was sealed with#IO mesh copper 

gauze. The leading edge of the perspex tube ses.led, on closure, 

against a sponge rubber faced metal plate fitted onto the leg tripod. 

The tube was powered by means of powerful rubber springs. The samp­

ler was triggered automatically when its weight was taken off the 

lowering cable on reaching the lake floor. 

This sampling device was designed to sample animals off un­

disturbed and entirely natural lake substrates. It provided useful 

corroboration of the substrate bin results. 

'llreatment of samples collected in associp.tion with sediments. 

Removal of calanoids from the samples taken from natural OJ.' 

artificial substrates or sediments in the various ways described 

above was performed in two stages. The first stage was carried out 

in the field, immediately after collection. The sample was decanted 

through a plankton bucket fitted with a large~lO mesh window. As 
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, , 

Fig. 8. Mqgne sium sul phate flotation of Pseudodiaptomus 
hessei. The calanoids are visible as a di stinct 
ba~d at the surface. 
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Fig. 9 . Suspended Tray in the 
open (upper photograph) 
and closed positionso 
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• 
little substrate as possible was decanted in this initial filtration. 

The resulting sample was preserved immediately. The remaining sub-

strate was added to the plankton bucket and elutriated twice with 

filtered lake water to remOV9 any copepods remaining upon and ad-

hering to the substrate. These washings were combined and preserved 

for subsequent analysis. 

Several checks were made to estimate the number of copepods 

remaining after successi7e rinses. It was found that less than 5% 

of the animals remained after initial decanting and single elutriation. 

This fraction was lowered to generally less than 1% after the second 

elutriation. 

The second stage was performed in the laboratory where fur-

ther separation of copepods and detritus was carried out either by 

filtration through various sized meshes (4, 22, 32, 40, 44 meshes 

per cm.) or by MgS0
4 

flotation (Smyly 1964) in a separatory funnel, 

after removal of supernatant formalin. 

W'.c.ere collections were made with the specific aim of examin-

ing gut contents, graded filtration was used to remove the detritus 

and separate the calanoids. However, for most of the work, where 

diel variation in numerical abundance WaS being estimated, MgS0
4 

flotation was used. This flotation technique was found to be except-

ionally satisfactory in the present study (see Fig. 8). 

Suspended Trax. (Fig. 9 , Appendix 4) 

The suspended tray was designed to determine the settling 

intensity of calanoids on substrates suspended at different depths 

in the water column. This apparatus consists of a shallow perspex 

tray (internal dimensions 15 x 15 x 6cm) fitted with a horizontal 

sliding upper lid. The whole unit is suspended horizontally at ~ny 

depth in the water column by means of a heavy base weight, a sub- . 

merged float .... lm above the tray and a surface float. The sliding· 
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Fig. 10. Aquarium Sample r in 
the open (upper 
photograph) and 
closed positions. 
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upper lid is cocked open aeainst the pressure of I'ubber ba.nds by a 

trigger mechG.nism which is ac tiva.ted from the surface by means of a 

trip line. Eight tra.ys were constructed, and suspended at 5m depth 

intervals over the deepest area of the lake. 

The trays were either provided. with a shallcw layer of Ii t-

toral or deep-water substrate or left empty . The coll ection of 

calanoids in these trays depends upon the vertical migratory move-

ments into the trays at dawn. Accordingly, it was necessary to 

positi on tre trays in· the lake at least one evening before tte 1'8'lUi­

site sampl ing date. 

~Q.!l.?rium Sampler (Fig. 10, Appendix 5) 

Vertical migration studies under laboratory conditions re-

quired an adequate sampling technique . Photographic techniques 

ha.ve been used successfully by Harris (1963) and Harris and Wolfe 

(1955). In ihe present study , however , photographic tecl:niques 

were unsucce s sful and another technique had to be developed . 

To this end, a transparent perspex tubc (50cm x 7cm diameter) 

was modified to make a water bottle sampler which ~ould always sample 

at the same depth vli thin the experimental vessel. Calanoid abun­

dance in the uPFer levels (~) of the water column in a large 

tar~ could be determined with this apparatus. 

The tube was fitted with a hinged lower lid . 1'his 

kept parallel with the long axis of the tube by means of a trigger 

on a metal pipe running the length of and extending beyond either 

end of the perspex tube. This pipe ran through eyes on the perspex 

tube. The lid was maintained in the open pOSition by means of the 

trigger, against the pressure of rubber springs. The trigger mech-

anism was fixed onto the long m::l t al pipe to give a standard clearance 

of 12cm cetween the l ower end of the perspex tube and the bottom of 

the tar~. The l ength of the rod prevented sampling closer than 12cm 
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off the bottom of the exper imental container. 

During s[lmpling , the apparatus was lowered into the a'luarium 

until the vcrti cnl rod touched bott om . The vertical rod was then 

o 
turned through go by means of a h~ndl e at its upper end. This 

movement released the tri&ger mechanism and the lid clcsed. An 

adequate sea.l was maintained by increasing pressur e between the lid 

and the tube by means OC a tensioning ccrd while the apparatus was 

removed from the aquarium . Sample volume was determined by decant-

ing the contents of the s8.mpler into a :neasuring cylinder. The 

sample was then concentrated through a plankton bucket , preserved , 

and reta ined for suosequent examinati on. 

Photofiwtri c eQm.p."en.i 

While a consideration of this equipment could justifiably 

have remained in the general .'e ction , the development of some highly 

sophisticated photome t ric equipment fo r the present study justifies 

its inclusion here. 

Initi&l ly , light measurements were made by means of a sub-

mersible and deck cell phot c!l1o ter. The sensor units consisted of 

CdS cel ls ccnr:ected to sensi ti ve )l-amroe ters by means of variable r e-

s istance shunts. This photometer enabled the percentage attenuation 

of light to be determined. However , changes in underwater light 

intensi ty at dusk and dawn could not be established accurately by 

means of this equipment and i t was s~perceded by an alternate instru-

ment. 

The majority of light readings was made by means of a Hydro-

Bios luxmeter. This submersible light D.et er was satisfactory except 

in relation to its lower sensitivity limits . The maximal sensitiv-

ity of 1 lux proved inadequate for the p:L'esent study . 

The most sat i s f actory photometric equipment was designed and 

developed by Dr. R.E. Boltt in conjunction with the Electronics lab-
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oratories of the Physics department of Rhodes University. The 

equipment was designed specifically to record very low light inten-

sities with e. minimal voltage requirement. The instrurrent is t o 

be described in detail elsewhere . B~sically , this photometer con-

sists of a submersible sensor unit with seven sensitivity ranges. 

Light intensity on a full moon ever-ing is sufficient to give 2.lmost 

full-scale deflection on the" most sensitive range. 

Unfort unatelJ' , this eqUipment "as available c·or only a very 

short peri od. and was used to make one set of measurements at dusk 

and one at midd.ay. 

Preser-tation of nata 

Since several collecting methods ha.VE been used in this 

study, it is necessary to devote some space to & diocussion of data 

presentation. For t he purposes of presen'oation it bas be"n assurr.ed 

that all the collacting methods are absolutely efficient unles s 

otherwise stated . The main l'esu1 t of this assumption pertains to 

t he widely different sample vulunes which ace, in SOme cases , compared. 

Data collected from water bottle samples are illustrated by 

means of frequency polygons with a corresponding scale . In the 

portrayal of results collected from net samplings , hi.~ togn'ms have 

been used t o indicate depth/frequency di.stribu t ions . Net collections 

3 a r e generally represented as numbers per m Each panel of data is 

provided wi th a scale to avoid confusion . However, it is important 

to note that differ ent scal e axes may be used in consecutive pane l s 

and the reader is asked to bear tbis in mind . In some cases , net 

collections are illustrated as numbers under unit surface area . 

When this has been done , the scale ins cription is alter ed accordingly. 

In many of the figures , a comparison between numbers of ca1a-

noids in the water column and numbers on the substrates has been 

desi r ab l e . Resulting from the use of widely different method s of 
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coll Bction, the volumes sampled are accordingly very different. e.g. 

Net hauls versus substrate bins. The abuT!dance of calanoids on the 

substrates during the day relative to th0ir density in the water 

column has made it impractical for the purposes of illustration to 

bring the numbers to a unit volume of wa.ter as the difference can 

run to at least two orders of m~gnituce . In order to compare the 

water column collections with collections off the substrates the 

counts have boen computed on a unit area basis. Water colu~n co~nts 

are denoted as nunbers bel ow unit surface area lind substrate counts 

are ccrrespondingly calculated as numb ers per unit area of substrate. 

It is important to note that these t'70 are not mutually inclu:;ive as 

would be implied by the common use of the conventior. "per unit area". 

The numbers per unit surface al'sa involve the counts made of the 

water column populations below unit area but ex.cluding the numbers 

per unit area on the lake bed . Similarly, the numbers per unit 

area ,of substrate re11,te to the population abundance as moci tored 

by subst rate bin€" horizontal bottom sample r , Jenkin ' s tubes ctc o 

and denote the numbers within a restricted distance above the lake 

bed. This distance varies from several centimeters in tbe case of 

tbe borizontal bottom sampler to approximately 20cm for su.bstrate 

bin collections. Once the water colu~n and substrate collections 

are computed on an areal basis , relative percentages in the water 

column and on the substrate may be calct:lated. 

The percentages on the subGtrate relative to the percentages 

i n tbe water column are plotted in a two- bar horizontal histogram 

below the deptb/frequency histogram where this has been tbought 

desirable or wbere data for this calculation have been available . 

Tbe use of this method of presentat ion is best illustrated by means 

of an example. Tbe example presented below is based upon the 0600tr 

sampling series during the 24hr station of 1- 2/3/72. This is 
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figured in the text O'ig 19). 

Adult ~, 0600hrs, 24hr station 1-2/3/72. 

Net haul No. captured No . captured per No. capt~r6d 

i.ntervals per haul 10m Dau3 or per m 
0.314m * 

O-lOm 0 0 0 

10-20m 0 0 0 

20-30m 14 14 45 

30-350 67 134 426 

35-38.5m 95 271 864 

Totals 176 419 

*'I'he cross sectional area of the 20cm diae:eter net is 11 xl02
= 314cl} . 

Each 10m haul therefors filters 1000x314 3 3 
1000 000 cm = O. 314m 

Aiult I' catch in cubstrate bin = 470 animals 

Area of substrate bin 15 x 15cm = 225cm
2 

No. of animals per 314cm
2 470 lli = 6<;6 

-1- x 225 -

No. in wB.ter column under 314cm
2 

= 0 + 0 + 14 + 67 + 95 176 

No. on subdra,te above 314cm
2

; 656 

Total no. on subst rate and in .:ater coluItI'. = 176 + 656 = 832 

% of calanoid population in water column =. 
176 100 

21% ~ 832 x 1- = 

% of ~ calanoid populu.tion on substrate = .§2§. 100_ 
832 x 1 - 79% 

The following series of histograms demonstrate how these 

valuGs have been illustrated in the rest of the text. The solid 

black histograms a.gaillst the depth axis represent the vertical dist-

ribution of the water column population. Below this, the solid 

black and shaded histograms denote the percentage of the total pop--

ulation in the wate r column and the percentage on .the substrate 

respectively. 
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It will bE noticed that in the above diagrc.m the vertical 

distribution is illustrated to a depth of 40m although the lcwer 

limit of the haul was at 3B.5m. When , during a s01'ies of collect-

ions, the bottom depth varied dl.<ring the course of the series, the 

maximum depth s aJJpled has been used for illustraU,ve purpcses . In 

all casE's, however , numbers per m3 have been computed on the basis 

of the true net haul l eLgth. Only at Station I did bottom depths 

vary by 1 - 1.5m. At other stations the lake bed was fairly re~llar. 

The above method of presentation of data depends only UpOL 

the relative numbers beneath. unit area of surface and on unit area 

of substrate. It takes no account of the widely different volumes 

sampled. Percentage changes in abundance in the water col];.mL and 

substrate fractions of the populations are strictly comparable when 

the;3e changes have been determined at the same station or different 

stations of equal depth . Under t hese conditions the percentage 

estimate is based on a constant rati o between water column sample 

volume and substrate sample volume. In the case of a station 40m 

2 deep, for example, numbers beneath l'T. in the water column will have 

been determined from a volume of 40m3 , whereas the numbers on 1m2 of 

substrate will havn been estimatnd from a volume of~ O.2m3 in ~ sub-
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strate bin . The ratio between these two volumes is constant for 

all stations of 40m depth. In the case of a series of stations of 

increEsine depth , however , this ratio will increase with station 

depth. In a series of s tations at 10 , 20 , 30 and 40m, fo r example , 

this r atio changes from 50 to 200 . Vlliile this has no effect en the 

presentation of datu, this being a function of unit e.rea , it will be 

appreciated that with increasing depth , Fercentage estimates will be 

biased inc2'easingly in favour of the water column fraction. In a 

40m sta.tion, therefore , a figure indj.cating 100"/0 abul.daEee on the 

sub"tratef' r epresents an incr edibly high coneer,t. r l'.tion of caJ.mooids 

on the substrate , rElative to the density in the water colm:r: . 
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1iHE HORIZOJ.!'L'AL DISTRIIlU'l'ION OF FS;';UDOD1AFTOl;:US HESSEl. 

Intr.Q.duction 

At the onset of the pre sunt study , two stations were sampled 

r outine ly. ~ ' hese Wbre Stations ~II and IV , 30m and 20m deep re spect-

i vely. Fortnightly samplings a t these two stations over a period 

of several months demonstrated two points. ~'irstly , the temporal 

changes in zooplBnklon ,,:mndance were similar at both stat i ons. 

Secondly, the standing crop estimates of the cal snoid were consist-

ently lower at the shallower station. Di e l cha.nges in ver tical 

distribution were< c.et 8rmineod at these two stations and the r esults 

sho\7ed a IDv,rkedly cCJ1parable pattern of events over 24 hours (see 

Figs . 14 and 15 J. 

On the ba3i~ of these findings , and particularly in view of 

tr e l'esearch load carrifJd at t'le time, it was decided to concen'crate 

on the deeper station, Bnd to ignore , for the time being , any hori-

zontal variation that lldght be apparent. The findings up to the 

t ime of this dL'cision suggested that the vertical distribution of 

the c8.1anoid could be studied at the deeper station with a reason-

ahle "'''pectation of reliability. 

proved corr ect . 

I n view of later work , this has 

It ' was appr eciated, however , that a r eali sti c appraisal of 

populat ion dynamics could not he expected from single station samp-

ling. Nevertheless , it was antiCipated that the s i ngle station 

sampling would enable the general seasonal pa t te r n of events to be 

de termined . 

Late r in the study, the horizontal distribution of the cala-

noid was examined in greater detail. Furthermore' , the reliability 

of the initial routine single station sampl i ngs was tested by samp­

ling at four additional stations , Stati ons I , II, IV and V, f r om 

November , 1971 to June , 1972 . 
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6/8171 
18/1/71 11/1/71 

Fig. 11. The horizontal distribution of nauplii an~ copepodites 
of fo hessei on three sampling dates. Calanoid abundance 
expressed as catch per metre of net haul i. eo catch per 
31 litres , assuming a filtration efficiency of 100% . 
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Fig. 12. The horizontal distribution of nauplii and copepodites 
of E. hesse i on three sampling dateso Calanoid abundance 
expressed as catch per net haul ice. catch under 314 cm2 , 
irrespective of length of vertical ha.uL 
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The pattern of horizontal distribution and its changes have 

been examined ever the main ·oasin of the lake by means of three semi-

synoptic surveys based on 25-station samplines . Collections were 

made at night by IDeans of net hauls, from the lake bed to the surface. 

Each samplinl; "",ries lasted for 6 - 8 hours, and therefore the results 

are, for all practical purposes , synoptic, a nd are referred to as 

such. 

The developmenta l stages of I . .!l.0ssei were counted separately, 

and althougb differences in their horizonta.l distribution exist , 

these are not readily intelligible. POI' the purposes of the present 

description , count.s ",ave been lumped into two cat.egories viz . nauplii 

and copepoditos I - VI. The horizontal distribution of nauplii and 

total copepodites on t hree occasions is shown in Pigs II and 12. 

Fig. 11 shows the numbers per metre of net haul (i. e . numbers per 

unii volum~ of water flltered ). Fig. 12 shows the numbers per net 

haul, irrespect·c ve of haUl length (i. e . numbers per unit area of the --- - -
lake surface), 

In assessing the horizontal variation in abundance , the 

numbers of calD.!loids per ·~ ni t volume (Fig . lla , b , c) are more mea!l-

ingful . Within the l imits of the somewhat arbitrary iso-frequency 

intervals employed in com}.iling the figures, it is clear that a 

reasonably regular pattern underlies the horizontal Yariation . Fig. 

11a shows a clear increase in abundance from south-west to north- east 

for nauplii and copepodites. Fig. llb shows that naupliar popule.tions 

ar e greater in the northern areas of the l ake , whereas copepodites 

are most abundant in the southern areas . Fie . llc shows a fairly 

even ne.upliar distributial1 over the entire l ake , but a striking con-

centration of copepodites in the southern half of the lake . 

Factors responsible fer these striking p~tterns of distri-
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bution have bean examined . It was impractical to undertake temp-

erature rece.rdings in conjunction with the st:.rveys . However, there 

is very li tUe likelihood that sufficient temperature dj ffer'ences 

exist horizontally over the lake to bring about this distribution. 

Bathytherm.ograph records tak.en at Stations I - V at fortnighily 

intervale betm)en Nov(;rebel' , 1971 and June , 19'(2 ha':e demonstrated 

the uniformity of lake tempe~atures at these widespread stations . 

The maximum difference in s~rface temperature record "d between these 

stations was 0. 50
C, but mean ter.lperatures throughout the water co1-

umn were conside r ably more uniform. 

Food availability in terms of total nanoplanlc:ton cells and 

bacterioplankton "units" (see p 165) was B.ssesseil. for the sClrface 

waters during the January survey. Very little variation was ob-

served in these counts . The mean , range , standard devia.tion and 

standard error of these counts over 25 stations are Given below. 

Nanoplankton cells Bacterioplankton 
"units" 

Mean 139.4 625.3 

Range 112- 220 524 - 784 

Std. Error 5.693 16.867 

Std. Deviation 28 .46 5 84 . 334 

n 25 25 

If the uniformity of nanoplankton and bacterioplankton ob-

served in the surface waters is exhibited B.t different depths, then 

the effect of food availability on the horizontal distribution of 

f. ~essei must be considered slight. (Observations to be presented 

later suggest that nanoplanlccton and bacterioplankt on are the most 

likely food sources of f. hessel .• ) 

Temperature and food availability show no indi cation of 
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affocting the horizontal distribution of the calanoids in Sibaya. 

This i3 in contrast to the ob3ervations made on the planKtonic 

crustacEOa of Lake On.tario b"' Patalas (1969), who demonst r ated the 

importance of horizcn.tal temperature variation in controlling the 

hcrizontal zooplankton distribution . Patalas suggest ed that temp­

erature modified development rates of the zooplQnkton ana. also 

affected their food supply , by affecting the growth rat e of food 

organisrns Q This reBul ted in the horizontal vB,riation in a.bundance 

of the 3pecias s t udied. 

In Sibay" , the chan"es in calancid c.istribution are attri­

butable mainly to ",;nd induced currents movinG the waters of the 

lake. An examin"tiun of current-induced changes was made possible 

by the fortuitous occurrence of severe winds on the night of 2/2/72 . 

South westerly Wi:1G.S of ga.le force" accomranied by rain and cold 

weather, lashed the la]~e for several days after this date . Several 

da, s aftel' the storm abated , it was possible to undertake a survey . 

The changes in d.istribution , evident between Fig . 12b and 12c which 

occurred. within 14 days, are most plausibly related to the extensive 

water movements which accompanied the storm . 

Comparison of Fir,s . 12b and 12c shows that the naupliar 

distribution is more uniform after the storm . In the copepcdite 

stages, there is a striki~g concentration in the southern areas of 

the lake. Notwith3tanding the concentration of copepod.ites after 

the storm, · there is also evidence from Figs. 12b and 12c that the 

r esulting distribution is less patchy. 

The pronounced ccncentration in the southern end of the lake, 

as a result of strong south westerly winds would be unexpected on the 

basis of the work reported by Langfor d and Jermolajev (1966). In 

the lakes studied by these workers , plankton were generally moved 

in the direction of the wind and concentrated Olt, or near , the wind-
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war" shores. Tho lakes studied by them wer'e often stratiL.ed when 

their observations were made. In Sibaya , the lack of thermal 

stratification is probably more conducive to the development of 

reverse currents than internal seiches. Allanson (pers . comm.) 

has recorded reVGrse currents in Sibaya even after fair'ly light 

northerly or southerl~r winds. These currer.ts are generally re-

corded below 10 01' 12m. On the basis of what is knov:n of the 

current sy8tems in Lake Sibaya (Allanson , unpubU " hed data) a reas-

onable modr-l can be erected to account for the char-CBS in distri-

bution apparciOt betv:een the January and. FebruL.ry surveys . During 

tho storm , the following current movements are envisaged :-

·Wind. 
S ---> 

<~---

N 

.;,­

~--

It is reasonable to assume that these currents would conti nue for 

some time after the storm had abated. 

As will be shoven in subsequcnt sections , f. hessei undel'tak0S 

extensive ciel migrations. During daylight, the animals are ill the 

deeper waters, but at night they are distributed througb the water 

colUll'.n. At night, therefore, they will move up into turbulent 

waters, and , dependine upon their vertical position within the water 

column , will be subjected either to the surface northerly drift or 

the reverse current . Since the calanoids exhibit a nocturnal (mid-

night) sinking, they will spenc a proportionately shorter time in 

the uppermost waters than in deeper waters , and will ther'efore be 

affectod mostly by the reverse ct<rrent .. Laboratory observations 

have shown that th~ post-naupliar ca.lanoids swim strongly against 
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str'ong water currents but are apparently little affected by slower 

currents. As a result of this differential reaction to fast and 

slow currents, and the proportionately greater time the ~opepodites 

are exposed to the weaker reverse currents, those stages w~th some 

swimming prowe s s will be concentrated in the southern end of the 

lake. 1'he nauplii , on the other hand, are comparat ively poor swim-

mers and will be at the mercy of the war,er movements and turbulence. 

1'his will result in their distribution throughout thr, wate r mass . 

The comparatively uniform nauplia:c distribution evident in F'ig .12c 

is obviously a "eflec'tion of this. 

Within the framework of this model, it is likely that samp­

ling unde rt akGn several days before the survey w~s made would have 

demonstrated a concentration furthe r north, as would sampling 

carried out several days later . 

These observations demonstrate the extreme lability of thp. 

calanoid populations. This has important bearing upon single 

station sampling. It is evident that a single stat i on in Sibaya 

can , at best , give only a very general idea of zooplankton a.bunciance. 

It also suggests that reliable sampling for production estimates 

must be based on more stations than can be effectivel y dealt with 

by two workers. However, specific aspects of the biology of a 

species can undoubtedly be based on sampling at a res~:ricted number 

of stations . As a result of the rapid redistribution effects, 

different sub-populations are likely to be sampled on each occasion, 

so that a representative idea may be obtained even at a single 

station. 

The synoptic survey results indicate t hat deep water stations 

are least affected by changes in distribution . In the shallow 

northern and southern areas of the lake, pronounced depletion or 

concentrat ion eff ects are evident (Figs. 11 and 12). At deep water 



TABLE 3 - -
The coefficient of dispers ion of var ious age ~roups of P. hcssei as determined from the thr ee synoptic survey collections. 

6/8/1971 
I I 

ji V,l1:ianec! Var.ianc e I X 2 p 

Mean 
[ 

d . f = 23 ;/ Mean I 

< o . oo~ II I 
I 

Nauplii 5 . 50 126.6 7.47 

C
I

_
III (0.001 II 4 . 09 94 .1 7 .29 

~ 0 . 75 il CIV_V 0 . 80 18 . 3 2.72 
I 

Adults 2 .21 50.9 < 0.001 II 2.18 
I 

Tota l P . hesse i 7.94 182.6 < 0.001 I 7. 1.3 

28/1/1972 li /2 /197 2 

' 'Fariane",! X 2 X2 

p II Nean / 0. f- = 21, d.f = 24 

I 
' r-

< 0.001 Ii 2.25 54_1 179 . ? 

0'.001 r 174.8 < 32.9 789 _ 6 
-

65 . 3 < 0 . 001 6.99 167.8 

52 . 4 < 0.001 I 1. 80 43. i. 

178.4 < 0.001 30.76 738.3 

P 
I 

<o.~ 
I «0. 001 I 

I < 0.001 I 
, 

< 0,,01 

« 0.001 

'" "" 
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Fig. 13. The horizontal distribution of nauplii and copepodites 
of P. he s se i around Station III (2/2/1972). The 
abundance is expre s sed a s numbers per metre of net 
haul (i. e . approximately 31 litres, assuming 100% 
filtration efficiency). 
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stationc, the chance s are lees pronounc8d. The routine stations 

have bOG n , for the most part , deep vlater stations and the results 

obtained at these stations are theI'efore likely to be more l'epreser.t-

ativ0 of general seasonal changes in abundance thaI: would samples 

collected from shallow stations. 

The cor,cepts of superdispersion and infradispersion have 

been used fairly extensively to de3cribe the horizontal distribution 

of zooplankton (e . e. Coruita and Ccruita :L957) . These concepts based 

upcn Fischer's coof;'icient of dispersion (variance) are strictly 
mean 

a ppUcabl>' to the horizontal distribution wi thin a limited vertical 

plane, but ho:.ve "een used in describing the horizontal distribution 

based on vertical •• "t hauls of rea·sonable length (€ . e. 0 - 40m , 

Ricker 1937) . On the basis ()f the synopti c surveys des cribed e,bo'Ve , 

these conaeptr would appear to be of limited value in describing tha 

distribution of f . hess0i . On all three synoptic survey dates all 

age eroups of K. hessei are very significantl y supardispersed (Table 3) 

apart fr'om the age group C IV - C V, which during the 6/8/71 survey , 

shows a random to slightly infradispcrsed distribution . I:i"o\,iever t 

examinat i on of the iso- frequency mE.ps shovill in Fi gs . 11 and 1 2 1'0- ' 

veals extensive chanGes in the overall distribution pattern even 

though the calanoi(; s are superdispersed at a l l times . 

Smal l scalC! horizontal distribution 

The synoptic surveys have demonstrated the horizontal dis t r -

ibution over the enh.r e area of the main basin of Leke Sibaya •. 

Smal l scal e hori zontal distribution has been examined around Station 

III on 2/2/72 . These observations , based on bottom to sur face net 

hauls , are shown in Fig . 13. Adjacent sampling sites we r e separated 

f r om each other by appr oximately 300m . 1'hese data may be compared 

with the more extensive synoptic s~rvey find i ngs of 28/1/72 (Fig . llb). 
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Varia tions in abundance were evident around Station III. Notwi th-

standing the existence of these variations, the general pattern of 

abundance is readily accommodated within the lake-wiele abunda.nce 

pattern shown in Fig. llb. 

Considerable interest has been shoVln in the mechanisms which 

bring about the horizontal distribution patterns observed in zoo-

plankton . Or: a lake-wide scale Patalas (1969) has been a.b le to 

correlate the large scale horizontal distribution of zooplankton in 

Lake Ontario with temperature differ'ences existing across this lake. 

On a spacially smaller scale, Stavn (1971) has examined the distri-

bution of Daphnif!, within simulated Langmuir circulations. He has 

been able to show that the distribution of Da.phnia in such spi:;:'als 

can be attributed to a combination of differing behaviour patterns 

in fast and slow currents in the presence or a.bsence cf lighto 

The origin of patchiness in E. hessei is not attributable 

to temper tUl'e varb, tions and there is little likelihood that it 

results from large scale differential food avaHability . 

the role of Langmuir circulations in modifying the srue,ll scale dist-

ribution of the calanoid would appear to be slight . In Sibaya , 

current reversals have been recorded to a depth of approximately 

20m during Force 3 - Force 4 conditions (Allanson, unpublished data ). 

It is plausible, therefore, that this is the lower limit to which 

LanglOui r circulations are effective at similar wind velocities. As 

will be demonstrated in the succeeding section, the copepodite stages 

of P. hessei are chiefly below this depth during daylight in suffi­

ciently deep aI'eas of the lake, or else closely associated with the 

lake bed in stations shallower than 20m. Accordingly, it might be 

expected that these stages will be little influenced by Langmuir 

circulations during daylight. At night, when the calanoids migrate 
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in;;o Duperficial waters, they will come under the potential influence 

of the spirals . However, the winds generally drop considerably 

after nightfall, thereby rec.ucing the velocity and depth of th", Lang­

muir spirals and, supposedly , the influence that these spirals will 

have on thc · cal&noids. 

Wind induced currents undoubtedly playa major role in mod-

ifying the distributiolO 0f E.. hes.,? ei . This is clearly evident fr om 

the synoptic survey findings . However , further elucid ~tion of the 

horizontal distribution, j.ts origin and .::hanges , is clearly required. 

Laka SibaYFt, by virtue of its hOlQogeneous nature and extensive sub­

jection to ',:in,: stress , provides an ideal situation for a dete.iled 

study of this as~act of plankton distribution. 
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Fig. 14. K. hessei_: Chang9s in vertical distribution during 24 
hours at Station III, 10 - 11 April, 1970. Developmental 
stag-es illustrated sequentiall y_ Colle ctions made with 
a Friedinger samplerc 
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Fig. 15. K. hessei: Changes in vertical distribution during 24 
hours at Station IV, 10 - 11 April, 1970 . Developmental 
s t ages illustrated sequentially. Collections made with 
a Friedinger sampler. 
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THE DAYTIME VERTICAL DISTRIBUTION PATTERN OF PSEUDODIAPTOMUS HESSEl 

Introduction 

In April, 1970, a twenty-four hour sampling series was under­

taken at two stations (Station III and Station IV), in order to est­

ablish the diel changes in vertical distribution of the planktonic 

crustacea. Collections were made by means of a 2 litre Friedinger 

water sampler. The diel changes in distribution recorded in the 

different developmental stages of Pseudodiaptomus heBsei are given 

in Figs. 14 and 15, for Stations III and IV respectively. The 

existence of diel changes in vertical distribution of Bosmina longi­

rostris, Moina sp. and the cyclopoid copepods was also established 

by this series, but the migratory movements of these species are 

not described in the present work. 

The vertical distribution of the different Rtages of P. hessei 

shown in Figs. 14 and 15 was most interesting in relation to the 

apparent absence of the adult and later copepodite sta.ges from the 

water column during the hours of daylight. The conspicuously low 

catches during daylight were open to two explanations. The calanoids 

could either be reaching the lake sediments, where sampling was im­

pOSSible, or they could be avoiding the sampling device. 

Although avoidance of sampling gear is known (vide Smyly, 

196&), subsequent work on the species in Lake Sibaya has shown that 

this is not sufficiently pronounced to result in the diel changes 

in distribution recorded. This is in accord with most previous 

observations where workers were concerned with avoidance behaviour 8 

The movement of the same species of calanoid onto the sedi­

ments of shallow estuaries (1 - 3m deep) has been recorded by 

Grindley (1965). Similarly, Worthington and Ricardo's (1936) 

studies on the vertical distribution of zooplankton in several East 
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African Lakes have led them to conclude that two planktonic crusta­

cean species moved onto the bottom (at 15m) in Lake Naivas~a. It 

seemed likely, therefore, that movement onto the subBtrEtes could 

account for the absence of the older stages of K. hessei from the 

water column during daylight Dours. 

The daytime d-=\:.st.ribution pO-itern 

Several special daytime sampling series were undertaken to 

assess critically the daytime vertical distribution of the calanoid. 

Various collection techr..iques were uS8cl 9 and simultan80us light 

measurements were made where possible. 

Fig. 16 shows the percentage vertical distribution of 

different developmental stages of K. hessei ~t several widely 

spaced stations on a North/South transect from ~tation I to the 

southern end of the lake. Water column samples were collqcted by 

means of a Friedinger water ~ottle. Attempts were made to deter-

mine the density of the calanoids on the substrates using the 

vertical bottom sa:n])ler (p 42) 0 Water co~umn collections indicate 

the progressive proximity of successively older stages to the lake 

bed. At very shallow stations, all stages of the calanoids were 

c&ptured only on the lake bed. The low catches of Hnimals on the 

deap water substrates are most probably the result of inefficiencies 

in the bottom sampler. Subsequent work has demonstrated the abun­

dance of the calanoids on the lake bed in deep water as well as in 

shallow water, and it was realized at the time that the vertical 

bottom sampler was not entirely efficiento 

A more restricted sampling series (shown in Fig. 17) was 

carried out using a Jenkin sampler to assess bottom-dwelling popu­

lations and a transparent van Dorn water bottle to assess the pelag-

ial component. This series confirmed the paucity of older stages 

of I. hessei in the water column; the substrate collections made 
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stages at six stations, 16 March , 1972 . Distribution in 
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,;i th the Jenkin sampler e.hoTIed clearly the prenounced associat ion 

of the older calanoids 'Ii th the lake sediment. A t both the 30m and 

40m stations, eopepodi tes IV , V ancl adult r.. hflssei "ere captured 

only on the sub"trates. 

The most detailed analysis of the daytime vertical distribu­

tion of r.. hessoi is based upon net haul and substrate bin col lections 

at six stations of increasing depth. 'Net hauls (over very short 

intervals near the lake bed) , togetber witb substrate bin collections 

and light r ecordings ",ere made on a transect between Station I and 

Station III. The percentage vertical distribution of different 

developmenta l stages i s presented in Fig . 18. While the fo l lov.ing 

description is based upon Fig . 18 , the general patte r n evident in 

Figs . 16 and 17 is comparableo 

1he variatie~ in daytime vertical distribution in different sexes 

and_ devlo).op!Lental sta",es of r.o hessei . 

The vertical stra.ta occupied by the deve lopmental stages of 

r.. hessci vary considerably . The predclcinant pattern is one of an 

i ncrease in day depth in the progr essivel y older stages (Figo 18) . 

Since this may bring them into association with the substrate , the 

vertical distribution is necessarily truncated and accordingly 

compressed . 

Naupli i are present practi.cally throughout the water colunm , 

a ltho llgh their densities in the surface 5 or 10 me tres are low. 

NU!nbe r s on the substrates are relativ6ly low at stations of 1 5m and 

deeper . They are r.ot encounte r ed on the substrates below 25m and 

a r e , i n fac t, absent from the deepes t waters at the 35m and 40m 

stations . Maximum abundance lies between 20m and 30m, betw8en 

approximatelY ' lOO lux and 5 lux. 

Stage I copepodit8s are mainly on the substr ates at s tations 

shallower than 25m but do not occur en the 40m substrates . In 
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pelagial water" they an; foune, mainly bele,l'; 15m P..lld aI'e most abundant 

beheen 30m and 35"' at hght intensi ties below 5 ) ux. 

Stage II copepodites are restricted to the substTates at 

stationc shallo,,!er than 20m End aTB lI!ost abundant in the ',nt8r 

immediately overlying the substrates at 40m , dthough they do not 

occur on the secimonts at this , deptb, 

Stage III copcpodites are entire ly benthic at stations 

shallowe r than 20m, with only very lo\,; percentagee i:ohabi ting the 

wat8r column at stations between 25m f.nd 35m d",er. 

entire population is pelagic at the 40m station. 

Howev6r, 1:he 

Stage IV copepodites are entirely benthic at statior::s 

shalloYler than 30m and al though son:e ino.i vidl'.1'-ls are present in 

the water colm:n between 3205m and 35n: at the )'im station , the 

pelaGia} fx'action is less tball 1% of the total. 

appl'oximately half tbe population is pelagiC'o 

Stage V ccpepodites are predominantly oentilic. At the 40m 

station only a very small percentage of th~s stage io pelagic, and 

the se i ndividuals are below 37 . 5mo 

Adul t mo,les anCi females are pl'edominantly benthi c at all 

stations. Very low percentages of lioul t ",alec are ;,resent in tbe 

pelagial waters below 3510 . In the collections sbown in Fig. 18, 

adult females were not captured in tbe water column. From other 

collections it bas been noticed that wbere adult females d0 occur 

off tbe substrates during dayligbt bours , tbese are mailJly non-

ovigerous females . Ovigerous females have almost never been en-

countered off the substrates during dayligbt hours when the sun is 

The significance of this observation is not known . Th:Ls 

distribution pattern may play some part in the reproductive biology 

of the specieso Since sufficiently detailed investigations of the 

vertical distribution of otber freshwater calanoids which reach 
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poorly ill.un:inc,tcd sub~trates during dayliGht arc lacking , it is 

not possible to ccmpare these observations with those of indopendaut 

workSa 

Worthinzton and Ricardo (1936) have reported that egg-

bea"inc females of Cyc loE. hya.lim:s were not encountered above lCm 

in Lake Nai vasha at midday . They beli eve the adults of this spec~es 

reach the bottom sediments during daylight. However , in view of the 

shallowness of their station, it is not possible to dismiss the 

effeots of light intensity alone in bringing abou t thi s patt(,rr. , 

elthcugr, Beadle ' s (l932) data on photosynthesis reighi; be taken to 

in<iicate r apid light attenuation in thj s lal(e. 1,cNaught and Hasler 

(1966) have reported thb.t during daylight , LilI!.l]oca12.lJ2,c~ .~:!l':us 

may be either benthic or within a few lhetres of the bOttOIC in Lake 

Mi chiean (at a 40m station) but unfortuno.tely th8ir dats were not 

analysed by sex or reprodu.ct ive s tate . 

Seasonal variations in daytime vertical distribu~ion. 

Al though routine daylight vertical collections ha-..re not 13e11 

undertaken on a seasonal basis , col lections from different times of 

the year are available. From these collections it i s clear that no 

significant seasonal changes are i nvolved , and the available data 

indicate the generality of the pattern described above . For example ; 

one collec tion was made during a period of strong thermal differen-

o 1 
t iation , with a therma l gradient of 3.8 C over 34m. ~'he vertical 

distribution under these condit i ons was indistinguishable from that 

of other daytime co l lect i ons made during homothermal pe r iods . 

1 

Seasonal changes in the daytime vertical distribution of 

The oocurrence of such a pronounced thermal gradient is no t a 
r egular feature in Lalce Sibaya . This was by far the l argest 
thermal discontinuity recorded between 1969 and 1972 . 
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crustacean zooplankton have been reported by many workers in temp-

erate lakes (Carter 1969, Langford 1938, for example). In temper-

ate latitudes important seasonal cbanbos in incident illumination 

levels and in the thermal structure of lakes would be expected . In 

the present study area, seasonal changes in inCident light intensity 

are not very pronounced . The similar distribution patterns observed 

at diffex'ent seasons are therefore not unexpected. 

Daytime ~ertical distribution under various weather conditions 

?he vertical distribution of f. hess~i has been studied 

under two widoly different weather conditions, separated by several 

dayso On 7/1/1972 , the vertical distribution was studied at Station 

I in bright, clear , calm and sunny conditions, "ith incident light 

intensity in excess of 100, 000 lux . At the same station on 13/1/72 , 

t'le distribution was determined in conditions of total overcast., v:ind 

and ;.ntermi ttent rain, with incident light intensity of only 38 , 000 

lux. The distribt;tion patterns observed for the difforeI'-c stages 

on the two dates were indistinguishable. The 1 lux isolume lay at 

30.2m and 27 . 0m at midday on the t wo respective dates . 

These observations contrast with the conclusions reached by 

Cushing (1951) . The results reviewed by him have indicated that 

the plankton occur much nearer the surface under windy and rainy 

conditions. Cushing suggests that "the effect of weather is first ly 

to cut off the light by breaking the surface, and secondly to make 

the upper l aye rs physically uninhabitable." The first of these 

postulated effects appears to play no determinable part in modifying 

the distribution of fo hcsse~. 

Variat 'on in di stribution during daylight hours 

The preceding description of the day depth of f. hessei has 

related mainly to the pattern as observed between 1000hrs and 1400hrs, 
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haul and substrate bin collecti ons. 
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when the sun is high. Hc.,wever', an ex.A.mino.tion of the distribution 

through daylight hours (excludine t!-:e dusk and dawn periods), is 

informative. Fig. 19 shows the vertical distribution o~ different 

stages through 26 hours. The distribution of th3 various stages 

from 0800hrs to 1600hrs is very similar and demonstrates the appar-

ently static nature of the distribution. This contrasts with the 

chan~es in distribution tllrou'gh daylight hours rcporbd for other 
" 

zooplankton (revieT.eu by Cushing, 1951) . Smell vert ical changes 

in distribution , not apparent from the present 3ampling tecnni,ques, 

may be si,gnifiGant , and, in defau) t of further information , it is 

unwise to stress unduly the apparently static dir,tribution which 

has been observed. However , in comparison w~th other st.udies , 'lihere 

equally lcng hauls have been emploo'ed , the distribution of fo hessei 

is remarke,bly constant through thE: day . 

The species shown most clearly to exhibit day to day and 

hour to hour- changes in its ve r tical distribution is the marine 

calanoid Ca~anuG finma~ctic~£. This is un00ubtedly a pelagiC species 

which does not occur regtllarly on interfacial sediments , although 

detailed observations of the vertical distribut i on of the species in 

very shallow waters might show otherwise . In this c(,nnection it is 

interesting to note that Kos (1959) reports large masses of Calanus 

glac ialis, Q. plumchrus and Q. crj statu§, among algae nbar the bottom 

and digging themselves into the ooze in Possjet Bay , Sea of Japan. 

Unf ortunately the depth at which these observations were made is not 

stated in the abstract . Reference to Bartholomew (1958) indicates 

that Possjet Bay ranges in depth from 0 - 50m . It would therefore 

appear that these observations were made in comparatively shallow 

waters. 

On the basis of what is known of the daytime distribution of 

f. hessei , it may be appropriate to describe the calanoid as 



84 

facultatively planktonic, certainly in the adult and late copepodite 

stagss. The constancy of its daytime vertical distribution might 

then be ascribed to the facultatively planktonic modo of life of 

the species . 

The dayli;;ht substra te association or "benthic" exi stence of f. hensei. 

The preponderence of the older calanoids on the lake substrates 

during dayl ight is most interesting. The Rignificance of this 

association and the mechanism underlying it are obviously worthy or 

analysis, ",ince this pattern is not commonly reporter] in the l i.tera­

ture. 

It is necessary to determine whether the benthic associatiun 

of the calanoids iro the deepest waters r esults from a purely photo­

negative r eaction. Given a greater depth of water (e.g. 70 - 100m) 

,ould the adults continue migrating until they r eached the lake bed , 

or would they assume a typically pelagic day depth? 

Two points lonst be considered in relation to these al t ernati'fes. 

1. The typical habitat of tl:is calanoid sp8cies. 

2. The light intensity in the deep waters . 

f. hessei is typically an estuarine spocies . In its normal 

habitat it is therefore encountered in water of limited depth . Many 

estuaries in which the species occurs are shallower than 3m. The 

deepest estuarine system in which f. hessei is known to occur is 

Lake Nhlange (50km . to the north of Lake Sibaya) which has a maximum 

depth of 31m (Hill 1969). The vertical distribution of the species 

in this lake is unfortunately unknown. The presence of the species 

in shallow estuaries would suggest that bright light intensities Q.o 

not restrict tne species ' success. Grindley (1972) has repor t ed 

that the species digs itself into the bottom sediments when subjected 

to bright light. Comparable behaviour has not been observed for the 

Sibaya populationc of the species, al thoug" extensively sought undel' 
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both field o.nd laboratory conditions. 

Some idea of the midday light intensities below 30n in Lake 

Sibaya has been obtained, firstly by linear extrapolati r)fl of light 

penetration data obtained with the Hydrobios luxm8ter and secondly 

by direct measurement with Dr . R. E. Boltt ' s photometer. T'hese data 

are shown in Fig . 20. }:xtrapolation of the luxmeter r eadings gives 

X 10-2 - ·2 estimates of light intensity' at 40m of 3 to 4 y. 10 luy.. 

" 
Direct measurements with Dr. 'Boltt 's photoI:Jeter gave a value of 

-2 9 x 10 lux at 39.3m . The disoreFanoy between the extrapolated 

and direot values is not unreasonably larGe and is most probably 

due to slightly different calibration of the twn instruments or to 

temporal differences in lake transparency. Cor.;:;urrent calibration 

of the two instruments has not been possible owing to mechanical 

failure of the J.uxmeter, 

Although light threshold values are unknown in E.. hessei, 

and in calanoids in general, there is every likelihood that light 

of this intensity can be discerned by t. he~sei. 

No records of the vertical distribution of E. hessei in 

waters deeper than 40m exist. In the absence of such information , 

an att.empt has been made to estimate the depth at wh'.ch the adults 

migbt be expected to be pelagic, given adequately deep waters. The 

modal depths of the nauplii, C I and C II stages at t~e 40m station 

(Fig. 18) increase in a regular fashion . By assuming that the 

modal depths of subsequent stages will show an equally regular in--

crease, linear extrapolation of the modal depths of nauplii, C I and 

C II indicates that modal concentretions of adult f. hessei might be 

expected between 55 and 65m in waters of "unlimited" depth. This 

depth stratum (55 - 65m) would be the expected pe l agial day depth of 

P. hessei. 

Continued linear extrapolation of the luxmet er light penetr'ation 
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- 5 -7 data sho\7n in E'ig. 20 gives expected values of 15 x 10 and 41 x 10 

lux (based on the; mean of both regression lines) for t he upper and 

l ower limits of thE theoroticaJ modal depth. Extrapolation of Dr. 

Bol t t ' s photometer readings gives corresponding values of 13 x 10- 4. 

and 50 x 10-6 lux. 

Vertical migratj.ons of marine crustacea at depths of 500 _. 

1000m haye been recorded (cited in (aterman , 1961). This implies 

that they perceive illumination at intonsities of not mere than about 

-6 
1 x 10 lux. -5 -6 A threshold estioate of 10 to 10 lu.x has been 

recorded in the prawn Palaemonetes (cited in Waterm::.n , 1961). In 

freshwater crustaceans , eyeless Daphni~ rna£!!!,-. have been reported to 

- ' respond to light intensities of 5 x 10 - lux (Harris and l,lason 1956). 

In Parry Sound, the daytime median distribution depth of adult 

loj.mnocalanus maerurus is generally between 55 B.nd 75m except d.urine; 

spring t-.nd early summer , when the adults occur nearer the sUl'facG . 

The median distribution d.epths of all staees of Senecella ce.l_anoi~R 

are general ly below 60m except in !;larch (Carter 1969) . In Lake 

Michigan in August, b.. macna-us only appears off the bot tom (40m) 

- 2 at sunset , at a light intensity of 2 x 10 lux at 35m (McNaught e.nd 

Hasler 1966) . In Lake Ontari O, b.. mac.rurus is concentrated in the 

75 - 100m stratum at midday in September (Patalas 1969) . In Lake 

Lucerne , t he average depth of adult Diaptomus laciniatus is below 

70m during midmorning and the younger stages (apparently late copep-

odi t e instars) are below 50m during the same per iod (Worthington 1931). 

These observations , for the most part made in lakes more transparent 

t han Sibaya , suggest that f . hessei might be expected to move into 

deeper waters if this was possibl e in Lake Sibaya. Never theless , 

if f. hessei was pelagial at 55 or 65m , it would be reasonable to 

assume that it was living at the extreme lower limit of its visual 

acuity . 
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In the light of these arguments, the profundal benthic 

existence of adult p. hesset might represent little more than a 

simple photo-nega ti ve re8por.se, although considerable visual senoi­

tivity by the adult calanoidB is necessarily inferred by this inter­

pretation. 

SubstTat~references 

Although it is u l1ikely that an animal which is planktonic 

by night should be depenaent upon substrate type, an investigation 

of s ubstrate preferences in the species ."as made in order to assess 

more rigorously the "benthic" association . 

Substrate cJ-.~ice experiments were made under laboratory 

condi ticns using e. clear perspex choice che.mber system with sbding 

parti tions . ;';:xper':'ments Vlere carried out in complete darkness and 

in diffuse indoor J.ight. Exp,sed littoral sand and profundal mud 

covered with flocculent tripton were offered as alternatives. In 

some experiments a third choice was offered , viz . bare perspex. No 

consistent resl lts were obtained in several experiments. 

Field experi ments using suspended trays have supplemented 

the l abor'atory observations. Suspended trays (p 49) containing 

profundal mud, littoral ~9.nd, or exposed with no introduced substrate , 

were set out near the lake bed at a 20m station overnight. They 

were retrieved at mid- fuorning on the following day. Approximately 

equal numbers of calanoids were found on all substrate types in 

several replicate collections . Although this approach has sever a l 

limitations , the absence of any consistent preference or aVOidance 

of any of the substrate types investigated suggested that substrate 

type is immaterial to the calanoids. 

The field result s alone could be criticised on the basis of 

not accounting for a possible over- riding effect of light forcing 

t he calanoids to remain on any substrate once r 8ached. The l abora-
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TABLE 4. 

Catche s of P. hesse i in suspended trays at increasing depths at Station I 

on two dates . 

7/12/1971 9/12/1971 

r---

Depth Adult Adu lt CI-CV Total Adult Adult CI-CV Total 

m. if Q 1'. he sse i if !? P. he sse i 

I" 
5 3 40 42 85 2 12 30 44 

10 9 4~ 85 139 27 49 187 263 

15 7 I 53 86 146 30 56 317 403 

20 18 77 156 251 26 87 192 285 

25 I 45 121 261 427 ;'31 69 199 299 

30 I 81 244 555 880 *79 133 442 654 

35*" I 201 126 258 585 115 255 905 1275 

40 295 
L19 

1974 3088 353 966 128~ 2606 

! I ~ 

* Closing of lids not entirely satisfactory. 

,'* Several shrimps (.s:.::~dina nilo~) were captured in this suspended 

tray . The disproportionately 101" calanoid catch may be related to 
" 

di s turbanc e by Caridina. 
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tox'y studies, however, have confirmed the abs ence of sutstrate 

preference in a system where ligr.t cannot override the other responses, 

In view of the planktonic nature of the calanoicls at night, the lack 

of obvious substrate preferences was not unexpected. 

The relative importc.nce of substrate and light intensity in the. 

gaytim0 vertical distribution. 

If it is assumed that the cale.noids migrate d0'!nwards at 

dawn "ntil they reach a solid substrate, it would not be unreasonable 

to expect them to settle on solid substrates suspended in the water 

column. If , on the other hand, they were moving downwards in 

avoidance of high light intensities, it might be expected that they 

would not remain on artificial su.bstrates suspended in the water 

column at light intensities within the critical intensity re.nge. 

I, designing apparatus to investigate these alternatives , t~e heisht 

of the vsrtical walls of the apparatus (suspended trays) was restricted 

as far as possible. This was done in order to restrict the extent 

of upward swimming necessary for the cal~noid to leave the artifi­

cial substrates. 

In view of the appa.rent inSignificance of substrate type, 

described above , experiments were carried out using littoral sand , 

from which the copepods could be most easily separated for counting. 

Trays were suspended overnight at 5m intervals at Station I 

and retrivGd around midday. Results of two series of collections 

made at Station I are given in l'able 4. It i s assumed for the 

present PU1'poses that the catches in each tr'ay result from the down-

ward migration of the calanoids at dawn. Starting with a uniform 

vertical distribution through the water column , the catch in the tray . 

at 5m should represent all animals present in the 5m above the tray. 

This catch may be denoted by Q. The catch in the 10m tray should 

be 2Q, in the 15m tray 3Q, Gte ., to 8Q in the 40m tray. Collections 
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in the 5, 10 , 20 a..nd 40m trays should therefcre yield SuccGssively 

doub l ed catches , if the initial vertical distribution is uni f orm , 

and if the animals , once reaching a substrate in da.ylight, remaill 

there. 

While t he vertical distribution is undoubtedly not unifor m 

through the "late r colUIl'.n prior to the dawn descent (see Figs . 14, 15 

and 19) , TallIe 4 shows that significant increases in catch are gene·­

rally ob tained from the successively deeper collect ions . In the 

7/12/1971 series, the po~ tulated doub ling (in total K. h€ss~~) is 

Gvident between the 5, 10 ",nd 20m collections . This suggests the.t 

movement off the shallower trays does no t occur. In the 20m versus 

t he 40m catch , 12- fold and 9-fo ld increases are evident for the two 

dates. These ver J' l a r ge increases between the 20m and 40m collect-

ions a r e unexpected and may be a result of initial uneven vertical 

distribution of the calanoids . They could als o be taken to indicate 

that there is movement of .the animals off the midwats r tray3 (those 

at 20 - 30m for exa~ple) and subsequent arrival in the 40m levels. 

It is significant that animals are found in reasonably large 

numbers in the shallower collections. Animal s in t he 5m tray would 

be subjected to midday light intensities in excess of 10,000 lux , and 

tho se at 10m to 2000 lux. These intensities are conside rably greater 

than those apparently n selected n by the calanoids when they have 

access to sufficiently deep water. If bright light. was deleterious 

to the organism, some "distress" response or agitation might be ex­

pected , the most likely resul t being an increase in loc omotor activity. 

If thj.s occurred , it could be expected that random movements would 

r esult in the calanoids leaving the trays. Once clear of the hori-

zontal area presented by the trays , the animals would be in the pel-

agial waters . Once in the open waters , either a ctive locomotion and/ 

or passive sinking should r esult in their movement into deeper waters. 

\ 
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Irrespective of their subsequent behaviour or future in the water 

column, they would not be captured in the suspended trays in any 

significant numbers. 

The results given in Table 4 demonstrate that significant 

numbers are captured in the trays suspended near the lake surface , 

suggesting the unlikelihood of large scale movements out of the S1).S -

pended trays. As a result of these observations, it could be post-

ulated that a thigmokinetic reaction overrides the photic response 

on well il}uminated substrates. Such a mechani_sm would obviously 

have a strong- selective value in relation to visual discrimination 

of the calanoids by predators. Movement of the animals in brightly 

illuminated waters would enhance their visual r ecognition by potential 

predators. If they merely remained quiescent on the bottom, however, 

predation by forms relying on visual recognition of prey would be 

considerably reduced (Maly 1970) . 

Evidence for massive horizontal redistribution of 1:. hessei 

has been presented. The transportation of l:uge numbers of the 

calanoid into relatively shallow areas of the l ake has been demon­

strated. The postulated selective advantage of this thigmokinetic 

response, under conditions of bright light intensity , would therefore 

be very real. The shallower waters of Lake Sibaya accommodate most 

of the juvenile cichlid population ( Bruton , 1973) . Predation 

upon the ciilanoids could be very large in the absence of adequate 

protective responses . 

The collection of calanoids in the shallow suspended trays 

is open to another interpretation. It can be argued that presence 

of a bright overhead light source would prevent any active ascent 

by a negatively phototactic animal . In this way, therefore , the 

very response directing the calanoids into deeper , darker waters 

a l so "traps" them In shallow, brightly illuminated areas. If this 



93 

TABLE 5. 

Daytime activity of ~. hessei on the lake bed at various depths, assessed 

in terms of recruitment into substrate bins exposed after sunr i se for 

2 and 5 hour periods. The bins were positioned near Station I. The 

effects of any horizontal patchiness were reduced as far as poss ible by 

positioning the bins Hithin 300 m of each other. 

38.5m 32.5m 27.5m 

[Exposure 2 hrs. 5 hrs. 2 hrs. 5 hrs. 2 hrs. 5 hrs. 

Retrieval time l048hrs 1353hrs 1115hrs 1420hrs 1145hrs 1455hn 

Adult cJ'd' 217 308 8 18 1 0 

(dult ~\' 31 77 4 4 0 0 

163 177 120 40 218 52 I,,_om 
crv -cv 337 502 80 66 7 2 
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results in a quiescence then the ove r al l result, which is likely to 

be of sel ective value , as argued above, r emains the same. The ob-

vious success of the calanoids in brightly illuminated, shallow 

estuaries (vide Grindley 1972 ) indicates that the species is ade-

quately adapted to succe ed in such s ystems , al though the importance 

of its "burr owing" behaviour (Grindley, loc o cit . )' is no t known. 

' Daytime activit y on the deep water substrates . 

It has been suggested in preceding pages that the daytime 

benthic assooiation of adult f. hessei may be a funotion of the 

light sensitivi t y of these oalanoids , resulting in their movement 

into the darkest possible waters. Also , it has been shown that if 

the oalanoids a rrive at a brightly illuminateo substrate duri ng the 

course of their dawn migration , they 'Nill remain there, apparently 

"oblivious" of the inoident l ight intensity (suspended tray results). 

However , it was apparent that ~he Huspended tray results depended in 

part upon various assumptions which Vlere not !1eo8ssa:cily valid and 

it appeared neoessary to examine the relationship betwGen light in-

tensity and daytime activity in another way . Substrate bins , exposed 

after the daVin desoent and subsequently retrieved after v11.rious inter-

vals , have provided further information ahout the daytime activity 

of the calanoids on the n,,,- tural lake bed . Recru.itment of calanoids 

into the bins during daylight has bcsn used a" a relative index of 

their locomotor activity. 

Table 5 shows recruitment i nto bins exposed. at difforent 

depths for 2 and 5 hour per iJds . Significant recruitment vf adults 

is restricted to the deepest stati0n, where light intensity 'fal ues 

( -2 -2 are very low 4 x 10 to 9 x 10 lux - Fig. 20). No significant 

recruitment of adult and l"te copepodite 8tages OC(;llrS at 27 . 5m , 

where midday light intens~ties of 1 - 3 lux are bene rally recorded. 

This set of results shorys clearly that daytime locomotor activity 
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P . hessei: Recruitment of adult and copep odite 
stages into substrate bins on t he lake bed at 39m, 
during daylighto See tRxt (p. 96 ) for further 
exp l anat i on o 
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(assessed as recruitment ) is related to depth, and by implication, 

light intensity. These results therefore offer support for the 

conclusions based on suspended tray results. 

There are difficulties involved in using recruitment :rate 

as an index of locomotor activity, however. If the calanoids were 

continually active during daylight, it would be reasonable to expect 

that immigration to and emigration from the substrate bins would 

bal ance one another. That calanoids are in fact captured in sig-

nificant numbers suggests that immigration may exceed emigration. 

An assessment of changes in substrate bin catch during daylight was 

therefore made to determine tbe immigration and emigrati on pattern 

more accurately . One substrate bin was exposed overnight and re-

trieved well after sunrise , by which timc the daVin descent is COffi-

pleted. The catch in this bill was taken to I'epI'esent the expec ted 

calanoid abundance per unit area of tbe lake bed and is labelled as 

the control in ]cig. 21. Six bins W8re then exposed simuJ taneously 

(bet1leen 0720hrs and 0745hrs) and retrieved serially at hourly inter-

vals. 'rhe calEl.noid ca. tches after 1, 2 , ... 6 hours are shown in 

Fig. 21 , in ·"hich the 0715hl'S histogram represents the control (over­

night) catch. 

Fig. 21 shows that after 1 hour , the total ca1anoid cateh iG 

approximate ly t of the control, but that it increases with time tJ 

a total of more than th:tee times the control catch 8.fter 5 hours 

(1240hI's histogram). If the catches arc consideI'ed in relation to 

age and sex , it is clear that the increases in total catch are almost 

entirely attributable to recruitment of adult females into the bins. 

The preponderar. cE) of females t ends to mask changes in catch 0:': the 

males and copepodites but close examination of these data ~hows that 

only the adult fcm~le catches increase reasonAbly consistently over 

the six bouI' period. The percentage chb.nges in adult ffie..:.E\ catch 
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between consecu ti ve collections exceed the percentage change's of the 

female or copepodite catches, but the changes in the, male and copepo­

dite catches are erratic, showing no consistent increase or decrease. 

Circumstantial evidence indicates that K. hassei is predated 

upon or physical ly disturbed by the goby , GlossoEobius giurus which 

is the commonest benthic fish in deep water in Sibaya (Bruton 1973). 

Capture of this fish in a substrate bin is invariably associated 

wi th lower calanoi<l catches than obt",ined in simultaneous collections 

in which t he fish is not caught . Presumably the goby will als o 

disturb the calanoids on the natural iake bed . If this premise is 

correct, the daytime entry of the calanoids into the substrate bins 

may be a function of this disturbance. Since tbp. bins are not 

regularly f requented by gobies or other fish, they provide a comp-

aratively undisturbed environment. Calanoids entering th9 bins as 

a r esult of extraneous disturbance (as opposed to sponta;,lE<OUS locomo­

tion) \'lill enter an area in which they 'Lay remain undisturbed until 

their dusk ascent . An increasing calanoid pop\ll~,tion would the:t'0fore 

be expected aud tbe increasing female cal e,.lOid catch may be expl ained 

on this basis . However , this proposed explal1lltion does not account 

for the comparatively stable catch of adult ,nales and copcpodites. 

Neither does this interpretation account for the differential catch 

in successively deeper stations (Table 5). The reascns for these 

differences are unclear but it is likely that differential visual 

sensitivity between sexes a.nd developm8ntal staGes are involved in 

part. 

The importance of these results to the present investigation 

is that they show that calanoids al'e active in varying degL'ee over 

the deep- water substrates du:cine daylight, although 'this activity j,s 

not necessarily spontaneous and ;!!ay be induced by predato:c--e.voidaGce 

or physical disturbance. Of g,..ea'test releyance is the fe_ct that 
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such activity, be it spont aneous or otherwise , i s not apparent on 

shallower, better illuminated subs trates. If, indeed , the cal anoids 

are active on shallower, brightly illumi nated substrates , the verti­

cal component of their locomotion is apparently insufficient to allow 

them access into the substrate bins (the tops of which are ~20cm 

above the lake bed). In even brighter conditions, the 7 cm walls 

of the suspended tray apparently restrain their exit . In essence , 

therefore, these data support the hypotheSiS t hat the benthic aS3 0C­

iati on of the calanoids is a direct r esult of their light sensitivity, 

and that given access to deeper waters , this spe cies might be expect­

ed to show a typicall.y pe l agi c day-depth i .n all its developmental 

stages. 

Feeding _on the substrates 

One l ast point must be raised in relation to the daytime 

association of the calo.noids with the profunda 1 sed.im6nts. Extensi ve 

microscopic examination of the behaviour of the cal"-lloids in assoc­

iation with natural l ake sediments has been made under laboratory 

conditions . A feature cons istently observej cl.uring many hours of 

observ~tion was the occurence of extensive ingestion of sedimentary 

material by calanoids sedentary upon this substrate. Fil ter CliL'-· 

rents were conspicuous ; ingestion of stained (methyl red) and un­

stained flocculent sedimentary tripton was ob served ; faecal pellet 

production was seen. There was no doubt whatsoever that the cala-

noids were ingesting particulate material derived from , or in close 

proximity to , the interfacia l deposits. This flocculent material 

was shown to have a very high chlorophyll, total Nitrogen and 

phosphate-phosphorus content . These laboratory observations 

pointed most strongly to the bottom areas beir.g rich fsedi,.,g gro Llnds 

for the calanoids. However , subsequent field work has d8monsh·ated 

that these food sources are not used by the older calanoids in 
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natural conditions , and therefore the migration of calanoids onto 

the la.ke bed coul d not be interpreted as a behavioural adaptat i on 

allowing p.xploitation of these apparently rich food sources . The 

feeding behaviour of P. hessei is discussed in detai l in a subsequent 

section. 

Day depth control in f . hessei 

It has been shown that the deve l opmental stages of f. hessei 

maintain their day depth with some rigidity in Lake Sibaya . In the 

open waters of the lake , only three abiotic cues are availabl e fo r 

depth control purposes during daylight hours. 

1 . Vertical changes in hydr ostatic pressure . 

2 . Vertical changes in the spectral composition of l ight . 

3. Vertical changes ;.n light intensity . 

No biotic cue s are known which could bp. used by f . hesse~ to 

maintain its vertical position. 

1. Pressure 

It has long been recognised that vertical cha~ge9 in hydro­

static pressure provide the simplest and most consisten t environmental 

cue for depth- regulatory purposes under water . Hov/ever, barosensi-

tivity is not a universal feature of zooplankton in general and only 

a limit ed number of species have been shown to be sensitive to r eal-

istic pressure changes. Barosensitivity is seemingly ~ess common 

in freshwater copepods and cladocerans than in their marine counter-

parts . Knight-Jones and Qasim (1966) found no pressure responses 

in various freshwater cladoce"ans and copepods. 

responds vigorously to large increases in pressure under conditions 

of total darkness, but the reoponse is markedly depressed in tho 

presence of light (Lincoln 1971). In Cal "nus helv,oJ.andicus , Lincoln 

(loc. Cit . ) has found evidence for fair ly sensitive pressuro reception, 

seemingly unaffected by lig~t . In this species, the overt threshold 
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is approximately 0.7 bar . 

Barosensitivity has not been examined in f.. hessei and 

a lthough on the basis of Lincoln's findings , it is possible that 

f.. hessei may exhibi t barosensitivity, the very precise depth re~~­

l ation of this species during daylight would seemingly require 

greater sensitivity to pressure changes than that reported for 

Q. helgolandicus. Unti l sensitivity to small changes in pressure 

is dem(,nstrated , the significance of pressure reception for depth­

regulatory purposes in comparatively shallow freshwater environments 

will remain questionable , certainly in r elation to its use for the 

purposes of depth control during da.ylight . 

2. Spectral comnosition of light 

Changes ir.. the spectral composit.ion of light during its 

penetration through water are wel l known. Generally speaking, 

m~ximum transmission occurs in the blue or green wavelengths, while 

red light is most r apidly attenuated . Changes of this nature could 

conceivably be used by the calanoids to d.eterI!line their vertical 

position. Such a mechanism of depth control would depend upon the 

ability of the photor eceptors to asses s the relative proportions of 

energy of different wavelengths. This would , in turn, dictata a 

bi- or mul ti--chromatic vision similar in prinMple to the tri-' 

chromat'.c system reportad for Daphnia retro curY~ (Mcl,aught and liasler 

1966) . However , there is no evidence for a multi-chromatic visual 

system in copepods, and even if multi- chromatic vis i on was present , 

other requirements (not matched by the known cOI!lplexity of copepods) 

are involved in us i ng the system for depth reg-ulat .ion. In short , 

there appears to be little likelihood that copepods are able to use 

changes in the spectral que.li ty of light for the purposes of depth 

regulation, a:"thcugh the possibility is s omewhat stronger in 

cladocerans. 
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It is interesting, nevertheless, that adults and late 

copepodites of f . hessei show a .reasonably clear photonegative 

response to blue light under laboratory conditions, although their 

responses to white, red and green l i ght are not consistent (see 

Appendix 6) . McNaught and Hasler (1966 ) have postulated the exis t­

ence of a visual pigment with maximum sensitivity in the blue wave­

lengths in Limnocalanus macrurus , the older stages of which are 

benthic during daylight , at l east during part of the year . Thi~ 

apparent blue sensi tivity in f. hessei is logical in view of its 

vertical distribution . It is clear that even though a multi-

chromatic sensitivity is not necessarily involved , the visual acuity 

of a species may be related to the predominant wavel ength r eaching 

the depths which it inhabi t s by day. 

3. Light intensity 

Recent workers (Siebeck 1960, Ringelberg 1961 , 1964, McNaught 

and Hasler 1964) have stressed the importance of light intensity 

changes as the direct migrator y stimulus , certainly at dusk . How­

ever, for the purposes of depth control during daylight , the r ate of 

change of light intensity is an inappropriate and meaningless stimulus . 

The older idea whereby zooplankton were assumed to remain at an op­

timum intensity provides a simpler explanation for the means by which 

zooplankton regulate their day depth. The most serious objectiol' 

to the optimum intensity hypothesis relates to the absence of any 

known mechanism whereby the optimum intensity can be determined , as 

it is generally accepted that crustacean photo-receptor s~stems are 

unab l e to measure absolute light intensities (Ringelberg 1961, Waterman 

1961, McNaught and Hasler 1964). 

This has l ed McNaught and Hasler to state (1966, p 194) 

"However, the earlier idea of an optimum intensity might best be 

considered nothing more than a handy ecological correlation and likely 
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is not a valid explanation for the basic mechanisms of depth control. 

Detection of changes in intensity of the order of 1% of background 

would enable zooplankton to appear to follow an "optimum". Today 

the basic question concerns the visual receptors and their function 

in depth control." Unfortunately, examination of crustacean visual 

receptors has not as yet provided adequate information as to how 

potential optical cues are used in depth control. 

The simplest reference point for depth regulation using light 

intensity might be the depth at which light of a ·particular quality 

is just perceived . Given that each successive developmental stage 

is increasingly photosensitive , the present explanation might account 

for the observed distribution of f. hessei in Lake Sibaya. 

For ~. hessei (as for all zooulankters) the most serious - . 
difficulty imposed by living at its linit of visual sensitivity 

relates to loss of orientation should gravitational influences 

happen to displace it into waters which are "totally" dark . This 

difficulty could be overcome if some additional mechanism allowed 

for ·orientatioll to gravity. In Daphnia , Harris (1953) has suggested 

that the eye may function as a statocyst. In copepods, no special 

gravity receptors are known, but. in f. hessei (as in several other 

calanoids studied) the free-fall position of living unanaesthatized 

individuals is "tail!! first, the first antennae acting as II paI'achutes ll
• 

This natural falling position could be used for orientation to 

gravity . A calanoid sinking into waters in which no light was 

visible could swim upwards u8ing this orientation mechanism. Thus 

day depth control in E. hessei might be envisaged as an alternation 

of upward and downward swimming a·oout this critical, just discern-

able light intensity, or, alternatively, active ascent following 

passive sinking. 

This explanation, albeit conjectural, permits a simple 
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interpretation of the observed dayt ime distribution of f. hessei 

without the need to invoke the ability to measure absolute light 

intensity. 

The dominance of the species in shallow estuarine habitats 

(Grindley 1963) which are often brightly illuminated, re~uires 

comment in relat ion to the clear photo- sensitivity exhibited by 

this species in the deep wate r s of Lake Sibaya . The wide distri-

buticn of this speciesl indicates that it is highly adaptable, 

occurring in tropical to almost temperate conditions and in a wide 

range of salinities . 

I ts success in shallow brightly-illumin~ted estuaries and 

lagoons may be a function of this obvious adaptability expressed in 

re l ati on +-0 its light tolerances. However , there is a possibility 

that substrate contact may in part be responsible for thi s tolerance. 

Ttigmokinesis seer.:ingly invokes an insensitivity of the ca l anoids 

to the incident light intensity. This is certainly the impression 

gained from laboratory studies . Upon conta ct with a substratum, the 

calanoids beccme seemingly insensitive to the Ij,ght source . (Sin<:e 

there is an apparent cessation of locomotory activity upon contact 

with a substrate , I have referred to the mechanism as thigmokinesis 

rather than as thigmotaxis - Kenneth 1963) . 

The viewpoint taken above is based on the assumption that 

the ancestral form of f. hessei was adapted to a deep-water envi ron-

mene (i.e. a marine ancestry ) and that colonization of estuarine 

1 P . heesei was fi rst described from material collected from the 
mouth of the Congo River. Grindley (1963) records it as abundant 
in estu&.ries and lagoons on the west and south coasts of South 
AL'ic" as far east as the Kleinmond estuary (33-~oS, 27oB). Since 
then it has been discovered in many of the more northerly estuaries 
on the eaRt coast of South Africa, as far as the Mocambique border 
(Kosi ()stuary system, 27 0 S , 33 0E). Exe.mination of thE estuaries 
and lagoons of M0cambi~ue will most probab ly reveal its presence 
even further north . 
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habitats was a secondary phenomenon. There are several extant 

marine forms , at least one of which (f. nudus) occurs off the coast 

of South Af rica (Grindley 1963). Conversely , the photo- sensitivity 

of the species in Sibaya may have been a secondary development, wi t h 

the estuarine stock from wh~ch the Sibaya population arose having 

been considerably less sensitive to light . The fo rmer explanation 

would seem more probable in view of what is known of the behaviour 

of f . hesse i under estuarine condi t.".ons . However , a final conclusion 

must awai t a comparison of the vi sual sensitivity of the estuarine 

populations with that evident in f. nessei from Lake Sibaya. 
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THE NIGHT- TIME VERTICAL DISTRIBUTION OF PSEUDODIAPTOMUS HESSEl 

The majority of vertical migration studies in freshwater 

lakes has been based upon observations made either during a single 

diel cycle, or, in some cases , during several diel studies made a t 

irregul ar intervals through the year. Regular sampling of the 

vertical distribution of fresh.!ater zooplankton in r elation to 

seasonal changes in environmental variables has not been undertaken 

to any great extent. McNaught and Hasler (1964) have investigated 

the diel migrations of Daphnia spp. extensively on a seasonal basis 

and have related the migrations to cbanges in ligbt intensity . 

Carter (1969) has examined the dayt ime vertical distribution of 

various copepods on a seasonal. basis . Neither work enables an 

assessment to be made of the factors :;:'esponsible for tbe distribution 

although McNaught and Hasler ' s observations clearly demonstrate the 

importance of changes in light intensity in regulating cba£~ in 

the v&rtical distribution between day and r.ight. Temporal changes 

in zooplankt~n abundance have been correlated with numerous abiotic 

and biotic environmental variab l es in Lake Maggiore (Goldman~. al. 

1968) . Regrettably , these authors did not examine the vertical 

distribution of the zoople.l'1..kton during their otherwise very exten­

sive observations on the biotic and abiotic environment in the upper 

30m of the lake . 

In the present study , the night-time vertical distribution 

of f. hessei has been determi ned on a seasol!al basis , and a.n attempt 

bas been made to r ele.te thie ",bere possible to various environmental 

variables . In the preceding section , the daytime vertical distri-

bution of f. hessei has been described. From tbe observations 

presented it would appear that the vertical distribution during 

daylight is reasonably static and , more important , predictable from 
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day to day. This predictability suggests that intensive studies 

of the daytime vertical distribution are unlikely to provide much 

information about the modifying influences of the environment upon 

the vertical distribution, apart from the master influence of light 

intensity and possibly thigmokinesis in the case of the adul t and 

immediately pre-adult calanoids. 

Preliminary observations on the night- time vertical distri­

bution (Figs . 14 and 15) indicated ';hat the nocturnal distribution 

of the calanoids was dynamic and it appeared likely that intensive 

examination of this distribution might indicate interactions between 

the calanoids and their environment . 

Clc.anges in vertical distribution through the hours o( darkness 

Changes in vertical distribution during the cou.rse of one 

night must be considered before seasonal cbanges in vertical distri­

bution are examined . The ove:-all pattern of diel migra.tion in 

f. hessei (Figs . 14, 15 and 19) corresponds most closely to the 

"nocturnal " pattern described by Hutchinson (1967), although in some 

developmental stages the pattern is more appropriately ascribed to 

Hutchinson ' s "twilight" migration type . 

The most detailed observations of vertical cha.nges through 

one night, given in Figo 19, show that after sunset the calanoids of 

all stages are most abundant in the 'lpper waters , although in the 

copepodite instars , some animals are present throughou t the water 

column . The calanoids remain distributed throughout the water 

column during tbe hours of d:1.rkness , with the exception of the naup-

liar stages which remain predominantly in the upper 20m . The cop-

epodite stages show a clear sink during the course of darkness . 

This "",idnj.ght " sink (Cushj.ng 1951) cr "nocturr:al" sink (Hutchinson 

1967) results in the modal concentration depth of the adults moving 
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from the 0 - 10m stratum at 2000hrs to the 35 - 40m stratum by 0200hrs . 

This nocturnal sinking is commonl y reported in plankton and is gene-

rally believed to result either from a decrease in activity and cor-

responding passive sinking, or from random locomotor movements in 

the absence of a directional (photic) stimulus. Either wil l , as a 

result of gravitational influences , result in a net downward move-

ment . The increasing rapidity of this sinking in successively 

older (~nd larger) calanoid stages is consistent with either of the 

alternative explarat i ons . The larger stages with smaller surface 

area/vo~Qme ratios would be expected to gravitate more rapidly (on 

a weight for weight tasis ). 

The seri es under consideration was made two days after ful l 

moon. Since moonrise occurred at 1915hrs, the calanoids we r e sub-

jected to hright moonlight for practically ' the entire night . The 

nocturnal "sinking" in the pl'esent series can therefore be explained 

also on the basis of a nege.tively phototactic response. However, 

the reality 01 nocturnal sinking on moonless nights is evident from 

Fig. 14 and ~articularly Fig. 15. The series shown in Figs. 14 and 

15 were undertaken four days after new moon. Moonset occurred at 

2030hrs. In view of the limited lunar intansity and its brief 

temperal infl~ence upon the plankton , the nocturnal sinking observed 

in these series cannot be accounted for on the basis of negative 
, . ~ 

phototac~ic behaviour . In Fig . :'15, the 21COl;rs distribution was 

recorded after moonset and a clear nocturnal sinking is evident in 

the numerically abundant stages between 2100hrs and CIOOhrs . 

It is clear that any attempt to study seasonal changes in 

night - time vertical distribution must take into account t hose chanees 

which occ~r during the course of one night . In the present study , 

the majority of samples were collected from It - 3 hours afte r sun-

set (T~ble 7), thereby reducing the potential intra-night variation 
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Figure 22. P. hessei! Percentage vertical night-time distribution of developmental stages at 
Stn. III during 1970-1971. Co llections made by means of net hauls between 2000 and 
2130 hrs. 
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to a cons iderable extent. 

Seasonal variation in the vertical distribution of I. hessei . 

During 1970 - 1971 , a series of 25 collections was made at 

approximately fortnightly intervals at Station III. The vertical 

distribution was assessed by vertical net hauls Dade sequentially 

through successi ve 5m strata. The results of these collections 

are shown in Fig . 22 . Percentage vertical distribution has been 

used to obviate difficulties of illustration which Vlould othen/ise 

have arisen as a result of seasonal changes in 'population age-

structure and total abundance . The resulting histograms are more 

readily comparabl e one with anothe r. Seasonal changes in calanoid 

abundance and popula:ion age- structure per ~ are examined in a later 

section of this work. 

Naupliar distribution was very similar throughout the year. 

Na'lplii were maximally abundant in the surface waters on all but 

three sampling dates . They were seldom present in large numbers 

below 15 - 20m . 

Copepodite I The distribution of this stage was not very regular. 

hiodal concentrations were generally recorded in either the very 

surface or very bottom waters . However, this stage was normally 

present throughout the water column: . 

These stages' were frequently most abuhdant in 
c· 

the surface waters but on most . sampling dates they occurred through-

out the water colu~n. 

} dul ts The distribution of adult calanoids resembled that of the 

copepodite II - V stages . In the case of adtllt males, maximum 

abundance was more frequently in the bottom waters than in the sur-

fa.ce waters . The vertical distribution pattern for both ovigerous 

and non- ovigcr.)us females Vias very simila r, although not shown sep-

arately in Fig . 22. 
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TABLE 6. 

P. hessei: Frequency of occurrence of ,population modes of various age 

groups in r elation to depth. Aggregat& data determined from 25 early 

evening collections at Station III during 1970 - 1971. 

Depth NaupUi CI CIl CIlI , ClV CV Adult Adult Tota l 
stratum cl' '?-

0-5 22 12 16 16 16 16 8 12 122 

5- 10 0 0 1 2 5 6 3 5 2? 

10-15 0 2 0 0 2 1 0 2 7 

15-20 1 3 4 2 1 1 1 0 13 

20-25 1 1 1 3 0 1 2 1 10 

25-30 1 7 3 3 3 3 11 7 38 

n 25 25 25 28* 25 25 

* Where n is greater than 25, a bimodal distribution has been encountered 

on one or more sampling dates. 



Date 

Time qf sampling 

Hours and minutes after 
sunset 

Wind speed 
(Beaufor:t SCale) 

Wind direction 

Moon phase on 
'sampling date 

*Presence of absence of 
moon at- time of sampling 

Cloud cover 

Relative light intensity 

Surface Temperature °c 

Temperature gradient 
(0- 30m) 

Phytoplankton cells 

Chlorophyll ~ (ug/1) 

Cell volume 

24/4 9/5 22/5 5/6 22/6 

2030 2030 2030 2015 2010 

3.00 3.12 3.18 3.09 3.04· 

1 0-1 2 2 1 

E Var. NW SW NE 

Full- New- Full. 
Last QU. 1st QU. Full New Last QU. 

P A A A A 

0/10 0/10 0/10 5/10 0/10 

4 2 2 2 .2 

22.2° 22.0° 20.7° 19.3° 

0.1° 0.15° 0.15° 

0-5m 473 476 386 362 373 

30m 416 414 450 360 408 
. 

0-5m 2.92 2.42 3.18 .1.53 2.37 

30m 1. 94 1. 66 2.59 2.01 2.96 

0' , 
TABLE 7 

Biotic and abiotic factors recorded during 25 night-ti~e samplings 
at Station III during 1970/1971. See text for further explanation. 

4/7 17/7 31/7 17/8 29/3 11/9 2/10 17/10 30/lO 12/11 

2015 2145 2030 20:'10 2030 2045 2100 2030 2005 2035 
'""-'-----~-:---"-----,------------------------

3.03 4.27 3.06 2,54 

'2 2 1 2 

SW N ENE. E 

')" 

New Full New Full 

A A A p 

!0/1O 9/10 3/10 0/10 

2 1 2 6 

2.48 2.57 3.00 

2 2. 1-2 

E SE NE 

1st QU.-
New Full New 

A P A 

0/10 9/10 L./1O 

2 3 2 

·2.18 

1 

Var. 

Full. 
Last Qu. 

A 

10/10 

1 

18.85° .18.7° 18.050 18.95° 20.05° 19.95° 21.45° 20.8° 

0.05° 0.20 0.6° 1.10 

i__ _ _______ ~~ .. 

366 380 442 458 361 408 350 242 

408 334 502 459 487 362 397 280 

3.54 2. E3 3.25 2.74 1. 82 2.92 1.51 2.83 

3.04 2.30 3.60 4.00 3.69 2.95 2.65 1.94 

1.47 2.05 

0-1 o 

s 

New Full 

A p 

3/10 3/10 

2 5 

21.95°:23.05° L 

0.8° 

348 375 

327 300 

2.13 1.63 

2.94 2.34 
._--'- --

0-5m 465 534 296 460 

30m 532 575 326 514 

806 704 

736 735 

689 1039 

697 1285 

*p Present 
A :::: Absent 

1238 868 1116 382 190 168 162 

1365 1254 756 884 280 384 283 
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TABLE 7 

)iotic and abiotic factors recorded during 25 night-ti;me samplings 
lt Station III during 1970/1971. See text for further explanation. 

17/7 31/7 

2145~ 2030 

4.27 3.06 

2 1 

N ENE. 

') 

Full New 

A· A 

9/10 3/10 

1 2 

17/8 

20~0 

2,54 

2 

E 

Full 

p 

0/10 

6 

29/8 

2030 

2.48 

2 

E 

New 

A 

0/10 

·2 

11/9 2/10 17/10 30/10 12/11 29/11 15/12 

2045 2100 2030 2005 2035 2030 2015 

2.57 3.00 ·2.18 1.47 2.0S 1 •. 42. 1. 21 

2 1-2 1 0-1 o 3 3 

SE NE Yare S ENE NJ~ 

1st QU.-
Full New 

Fu11-
Last QU. New 

Ful1-
Full New Last Quo 

P A A A P A A· 

9/10 <: 110· 10 /10 3/lO 3/10 0/10 10/10 

3 2 1 2 S 2 1 

150 .18.7° 18.05° 18.950 20.05° 19.95°21.45° 20.8° 21.95°:23.050 24.65° 25.7° 

o.OSo 0.20 0.60 1.10 o.SO 0.30 

380 442 458 361 408 350 242 348 375 388 415 

334 502 459 487 362 397 280 327 300 274 401 

2.e3 3.25 2.74 1.82 2.92 1.51 2.83 2.13 1. 63 2.30 2.50 

2.30 3.60 4.00 3.69 2.95 2.65 1.94 ~ 2.94 2.34 2.62 2.83 

689 1039 ·1238 868 1116 382 190 168 162 11S 271 

697 1285 1365 1254 7S6 884· 280 384 283 185 314 

*p = Present. 
A = Absent <.-'. 

,f 

30/12 12/1 27/1 12/2 24/2 12/3 29/3 

2020 2030 2030 2030 2015· 2020 2020 

1.14. 1.24 1.24 1.36 1.39 1.56 2.20 

2 1 1 2-3 

NW NE E s 

New Full New Full 

A P A P 

o 

Ne'<l 

A 

2 3 

ENE SE 

New­
Full 1st Quo 

P A 

10 /10 10/10 0/10 0/10 0/10 6/10 7 /10 

1 S 2 6 2 5 ·1 

26.l} 0 26.2° 26.6° 26.5° 26. :/' 26.3° 26.5° 

O.7S0 1.4° 0.60 0.80 

758 878 1499 1143 889 S04 376. 

628 90i 626 1023 789. 278 313 

3.28 2.04 2.08 2.06 1.97 2.382.40 

3.03 2.81 1.89 2.34 1.99 2.36 3.78 

240 351 420 398 S09 291 293 

340. .450 3S0 394 464 354 367 

11/4 

2010 

2.22 

2 

sw 

.Full 

p 

10/10 

5 

2S~ 150 

0.1° 

421 

361 

4.32 

3.20 

43S 

[159 

I-' 
I-' 
:-" 
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The frequency of occurrence of the modal concentration depth 

in different depth strata is given for the various developmental 

stages in Table 6, which indicates clearly the regularity with which 

the calanoids ~re encountered most abundantly in the surface waters. 

While the nauplii show a regular vertical distribution pat-

tern throughout the year, the copepodite stages do not. Complete 

inversions of the distribution pattern may occur between consecutive 

samplings . Hcwever, Fig. 22 shows that the vertical distribution 

of the C II to C VI stages is generally similar on anyone sampling 

date . Very clear examples of this similarity are given in the dist-

ributions of 4/7, 31/7 , 17/8 and 29/8. When adults are maximally 

abundant in the surface waters, the same distribution is exhibited 

by the C II - C V staees : conversely, when the adults are concen-

trated in the deeper waters, so are the C II - C V stages. This 

reg~larity in the vertical distribution of different stages on any 

one date suggests that the distribution of the different stages . 

might be rel~,ed to one or more causal factors common to the ins tars 

involved . 

Net phytoplankton counts , soluble phosphate and chlorophyll 

~ analyses of 0 - 5m and 30m samples were made generally on the 

morning preceding the zooplankton sampling. Monthly analyses of 

dissolve·: oxygen , pH, alkalinity and chloride a t 0, 15 and 30m depths 
-: '; 

were made in conjunction ",ith bathythermograph records. Surface 

temperature, wind speed and direction, cloud cover and lunar phase 

w8re recorded on all da.tes when zooplankton hauls were made . Some 

of these data are given in Tabl e 7. Detailed graphical and numcri-

cal &xamination of the vertical distribution of f. he 8sei has been 

made in relation to these various biotic and abiotic variables . 

This detail ed analysis prOVides little more information than that 

evident upon concurrent visual inspection of Fig . 22 and Table 7. 
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The relationships between the vertical distribution and the environ-

mental variables are briefly outlined below. Reference is made to 

the detailed analyses only where correlations are evident. 

Ab:eotic factors 

1. Sampling time in relation to sunset 

In view of the changes which occur in the vertical distri­

bution during the course of the night, differences in vertical 

distribution between sampling series might plc.usibly be related to 

the time interval between sunset and sampling . This is not borne 

out by the data in Table 7, however. Many contrasting pairs of 

collections were made at similar times after sunset . The strikingly 

different distribution patterns of 17/8 and 29/8 for exampl e , were 

both recorded just less than 3 hours after sunset . 

2. Correlat.ion with lunar periodici..iY 

Routine samples were collected generally within a few days 

of either new or full moon (Table 7) as a. result of the fortnightly 

sampling interval employed. Some of the alternate series showed 

a periodicity in pattern which could be related to lunar periodicity 

~ se but rhythmicity was not evident overall . 

3. Correlation with lunar intensity 

Changes in the vertical distribution pattern were most closely 

related to lunar intensity . The series of 31/7 to 11/9 showed a 

fairly regular pattern in relation to lunar intensity in the C II -

C VI stages, with larger numbers in the surface waters on moonless 

nights and in the deeper waters at full moon. However , there were 

other series which did not correspond and where large numbers were 

found in surface waters under full moon conditions (e.g. 12/1) or 

in deeper waters under new moon conditions (e.g. ;<110). The relation-

ship between night-time vertical distribution and light intensity 
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has been examined critically. A reasonably clear ccrr81ation 

exists between the modeJ. ciepth of adult m!ile and adult female cala-

no ids and a relative light intensity scale of 1 - 6 based upon moon 

phase and cloud covor at the time of sempling . 

The modal depth of the adults is in c.lmost all cases in the 

~urface waters on mocnless nights and Lear the lake bed on bright 

moonlit nights . In the older copepodi te stages , ,0. similar relation-
: . . 

ship exists but the co-ordinat8 plots contain several apparent l y 

irregular data-points. In the early copepodite stages , the corre-

lation is not clear and 'the modal depths of the nauplii are almcst 

invariably in the surface waters, irr8spective 1f reletive light 

intensity. 

The adul t calanoids , which have been sL:lwn to be very sensi-

tive to light intensity during deylight (see preceding ser.t i on) are 

apparently e'l.ually sensitive. at nigilt. The yo~ngest stages app0ar 

to be least influenced by light, a feature reflected also in their 

daytime vertical distribution . 

The avoidance of surface waters on bright moonlight nights 

by adult I. hessei is dissimilar to that recorded in other fresh-· 

water copep ods. Eudiaptomus gracilis and Cyclc.R§. s-!;renuus (stages 

unknown) are reported to collect in the upper 30cm under moonlight 

conditions (Lozeron 1902, cited in Hutchinson 1967). Comparable 

behaviour is not apparent in P . he~~ as far as can be judged from 

the sampl~ng techniques used. 

Avoidance of surface waters on bright moonlit nights has 

been recorded in various marine crustacea and age- dependency is 

involved in some cases . Ritz (1972a) has shown that l ate stage 

phyllcsoma larvae of Panuli~ longipes ~~ are present in sur-

face waters in much greater concentrations on dark nights than on 

bright moonlit nights. The difference is not pronounccd in the 
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younger stages, however. Ritz (1972b) has gone so far as to suggest 

that midnight sinking may be a result of neGative phototaxis all bright 

moonliGht nights. If the depression of P . hessoi ur,der bright moon-

light oond.itions is a phototactic response , it implies a very low 

threshold of perception for this species . 

4 . Correlation with l~ke terur5ra~ure 

No chang"" in the vertical distribution pattern , which c£on 

be related to seascnal changes in lake temperature or temperature! 

depth profiles are evident from the seasonal vertical hauls. 

5. Correlation with wind speed 

Within the limited range of weather conditions under ",hich 

Eampling was ce,rried out , there is no obvious correlation between 

vertical d.istribution and wind speed . The populations might be 

expected to be deeper in the water column under turllU.lent conditions 

but routine sampling under such conditions has not been calTied out. 

6. Correlation wij;h pH , Oxygen and Chloride, 

Vert ical changes in oxygen , chloride and hydrogen ion con­

centration are l imited t hr cugh the hydrographic seasons in Lake 

Sibaya . The vertical distribution of t . hess~i shows no cOl're l ation 

wi t h t hese paramete r s . 

Biotic factors 

1. Correlation with chlorophyll concentration 

The ve r ti ca l dist r i bution of t he calanoids shows no consistent 

corr elation with the limited differencos in chlorophyl l concentration 

be t ween surface and bottom waters . The r e are occasions wh6re t he 

modal depth of t he calanoid population i s deeper when chlorophyll 

val ues are greater in the deeper water (e . G. 17!8 ) , but the rever SE! 

is a l so t r ue on other sampling dates (e . g . 29!6). Ther e is no clear 

evidence f or e i ther avoidance of or attraction to denser a l gal 



116 

populations. 

2 . Correlation ",i th distri butior. of other zoonlankton-B?ecies . 

Vertical distribution of the two clHdoceran species and 

cy~:i.opoid copopods Vias determined in conjunction with that of f. 

hessei . Bosmina ls>Egi.rostris and ~;oina sp 0 >!ere prE dominantly 

captured in the waters adjacent to the lake bed , with small numbors 

present through the rest of the water colt,mn. The distribution 

of the cyclopoid copepods ("hich Vlere not specifically differentiated 

but counted as a group) was very similar to that of the calm.oid 

nauplii, with a regular surface c r near-surface modal concentration . 

Apart from the similarity in distribution between cycl.opoids and 

nauplii of fo hessei, no clear correlation exists betVleen the dist-

ributicn cf E. hessei and other crustacean planktBrs . Since 

i\eso.sYclol'§. l~,ukartii aequatcrialis is a frequent component of the 

cyclopoid species , there is probatly some predation by this species 

Fryer (1957d) and Smyly (1961) have reported the 

carnivorous nature of this cyclopoid species. In most samples 

collected in Lake Sibaya, some !. leukartii were observed to be 

grasping nauplii and early copcpodites of f. hessei . These obser-

vat ions suggested that the cyclopoid was predating upon the calanoid 

fairly extensively . Recently, Comita has illustrated an example 

of M. . cdax grasping a copepodite instal' of Diaptomus siciloides 

(C omita 1972, Fig . 12). He suggests that this gr a.sping behaviour 

is a result of adding preservative to the sample and that it has no 

predatory significance. Whi l e he presents reasonable arguments 

for taking this viewpoint, the predatory nature of many cyclopoids 

i s widely recognizedo If the grasping behaviour was merely an 

artefact arising f r om preservation it might be expected that more 

individuals would behave simil arly. The low frequency of this 

observation in any single sample would be more intelligible if it 

I 
I 
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did in fact have some predatory significance. 

The foregoing discussion implicates light as the most impor­

tant single factor influencing the night - time distribution (at least 

in adult calanoids ) . The appa,." ent l ack of correlation between the 

vertical distribution and. other environmental variables must te 

attributable mainly to the comparatively homogeneous vertical struc-

ture of Lake Sibaya. l:owever J it may wel l be, en the basis of 

Saunder 's (1971) arguments, that the zooplankton are responding to 

short term changes in biotic or abiotic variables which are no t 

apparent from the present investigation . In the case of f. hessei 

analysis of hour to hour che,nges in distributi.on in cor,junction with 

extremely sensitive l i ght readings , will , I believe, demonstrate 

more clearly the effect of light on the distribution of the calanoid. 

Und oubtedly it is necessary tu examine not only the incident light 

conditions , tut also the immediately preceding light history of the 

calanoids , if an adequate understandi ng of the c',istribution is to 

accrue . Such an approach has not been possibl e in the present 

study , primarily because sufficiently sensitive photometric equip­

ment was not available . The equipment developed by Dr . R. E. Boltt 

(p 53 ) can doubtless be applied to advantage i.n the future . 

Calan0id densities on th .. lake bed at. night 

The close association of the older calanoids with the lake 

substrates during t he hours of daylight. has been considered in the 

previous section. In this context i t is appropriate to question 

whether all the calanoids leave the l ake substrates at night and 

whether they reach the substrates again during the hours of darkness. 

This aspect has no t been considered on a seasonal basis , but may be 

e,xamined in relation to the 24 hour sta tion serie s of March, 1972 

(Fig. 19). 
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Substrate bin samples taken at two- hourly intervals through 

the course of the night have shown clearly that the calanoids move 

off the substrates after sunset. Furthermore, from Fi[. 19 it is 

clear that mos t of the stages do not come into contact with the sub­

strates again during the hours of darkness. Nauplii and early cop­

epodites were not capturod in the bins at night. Adult males and 

copepodites IV - V were first oaptured on the substr'ites just before 

first light (0400hl'S series) , but only in very small numbers. How­

ever , some ad.ul t females ...,ere captured on the l ake bed between 2000b.rs 

and 020Chrs, and by 0400hrs a large percentage of the total catch 

was captured in the substrate bins. The adult females captured on 

the lake bed at night were a l most all ovigerous specimens . While 

the difference in catch between non-ovigerous and ovigerous females 

may have some biological significance, the r elatively greater popu­

lation of ovigerous than non-ovigerous females in all sarIples i n 

the present sampl ing series precludes further assessment of this 

possibility . 

From the observations presented , it is clear that the calanoid 

distribution during the hours of darkness is dynamic in comparison 

with the daytime distribution. Apart from limited catches of adult 

females on the lake bed , the entire population is in the water column 

during the night and significant numbers reach the substrates only 

in the period immediately preceding dawn , at the earliest . Loco-

motory movements are clearly maintained in varying degree, certainly 

by some individuals , since calanoids of all stages are captured in 

the surface waters throughout the night. 

! priori , the avoidance by 1:. hessei of superficial waters 

during moonl it nights appears to be of limited selective advantage 

in Lake Sibaya, although it potentially serves to reduce visual 
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recogni tion by predators. However , it is possible that this beha-

viour is a carry- over from the estuarine existence of this species 

where the trait may have been important in reducing the displ ace­

ment of the species to sea for at least part of the tidal cycleo 

Grindl ey (1972) has reported some evidence which suggests that in 

Richard's Bay (a strongly tidal estue.ry approximately 180km south 

of Sibaya) the species is being continually displaced to sea , where 

it is apparently unable to survive. Only in those areas of the 

estuary furthest from the sea are high percentages of ovigerous 

females recorded. Unfortunately , Grindley does not give his 

detailed findings but tacit in his observations is the suggestion 

that .1:.. hessei may not be well ad.apted. to estuarine systems . ~'his 

is difficult to reconcile with his earlier statements recording the 

numerical dominance of .1:. . hessei in most Ca.pe estuaries (Grindley 

1963). 
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CHANGES IN THE VERTICAL DIS'I'RIBUTION OF PSEUDODIAPTO!.!US HESSEl DURING 

THE DUSK AND DAlI], PERIODS 

Introduct ion 

In the preceding sections the daytime and night-time verticul 

distributions of the calanoids have been described . It has be en 

demonstrated that during the day , the animals are in the deeper 

waters , and, in the case of the later developmental stages , concen-

t rat ed upon the bottom sediments, By contrast, the ni.ght-time dist-

ribution is one i n which the calanoids are distributed i n varying 

abundance throughout the entire water column. The migratory move-

ment s involved in bringing about these changes f orm the basis of this 

section. 

Extensive replicate studies of the dusk and dawn movements 

could not be made in view of the limited manpower available. How­

ever , the 25 night- time samplings , described in the pre c6cU ng section, 

which demonst r ated the invariable occurrence of calanoids in the 

surface waters af t er night fal l, provide clear evidence of the regu-

l arity' with which the calanoids undertake a dusk ascent. In view 

of the predictable occurrence of the migrations , it was clear that 

the dusk and dawn movements could be studied to advantage by means 

of a few detailed sampling series. This has been the approach used, 

Dusk and dawn are critical periods in the diurna l l ight cycle , 

r epresenting as they do, the periods of maximum rate of change of 

light intensity, Onl y by examining the movements of the calanoids 

in detail during the se periods is i t possible to determine the direct 

cause of diel migration. 

The dusk and dawn migr ations of the calanoids were studied 

by means of s'tratified vertical ne t haul samples taken at short time 

intervals, Changes in light pene tration were assessed concurr ently. 

Initially, observations on light changes wer e made by f ollowing the 

changes in depth at which 1% of the surface incident light intensity 
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1720hrs 1815hrs 

1 Sunset 

----------

1915hrs 2005 hrs 

1,00/m3 
I---------' 

Figo 23. fo hessei: Changes in vertical distribution at 
dusk, determined at Station III, 23 January, 1971. 
Penetration depth of 1% i.ncident light indicated 
by means of dashed lineo Net haul collections o 
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occurred. • Subsequently, when a luxmeter became available, changes 

in depth of the 1 lux isolume were followed with time o 

The sampling times indicated on the figures for dusk and 

dawn series represent the median sampling time: a series started at 

1600hrs and completed at 1630hrt~ would be labelled 1615hr8. In the 

dusk series, net hauls of the lowermost strata were carried out 

first and then taken progressively closer to the surfaceo In the 

dawn collections sampling began in the surface waters. The vertic&l 

sequence of sampling therefore matched. the d.irection of calanoid 

movement. 

DUSK MOVEMENTS 

Station III series \Fig. 23) 

In tbis se~ies, the vertical movements of the adult calanoids 

were determined in relation to changes in the penetration depth of 1% 

of incident light intensityo 

Both adult males and adult females exhibited similar vertical 

movements, reaching the upp€rmost waters only after sunset. The 

changes in distribution were initially very small (between 1720 and 

1815hrs) but with the increasingly rapid falloff in light penetration 

the distribution patterr changed equally rapidly. In the adult 

males, for instance, the modal concentration was in the very deepest 

waters between 1720hrs a~d 1815hrs. Between 1815hrs and 1915hrs there 

was a conspicuous upward movement and by 2005hrs the modal concen-

tration was in the surface stratum. In the case of the adult females, 

the modal concentration depth changed more gradually froID the deepest 

waters at 1815hrs, to the middle waters at 1915hrs and then to the 

surface waters at 2005hrs o 

From this series, it was evident that the migratory movements 

were closely related to changes in light penetration. . Two other 

significant points emerged. Firstly, the increase in calanoid catch 
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1615 hrs 1700 hrs 1745 hrs 1S30 hrs 1915 hrs 2000 hrs 

Nouplii lSunset 1000/m3 

m 2: ; +-- t u*--ITT] 
40 100% - - - - - ->-----< 
Copepodites I - ill 10000/m3 

- - - - - -
Copepodites IV - V 1000/m3 

I I I - -
200/m3 

Adult c!c! >-----< 

O ~I --------------------------------71 __ ._---, __ ._1 

m 20 - , --- -- --- -11- -- ---- . --- - i 
40 L1 ~ •• ~ ________ • _________ ~ ________ .. L-____ ~ ____ ~ __ ~~ 

~ t!f ~ • 

Adult 9 9 

m 2:

1

r--.r ------ -- ---,----- - , ~~ ----i..---...-!! I 
40 LI __ ~_L-____ ~_L_ ____ ~.~ ______ ~ ____ ~ ______ ~ __ ~ 

~ ~ ~ 

Figo 24. Eo bessei: Changes in vertical distribut ion at dusk, 
determined at Station I, 15 February, 1972. 1 lux 
iso1ume indicated by means of dashed line. Net haul 
and substrate bin co11ections o 



124 

with time, and secondly, the continued ascent of the calanoids after 

sunset. This continued directional movement after sunset was irre-

concilable with the idea of suprathreshold rates of change in light 

intensity providing the direct migratory stimulus (Ringelberg 1961, 

1964) • It suggested the possibi l ity that the calanoids were res-

ponding phototactically to very low light intensities or else, once 

initiated by some (pre sumably) photiC stimulus, the migratory movc­

ment could continue independently of the causal stimUlus. It was 

clearly necessary to re-examine the dusk movsments in conjunction 

with more sensitive photometriC equipment. 

Station I series (Fig. 24) 

The most detailed study of the dusk movements was carried 

out at Station I using a net and substrate bins to collect samples. 

Changes in light penetration were determined by means of a luxmeter. 

These collections have permitted analysiS not only of the calancid 

movements in the Vlater column but also movements off the substrates. 

Nauplii 

The naupliar population was entirely pelagic and mostly above 

the 1 lux isolume in this series. The modal concentration depth of 

the nauplii moved upwards after 1700hrs ; by sunset a large number 

were found in the surface waters and at 1915hrs, the modal concentra-

tion was recorded in the surface stratum. The presence of a discrete 

group of nauplii in the deepest waters during the 1915hrs sampling 

is noteworthy , particularly in view of their restricted vertical 

distribution until this time. While nocturnal fragmentation and 

downward movement of Daphnia longispina and Thermodiaptomus galeboides 

populations has been observed in Lake Victoria by Worthi ngton (1931) , 

temporal considerations indicate the unlikelihood of a similar oc cur-

rence in the present series . It is most improbable that nauplii , 

with their restricted locomotory ability, could have moved at least 
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25m in less than one hour. 

C I - C III 

In the early copepodite stages, the population was almost 

exclusively in the water column. There was no significant movement 

until 1700hrsj after this time there was a conspicuous ascent which 

brought them into the uppermost waters by 1915hrs , although large 

numbers were still present in deeper waters . These stages were al-

most entirely below the 1 lux isolume until 1745hrs . However, by 

sunset, a fairly large number of the young copepodites was above 

this isolume. At 2000hrs , these stages were fairly uniformly dist-

ributed through the entire water column. 

C IV - C V 

The late copepodite stages were below the 1 lux isolume until 

sonset, at which time there v.-ere several above it. l'hese stages 

remained mainly below 30m until 1700hrs. Between 1745hrs and 1830hrs 

there was a conspicuous upward movement, which resulted in a clear 

modal concentration at the surface by 1915hrs. These stages v.-ere 

maximally abundant on the substrates until 1745hrs (apart from the 

1700hrs series)l. After 1745hrs there was a rapid movement off the 

substrates, until by 1915hrs they were entir ely pelagial . 

Adult males 

The adult males were below the 1 lux isolume at al l sampling 

times and we r e captured mostly on the substrates until 1915hrs; even 

at sunset, more than 50% of tbe population was benthic. Despite the 

predominance of the animals on the substrates , vertical movement s 

into and within the water column were evident between 1745 and 1830hrs . 

1 In the 1700hrs series a goby (Glossogobius giurus)(Teleosti) was 
captured in the substrate bin . The low substrate bin catch a t 
this time is thought to be due to disturbance or predation by this 
fish . This results in an overestimation of the water column 
fraction of the popul ation in the two-bar histograms. 
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Only after sunset, however, was the majority of adult males found in 

the water column. By 1915hrs there was a clear concentration mode 

in the surface waters, althoueh individuals we r e present throughout 

the water columno 

Adult fe ma l es 

The adul t females in the pelagial waters exhibited a movement 

which was similar to that reported for the adult males. Migratory 

movements were most pronounced between 1830hrs and 1915hrs Leo after 

sunset. The pelagtal females remained below the 1 lux isolume. 

In their benthic association, the females shovlCd a pattern 

unlike that of any other stages. They were found on the substrates 

in far great er proportions and for a far longer time than was the 

case with adult males. At sunset, 98% of the females we r e still on 

the substrates and even at 2000hrs, 29% remained on the lake bed. 

The exiEltence of this relatively high proportion on the lake bed at 

night could result f rom a non-migratory frac t ion , although evidence 

presented earlier (pp 117-118) contradicts this idea . Notwithstanding 

the significant proportion of females on the substrates after sun-

set, the pelagial females are most abundant in the very surface 

waters. This might indicate that a portion of the female population 

starts its ascent considerably later than sunset. This is difficult 

to reconcile with an optically initiated and directed migrationo 

Station IV series (Figo 25) 

The series undertaken at this shallower station was carried 

out in conjunction with Jenkin samplE,r collections of the bottom 

populationso Measurements of the 1 lux penetration depth were 

determined simultane ously with the ne t hauls. Population densities 

were extremely low, resulting in a somewhat irregular pattern of 

vertical distributiono Nevertheless, the general rattern of move-

ments is apparent. (The substrate collections are not incorp orated 
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in Figo 25 owing to the low numbers captured.) 

Nauplii were present throughout the wate r colman at all 

sampling times but a fairly clear upward movement was evident between 

1730hrs and 1830hrs. This upward trend between 1730 and 1830hrs waS 

also shown by the first three copepodite stages , although the low 

densities r el.,u lted in a rather patchy distribution o Of interest in 

the fourth and fifth copepodite stages and in the adults, was their 

complete absel:ce from t he wate r column between 1700 and 1730hrso 

It is likely that their movement off the substrates and into the 

water column occurred only after sunseto 

at least 10m below the 1 lux isolumeo 

The adults were ~os~ly 

Most conspi~uous population movements were evidel:t after 

1730hrs when the 1 lux isolume showed a r elatively :::-apid rate of 

movement upwards . An indication cf the change in depth of the 1 

lux isolume before sunset can be obtained by interpolating the data 

given in Fig. 24, frou which it can be seen that the changes in depth 

of the 1 lux isolume were initially slow until approximately 1 hour 

before sunseto In the hour prececing sunset a.nd for about half an 

hour after , changes in light penetration were very rapido 

Arrival in tl:.e su.rface , aters 

The arrival of calanoids in the uppermost 5m at dusk has 

been assessed by net hauls through the 0 - 5m column at 10 minute 

intervals at Station 10 The results oi this sampling series a r e 

given in Fig . 26. Sampling was start ed approximately 15 minutes 

after sunset o 

Nauplii were present at 1845hrs , increased in abundance un ti.l 

1915hrs , and then decreased o Early (C I - C III) and l ate (C IV - C V) 

copepod ites were present at 1905hrs, reached maximal numbers at 1925hrs 

and then decreased in abundance . Some adult males were present at 

1905hrs; adul t males and female s were most abundant at 1915hr s , but 
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by 1935hrs no adults were captured in the surface 5m. 

These data indicated that the arrival of the different age 

classes of the calanoid at the surface waters was not entirely 

synchronous, but the time differences were not large. Of consider-

able interest was the rapid movement out of the surface waters 

following the period of peak accumulation. Whether this represented 

a valid emieration or resulted from horizontal patchiness is not 

knowno The series was carried out under moderately windy conditions 

with evidence of considerable current movements in the surface 

waters. Under these circumstances, it is possible that the decrease 

in calanoids at the surface reflected an active avoidance of the 

currents o 

DAWN MOVEMENTS 

3tation III series (Fig~ 27) 

Calanoid movements in the water column at dawn were assessed 

from net hauls in relation to changes in penetration depth of 1% 

incident light intensityo 

Nauplii 

Nauplii were present throughout the water column during the 

entire series, but a conspicuous downward movement was initiated 

after the first grey light of dawn. 

concentrated in the deepest waters. 

Before sunrise the nauplii were 

Light was first detected photo~ 

metrically at the surface 35 minutes before sunrise, when the 

nauplii were most abundant in the 20 - 25m stratum. By sunrise, 

when 1% incident light was recorded at l406m, the nauplii had reached 

their day depth. 

C I - C III 

The e"arly copepodi te stages showed a general pattern of change 

closely resembling that of the nauplii. These stages were fairly 

numerous in the surface waters at 0505hrs, but by 0540hrs their 
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distribution had been clearly depressed and by 0610hrs they were 

most abundant in the deepest waters. By One'hrs comparatively few 

C I individuals were present above 15m, and insignificant nu~bers of 

C II and C III were captured above 25m. 

C LV - C VI 

The late copepodites and adults showed a pattern similar to 

that observed in the younger copepodites. The movement out of the 

water column was, however, progressively more r apid in successively 

older stages. In the adults , there were indications of a slight 

upward movement between 0505hrs and 0540hrs, suggestive of a dawn 

rise. 

The decrease in total catch between 0610hrs and 0640hrs in 

all post-naupliar stages is very marked. This is undoubtedly 

related to their movement out of the water column and onto the l ake 

sediments as will be shown for the Station I collection series (Fig. 28). 

Station I series (Fig. 2~ 

Dawn collections at Station I involved substrate bin collections, 

net hauls and light penetration measurements (in lUX). The data 

obtained have shown that calanoid movements out of the water column 

are related to their arrival on the lake bed . The general pattern 

of change is clear despite the coarseness of the net hauls. 

Naupli i 

Th8 enti re naupliar population was pelagial during the entire 

series . Between 0400hrs and 0700hrs the naupli i were most abundant 

within t he 10 - 20m column . After the first grey light of dawn a 

large number of nauplii were present in the surface waters but move­

ment into deeper waters by the majority of the animals r esulted in 

their occurrence chiefly below the 1 lux isolume until after sunri se 

when this isolume lay deeper than the bulk of the population . 
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C I - C III 

Most of the early copepodites were present in the deeper 

waters durine the sampling period v.ith the majority belcw the 1 lux 

isolume. After sunrise, the animals were concentI'ated. in the deej:est 

waters, with a very small proportion (chiefly the oldest) on the 

substrates , and some (the youneest) closer to the surface. 

C IV - C V 

These stages were present throughout the water column at 

0400hrs, with a significant proportion on the lake ced. At 0530hrs 

the majority was on the lake bed with the pelagial fraction belew 

20m. After sunrise ,"ost of this age group was on. the [;ubstrate or 

just above the lake bed. These stages were predominantly \"1ell 

below the 1 l\Ox isolume and by 0700hrs only 15~"' of the population 

was pelagial. 

Adult ![ales 

Adult lliales were, distributed throughout the w8.ter column at 

0400hrs , with reasonably large numbers on the lake bed . (In this 

series there was a sensible movement upwards at 0445hrs after the 

first dawn light. This upward movement was ac cowj:anied by an in­

crease in the pelagial component and a concomitant (ecrease in the 

benthic component .) By 0530hrs, only insignificant r.umbers wer'e 

captured above 201:1, and the majority of the males were capturE:'d in 

the deepest waters and on the lake bed. The distribution was 

depressed still further , until by 0615hrs - shortly after sunrise -

a mere 12%' of this population was pelagial, and these were mostly 

below 35m. 

Adult females 

The adult females exhibited a patter'n closely resembling 

that of the adul t males, but the concentration of ff, males on the 

substrates was considera.bly greater than the males. Before sunrise 
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92% of the females were on the substrates and by 0700hrs, scarcely 

1% remained in the water column. 

Endogenous rhythmicity under laboratory conditions 

Several observations made during the dusk and dawn (.ollections 

suggested that a factor other the.n light might be respomlible for the 

timing of the dusk and dawn movements in some individuals. r.~ovement 

of' some adult females off the lake substrates well oSter sunset in 

the dusk series was irreconcilable with a light initiated migration, 

although other females performed migrations which closely paralleled 

the decrease in light penetration (Fig. 24) . Likewise, in the dawn 

series, large numbers of C IV and C V and adult calanoids had reached 

the substrates wel l before first light (Fig. 28). This suggested 

that eithe r the calanoids had "prejudged" the arrival of first light, 

01' that "nocturnal sinking" had brought the!:. into contact with the 

lake sediments well before any light initiated movements could occur. 

If the nocturnal sinking alone had r esul ted in their arrival cn the 

lake bed at 0400hrs it was difficult to understand why larger numbers 

of animals had not r'eached the substrates by 2400hrs or 0200hrs (vide 

Fig. 19). An attempt was therefore made to determine whether an 

endogenous rhythmicity was involved o 

Diel changes in locomotor activity were determined in two 

l arge glass aquaria (90 x 45 x 45cm) filled with lake water. One 

aquarium was kept in continuous darkness and the second was subjected 

to a natural l ight/dark regime. Calanoids were collected from the 

centre of these aquaria by means of the aquarium sampler (see p 51) 

at two-hourly intervals through 24 hours . The experiments were 

performed twice. In the first serie~, calanoids were captured by 

means of substrate bins from Station I and kept in the aquaria for 

4 - 27 hours before the start of the experiment. In the replicate 

series, net hauls and substrate bins were used to capture calanoids; 
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the animals were kept in the aquaria for 20 - 44 hours before t:te 

experiment was started. In both series, an attempt was made to 

standardize the starting numbers in the two aCluaria by &dding the 

catch of equal numbers of bins or net hauls to eacho Starting 

concentrations of calanoids were too large for depletion effects to 

modify successive samplingso 

Total catch in the water column in the centrs of the aquaria 

provided a simple index of locomotor activit yo During periods of 

low activity~ the calanoids were essentially sedentary on the sides 

or bottom of the aquariao They were only captured by the aquariuIL 

sampler when they were active in the water colurillo Results of the 

two series are given in Figso 29 and 30. Activity is shown in 

relation to time of day for different age grouls and sex for the two 

experimental light regimes o 

In the first experim~nt (Fig. 29) animals subjected to the 

natural light/dark regime exhibited an activity pattern clearly 

related to changes in illuminationo With the onset of darkness, there 

was a marked increase in the number of animals present in the water 

column and, with time, these numbers decreased in a fashion entirely 

comparable with the nocturnal sinking observed in tha lake dwelling 

calanoids. This pattern was evident for adults and copepodites. 

In the calanoids held under continuous darkness, a siillilar increase 

in activity was evident in adult females and copepodites, but it 

occurred considerably before natural dusk. Nocturnal "sinking" was 

evident in the adult females and copepodites, but daytime activity 

was higher under the conditions of continuous darkness o This may, 

however, be an artefact resulting from dissimilar total starting 

populations in the two aquariao In the adult males held under a 

continuous dark regime activity was high throughout the twenty-four 

hour period. 
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This series indicated a fairly marked similp.rity in activity 

in animals subjected to a natural light/dark cycle and those kept 

under continuous darkness, This su~;gests the existence, of an 

endogenous rhythmicity, albeit somewhat out of phase with the natural 

light regime, 

The second set of experiments (which was more carefully 

controlled in view of previous experience) is shown in Fig. 30. 

There is a striking similarity in the activity pattLrns irrespective 

of the light regime , apart from somewhat irregular chfl ng€)s in daytill'e 

activity shown by the younger copepodite stages held under a natural 

light/ dark cycle 0 Increased acti vi ty at dusk ~_s synchronous in 

both aquaria (as far as can be judged by the intersampling interval 

employed), The existence of an endOGenous e.ctivity/locomotor 

rhythm is strongly suggested on tbe basis of the two sets of r esults, 

Discussion of dusk and dawn migratory movements in relation to cbanges 

in light intensity and endogenous rhythmicity. 

Cbanges in the vertical distribution of the majority of the 

calanoids at dusk and dawn are clearly related to changes in light 

intensity, This is certainly not an unexpected result . However , 

there are indications tbat s ome of the calanoids may migrate in the 

absence of a light cue. The general pattern of migratory movements 

is evident upon inspection of changes in vertical distribution 

represented in histogram form . However , the movements of the cala-

noids may be examined with greater sensitivity if changes in the 

distribution depth of the median individua l are considered. The 

median distribution depth provides the most accurate non- pa rametric 

point co-ordinate for describing changes in distribution. The f i nite 

nature of the water column imposes certain limits on the extent of 

migrations . Pronounced concentration or depletion effects are 

therefore evident as a result of the migrations and these are adequately 
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TABLE 8. 

Rates of movement of different age groups of P. he ssei at dusk in relation 

to rate of change of light penetration. All rates are expressed as m/hr. 

Data based on dusk series of 15/2/72 at Station I. Positive values 

indic ate ascen t, negative values, descent. Calanoid movemen t is determined 

from changes in th e median distribution depth of the pelagia l component 

of the population between successive samplings. Calculations of 

muvement rates have been based on the absolute time of sampling the 

specific depth stratum in which the median individua l was encount e r ed. 

Rate of ch ange of light intensity reflects the rate of movement of the 

1 lux isolume and provides an indirect indication of the r ate of change 

of incident light intensity. 

Age group 1615 - 1700 - 1745 - 1830 - 1915 -
1700hrs 1745hrs 1830hrs 191 5hrs 2000hrs 

NaupUi. - 0.1 .. 4.0 ... 8.3 , 3.8 -3.8 

CI - CIlI 0 .. 2.3 .. 5.5 t 2.3 + 1. 0 

CIV - CV +1.6 .. 2.8 .. 13.0 + 14. 2 -1.6 

Adult if .. 2. 3 -0.4 T 5.9 -.- 16. 2 -8.1 

Adult \1 + 3. 0 -3.7 .. 4.3 .. 26.0 -2.1 

1 lux isolurne 0 + 3. 5 -t 9.9 +32.0 -
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accounted for when use is made of the median distribution depth. 

Movemcnts of the median individual are given in relation to changes 

in light penetration in Figso 31 , 32 , 33 and 34 for the Station III 

and Station I dusk and dawn series respectively. In calculating 

the median depths, the benthic fraction of the population has been 

ignored. The major result of so doing is to underestimate the rate 

and extent of movement in th¢ older stages but this does no t invali-
!,'\ 

date the conclusions reached. 

If changes in the median distribution depth of the ca.lanoids 

are examined in relation to changes in light penetration (Figs. 31 and 

32 and Table 8) the r e is in general a noticeable parallelism between 

the movements of the median and the changes in light penetration . 

This is clearly shown in the case of t he adult s and late copepodite 

s tages . The r estricted movements of the early copepodito stages 

(as refl ected by the median) are seemingly incongruous compared to 

the more pronounced movements of the weaker naupliar stages. In 

general , the movements of the younger stages occur before those of 

older stages (as reflected in Figs . 24·, 25 and 32) . This is com-

mensurate with the suggestion that each successive stp.ge of f. hessei 

is i ncreasingly photosensitive . That the migratory movements are 

s eemingly staggered to some extent might be t aken to ' ndicate that 

each stage is attempting to remain within its optimum l ight intensity 

or at the limit of its visual sens i tivity, but might. also merely 

r eflect their differential sensitivity. There are , however , diffi-

cul ties associated with this point of view . 

The degre e of synchrony involved in their arrival at the 

surface (Figo 26 ) is difficult to reconcile with this interpretation 

unless it is a r eflection of their different swimming abilities. 

It i s cl ear that the migratory movement s are not initiated until a 
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certain low level of light intensity is reached with the setting of 

the scm. Neverthe16ss , at dL<sk, the animals can and do outswim 

tbe particular isolume belcw which they are normally restric ted. 

'l'his is clear for the pre-adult copepodi te stages in which a small 

but significant part of the population move·s into waters brighter 

than those occupied less than an hour previously (Fig. 24). 

Restric·ced 3ensi tivi ty of the luxmete r has prevented mea.surements 

be ing made of changes in penetration of light energy values less 

tha.n 1 lux , but such isolumcs "Nould follow in general the pattern 

recorded in the 1 lux changos altLough at tenuation would be more 

r 1ipid in the final period before darkr.ess. In this respect , the 

movements of t he melian advlt calanoids would more closely parallel 

the anti.cipated cr.anges in light penetr ation of lower energy level 

isolumes. 

The migratory movements of the older stages of £. hessei 

are performed at extrzmely low light intensities , and. in some indi.-

viduals, seemingly in the absence of an adequate light stimulus. 

On 18th September , 1972 , a s eries of light measurements was made at 

\ 
Station I at sunset , using the photcmeter developed by Dr . R. E. Boltt. 

The light values reeordpd as the sun set belew the horizon are given 

below. 

dep t h l ux 

20 . 5m 5 x 10- 1 

25.6m 1 x 10- 1 

28 . 8m 9 x 10- 2 

29 . 3m 6 x 10-2 

32 . 3m 4 x 10- 2 

These values may be i nterpolated into the dusk series of 

February , 1972 (Fig. 24) . In t his series , at sunset , the 1 lux 

i sol ume was recorded at 16m . The 1830hrs distribut ion shows that 
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the majority of all calanoid stages (excluding the nauplii) are 

below 1 lux. The younger copepodite stages are predominantly in 

-1 waters of less than 1 x 10 lux, the older oopepodi tes [tainly in 

slightly brighter vlaters . The pelagial adults are predominantly 

in waters darker than 1 x 10-11ux; many adult males (more than 50%) 

and almost all adult females are still upon the s~bstrates at inten-

sities considerably below 4,.x 10-21ux • The majority (75%) of adult 
;, ' 

females are on the substrates even at 1915hrs (45 minutes after sun-

set), when it would be unlikely that any sensible light energy was 

present on the lake bed. The movem(mts of this fractj.on of the 

female population are entire ly discordant with +'he rate of change 

hypothesis or the optimum intensity hypotLesis, or any hypothesis 

which involves light as a direct causal stimult's. 

There is no r eason to believe that the substrate bins are 

grossly unreliable in assessing movements onto or off the lake sedi-

ments . The bins are entir ely transparent, allowing any light changes 

to be transmitted to the calanoids within. The openings are wide 

and should provide no barrier or obstacl e to the movements of the 

calanoids out of the bins a.t dusk . If these a.rguments are acceptabl e, 

then the movement of part of the adult female population out of the 

bins in the absence , seemingly , of adequate light cues , is unlikely 

to be a rtefactual. The movements of this fraction cf the calanoid 

popul ation can be ascribed only to endogenously controlled changes 

in locomotor activity. 

The dawn movements of pelagial calanoids at two stations of 

different depth are very simi l a r and are clearly correlated with 

changes in light penetration. The movements of the median indivi-

dual are shown in relation to changes in light penetration in Figs . 

33 and 34. 
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TABLE 9. 

Rates of movement (m/hr) of different age groups of K. hesse2 at dawn 

in relation to rate of change of light intensity . For further 

explanation, see caption to Table 8. The positive values indicate 

ascent i.e . dawn rise. Data ba sed on dawn series of 19/2/72 at 

Station I . 

e group 0400_0445 01,45-0530 0530-0615 0615-0700 
hrs hrs hrs hrs 

-

Nau p lii +4.0 -3.9 -3. 9 ;- 0.7 

CI -- CIlr - O. 5 +0.7 -9.4 - 0.1 

CLV - CV - 2. 4 +3 . 1, -10.7 ;- O. 1 

Adu lt ci" +5.6 _li,.9 -6. 0 0 

Adu It ~ +4 .2 -13.0 -7 . 5 +-0. 9 

1 1 ux isolume - - 30. 7 -12.0 -4.1 
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As a result of the nocturnal sinking of the calanoids , t he 

median distribution depth lies fairly deep before dawn and the mag­

nitude of subsequent movements is necessarily reduced c~mpared to 

the dusk movements. Notwithstanding the reduct ion in magnitude, 

the maximum rate of displacement of the median distribution depth 

at dawn (T able 9) is comparable to the values recorded at dusk (Table 8) . 

Fig. 34 shows a small rise in the median di~tribution depths 

of adults and nauplii between Of,OOhrs and 0700hrs . It is al s o shown 

by the adult females in Fig . 33. This has been interprete d as an 

ephemeral cla\7n rise . It is generally believed that the dawn r ise 

is a simple posi ti ve phototactic response by da-:k- adapted animals to 

a low light intensity . This interpretation ma,ches the observations 

on f . hessei. HoV/ever, as a result of the ve::-y pronounced sensiti-

vity of this species to light, and possibly the rapid increas e in 

light intensity which is experionced in these latitudes where tw::_light 

is practically non-existent, the ascent is terminated rapidly. The 

reduced magnitude of the dawn rise is therefore entirely commensurate 

with the conditions and species involved. While it could be obje ct ed 

that the net haul intervals are too l arge to permit the demonstration 

of a dawn rise , the existence of this rise on t wo se"parate sampling 

dates , at the same time in r elation to the diurnal light cycle , 

argues strongl y in favour of i t s validity . The positive values 

shown in the first two columns of Tabl e 9 are referable to this dawI! 

rise . 

There is some evidence that the dawn descent is not initiated 

simultaneously by all stages . From Fi g. 34 , for examp l e , it is 

evident that the adul t s start their des cent earl ie r t han the pre­

ceding copepodite stages , suggesting that photosensitivity may be 

progressively increased in successive stages (al though the naupl ii 

are seemingl y inconsistent in t his regard) . However, a simil ar 
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trend is not apparent from Fig . 33. 

The presence of many copepodit e IV and V stage s and adult 

males on the lake substrates before first light is inte~esting. 

More striking is that the majori ty of adult females are on the 

sediments at this time (vide Fig . 28) . The reldive proportions 

of the developmental stages on the sediments increases in r e lation 

to tl:eir size . This suggests that their presence on the sediments 

may be a fu~(;tion of nocturnal sinking; the heavier , l arger stages 

"sinking" onto the sediments in greater numbers . It CQuld also 

result from a "prejudging" of first l ight through an endogenou s 

rhythmicity. If the latte r explanation is correct , then in both 

dusk and da,7n movements, a part of the populatir.n must be migrating 

in the absence of a light stimulus. 

Two important points emerge from the preceding pae:es , bott 

r elated to the direct migratory sti mulus . Firstly , i n those calanoids 

in which the migratory movement s are cl early related to changes in 

light intensity , it would be interesting tc know in what way the 

calanoids are responding to light i nt ensity . Is the stimulus to 

migrate a funct i on of rate of change of light intensity as held by 

Ringelberg (1961 , 1964) and McNaught and Hasler (1964 , 1966 ) for 

instance , or are the calanoids remaining at all times within an 

optimum intensity range? Seccndl y, the calanoids whi ch migrate 

in the apparent absence of an ade~uate light stimulus indicate that 

me(;hanisms othe r than l ight may be directly responsibl e for initiati ng 

their movements . 

Let us consider, firs t ly , the movements which occur at 

apparently perceptible levels of illuminnti on. The major difficulty 

in expla ining the migrations as "attempts" to r emain within an 

optimum light intensity is in the apparent inability of crustacean 
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photoreceptors to measure absolute energy levels. To obviate this 

difficulty, I have suggested earlier that given progressively in­

creased sensitivity in successive stages, and assuming each stage 

to be living at the limit of its visual acuity , the staggered day-

depth of K. hessei could be explained. A similar mechanism is not 

as easily invoked to explain the dusk and dawn mov6ments. If , at 

dusk , each stage moved upwards to remain at the level of its visual 

acuity, the "outswimming" of particular isolumes would not be ex-

pected. Also, it might be expected that the arrival of succcssive 

stages at the surface would match their visual sensitivity. ~hiS 

is not achieved. Similarly, at dawn , it would be expected that 

the adults would be the first to descend, with the other stages 

following in sequence. This is not strictly in accordance with the 

observations . However , this expected staggering of arrival or 

departure might be masked at dusk and dawn as a re S1)' 1 t of the very 

rapid changes in light intensity at this time of day , and also to 

some extent by the inter-sampling intervaL 

Ringelberg (1961, 1964) and McNaught and Hasler (1964) give 

evidence for accepting rate of change of light intensity as the direct 

migratory stimulus , certainly in the cladoceran species studied. 

McNaught and Hasler have shown for natural populations of Daphnia 

t hat a linear or near- linear relationship exists betv,een the r8.te 

of vertic"l movement and the ra.te of change of log light intensity. 

This relationship applies in three distinct movements during the 

diel cycle viz. dusk ascent , dawn rise and descent to day depth. 

It is apparent that unequivocal evidence for either the rate 

of change or optimum intensity hypotheses will be difficult to obtain. 

There is clearly a delicate balance between the two hypotheses. 

Beeton (1960) has considered them inseparable, since changes in light 

intensity would force ·a given species to move in order to r emain 
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within its zone of optimum intensity. Final conclusions are un-

warranted in respect of f . pessei, although I fa.vour the rate of 

change hypothesis on the besis of work done on cladocera, 

Having discussed the migrations which take place at sensible 

l evels of light energy, it is of interest to consider the dusk and 

dawn movements which occur in darkness. These are mainly exhibited 

by a portion of the adult female population although not entirely 

restricted to the fema19 calanoids. These moverr,ents are most 

plausibly explained on the basis of involving endogenously re~11ated 

chanGes in locomotor activity _ Evi dence for internally regulated 

changes in locomotor activity in the copepodite stages I - VI of 

Eo-I1essei has been presented. Seemingly , the adult females rely 

on this internally regulated migratory trigger to a far greater 

extent than the other stages whose migrations are more clearly 

related to changes in illumination, The significance of this is 

not known , but the feillales are considerably larger than the males 

and presumably more conspicuous to would- be preciators . 1'hcre might 

therefore be selective pressures upon t he females to undertake the 

migrations under darker conditions than males or younger sta.ges. 

If this was the case, tJo.8 importance of endogenous rhythmicity would 

be in allowing the migrations to t ake place in very dark conditions 

i. e . after sunset and be:ore daybreak, 

Utilization of an internal clock mechanism would be of 

particular significance if it enabled the females to "pre-judge " 

dawn and· to move downwards before increasing illumination made them 

visible to predators . The major difficulty involved in an active 

descent would be in the absence of a night-time orientation beacon, 

In active ascent it is entirely f easibl e that the " free-fall" position 

~rovides for orientation to gravity in conditions of total darkness. 

However, no equal ly simple means is known whersby swimming could be 
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directed downwards in darkness. !:=. l'.!:iori, involvement c-f a re-

ver'sed response to the ascent orientation mechanism would appear 

unnecessarily complicated. However, movements out of t.he surface 

waters before dawn could be achieved by a decrease in activity, 

leading to passive sinking . This activity decrease could be inter-

nally regulated, although, in general, activity rhythms increase 

rather than decrease at dawn. It is pOSSible, tfierefore , that the 

presence of calanoids on the lake bed is a result mErely of their 

nocturnal sinking. 

Grindley (1972) reports that .E. hee,se;, wriggles into loose 

sediments of detritus when expoc;ed to light . Thus the calanoid 

might move into toto.l darkness, in which case ed,ogenous rhythmicity 

would be of considerable importance in initiating the migrations 

since a photic cue might te irrelevant to an infaunal rather than 

epifaunal calanoid . Comparable tehaviour has not been observed in 

.E. hessei populations in Sibaya, but this is not to say that it does 

not exist. In fact, observations to be presented upon diel variationn 

in feeding are most satisfactorily explained by assuming an infaunal 

existence of adult and near-adult stages of .E. hessei during daylight. 

There remains one further point to be discus8ed in relation 

to the dawn descent of the calanoids . Several authors have previousl y 

considered the possibility that the dawn descent is ~~rely a passive 

sinking phase. This possibility has been recently revived by 

Rudjakov (1970) . He presents data on sinking rates which indicate 

the feasibility of this interpretation . However, the observed des-

cent rates of .E. hessei in nature are not matched by laboratory 

determinations of passive sinking. Clearly gravity will be of some 

influence in the dawn descent, but some component of active swi mming 

is also required. I believe that considerable caution is required 

in ,i nterpreting laboratory estimates of sinking rate . In the first 
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inst.ance, the natural environment is likely to be reasonably turbu­

lent and this is likely to result in reduced. s;.nking rates compared 

to those recorded in a still tube of water ·in the laboratory. 

Secrmdly, narcotized calanoids , in my experience , do not sink with 

outstretched first antell.nae Vlhich , in the natural free-fall position 

provide a considerable parachute effect. For these reasons, I 

believe tt.at laboratory detern:inations of sinking rate are likely 

to be overestimates and I!w.y suggest that sinking is of greater 

importance than is really the case. 

Discussion of the mechanisms which bring about the migratory 

responses, while fascinating , does not necessarily lead to an under-

standing of the adaptive significance of the migration. It is most 

unlikely that diel migration is without adaptive s;.gnificance , how-

ever intangible such significance m:Lght appear . Harris (1953) has 

suggested that diel migration is an unavoidable side effect of an 

optically controlled depth-re€,'ulation. Tacit in his hypothesis is 

the assumption that depth regulation nay be adaptively significant 

but that the migratory movements themselves are not necessarily so. 

However, irrespective of the direct causal factors involved , the 

diel migration must surely be considered. of indirect significance 

if it achieves the purpose of depth re~llation . Likewise , it can 

be argued that if crustacean visual physiology initiates an increased 

locomotor activity in response to supra- threshold rates of change in 

light intensity , then this too, must be of adaptive significance . 

In the preceding pages , vertical distribution and the migrator y 

behaviour of K. hessei has been described , and where possible an 

attempt has been made to interpret the observations in relation to 

the. causal mechanisms involved. The observations provide a basis 

from Vlhioh to examine the question of vertical distribution and 

migration in relation to its functional and adaptive significance . 
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FEEDING BIOLOGY AND DIE!.. VARIATION IN FEEDING ACTIVITY 

Introduction 

The relationship between vertical migration and feeding 

behaviour has attracted conside~able attention, particularly in 

relation to marine environments (Hardy and Gunther 1935, Harvey 

rt a:!,.. 1935 , Gauld 1951, 1953 , Marshall and Orr 1955a , Hardy 1956, 

and McLaren 1963) . Many zooplankters live by day below the photo-

synthetic zone and since many species are herbivorous , it is not 

surprising that their movement into surface or near- surface waters 

at night has been interpreted as a feeding response . Carnivorous 

species which also migrate , were assumed to be following their prey . 

However, considering the importance attributed to this relationship 

between migration and feeding, it has received surprisingly little 

attention under natural condi.ions. Gauld (1951, 1953) examined 

the feeding behaviour of Calanus finmarchicus in relation to its 

vertical distribution and time of day. He found that under natural 

conditions, very few calanoids contained food during daylight , but 

that at night, most did. Under l aboratory conditions faecal pellets 

were produced both by day and by night, leading Gauld to conclude 

that the low proportion of fed animals by day was not the r esult of 

an intrinsic feeding rhythm, but rather a reflection of the low food 

content of the waters occupied by day . 

obtained in support of this conclusion . 

Some field evidence was 

Most subsequent work on the feeding biology of crustacean 

zooplankton has been concerned primarily with estimates of filtration 

rate, assimilation, food selectivity and various factors affecting 

the above. (e.g. Marshall and Orr 1955b, 1956, Conover 1960, 1966a, b, 

Nauwerck 1963, Mullin 1963, Anraku 1964 , McMahon and Rigler 1965 , 

jiichman 1966, Burns and Rigler 1967, Burns 1968, 1969a, b , Sorokin 
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1968, Schindler 1968, Gli'llicz 1968, 1969, McQueen 1970 , Schindler 

1971) . Apart from Gliwicz's studies , most of these investigations 

have been carried out predominantly under laboratory coniitions and 

t he feeding behaviour under natural conditions has been somewhat 

neglected. 

By and large it has been assumed that in planktonic entomos­

tra.ca , feeding will occur more or less continuously ;n nature , as 

long as food is present, although it has also been noted in certain 

laboratory studies that zooplankton will swim through seemingly rich 

food sources without feeding. The relationship between feeding , 

vertical distribution of consume r and time of dey does · not appear to 

have been studied in a fresh\~ater system in the same way that Gauld 

examined it in the marine environment. 

Notwithstanding the numerous laboratory studies of zooplankton 

feeding behaviour, our basic understanding of this important aspect 

of the trophic dynamics of aq~atic ecosystems is inadequate . As 

recently as 1963 it was necessary for McLaren to make assumptions 

concerning the feeding behaviour of zoopl ankton, as existing obser­

vations were inadequate. 

During the course of the present study , it 'lie,s observed that 

adul t and late copepodi te stages of f .. hessei collected during day­

light seldom contained food in their guts , whereas at night the 

majority of calanoids had conspicuously full guts. The regularity 

of this observation and its obvious relevance to the question of 

vertical migration suggested that a basic examination of the feeding 

biology of this species should be undertaken. It was clear that an 

adequate appraisal of the relationship between feeding and migration 

demanded some knowledge of the feeding behaviour and migrations of 

t he consumer and of the vertical distribution of the food organisms 

in the water body under consider ation . 
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Aspects of the feeding biology of f. hessei and the food 

resources of this calanoid are described in the following pages . 

The tectniques used have been simpl e but satisfactory for the purpose 

of examining the feeding behaviour of f. hessei as it relates to the 

vertical distribution of this calanoid and to its migrations in a 

natural system. 

Feeding mechanism 

The feeding mechanism of adult and late copepodite stages of 

f. hessei has been studied by microscopic examination of the calanoid 

in dense algal cultures and in solutions of coloured foodstuffs. 

Without the aid of a stroboscope or compressorium only a general 

idea has been obtained of the appendages involvbd and their· respective 

functions. In general, however, the fe eding mechanism of f . Ee ss~i 

resembl es that described for ('alanus by Cannon (1928, in Marsha.ll and 

Orr, 1955a). In P. hessei rapid vibrations of the antennae 2 and 

the mandibular pa.lps cr·eate a vortical current on either side of the 

animal. This current passes laterally towards the posterior . A 

counter current moving anteriorly effectively brings the food part-

icles into contact with the filtering app endages . The food particles 

are collected by the posterior feeding appendages and passed forwards , 

presumably along a median food groove . Particles are either inges-

ted after brief masticatory movements involving the mandibular 

appendages or else discarded by rapid flexing, apparently of the 

antennae 2. 

Setation of the filtering appendages 

The basic structure and setation of adult f . hessei appendages 

has been described by Grindley (1963) . However , one aspect of the 

morphology of the mouthparts not described by Grindley is the setul­

ation of the anterior appendages . 
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Fig. 35. Antenna 2 of adult tpo hessei(x400)o 

Fig. 36. Mandible of adult ~ I. hessei (x400) 
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Fig. 37. Maxilla 1 of adult ~ Ko hesse i (x450)o 

Fig. 380 Maxilla 2 of adult ~ K. hessei (x700). 
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This setulation has been examined using Scanning Electron 

Microscopy of freeze dried material. The appendages were dissected 

and mounted separately. 1he anterior appendages of K. hessei 

(excluding the antennae 1) are shown in Figs. 35 - 41. Setulation 

is restricted to the appendages involved in filtering out the food 

particles and is absent from those appendages primarily involved in 

the production of filter currents. 

Antennae 2 (Fig. 35) This appendage is primarily involved with the 

production of filter currents and as such, setulation is not expected. 

The setation of this appendage is both limited and very simpleo 

Mandibles (Figo 36) The mandibular palp functions chiefly in pro-

ducing filter currents, and as such setulation would be superfluouso 

The gnathal lobe is a masticating organ and bears no setae or setules. 

Maxilla 1 (Fig. 37) Superficial examination would suggest that the 

broad area presented oy this complicated appendage would be a very 

effective comb. However, the setae are irregularly supplied with 

setules and therefore would be able to filter out only larger particles 

if used as a filter comb at all. In Q. finmarchicus this appendage 

is reported to have several functions. Firstly, it may be involved 

in the production of filter currents. Secondly, the maxillular 

setae sweep suspended pacticles towards the posterior end of the 

filter chamber. Lastly, the heavy spines on the appendage are 

thought t9 scrape off food particles collected on the maxilla 1 and 

push them tcwards the mouth (Cannon, loco cit.). In view of the 

absence of extensive setulation on this appendage in E. hessei, it 

is clearly not used as a primary filter combo 

Maxilla 2 (Figs. 38 - 40) This is generally accepted as the major 

filtering organ in herbivorous calanoids (Lowndes 1935·, Marshall and 

Orr 1956, Anraku and Omori 1963, and Heywood 1~70b). In~. hessei 
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Fig. ·39. Maxilla 2 of adult ~ ko hessei (~500)o 

Figo 40. Detail of setulation of Maxilla 20f adult ~ 
fa hes~ei (x3000). 

... .. 
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Fige 41. Maxilliped of adult tf. hessei (x500). 
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it is richly furnished with regularly- spaced setules, of similar 

arrangement to that repcrted in !2.finmarchi cus (vide Marshall and 

Orr 1956, Fig. 2). These delicate setules are fairly regularly 

spaced along the length of the primary setae , at intervals of 2 - 4p. 

In fresh, wet matei'ial, the arrangement of the setae is more regular 

than ShO\7n in ~'igs. 38 and 39 , The appendage presents a far more 

uniform paddle shape ana it is reasonable to assume that in life , 

the setules form a very effective mesh. Fig. 40 shows in detail 

the arrangement cf these. setules . The regularity of their spacing 

is noteworthy. An interesting comb-like structure of unknoYin fur.c-

tion can be seen at the bottom centre cf Fig , 40. 

Maxilliped (Fig. 41) ------ Basically a simple appentiage, this structure 

is furnished with cumplicated combs , spines and setae , but setulation 

is very limited . Its struch.re suggests that this appendage is 

used for processes other than filtration. 

Natural food of f. hes8ei in Lake Sibay~ 

f. Eesse~ , like the majority of calanoids , is essentially a 

filter feeder . No evidence is available to indioate that filter 

feeding is anything but obligate in this species in Lake Sibaya. 

The general nature of the food ingested by the calanoids has been 

investigated using direct and indirect methods . 

(i) Filtration rates 

An estimate of food ingestion is readily dete r mined by 

assessing changes in cell concentration after exposure of the food 

source to a popul ation of calanoids . Where the taxonomy of auto-

t rophic and heterotrophic components is known , an accur ate idea of 

the species composition of the food may be obtained (Gl iwicz 1968 , 

1969). While this degree of sophistication is not possible wi th 

the Sibaya material, the consu~ption of broad fo od categories vi z. 



162 

nanoplankton, bacterioplankton and net phytoplankton can be estimated. 

In determining absolute filtration rates, the use of various 

control measures is imperative. However, where used to indicate 

only the nature of the food consumed, the experimental procedures 

may be simplified considerably. Inverted IL.icroscope estimates .of 

net plankton, nanoplar~ton and bacterioplankton abundance were made 

on a sample of lake ~ater into which a number of calanoids were then 

introduced (N:= 50) . The experimental vessel (volume = 1200ml) was 

kept in the dark and agitated ~anually at intervals of 30 to 45 mi~s$ 

After four and eight hours, subsamples of the water were removed and 

algal and bacterial n~mbers assessed. These data were used to 

determine filtratio~ rates, using the equation for exponential de­

crease given by Gauld (1951). Over both four and eight hour periods, 

filtration rates of approximately 1 ml/calanoid/hour were obtained 

for both nanoplan~ton (30p largest dimension) and bacterioplaructon 

lI units l1 (see p 168). Grazing upon net phytoplankton was negligible~ 

These experiments, using naturally occurring food species at 

natural concentrations demonstrate the importance of the smaller 

partic~late material as food sources. This is in accordance with 

the morphology of the feeding appendages as described. 

(ii) Gut content analysis 

Direct examination of the contents of the fore-gut in a 

manner similar to that employed by Fryer (1957d) has substantiated 

the results of filtration studies. The great bulk of the fore-gut 

contents consist of bacterial and nanoplankton elements, especially 

the former. Bacterial aggregations associated with diffuse masses 

of flocculent apparently detritic material made up a large portion 

of the fore-gut content. Only occasional net phytoplankton were 

seen. 
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(iii) Faecal pellet analysis 

Several scores of faecal pellets have been examined during 

the course of the study. The pellets consisted ~ainly of compacted 

ba~terial material , interspe r sed periodice.lly with empty diatom 

frustules and undigested filaments of the blue green alga Anabaen­

opsis . Empty skele tons of circular nanoplankton components similar 

in shape to ChI orella frequently occurred. The low proportion of 

intact algal cells in the faecal pellets suggests that algal cells 

ingested are generally assimilated. 

remains of net algae were observed . 

Only occasional recogni sable 

Synedra ~ was the most 

frequently recorded net algal fragment. It is not known whether 

the compacted bact8rial cells which made up the bulk of the pellets 

represented the natural intestinal flora , cr whether they represented 

llndigested bacteria grazed from the water. The former appears the 

more likely explanation in view of the high assimilation of bacteria 

reported in other copepods (Sorokin 1968). 

Radio-isotope work is necessary to extend these highly 

qualitative observations into a meaningful quantitative stUdy' of 

calanoid nutrition (vide Marshall and Orr 1955b, 1956 , Sorokin 1968 , 

Schindler 1971 , who have stUdied the food spectrum of calanoide). 

Vertical distribution of food in Ls.ke Sibaya 

Estimates of standing crop and biomass of various components 

of the primary producers and consumers of Lake Sibaya have been made 

at Station IlIon a seasonal basis. 

where . 

be l ow . 

The methods used for the analYSis are to be published else-

However, basic descriptions of t he methods . used are given 

Net phytoplankton were sedimented using Lugol ' s iodine and 

nanopl ankton and bacterioplankton were sedimented with a modif i ed 

Lugol's iodine soJ.ution (Volvox fixative in Johansen, 1940) and 



164 

TABLE 10 

Mean standing crop estimates fOT various phytoplankton groups and species 
and chlorophyll a in relation to depth. Figures based on mean data of 
19 69 - 1972, for-Station III. The nUQber of sampling dates is given by N. 

SPECIES 
(Cells or colonies per litre) 

BLUE-GREEN ALGAE 

!1erism0.Eedia sp. 
Anabaena sp. A 
Anabaena: sp. B 
Anabaenopsi.s sp. 

GREEN ALGAE 

Closterium pronum/aciculaye 
Scenedesmu5sp-.-

DIATOMS 

Synedra acus 
Hclosira~. granulata 
Melosira g . angustissirna 
Other diatoms 

CHLOROPHYLL (pg/l) 

Chlorophyll a 
Chlorophyll ~ corrected 

for phaeophyton 

N 

30 
69 
69 
69 

69 
30 

69 
69 
69 
30 

54 

33 

SURFACE 
WATEJl 

(0-5 m) 

2 480x10 2 56xlO l 
77xlO 

316lxl0 2 

2 646xl02 34xlO 

2 l21xl0
2 426xl0 2 32.x10 2 793xlO 

2.6 

1. 7 

HIDDLE 
WATER 

(15 m) 

2.7 

BOTTOM 
WATER 

(30 m) 

2 367xl0
2 39xlO l 53xlO 

2350xl0 2 

2 781xl0 2 
72xlO 

2 278xl0 2 477x10
2 50xlO 

1365xl02 

2. 8 

1. 9 
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counted under an inverted microscope. Chlorophyll concentrations 

were determined spectrophotometrically in cold methanol extracts 

(T8.11ing 1965) . Bacterial activity was assessed by means of broad 

spectrum culture media, under laboratory and in situ conditions. 

Investigations were based in all cases upon samples taken from sur-

face waters and waters close to the lake bed . 

depth were studied in some cases . 

Net phytoplankton and chlorophyll 

Waters of intermediate 

Chlorophyll concentrations and. standing crops of the dominb.nt 

net phytoplap~ton species were determined fortnightly over two years 

at Station III. A 5m plastic hose waS used to collect an intergral 

sample of the 0 - 'jm column (Lund, Kipling and Le Cren, 1958). A 

2 litre Friedinger water bottle was used to collect water -1m above 

~he lake bed, These investigations indicated clearly that total 

algal standing crops and chlorophyll values were similar fo r surface 

and deep waters , although the al gal species showed a consistent ten-

dency for a slight numerical increase in the deeper waters. In only 

the blue- green algae Vlere the standing crops in the surface water 

consistently higher than those in deep water. These data are sum-

marized in Tabl elO and show clearly that the standing crop of primary 

producers (as chlorophyll) is very low indeed . The algal species 

studied showed a regular seasonal cycle of wax and wane, although 

these changes could not be related to the more erratic fluctuations 

in chlorophyll concentration. (Table 7 shows the seasonal changes 

in chlorophyll content of surface and bottom waters during 1970 -

1971) • 

Nanoplankton and Bacterioplankton 

Nanoplankton estimates were based on total counts of all 

algae of which the greatest dimension did not exceed 30? (Hutchinson 

1967). Bacterioplankton estimates were made of bacterial colonies 
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TABLE 11. 

Hean standing crop estimates (in numbers/ml.) for nanop l ankton and 

bacterioplankton in relation to depth. Aggregate data for Stations I 

and II I ind icated separate l y. 

by N. 

The number of deterr,:dnations i s given 

STATION III 

20/7/71 - 27/10/71 Om-5m 30m 
--

Nanoplankton cells 2~89 2343 

Bacterioplankton lin its 9100 9661 
N = 7 

STATION I 

15/1 2 /71 - 5/6/72 Om 19m 38m 

Nanop l ankton ce ll s 4050 3330 4248 

Bac t eriop l ankton units 13050 11772 13104 
N = 10 

I 
I 
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2 3 
Incubation time (days) 

2 3 4 

Incubation lime (day s) 

30m 

15m 

Om 

Po.ptone water 

culture 

med ium 

30m 

Om 

15m 

Di fco -Baclo 

nulrienl brolh 

cui lure 

medium 

Fig. 42. Heterotrophic activity as reflecte·d by turbidity changes 
in two culture media, inocula.ted with lake water from 
three depths . The mean and standard deviations of 5 
series of incubations using water samples collected at 
Station III are shown. 



168 

or a~glutinationso Counts were weighted in relation to cOlony 

size. Small cclonies «10)1) were given a numerical value of 1; 

largest colonies (>20p) were given a value of 3. The resulting 

counts have been termed bacterioplankton "units". Individual 

bacteria were not counted . 

The changes in nanoplankton cell counts ano. bacterioplankton 

"unit" counts were followed over a period of one year. Mean counts 

during this pe riod are given in Table 11. Nanoplankton counts were 

similar for surface and bottom waters, but intermediate wo.ters con-

sistently contained fewer cells . Bacteriopla.nkton showed the s ame 

pattern with r3asonably similar counts in the surface and bottom 

samples and Im.er v:llues in intermediate waterso 

Culture techniques were also used to determine the hctero-

trophic activity of suspended bacteria collected from surface, middle 

and near-bottolli waters . Water samples were collected in a pre-

sterilized evacuated home- made sampler . Broad spectrum cuI tUl'e 

media (nutrient broth and peptone water) were inoculated in test 

tubes Vlith lake wate r from different depths . A water bath placed 

over a paraffin refrigerator burner was used as an incubator. 

Temperature was regulated as far a.s possible by raising or lowering 

the water bath . o 0 Mean incubation temperatures were 30 ± 3 C. 

Bacterial activity was determined i ndirectly by turbidity development, 

assessed in an Eel colorim€ter. While the techniques were simple, 

sterility of controls was achieved entirely satisfactorily. The 

results are therefore comparable, and indicate the relative hetero-

trophic activity of bacterial communities from different depths. 

Fig . 42 shows the mean results of 5 series of incubations . Maximum 

baoterial activity was obtained from deep Vlater samples, and either 

surface or mid- water samples gave intermediate values. 

Bacterial a.ct i vi ty was also measured in situ. Test tubes 
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containing culture media were inoculated with water from ttree depths 

and plugged with cotton wool. The test tubes were packed into 

1200ml polyethylene bottles with cotton wool. The bootles were 

sealed and suspended in the lake at the depths at which the water 

samples had been collected . After three days tl:e tubes were col-

lected and turbidity was determined. The results of the in situ 

incubations were similar to those obtained under laboratory conditions . 

The mean percentage transmission of these samples after 3 days in-

cubation is given below. 

1m 15m 30m 

Nutrient broth 83 87 68 

Peptone water 71 74 64 

The major point arising from ttese data is that the vertical 

distribution of primary producers and consumers witl:in th" pelagial 

of Lake Sibaya, is one of small variation o This arises from the 

lack of thermal stratification and the extensive mixing brought about 

by wind generated currents. 

Primary production in Lake Sibaya 

An initial estimate of primary production was obtained by 

Professor B.R'. Allanson in January , 1973, using radio-carbon light 

and dark bottle techniques . A net primary product~on intergral of 

2 30.29mgC/m Ihr was obtained for the open waters of the lake. The 

compensation point was recorded at 16m . The light and temperature 

regime experienced in this subtropical lake might be expected to 

provide favourable conditions for primary production, particularly 

since the algal populations are not subjected to the so- called 

"shock" factor of annual stratification and overturn (Round 1971)0 

However, the low primary production together with the annually low 

a l gal standing crop might be taken to indicate that one or mor e of 

the essential pl ant nutrients is a limiting factor in the pri mary 
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production of Sibaya. This idea is supported by the geology of the 

area and by seasonal anal yses of r-hosphate and nitrate . Ortho­

phosphate values are genera:'.ly belo" 5}lg/1 throughout the year and 

nitrate levels are barely detectable ; values in excess of O. Ol}lg/l 

have not been recorded (Hart , unpublished data ) . The entire area 

overlies deep sand deposits and all influent streams drain from 

sandy catchment areas. 

I t is interestiDg to note that by feeding upon two different 

energy resources (viz . nanoplankton and bacterioplankton) , f . hessei 

is utilizing two different trophic levels aimultaneously . The 

ability of this cal :moid to do so may , in part , be responsible for 

the success of this species i n an environment in wh ich primary 

production is very low . 

Diel variation in feedin~ f. hessei 

Adult and l ate copepodite stages of f. hessei col lected off 

the l ake sediments during dayl ight hours were sel dom observed to have 

f ood in their guts . By comparison , most calanoids collected in net 

hauls at night had conspicuously full guts . This pronounced differ-

ence was entirely unexpe0ted in view of the uni form vertical distri­

bution of potential food sources , described above . 

The Question of ~iel variations in feeding intensity in 

copepods (and zoopl ankton i n general) has attracted considerab l e 

attention ' (Gaul d 1951, 1953, Marshall and Orr 1955a, McLaren 1963). 

Ha rdy (1956) has postulated thQt vertical migrations of zooplankton 

may be simple f eeding migrations. McLaren (1963 ) has proposed tha t 

·an energy bonus would accrue to zo op l ankton verticall y migrating in 

thermally s tratified systems if feeding was restricted to the warmer 

s urface waters i . e . if a diel variation in feeding existed. 

It is clear that , in general, the feeding behaviour of 
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zooplankton may be inseparably associated with their migratory be-

haviour o In the marine environment where pronounced vertical 

changes in food availability are experienced, Hardy's (1956) hypo-

thesis is obviously realistic. In the unstratified waters of Lake 

Sibaya, the diel changes in the vertical distribution of E. ilessei 

are associated with changes in the proportion of animals with food 

in their guts. However , these changes are not matched by similar 

vertical changes in algal or· bacterial standing cr"op. It was 

obvious that the initial observations on diel val"iation in feeding 

had to be confirmed. The evidence for such confirmation is pre-

sented in the following pages. Results of field and laboratory 

studies are presented separately. 

Methods 

Three techniques have been used to assess diel variations in 

feeding. The majority of the field observations have been based. 

simply upon the presence or absence of food in the gut . A limited 

series of radio-isotope experiments was also undertaken. The 

question of die l variation in feeding has also been examined under 

laboratory conditions using faecal pellet production and presence or 

absence of food in the gut as indices of feeding behr,viour. The 

r adio- isotope studies and the laboratory studies are given in context 

in subsequent pages. 

1 . Presence or absence of food in the gut 

The presence or absence of food in the gut is a subject i ve 

measure of feeding . Nevertheless , it gives a good indication of 

large-scale changes in feeding . It has been used by Gauld (1951 , 

1953) in his studies on Calanus finmarchicus and is undoubtedly the 

simplest method of determining the extent to which feeding takes 

pl ace under entirely natural conditions . In the present study , 

a ni mals we r e col lected by various means at different times of the 
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day and immediately preserved v.ith formalin. Samples were kept in 

the dark in a cool place and examined within 24 - 48 hours. In the 

Sibaya material ; distinct differences in quantity and colour of food 

were evident between the daylight and night samples, particularly 

in the adult and late copepodite stages of the calanoid. Animals 

col l ected at night had conspicuously full guts. The midgut con­

tained a compacted mass of green or greenish yellow ma-cerial. which 

was immediat ely obvious upon microscopic examinat i on . General l y, 

the gut was ei ther very full or empty; only occasionally did the 

gut appear slightly f illed. By comparison, animals coll.ected during 

daylight were predominantly without food in the gut. When food Vias 

present , it was g~nerally present in small amounts and was of a 

darker col our (greeni sh brown to brown). A simp l e yos/ no criterion 

was emp loyed in quantifying the observations. If any food was 

visible in the gut , the animal was counted as fed . 

was made between markedly or slightly filled guts. 

No distinction 

In view of the 

t housands of oalanoids which required examination, it was . obviously 

impractical to dissect out gut contents . The differences were , bow-

ever, sufficiently pronounced on the basis of simple externa l exami­

nati on . 

Three potential sources of error may be involved i n dete rmining 

feeding in this way. 

a) Gut clearance during processing . 

b) Spontaneous defaecation upon preservation. 

c) Transparency of food. 

a) Gu t clearance rates in relation to processing time. It is 

evident tha t if a n actively feeding animal is kept without food for 

a period exceeding the normal passage time of food through the gut , 

the animal will have an empty gut. It could therefore be incorrectly 

concluded that the animal was not feeding. It was important, there-
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fore, to establish the gut clearance rate of the calanoids and to 

ensure that the time taken to collect and preserve the calanoids did 

not exceed this time. 

Gut clearance rates of animals exposed to natural food sources 

at natural concentrations varied from 10 to 15 minutes . This gut 

clearance rate is considerably shorter than that reported for Calanus 

finma"chicus (Gauld 1953), Diaptomus or~onensis (Richman 1966 ), 

1?. gracilis (Kibby 1971) and McMahon and Rigler's (1965) estimates 

for Daphni'!c ma~. 

The time interval between collection and preservation of 

samples taken usIng different techniques di d not vary to any signif-

iCE.nt ext.ent. In b~th substrate bin collections and net haul 

collections, the time interval le t ween the filtration of the cala­

noids out of their surrounding environment , and preservation , did 

not exce ed 2 - 3 minutes. Thus, the time interval between collection 

and preservation was at all times considerably less than the gut 

clearance rate recorded. There is little likel~hood, therefore , 

that large- scale gut clearance would have occurred in the interval 

between collection and proservation. 

b) §B9ntaneous defaecE.tiJn during preservation . Gauld (1953) re-

ported spontaneous defaecation during preservation in~. finmarchicus. 

He found that this defaecation was very erratio and could introduce 

errors into the results . Accordingly, he kept his material alive 

for exa~inat ion. This necessitated keeping the calanoids for at 

least 20 minutes before starting examination of the first speCimens. 

This w~s entirely impractical with the Sibaya material; gut clearance 

rate s alone could have seriously affected the results. The striking 

diel differences to be r eported support the conclusion that in f. hessei 

spontaneous defaecation is not a serious factor. If it were, the 

diel differences would not be expected, unless the extent of sponta-
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TABLE 12. 

The proportions and percentages of P. hessei containing food in their 

guts, in relation to time of day. 

STAGE NET HAULS SUBSTRATE BINS 

Midday Midnight Midday Midnight 
35-38m 0-38m 38m 38m 

Adult d'd' 
3 

3% ~~6 92'% 0 0% 0 
100 279 • 137 0 -

Adult 
4 8% 173 85% 7 

7% 
0 

!i' !i' 51 205 100 0 -

12 
2~% 269 77 '% 10 0 

CI - CV 50 350 • 100 10010 0 -

TABLE 13 

Proportions and percentages of P. hessei containing food at midday, i n 

relation to the substrate type used in the substrate bin . 

STAGE LITTORAL 

! 
SAND FROM MUD FROM 

SAND LAKE BED LAKE BED 
AT 39m. AT 35m. 

Adult 0'0' 0 0% 0 
0010 

0 
0010 73 8I 83 

Adult 3 2% 5 3':'. 3 
2% ~ ~ 171 152 172 

2 
2io 

6 
6':'. 

4 
4% CI - CV 100 100 100 
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neous defaecation itself varied dielly. Several experiments re-

ported below demonstrate that there is no roason to believe that it 

doeso 

0) ~~ansparency of food. Algal cells compacted in the gut are 

conspicuous by virtue of their colour and opacity. If the calanoids 

were consuming a hypothetically transparent food source , they might 

appear to have empty guts. In the present study , there is evidence 

that diel variations in proportions of fed and unfed ani als occur 

in the presence of identical food sources. It is unlikely, the1'8-

fore, that false conclusions have been drawn as a result of food 

transparency, particularly since animals collected with food during 

daylight (when the rp. is a lower incidence of feeding) generally 

contained dark-coloured gut contents. 

In spite of the subjective nature of the observations , there 

is little probability that they are seriously in error. The poten­

tia l sources of error can be excluded in some cases. In many cases 

the r esults obtained provide in themselves support for assumption of 

their validHy, as they would not be obtained if a systematic error 

was present . 

presented. 

This will become evident as the observations B.re 

Field studies based on the presence or absence of food in the gut 

and the validitv of substrate bin results. 

The diel differenoes in the proportion of fed and unfed 

animals are large , particularly in the oase of adult calanoids. 

The extent of this difference is shown in Table 12, in which midday 

and midnight collections made with nets and substrate bins are com-

pared . The .absence of calanoids from the substrate bins at midnight 

is as a result of their migratory behaviour. Similarly, the low 

catches in midday net hauls reflect the vertical distribution patter n. 
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The data t;i ven in 'rable 12 demonstrate the pronounced change s which 

occur between day and night. During daylight, very few animals are 

captured with food in their guts. This is true, whether they are 

caught in the water column or on the substrates. 

majority of the animals contain food. 

At night , the 

The net haul sample rest:lts are obviously realis tic. There 

is little or no possibility of obtaining high " percentage fed" values 

if these are not in fact real. It is only the low values which 

wa.rrant exanination . 

Extensive observations of calanoids in association with 

sedimentary substrai,es have been made in the laboratory. Calanoids 

were consistently seen to filter off particles of very fine flocculent 

material collected from sedimont taken from the lake bed. These 

observations originally led to the suggestion that the calanoids 

mieht be utilizing the flocculent material as a food source . This, 

in turn, suggested that the low proportion of calanoids with food in 

their guts , collected in substrate bin sa,mpl es , might arise from the 

artificiality of the substrate introduced into the bins. The 

possibil ity that the substrate bin results are artefactual has been 

examined and the evidence demonstrating the validity of the results , 

drawn from several separate approaches , is given in (i) - (v) below, 

before the major observations are presented. 

(i) Use of natural substrates in the bins 

The l ittoral sand substrates normally used in the substrate 

bins were replaced with natur al substrates collected off the lake 

bed with a Van Veen grab . Bins in which littoral sand (from Om) , 

profundal sand (from 39m) and profundal mud (from 35m) were used as 

substr ates , were positioned on the lake bed at 39m . The proportions 

of fed and unfed animals at midday, colle ct ed from these bins after 

an overnight exposure, are given in Table 13. No difference in 
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TABLE 14. 

Comparison between the proportions and percentages of P. hessei 

containing food collected at midday from substrate bins exposed in t~le 

lake for varying lengths of time. 

STAGE OVERNIGHT 8 DAY 
EXPO SURE EXPO SURE 

Adult rJ" 
0 0";' 0 0% 

73 237 

Adult !f 3 
270 1.1 2% 171 495 

CI - CV 
2 

2% 
12 

4':'. 100 300 

--

TABLE 15. 

Proportions and percentages of R.he sse i containing food in r elat ion to 

time of day. Daytime values determined from animals collected from 

substrate bins exposed at 38m. Night- time values determined from animals 

restrain ed to substrate bins until after dark, by means of sealing lid s 

fitted to the bins during daylight. Both sets of bins exposed at 38m. 

--
STAGE DAYLIGHT NIGHT 

38m 38m 

Adult if if 0 
0"/. 

14 23% 90 60 

10 , 23 
Adult !f '? 112 9% 60 38% 

CI - CIlI 
13 9% 

46 
25% 150" 177 

CIV - CV 
33 17% 

25 23% 200 "'""i07 
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proportions of fed and unfed animals exists. X 2 (Siegel 1956, p. 107) 
c 

is not significant at the 95% level. Total catch per bin TIas simi-

l arly unaffected by substrate type (see also p . 88) 

(ii) Tem£oral changes in "artificial" substrates exposed on the lake 

bed. 

Exposure of the substrate bins on the deep lake bed for as 

little as 4 - 6 hours, r esults in a conspicuous accumul ation of 

flocculent triptoc. If the exposure is increased to several days 

this flocculent material compacts on the originally introduc9d sub-

strate, formine e. layer which may reach several centimetres in depth. 

A comp lex fauna and flora appears "ithin several days , and it is 

superficially difficult to distinguish the few centimetres of sedi-

mellt!>ry material from that occurring on tl:e natural lake bed. Cala-

nJids collected from bins exposed for this length of time would sup-

posedly have available to them, the food sour·ces available on undis-

turbed natural sediments. In Table 14 the proportions of fed animals 

collected from substrate bins exposed for t a day and 8 days are given . 

There is no significant difference between the two samples . 

(iii) Proportions of younger stages with food. 

If food was a limiting factor within the substrate bins , it 

would be expected that the feeding of different developmental stages 

should be affected similarly. Yet, in practically all substrate bin 

collections, the proportions of earlier developmental stages with focd 

were considerably greater than tho se of the later stages (Table 16, 

for example). This might be taken as evidence against food limitation 

within the bins, assuming that the food requirements of the younger 

stages are similar to those of the adults . 

(iv) Feeding changes i.n calanoids ccnfined to substrate bins until 

after nightfall 

At night, the entire calanoid population moves out of the 
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s~bstrate bins into the overlying pelagial water. In situ estimates 

of feeding within the substrate bins are therefore not possible at 

nigtt unless calanoids are forcibly confined to the substrate bins 

until after dark. This procedure has been used to assess the diel 

changes in feeding which take place wHhin the confines of the bins . 

Proportions of fed and unfed animals we r e determined from a bin 

sample collected and preserved at midday . A replicate bin was 

retrieved at midday , sealed by means of a transparent perspex lid , 

and returned immediately to the lake bed (at 38m). The sealed bin 

was retrieved again I-.\- hcurs a.fter sunse'" and the calanoids removed 

and preserved . The results of the day and night samples are given 

in Table 15. Despite the small numbers involved , conspicuous changes 

in the percentages of animals with food are eYident. The diel 

c'langes are not as pr onounced as those normally recorded in 1'ree-

living calanoids (Vide Table 12). Nevertheless , it will be appre-

ciated that during the 5t hour period in which the bin was sealed , 

sedimentation of potential food sources would be expected . Therefore, 

when the calanoids moved into the water overlying the substrate with-

in the substrate bin in their normal dusk ascent , they moved into 

waters which were probably somewhat deple ted of food . The smaller 

diff erence between day versus night r esults in this experiment is 

explicable when viewed in this manner . No.twithstomding (:edimer. tation 

effects , day versus night results differ significantly when tested 

by means of X2 (in 2 x k contingency tables, Siegel 1956, p. 107), 
c 

in the case of the adults and early copepodi t e stages. (Adult males 

p> 0 . 001 , Adult females p ~ 0 . 02 - 0 . 01, C I - C III p > 0.001 , C IV -

C V p ~ 0 . 5 - 0.7). 

(v) Collections of animals off natural undisturbed substrates . 

With the construction of the horizontal bot tom sampler (p. 46) 

it was possible to collect large numbers of calanoids off natural 
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TAII U : 16 

DlUfnn l v(lri :l tlon in rr"po nlofl Ilnu rwrc" n t"HC:I of P. h""i ',,' l (.ont.ll1 .(n~ r,," d . . 
Cnl anohls "h' rC! ('011('(.(.,<1 by n ... ·,:)!l !1o or ~ub !l t r n tc btnlt7 h~~;; "l bott on' ::1.I~,' I<'r 
and net h.lUls nl Statt on 1. 21. j'J!7:! . Sunrise ~ll:1 obsc 'II t'J by clouu c e',ct, 
but occurr"d at II!lPt"O )<Il",lt.~l)' 06 .JO hrs, sun:ll't at 11. 00 ho •. 

-~ 

SURSTflAT£ UQltl1.0 :.:tAL 
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substrates where natural physical, chemical and biotic factors would 

be expected. Collections of calanoids off the natural lake substrates 

during daylight hours have provided the most adeC[uatc confirmation 

of results obtained from substrate bin collections. Table 16 gives 

the results of serial daylight collections of calanoids off lake 

sediments and from the pelagial waters . It shows the comparability 

of substrate bin , horizontal bottom sampler and to some extent net 

haul collections in relation' to the percentage of an~mals with food 

in their guts. Comparison of substrate bin and horizcntal bottom 

sampler results by means of the Wilcoxon matched-pairs signed-ranks 

test leads to tho conclusion that the results are significantly 

different with respect to the percentages of cal"noids with food. 

Be this as it may, the daytime substrate values are still low relative 

to the pe l agic night-time values obtainod in the same series. 

Comparison of the 1600hrs and 1800hrs samples takgn with the 

horizontal bottom sampler shows a marked increase ';.n the proportion 

of animals with focd. However, this increase may be artefactual,on 

the following grounds . The horizontal bottom sampler, in the open 

pOSition , could act in some way like a net descending horizontally 

or at times, slight ly obliC[uely. There was no provision in its 

construction to ensure that the collecting tube was kept closed until 

it was activated on the l ake bed . Since, by 1800hrs. the dusk ascent 

of the calanoids was well advanced (sunset was at 1700hrs), there is 

no guarantee that the 1800hrs sample does not represent animals 

captured in the water column and not off the substrates . For this 

reason, and since the sample involved is so small , it would appear 

justified to ignore this set of results. 

The net collections at l800hrs show a marked increase in the 

proportion of adults with food. This strongly suggests that feeding 

is closely correlated Vlith movement of the calanoids into the pela.gic 

waterso 
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The observations presented in the preceding pages provide 

evidence that the l ow percentage of adul t calanoids wi th food during 

daylight is not an artefact arising from the use of substrate bins. 

It is clearly a val id feature of the feeding biology of f . hessei . 

Differences occur between daytime samplings , depending on sampling 

equipment. Neverthe l ess, these differences are small in compar ison 

to the ove r a ll die 1 chan:;ss which have been recorded. Having pro-

vided j ustifice.tion for using results obtained from substrate bin 

samples, it is possible to examine the cverall circadian pattern of 

feeding as it relate s to the ver tical distr ibution of f. hessei. 

Results 

The most comple t e investigation of changes i n feeding i n 

relation t o vertica~ distribution and time of day is shown schemati-

cally in Fig. 43. The vertic~l distribution and i ts temporal changes 

are represented on t he x axis and dep th on t he y axis . 

ages of animals containing food a r e shown on the z axis. 

The percent­

The 3 -

dimensi ona l format a llows the compar i son of vertical distribution 

with changes in percentages of anima l s with food, in relat i on to the 

time of day . Fig.43 shows that large percentages of calanoids are 

fed when they are in the wa t er column at night whereas when they are 

on the lake bed at midday , very low percent ages contain food. The 

figure shows that high f eeding intensity is associ ated with the 

presence of t he calanoids in the water column, irrespective of whether 

they are in the very surface or very deepest wa t ers . Differences 

are evident be tween the adults and cop epodites but the general pattern 

is consistent. 

These observations were made during a single circadian series . 

However, a large quantity of data collected over a period of some 

five months are available to confirm the general conclusions which 

emerge from Fig. 43. 
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TABLE 17. 

Proportions and percentages of R. hessei containing food, captured in 

the water column by day and by night, by means of net haul s. These 

are aggregate data, based on collection s made between February and June, 

1972 . D;.ta collected 1\ hours either side of s un se t or sunrise are 

excluded . The low numbers of adults captured by day is a reflection of 

their vertical distribution. The relatively 1m" number of younger 

stages in the night samples is a function of sampling intensity. 

DAYLIGHT NIGHT 

Adult d'd' 8 
7% 

575 
92% 116 627 

Adult 8 8% 345 
85% 'f 'f 105 405 

CI - CV 292 
47"1. 

269 
77% 619 350 

TABLE 18. 

Proportions and percentages of ~.he sse i containing food, captured off 

substrates by day and by night by various means. 

dat a for February to June, 1972 . Data co llected 

These are aggregate 

l~ hours either s i de 

of sunrise or sunset are exc l uded. The low number of calanoids 

captured by night is a reflection of t heir vertical distribution. 

DAYLIGHT SAMPLES NIGHT SAMPLES 

Substrate Horizontal Substrate Horizontal 
Bin Bottom Bin Bottom 

Sampler Sampler 

Adult d"d" 1 08 7'% 229 
12% 

31 
91% -

15 23 • 1829 34 

Adult 413 23"1. 574 28% 
44 

83% ~ ~ 1803 . • 2018 53 -

225 46% 319 58% 2 67% -CI - III 48s" 548 "3 

359 44"1. 519 66% 
70 

99% CIV - V 811 • 927 TI -
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TABLE 19. 

Proportions and percentages of ~, hessei containing food, captured in 

the water column and on the substrates using various methods, during the 

dusk and da"n periods (Le . l~ hours either side of sunset and sunrise), 

These are aggregate data, based on severa l collections. 

-
DAWN DUSK 

Net Substrate H.B.S . * Net Substrate 
Samples Bin Samples Bin 

Adu 1 [ if cJ' 1~~ 57% 
27 

1.4% 3;Z 16% 
267 77% 61 

26% 199 347 ' 239 

dule 1;; 72% 
24 24'}', 2~6 16% 

242 
82% 166 427, Q ~ 100 296 400 T 

A 

r "147 56% 0 1~~ 56'}', 
368 15 40% I - CIlI 263 • "5 620 60'10 38 

IV - cv 11 62% 0 48 
25% 49 86% 2.1 42% 0 -- 50 37 ' 192 57 ' 

c 

I - CV , 147 65% 1~6 19% 
0 235 78% 40 50 '1, 

I 225 ' '0 300 ' 80 

" Horizontal Bottom Sampler. 

TABLE 20. 

Propor:ions and percentages of ~. hesse i containing food in r e l at ion t o 

time at dawn. The results are based upon collections made by means of 

substrat e bins (Station I, 19/2 /1 972). 

0400hrs 0410hrs 0445hrs 0530hrs 0615hrs 0700hrs 

Adult rJ'd' 8 
;; 92% ~; 927, ;; 38% 

3 
6% 

0 
0'1, "8 100'10 50 50 

Adult ~ 'i' 0 41 82% ~~ 86% Q 30% 9 18% 3 
6% "6 . 50 50 ' 50 50 

Copepodites 23 96% 
49 

98% ;~ 100% 
15 

5; 18% 
3 

6% 
I - V 24 50 50 30% 50 
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Table 17 shows the proportions and percentages cf animals 

contailling food present in the water column by day and by night . 

In the adult calanoids particularly, there is a strikin£, differencE: 

between the daylight and night collections. Practically all cala-

noids collected frem pelagial waters at night contain food , whereas 

the proportion of adults with food during daylight is very low. In 

the pre-adult ccpepodite st8.ges a significant diffenmce exists , but 

is less striking than in the case of the adults. 

A similar diel difference in feeding is evident in calanoids 

captured off the lake bed, as shown in Table 18. During daylight , 

relatively few adul.ts contain food. This is ayparent in both 

horizontal bottom sampler and substrate bin res~lts. Very few 

calanoids are oaptured on the lake bed at night . Nevertheless , those 

that are captured almost all have food in their guts •. It will be 

realized, however , that the calanoids collected on the lake bed at 

night have probably just SUQ\ into the bins out of the pelagic waters 

as a result of their nocturnal sinking. Their presence on the sub-

strates is "incidental " and in all probability the food they contain 

was ingested in the pelagic waters . 

It is clear that pronounced differences exis~ in the propor­

tions of adults with food by day and by night. Accordingly, it is 

of interest to examine the feeding intensity during t3e transition 

between day and night and night and day. 

The proportion of calanoids with food in their guts dur ing 

the dusk and dawn periods is shown in Table 19. At dawn, the 

peroentage of adults containing food is considerably higher in the 

pelagic (i . e . net) samples than in sampl es collected off the substrates. 

At dusk this is also apparent if the net and subst rate bin results 

are compared. Changes in the proportion of calanoids with food a t 

dawn are given in Table 2~ which shows a steady t emporal decrease 
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in the proportion of fed calanoids. The results suggest that 

feeding is chiefly carried out in pelagic waters and that as the 

calanoids reach the lake substrates , the intensity of feeding de-

creases .. Dusk collections have shown a similar pattern , with a 

high proportion of pelagic ca lanoids containing food , whereas the 

benthic component is poorly fed. 

From the de.ta presented , it is apparent that pronounced 

diel differences occur in the feeding of E. hessei , and further , 

that th ese variations are intimately associated with the vertical 

distribution of the species. In the adult calanoids , which have 

been shown tc reach and settle on the lake bed during daylight , 

feeding is seemingly terminated during their benthic phase. But 

at dusk , as they move into the overlying waters , the proportion of 

adults with food increases dramatically. At dawn , the process is 

reversed. In the pre-adult stages , however , which are (depending 

upon the stage) either entirely pelagic or less exclusively benthic 

during daylight , larger proportions contain food by day than in the 

adults. 

Various lines of evidence have suggested that the food 

resources of Sibaya are no t signi ficantly different vertically . 

The enigma of the diel variation in feeding in E. hessei is i n the 

fact that thi s variation occurs in the face of an apparently adequate 

food supply . Laboratory studies were initiated in an attemp t to 

determine the reasons for the ci r cadian feeding rhythm . 

However , before the laboratory studies are described , the 

r esul ts of a series of radio- carbon feeding experiments carried out 

in si t u a re given . 
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2. Radio-carbon feeding stud.ies 

Radj.o-isotope tracer methods have be en applied in an attempt 

to confirm the results based on presence or absence of food in the 

guto Tracer studies were carried out as far as possible under field 

conditions, where natural conditions of illumination, temperature , 

food availability and zooplankton density would be experienced by 

the experimental animal~. 

Numerous workerG have employee. radio-isotope techniques to 

estimate filtration r otes, assimilation rates, food species etc. in 

copepoda and cladocerao (e.g. Sorokin 1968 , Marshall and Orr 1955b 

1956, Schindler , D.Wo 1968 , Schindler, J.Eo 1971, McMahon and Rigler 

1965, Richman 1966, Ricr'-'llan and Rogers 1969 , B'lrns 1969b.) These 

studies have been "arried out mostly under laboratory conditions. 

~'or the purposes of the present stud.y , however, daytime in situ 

experiments , ;ere obviously required if the visual observations ",ere 

to be confirmed or supplemented. Daytime feeding was studied in 

sealed substrate bins on the lake bed. Prior to starting the 

experiment, the bins were exposed overnight to collect tripton and 

calanoids. By doing this it Vias reasonable to expect that the fo od 

materials collected wou~d be those naturally occurring in appropriate 

quantities, and that the calanoid densities would be comparable to 

those existing on the na~ural lake bed . 

The procedures empl oyed in assessing diel variation in 

feeding are described in detail in Appendix 7. In essence , ca1anoids 

we r e exposed t o radio- carbon labelled pelagic waters at night in ·one 

seri es , which was performed under l aboratory conditionso In a 

second, daytime series , the tripton and suspended material collect ed 

in a substrate bin was labelled , and calanoids wer e exposed to this 

l abelled material in a substrate bin which was sealed a nd re turned 

to the l ake bed. Potential food sources were labell ed in the dark 
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TABLE 21 

Feeding intensity (cA~rcssed as dpm/animal) in P. hesse! subjected to radio­
carbon labelled flocculent -detritus and pe l agial watcr-'-in relation to time 
of day . Daytime fceding intensities were measured in si tu. See text for 
furth e r exp lan at ion. - --

Haterial labelled F l occulent Flocculent Flocculent Pelagia l M5.1 1ipore 
tripton t rip tor. tr ip ton water filteced 

w~ ter 
Time of day Day Day Night Night Night 
Exposed at 40 m 10 m Lab Lab Lab 

Amount of radio- , 
activity in 89614 107586 186065 746868 0 
suspension (dpm/ 
1) 

Tota l radio -
activity in 
suspension and 
solution (uCi/l) 0.040 0.048 0.084 20.723 16.69 7 

UPTAKE BY ADULT P. HESSE I 

dpm / samp l e 0 55 76 1117 244 

No . of calanoids / 
samp Ie 200 200 200 203 137 

Gross uptake per 
anh:la l (dpm) 0 . 00 0.275 0 . 380 5.502 1. 781 

Sei f - adsorption pel 
calanoid (dpm) - - - 1. 781 ·' .• 781 

Net uptake from 
suspended materia l 
(di'm/anima l) 0 . 00 0 . 275 0.380 J .721 0.00 

UPTAKE BY HIXED P. HESSE l POPULATICN -

Rep licato (1) 

dpm/s amp 1e 877 1650 1400 2337 244* 

No. of cal anoids / 
sample 11466 7064 5161 381 137 _. 

Gross uptake pe r 
anima l (dpm) 0.076 0.233 0.271 6 .134 1. 781 

Rep l icate (2) 

dpm/sample 265 2085 - 127g -
No. of calanoids / 
samp Ie 3032 6242 - 187 -
Gro ss uptake pe r 
an ima 1 (dpm) 0.087 0.334 - 6.834 -
Gross mean uptake 
(dpm/animal) 0 . 081 0.283 I 0.271 6 . 484 1. 781 

Self absorption pel 

I ca l ana i.d (dpm) - - - 1. 781 1.781 

Net mean uptake 
from suspended 
mat er ial (dpm/ 
animal) 0.081 0 . 283 0.271 ~. 703 0.000 

I 1 

*Using se lf ~d sorption value of adult calar.oldso 
your.ger stages higbl.y suspect: see appcndtx 7. 

Self adsorpt i on value of 

I 
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using 14e glucose and 14e acetate. 

Results 

The r esults of these experiment s are given in Table 21. 

Self- adsorption of 14e 

The available data indicate that self- adsorption is propor­

tional to the concontration of radio-acti vi ty to which the calc.noids 

are exposed, Self-adsorption figures have been det3rmined at 0.25 , 

6.7 and 16.7 )lei/I; uptakes equivalent to 0 . 9, 1.3 and 1.7 dpm per 

adult calanoid per hour were obtained at these respective concentrations. 

For mixed copepodite stages , a single self-adsorption value 

of 11.9 dpm/anim",l was obtai.ned in a ",olution cl·ntaining 16.7 }lCi/1. 

This val.ue was so incongr1Jously large as to be highly suspect and 

therefore the adult self-adsorption values have been used for all 

corrections . 

Absorption of 14e from ingested. par ticulate material 

Uptake of 14C from the labelled flocculent tripton , both in 

the in situ exposures during daylight and. in the laboratory system 

at night , is very low. Uptake figures of 0 - 0.38 dpm/animal were 

obtained for adult calanoids. Uptake values of 0 . 08 - 0.27 dpm/animal 

we r e obtained for mixed populations . Self- adsorpti,)n of 14C in these 

exposures is theoretical ly zero , since no r adio- activity was theoret-

ically avai l able in soluble form. The radio- activity added t o the 

substrate bins reflects that bound up in t he washed flocculent materi al. 

In practice , however , it is likely that scme leaching of l 4C from 

t he f l occulent material occurred during the in situ exposure. At 

the level of radio-activity invol ved , even i f the entire radio-ac tive 

component had been in soluble fo r m (i.e. 0 . 04 to 0.08 p Ci/l) self-

adsor ption woul d have been very l ow. At most, self- adsorption could 

amount to t he total uptake. For the purposes of Table 21 any self-

ads orption from the f l occul ent t r ipton exposures has been ignor ed. 
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In marked contrast , 14C uptake from l abelled components of 

pe l agial waters is prcnounced . Adults e~posed to label l ed pelagial 

waters absorbed radio- carbon equivalent to 5.5 dpm/anim~ l/hour, of 

which 1.8 dpm/animal/hour was a t tributable to self- adsorption. In 

a mixed populELtion of .E. heDsei uptake "mounted to 6.5 dpm/animal/hour. 

Using the adult sel f - adsorption value of 1.8 dpm/ animal/hcur, the 

uptake referrable to ingcsti'on of la.belled particula.te matErial is 
'. 

3.7 dpm/animal/hour in the adult calanoids and 4.7 dpm/animal/hour 

in the mixed cal ELnoi d popul ation. 

It was not pcssible to repeat the exper iments t o confirm the 

initial findings. However , the results indicate very cl ee.rly the 

great er upt ake from the l abelled pelagial components a t night t han 

from the labelled flocculent tripton by day or by night . As a result 

of the inadequate retrie"al of 14C from the flocculent trip ton for 

assay purposes ( see Appe:ndix' 7) and because of the SUSPect self-

adsorpti on value, t he results have to be treated wi t h caution . 

Standing as they do , however, they confirm the more ext ensive visual 

observations of die 1 changes in numbers of animals containing food. 

Certainly , there is nothing in the results which contradicts the 

field r esults · obtained by visual examination of the calanoids. 

3. Laborat ory Studies 

The data collected unde r field conditions demonstrate unequiv-

ocally that a relationship exists betT-een feeding and vertical dist -

ribution with a restriction of fe eding to the pela.gic wat er s in the 

case of the adult calanoids. Several lines of evidence suggested 

t ha t the r educed feeding during daylight was not necessarily a 

refl ection of food inavailability. Super fi cially , it was not poss-

ib l e to determine whether t he feeding changes were associated with 

the mi gratory movement s per.§.§. or with time of day ~ se. 
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Laboratory studies were therefore initiated in an attempt to estab­

lish the ~sal factors involved in the diel changes in feeding. 

Two possibilities eAisted; 

1. The f eeding of adult calanoids was restricted to darkness by 

means of an en,j.ogenous feed:.ng rhythm. 

2. The feeding of the adult calanoids waS inseparably associated 

with the locc.motory activity involved in their nocturnal migrations. 

Apart from visu al observations under laboratory conditions 

of calanoids feeding while sedelltary, the second possibility appeared 

more consistent with the observed results . The calanoid stages 

found in pelagial wiiters during daylight and which would therefore 

be maintaining station by locomotory activity , ,'ere those in which 

the dial variation in feeding was least pronounced. Further , the 

general association between Ic'c omotion and feeding in calanoids is 

wide·ly accepted (reviewed by Jorgensen 1966). (Thi s is not to state 

that filter feeding- is au tomatic in a swimming animal, however.) 

The principal objection to this simple exp lanation lay in the visual 

observation of feeding in sedentary calanoids under laboratory 

condi tions . 

The idea of inns.ce feeding rhythms in copepods has been 

raised (Wimpenny 1938 , Gauld 1951) although its existence has been 

r ejected in subsequent investigations (Gauld 1953, Richman and Rogers 

1969). 

(1963) 

The issue is one of considerable application to McLaren ' S 

thesis and has been investigated in .E. hesseL Changes in 

feed ing upon interfacial sedimentary and/or pelagial food sources 

has been studied in relat ion to time of day. 

(a) Feeding rhythmicity in substrate bins 

Substrate bins exposed for several days on the lake bed at 

Station I were returned to the laboratory wi t h their associated fauna 

and flora. One series was 'subjected to the natural light/dark regime 
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TABLE 22 

Proportions and percentages of P. hesse i containing food 
under laboratory conditions. Thecalanoids were kept in 
undisturbed substrate bins under two different light regines. 

CONTINUOUS DARK NORMAL LIG:1T /DARK CYCLE 

Day Night Day Night 

Adult 30 57% ~ 427- 13 
11% i~ 7070 d'd' 53 50 ° 121 

Adult 38 7 '% 5~ 1870 
18 

21% ~~ 7270 If ~ 
53 0 ° 84 

CI-CIII Z~ 80% l~ 7070 l;g 30% ~~ 7170 

CIV-CV g; 9070 ~~ 80% l;~ 35% ;; 9070 

CI - CV 119 87% ~~ 78% 
65 

33% 66 
8870 137 200 Ys 

CI-CVI 187 770;' l~~ 5370 
96 24% 1~5 80'% 

243 ° 405 157 ° , 
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and the other bi ns were kept under continuous darkness. The two 

series were subsamplod at 1400hrs and 2200hrs over 8. period of two 

days. Subsam?ling in'J"olve" siphoning off a portion of the bin 

contents through a p lankt on buck",t and returning the filte r ed super-

nata.nt to the bins. The calo.noids were pr eserved and examined. 

The combined results of both da ys are shown in Table 22 for 

each experimental light ~·egime. I n the c·alanoids maintained unde r 

the natural l ight/dark cycle , there i s a clear i ncrease in the per­

centage of animals with food in the night-time collections , in all 

stag~s examined . In the case of tte adult calanoids , the magnitude 

of this change is almost comparable with that observed under nat ural 

condit ions. In the adults kept under continual darkness , the daytime 

valt~e s are la.rger t"an the night-time values, although the day and 

night valuos of the pre-adult sta,ges are not conspicuously different. 

Comparison of the daytime values rec orded unde r each experimental 

ligh-;; r egime demonstrates wide ly different results . If an endo­

genous feeding rhythm was a real ity in the species , these differences 

would be unexpected. 

(b) Feeding rhythmicity in pelEgial waters 

The f eeding intellsity of cal E.no ids exposed to pelagic waters 

as a food source has been studied over 24 hours. Faecal pellet 

production was used as an index of f eeding i ntensity . 

f. hessei were collected from substrate bins and sorted 

acoording to age and sex. Batches of adult males , adult f emales 

and copepodi te stages IV - V were pl aced into 4-0ml plas tic tubes 

within a 50ml beaker containing crustacean free l ake wat er. The 

solid base of the central plastic tube had been replaced TIith a mesh 

sufficient ly coarse to allow f aecal pellets to pass through it but 

fine enough to prevent loss of experimental animalso Two replicate 

series were prepared. One series was subjected to a natural day/night 
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regime, with diffuse indoor daylight used as the daytime light source. 

The second series WQS kept under ccntinuous darkness, interrupted 

briefly only when the faecal pellets were being collected or the 

water agitated to res\;.spend potential food particles. 

At interva.ls of two hours, the central containers were briefly 

agitated witl:in the beakers to dislodge all the n;aterial on the mesh 

into the beaker. The central tube was then transferred rapidly to 

fresh lake water in a second beaker. The bl'ief aer .cal exposure of 

the calanoids result ed in no Iliortalities. Faecal pellets from eaoh 

beaker were sedimented Vlith Lugol's iodine in an inverted microscope 

counting cell and counted within 1 - 2 hours, to reduce the possibilities 

of pellet disintegration. Serious depletion of food within the small 

volume of water was avoided by the two-hourly r"lplacement of l ake 

water. Sedimentation of food particles was countered as far as 

possible by agitation of the central tube within the beaker at inter­

vals of 30 - 45 minutes. 

The variation in faecal pellet production is sbown over 12 

hours in Fig. 44 and over 24 hours in Fig. 45. In the first experi­

ment 30 calanoids were uDed in each 40ml tube; in the second ser ies 

50 e.nimals were used per tube . The figul'es show the < faecal pellets 

were producAd t hroughou t the study period. Pelle t production rate 

was not affected to any great extent by the 8xperimen.al light 

conditions , although the number produced per calanoid was in mos t 

cases l ower in animals kept in continuous darkness . Figs. 44 and. 

45 both show a general pattern of increasing pellet production during 

the course of the experiments . The significance of this is not 

known. There is evidence for several copepod speci es that feedi~g 

intensi ty is markedly affected by the volume of water available per 

animal (Marshall and Orr 1955b , Mullin 1963). Since the crcmding 

effect in the present experiments was consic.erable, changes in feeding 
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intensity over the experimental period might be artefactual. 

,Tointly, the l abore.tory studies demonstrate clearly that no 

intrinsic fe eding rhythm exists. Feeding occurs irrespective of 

whether the calanoids are sedentary or planktonic. Both pels.gi c 

and benthi c food sources are consumed by day or by night in conditions 

of darkness or in light . In short, the laboratory studies do not 

permit an immediate interpre tation of the field results. 

Discussion 

The en t ire question of diel variation in feeding in the 

adult calanoids is most perplexing. It has been shown that f eeding 

in adult 1'.. hessei is related to their presence in pelagic waters 

and tberefore to their migrator y movements. T!1e fact that they 

contain food at ni5ht and not by day is, in itself , probably inciden­

t al , but since tt-ei r presence in the water column in synonomous with 

night , vigorous distincti on between feeding "at night" and feeding 

"in t he wate r column" has not always been made. To summarize , the 

l aboratory and field results t ogether provide the following facts. 

1. The proportion of adult calanoids with food is considerably greate r 

when the adu l ts a r e pelE.gic by night than when they are benthic by 

day. 

2. In the pre- adult stages , which show less strictly the division 

into benthi c and pelagic "phases", the die I differences are not as 

pronounced . 

3. The food sources avai l able to the benthio oalanoids are not in­

gested during da.ylight under natural conditions , but when calanoids 

are confined wi th this as the only food source they will ingest it 

after dusk in the natural environment . Under laborator y condi ti ons 

they will ingest the same material more extensively when it is dark · 

than when it i s light. 

4. Under oonditions of diffuse indoor l ighting or t otal darkness , 
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calanoids exposed to pelagic food sources will continue producing 

faecal pellets throughout twenty- four hours, irrespective of the 

light regime. 

On the basis of these facts it is clear that the diel variation 

in feeding ob3erved under nature_l conditions j,s neither the result 

of a.n intrinsic feeding rhythm nor does it arise as a result of the 

hypothetical inseparability of feeding and active locomotion. 

Sedentary animals produce faecal pellets throughout the day. 

Notv:ithstanding the concentration of calanoids upon the lake 

bed ciuring daylight, it is unlikely the.t serious depletion of food 

will occur within tie narrow zone of water above the seciiments . 

Large populat jons of calanoids restricted to sub 3trate bins and 

therefore isolated -"rom the continuous tripton fall - out in the l ake 

show diel changes in feeding i~tensi ty. The same evidenoe suggests 

that hypothetical changes in food quality with depth are unlikely to 

be the cause of the diel feeding changes. Ryther (1954), Meli\ahon 

and Rigler (1965) , Mull in (1963) and Conover (1956, 1966b) have shown 

for various entomostracan grou~s that feeding ceases or its intensity 

is depre ssed when senescent cultures are used as food sources. Mcl~ahon 

and Rigl er (1965) have s'.lggested that food might be undesirable for 

four reasons . 

(i) It may inhibi" feeding. 

(ii) It may be t oxic. 

(iii) It may be indigestible. 

(iv) It may be defiCient in some essential nutrient. 

The food souroes of deepe r waters and in association with the 

lake sediments are consumed by the calanoids, optionally in the case 

of the earlier copepodite stages. In adults restricted to substra.te 

bins, these sources are inge s ted . It appears,therefore, that 

possibilities (i) - (iii) above are not applicable. Calanoids kept 
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in the laboratory for one month with interfacial sediments and over­

lying water provided as a food source , survived and produced eggs. 

After a month the experimer.t s were discontinued. 

exclude possibility (iv) . 

These observations 

The only explanation which fits the field results is that 

feading is associated with locomotory activity and is therefore 

restricted tc the calanoids which are present in the water column. 

In the adults, therefore, fe eding is r estricted to the hours of dark-

ness . In pre-adult copepodites which are not as exclusively assoc-

ia teo. with the lake sediments during daylight , " smaller cr greater 

r:roportion of the animals captured will contain food. This explan-

ation is also consi8tent with what is known of the daytime activity 

of the cala.r:o ids on the lake bed and tbe endogenous rhythmicity 

demonstrated in relation to tbeir locomotory activity. Having 

reached this conclusion, one discrepancy remains to be resolved 

and tbis relates to the fact that sedentary calanoids will feed 

under laboratory conditions. 

Two possibilities exist to explain the fact that calanoids 

on the lake bed do not ingest particulate material. Firstly, i t i3 

probable that extra- cellular products of metabolism are excreted by 

the tripton-bacteria-algae complex which forms the flocculent sedi­

mentary layer on the lake bed. If various toxic or inhibitory 

products are excreted by day (Le. during illumination, howeve r dim) 

but not by night , then mos t of the observations can be reconciled, 

provided that a similar diel difference in excretory products is not 

evident in the pelagic micro-organisms . 

The second possibility is that the adults do not feed during 

daylight under natural condit i ons because they ar e quiescent on the 

lake bed or may be infaunaI. Grindley (1972) r eports that .E. hessei 

may dig itself into loose detritus when subject.ed to bright light. 
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Unde r natural conditions, Kos (1969) r ecords various specie s of 

Calanus digging into marine ooze . Calanopia ame r i cana has also 

be en recorded as digging itself into s edimentary material (Clark8 

1934) . Infaunal existence i s, of course, e xtensive l y documented 

in cyclopoid and harpacticoid copepods, If P. hessei is , in fact , 

in interstices in the l ake substrate , then clearly it woul d be 

unable to f i lter- feed . This is , to my mind , the mOre l ike ly ex-

planation of the absence of feeding in adult E. hessei during day-

light , Unfortunate l y, unequ ivocal. evidence for such behaviour has 

no t been obtained , but circumstantial evidence supports this vi ew­

point , Core samples and subst r a t e bin sa.mples have been scrutinized 

fo r evidence of i nfaunal calanoids. Substrate bins , raised af t er 

an overnight exposure on the l ake bed , initially appear to contain 

but a few calanoids , which are clearly visibl e "anchored" onto the 

vertica l perspex walls (as shown in the frontisp i ece ). However, 

if the bin is tapped sharply, large numbers of ca l anoids, previously 

not visible, appear from the substrate, Numerous bins have been 

examined for evidence of epibenthic calanoids , out since cal anoids 

are difficult to see against the flo cculent tripton , their apparent 

absence from the surface cannot be taken as direct evi dence that 

they are in the substrate. If the calanoids are, in fact , in rather 

than upon the sedimentary layer, then clearly t hey are jus t below 

the surface as thei r mass appearance is not accompanied by large 

sca le disturbance of the interfacial sediments. 

If the calanoids are in the sediments under natural conditions, 

then it should be possible to induce similar behaviour under labora­

tory conditi ons, Numer ous attempt s to do this have f ai led. Neither 

calanoids subjected to bright sunlight out of doors nor calanoids 

kept under diffuse indoor lighting show any evi dence of "burrowing", 

In aquaria in which a deep layer of flocculent sediment is provided, 
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cal anoids swim into the substrate, but their disappearance is moment­

ary . I attribute the lack of success in invoking this behaviour 

to the unnatural illumination to which the calanoids were subjected 

in these experiments. In natural condition~ , calanoids and other 

entomostraca are subjected to a very specific angular distribution 

of light under water and this provides an essential orientation 

beacon - the dorsal light contrasto 

Accordingly, attempts were made to demonstrate the existence 

of burrowing under more natural light conditions by confining the 

calanoids to a substrate bin and exposing the bin on the lake bed o 

Unfortunately , only free- diving techniques could be used to examine 

the enclosed calanoids. This rEstricted the depth at which obser-

vations could be made to several metres only. The bins were accord-

ingly exposed close to the shore and underwater observations only 

showed a mark~d concentration of calanoids on the vertical wall of 

the bin furthest from the shore (? littoral avoidance). It is 

conceivable that the §.eguence of events at dawn is necessary to 

invoke burrowing behaviour and that attempts to isolate this parti­

cular behavioural component are futile. 

It is regre ttable that this question could not be resolved 

satisfactorily. Self contained underwater breathing apparatus 

(SCUBA) methods are anticipated in the futureo NotWithstanding the 

lack of direct evidence, I believe the "burrowing" hypothesis to be 

the most satisfactory explanation of the observed diel changes in 

feeding intensity i n the adult calanoids. Alternatively , the l ack 

of feeding may result from a daylight quiescence in natural populations 

sedentary on the lake bed. Either explanation is consistent with 

various other observations madeo 

The pronounced diel changes in feeding in the adult calanoids 

in the lake a re of considerable significance in assessing the 
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adaptiveness of the diel vertical migrations. The changes are of 

particular relevance to McLaren ' s (1963) hypothesis. In the adult 

calanoids , the restriction of feeding to the hours of darkness meets 

one of McLaren ' s requirementso However, although fe eding is re-

stricted to the hours of darkroess , it may occur at any depth through 

the wate r column (Fig. 43) . McLaren ' s hypothesis necessitates the 

restriction of feeding to the warmer (food-.rich) surface waters . 

In Sibaya the surf8.ce waters are seldom distinctly warmer than the 

deeper waters and , likewise , the food potential of the waters is not 

markedly different verticallyo Younger stages of X. hessei do not 

exhibit the distinct diel changes in feeding which are necessary in 

McLaren 's modeL On most counts , therefore , McL2ren ' s model is not 

applicable to X. hesBei in Sibayao 

The existence of vertical migrations by X. pessei in tr.e face 

of very slight vertical changes in food availability are not easily 

accounted for as simple feeding nigr ations o In the adults feeding 

and migration are apparently related, ;)'et if the migration was simply 

a feeding excursion , it seems unlikely that it need be so pronounced o 

An ascent of only several metres would bring them into waters which 

are , superficially , not mar kedly different in their food potential 

from the very surface waters . The migration would , t herefore , appear 

to have some deeper significanceo 
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DIEL PERIODICITY OF EGG llATCHIlIG IN PSEUDODIAPTO~.IUS HESSEl AND 

THE DETERMINATION OF EGG DEVELOPMENT RATES 

Introduction 

I t is obvious that any behaviour pattern or biological 

process showing a regular die l periodicity is of considerable inter­

est when assessing the significance of diel vertica l migr ation. 

Thus it was of great. interest when a periodicity in egg- hatching 

was observed in P. hessei . The reality of this occurrence has been 

examined under laboratory conditions at both summer and winter temp­

eratures and using female calanoids col l ected from the water column 

a t night and from lake substrates by day, 

To reduce repetition, the question of egg deve l opment rates 

is also examined in this section , although for the greater pal't, 

these data are used in the following sectien relating to the populatio~ 

dynamics of f, hessei. 

Methods 

Egg development rates were determined using the t echniques 

used for rotifers (Edmondson 1960 , 1965 ) and copepods (Burgis 1970), 

Ovigerous females of f . hessei were individually placed into 40ml 

plastic specimen tubes with about 35ml of l ake water, previously 

filtered through #20 silk to exclude crustacean zooplankton. In 

the absence · of thermostatically contr olled water baths , temperature 

fluctuations were redu ced as far as possible by storing the specimen 

tubes in a container of water provided with a max/min thermometer, 

Max/min. temperatures were r ecorded at each i nspect ion, and from 

these a mean temperature has been computed. While this effected 

only a crude measure of t empe rature control, wide variations were 

reduced. Temper ature r emained for the most part ±2oC around the 

meano The femal As were examined at varying interval s of time through 
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the 24 hour cycle. At each examination it was noted whether the 

female was carrying her egg sac , whether the eggs had hatched into 

nauplii and whether a secent' clutch had been produced after the 

hatching of the first. l In f. hes§§i , nauplii apparently hatch 

while the egg sac is attached to the female and nauplii of each batch 

hatch synchronously. The eggs constituting any given clutch are 

laid within a reasonably short time. 

Results and Discussion 

The results relating the numbers of females carrying original 

clutches after the start of the experiment , to time of day , are given 

in Figs. 46 ar,d 47, for summer and winter respectively . 

In summer , the periodicity of hatching ia striking (Fig. 46). 

Relatively few clutcbes hatched during daylight hours. Had it been 

practical to make observations at closer intervals, it is likely 

that the correlation between hatching and time of day would be even 

closer. 

The first winter ser ieS (Fig. 47) showed maximum hatching 

during the hours of darkness (at least ~~ clutches hatched during 

darkness). In the second series, hatching was maximal during daylight 

hours (~ clutches hatched during daylight.) The discrepancy between 

these two winter series may be artefactual . In the second series 

the copepods were held in a substrate bin in the laboratory for 24 

hours before the individual females were isolated. The mean de vel-

opment time of eggs in this series is considerably greater than in 

the first series, although mean temperature was only O. 4°C cooler. 

1 The term "first" or "original" clutch is applied to the clutch 
carried by the female at isolation. "Second" clutches are those 
produced secondarily in the laboratory . Use of the word original 

,does not necessarily carry the connotation of the first clutch 
ever produced by the female . 
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It is general ly agreed that tempeyature plays the major role in 

affecting development rate of copepod and rotifer eggs. From the 

published data on the effect of temperature on copepod Egg develop­

o 
ment, it is highly unlikely that a temperature decrease of 0.4 C 

would result in the observed increase in development time. On the 

basis of this reasoning it is possible to question the validity of 

the second winter series, However, irrespective of the timing of 

egg hatching in relation to time of day, a pronounced periodicity 

is unquestionably invoJ.ved in all series. It is this periodicity 

and its usual occurrence at night (4 out of 5 series) which is of 

great interest, 

Data have been presented which demonstrLte the ascent of the 

calanoids at dusk to the upper waters of the lcke. The majority 

of adult females move into and remain in the water column during 

the hours of darkness, Given this migration pattern and a noctc;rnal 

periodicity in egg hatching, the species is provided with a logical 

and adaptive mechanism for distributing th'}i!' planktonic young. 

It has been shown that the nauplii of f. hessei live closer 

to the surface than any successive stages. As a result of this 

vertical distribution, the nauplii are influenced by the surface or 

near-surface currents to a proportionately greater extent than any 

subsequent stages, Accordingly, the horizontal distribution of the 

species is likely to be brought about primarily by the naupliar 

stages, By virtue of their relatively small size, the surface areal 

volume ratio of the nauplii is better suited for the maintenance of 

a pelagic existence than that of subsequent stages. Clearly, once 

in the surface waters, the nauplii can be passively distributed far 

and wide, If horizontal transport of the nauplii is to be achieved, 

it is necessary for the nauplii to be deposited in the surface waters 

as their own locomotory ability is limited, particularly in the 
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youngest stages. The hatching periodicity shown by Eo hessei 

nauplii is ideally suited to ensure their occupancy of the surface 

waters. If they hatched continuously through 24 hours, those 

hatching by day would be unlikely to reach surface. or near-surface 

waters of their own accord. This conclusion undoubtedly holds true 

for deep water environments although in shallow estuarine conditions 

the limited swimming ability of the nauplii might be adequate to 

enable them to reach the surface. It would be interesting to know 

whether this hatching periodicity occurs in marine pseudodiaptomidso 

It is in the oceanic environment that the aforementioned dispersal 

mechanism would be of greatest selective advantage and in which it 

most probably evol"edo A priori, the selection pressures which 

might have selected for the development of this behaviour would not 

be expected in comparatively small and shallow freshwater lakes, and 

would be even less likely in very shallow estuaries. 

The hatching periodicity and consequent "release" of nauplii 

in superficial waters might also be important in ensuring that these 

stages have ready access to food in those environments in which pro-

nounced vertical changes in algal biomass occur. In Lake Sibaya, 

there are seldom pronounced quantitative. vertical changes in food 

availability, but qualitative changes may be significant. 

The determination of egg development rates in relation to temperature 

Since egg production in relation to other population parameters 

can be used to obtain estimates of production (see Burgis (1971) and 

Edmondson and Winberg (1971), for practical examples), it is of 

great importance to be able to determine egg development rates at 

different temperatures. Egg development rates have been studied in 

rotifers (Edmondson 1960, 1965) and copepods (Burgis 1970) by 

assuming that mature females of a population are constantly laying 

eggs. If this assumption is met, then the clutches carried by a 
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random selection of females ~ill be at a variety of develcpmental 

stages and will therefore hatch ccntinuously. Thus , if the nUll!ber 

of females carrying unhatched clutches is plotted again:;t time , a 

straight line should result, and, extrapolated to the time axis, 

gives a mean development time from laying to he.tching. 

In the case of K. hessei, the assumption relating t.o the 

continuous nature of egg lay.ing cannot be met . If it is assumed 

that the development rate of eggs carried externall:; in an egg sac 

is purely temperature dependent (the evidence for the validity of 

this assumption being reasonable), then the periodicity in hatching 

must reflect a similar periodicity in egg layin". Indeed the ex-

trusion of second clutches is almost entirely rcatricted to the hours 

of darkness (see below) and there is every rea80n to believe that 

first clutches are also layed at night. 

It may be that, if examined critically, other species wil l 

also show a periodicity in egg laying. Burgis (1970) shows egg 

development as a function of temperature i n her Fig. lA (p. 743). 

If tPA iI,d:p. :!,oi.nts of this figure are examined , some evidence of 

periodicity is evident. This is most noticeable in the data points 

o 0 
of lower temperatures e.g. 15 C and 20 C. Developm~nt is too r apid 

in the higher temperatures for a clear diel pattern to emerge. 

Another factor which may mask hatching periodicity in Burgis' data 

is that the starting time of her exper imsnts is unknown. 

In the summer series 2 and 3 for K. hessei . shown in Fig. 

it will be noticed that starting time is matched against time of 

day. The data are not plo.tted agai nst time from the start of the 

experiment. Had they been plott.ed in thi s way, an erroneous idea 

of deve lopment rat e would have been obtained (as illustrated by series 

1 in the same figur e ). If Burgis' data could be related to time of 

day, a clearer periodicity might emerge. The present invest igation 
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mi ght serve to caution against indiscriminate application of this 

technique to determine egg deve l opnent. Pilot sur veys are obviously 

req"ired to determine the vul i dity of the assumpt ions upon which the 

method is based. 

Production of second clutches in 1:'. . hessei. 

Observations of individual females were continued after 

hatching of thG origin,,: clutches. In the second winter series 

the animal s were examined f or nine days after the original clutches 

had hatched. The data on formation of second clutches a re given 

in Table 23, in r elation to time of day . A l arge percentage of 

femal es layed a s ecuLd clutch of eggs under laboratory conditions 

( 94% and 74% for summer and winter respeCtively) :- In the second 

winter series , where observations were continued long enough , the 

development time of t en of thl'se second clutches could be determined 

directly to wi thin several hours (directly in the sense t ha t both 

time of egg layi ng and time of hatching were accurately known) . 

For these ten clutches , a mean· development time of 80.4 hours (range 

74.5 - 84 hours) was ob tai ned. 

The es t imation of egg development rates in 1:'.. hessei 

It has been shown that conventiona l techniques are not suit-

able for the determinati0n of egg development rates in 1:'.. hessei as 

in this species egg laying is not continuous (either within the indi-

vidual or within the population). The extrusion of second clutches 

in 1:'.. he ssei, and by implication first clutches as well, is a lmost 

entirely a nocturnal event (Table 23 ). It is reasonabl e to assume 

that egg laying i s essentially random dur ing the night, with different 

females laying their clutches at various times between nightfall and 

i As a matter of inter est , 13% of the females in the second winter 
series produced third clutches. 
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daybreak. On the basis of this assumption, an estimate of egg-

development r a te can be made. 

In summer series 1 (Fig. 46) a sample of calanoids was 

coll.ected jus t before mi ci.night and by OlOOhrs a numbe r of ovigerous 

females had been individually isolated. On the bas i s of the assuop­

tion that tLO clutohes carried by these females had been extruded at 

random on the evening of colleotion or other evenings previously, it 

is apparent that this random selection of females (if the sample is 

sufficiently l arge), will contain some females whose clutches have 

just been extruded and others whose clut ches are just ready to hat. cho 

If these clutches are examined regularly until they have all hatched, 

then the time unti .l hatching of the last clutch will provide an 

estimate of eeg development time, albeit based on a very small pro-

Jortion of the sample starting number. On the basis of the firs t 

summer series in which the collection was made at night, a develop­

ment time of 54 hours is obtained. 

However , in cases where females are isolated during daylight, 

there are neither females whose clutches have just been layed nor 

females whose clutches are just ready to hatch . All clutches are 

more intermediate in their development as the clutches involved are 

those which were extruded one or several nights previously. There­

fore, to use these data to estimate egg development rate it is 

necessary to extrapolate back to the time at whi ch eggs were l ayed o 

Since it has been assumed that clut ch production occurs throughout 

the hours of darkness , midnight can be taken as the starting point 

as this reference point is likely to define some measure of central 

tendency about the nocturnal dispersion in egg- laying time. Using 

midnight as a reference point, the clutches which are least developed 

are assumed to have been laid at midnight prior to the daytime 

collection of the calanoids and the interval between this midnight 
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and the time at which all clutches cave hatched will give an estimate 

of egg development rate. 

Using this extrapolat i on method, the second and third summer 

ser;es give egg development times of ~ot and 55 hours and the first and 

"'Gcond winter se r ies give egg deve lcpment times of 79t and 102 hours. 

In the irregular second winter series, egg laying occurred mainly by 

day (~able 23) and therefcre midday probably represents a better 

starting point than midnight. If this correction i s made, an esti-

mate of 90 hours is obtained. However, in vieW' of the irreGUlar 

periodicity eVident in this second winter series, the extrapolation 

estimate has been ignored. The indirect estimate of egg development 

rate in the first winter series (79t hours) is very close to the 

direct estimate of 80.4 hours determined in ten second clutches in 

veich both egg l aying time and egg hatching time were observed 

directly (see p. 210). 

If the three indirect summer estimates are averaged, a mean 

development time of 2.2 days is obtained. Mean development time 

at winter temperatures is 3.3 days, based on the indirect estimate 

of the first series (79t hours) and the direct estimate of the se cond 

(80.4 hours). 

Egg development times in f. hessei in relation to naupliar distribution 

At summer and winter temperatures (i.e. at average incubation 

00) temperatures of 27 0 and 19 0 there is very clear evidence that egg 

hatching or "naupliar release" is almost entirely confined to the 

hours of darkness (apart from the suspect second winter series). If 

egg development is purely temperature dependent, eggs layed at temp­

eratures between 20 0 0 and 25 0 C (i.e. intermediate between summer and 

winter determine.d values) would be expected to show a development 

time somewhere intermediate between 2.2 days and 3.3 days. For 

arguments sake let us take as an example the situation where eggs 
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are layed at midnight and take 205 days to hatch: Hatching will 

then occur at midday when the parent female is on the lake bed and 

the proposed selective advantage of hatching in the surfac6 waters 

will not accrue. By the same reasoning, at winter temperatures 

when egg development takes 3.3 days, eggs layed at midnight will hatch 

after sunrise , when the f emales will again be on the lake bed, Yet 

the observations upon egg hatching at winter temperatures have shown 

that egg hatching is in fact al~ost entirely restricted to the hours 

of darkness. This leads me to the conclusion that ~oi>e is involved 

than can be ascertained at present . The present estimates have 

been based upon the assumption that egg laying is continuous through 

the night. Use of tLis assumption was necessary to obtai n an esti-

mate of egg development rate. However, it may be that .E. hessei 

shows peak laying over a shorter time intervall at night and s l ight 

seasonal shifts in the time of occurrence of this peak could result 

in maximal egg hatching during the night at all temperatures. 

Harding, Marshall and Orr (1951) and Marshall and Orr (1955a) have 

reported seasonal and regional changes in time of egg laying in 

Calanus, showing that a mechanism of ensuring that nauplii hatch 

predominantly at night is not impossible in .E. hessei . A better 

understanding of the problem must await a seasonal investigation of 

this behaviour. However , I am of the opinion that the nocturnal 

egg-hatching periodicity observed is not an incidental or fortuitous 

result oceuring only at these two temperatures. 

The existence of a demonstrable egg- hatching and egg- laying 

periodicity clearly suggests that the sel ective advantages for these 

mechanisms are real and the natural outcome of this periodicity 

provides a logical distributive function. Whether egg-hatching 

periodicity will occur by day or by night at temperatures other than 

those at which the phenomenon has been studied remains to be seen. 

I Mullin 1968 
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However , I believe that this periodicity wil l result in the release 

of at least part , if not al l, of the naupliar stock during the hours 

of darkness , at other temperatures. 
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TABLE 24 

P. hessei: Comparison of standing crop (nos. per m
3

) of v a rious age 
classes determined from samples taken at a single station (Station III) and 
mean values obtained from 2.5 stations samploed synoptically, for three 
sampling dates. 

DATE CATECORY LAKE STANDARD STN. III RANCE OVER 25 
HEAN DEVIATION STATIONS 
n= 25 n=l 

Synoptic survey 
of 

6/8/1971 Naupl.ii 391 262 713 ')6 - 1111 

CI-CIII 620 284 688 159 - 1242 

CIV-CV 125 56 105 25 - 239 

Adults 147 102 159 41 .. 494 

I Total 1283 570 1666 385 - 2624 

28/1/1972 Nauplii 378 300 318 I 6 - 1102 

CI-CIII 429 316 911 54 - 1688 

CIV-CV 196 130 395 48 - 468 

Adults 173 110 194 19 - 4L4 

Total 1163 525 1815 153 - 2777 

11/2/1972 Nauplii 542 197 685 207 - 1175 

CI-CIII 1064 1056 768 137 - 4529 

CIV-CV 245 234 80 57 - 1102 

Adults 183 102 159 41 - 436 

Total 2033 1411 1691 7]0 - 5870 

I 

I 
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'l'HE SEASONAL CYCLE ANi) POPULATION DY~JAMICS OF PSEUDODIAPTO!.!US HESSEl 

IN LA..1CE SIBAYA 

Introduction 

The seasonal cycles of African luc<1strine zooplankton have 

received very little attention. The study on Thermocyc lops hyalinus 

in Lak:e George (Eurgis 1971) represents the most thorough investi-

gation reported to date . This work has subsequentJ.y been comparf,d 

with a temperate s tudy on Cyclops strenuus abyssorum (Burgis and 

Walker 1972). This comparison has illustrated the sustained high 

levels of production in the tropical l e.ke compared to the seas,mal 

nature of production i n the temperate system. 

Whi l e comparisons cannot readily be made with the work of 

Burgis and Walker (loco cit . ), the present study provides 30me P"'8-

l.iminal'Y infor mati rm about the seasonal cycle in a lake system 

intermed iate be tween those compared by Burgis and Vialker , i n respect 

of its annual ther~al regime. 

Representativeness of Station I II 

The longest observations on the s easonal cycle of f. pessei 

have been carried out at Station I I I . In view of t he pronounc ed 

horizontal patchiness observed in the lake , it is necessary to examine 

the representativeness of these data. Between November, 1971 and 

June, 1972 , routine collections were made at stations I - V. For 

this period , therefore, the Station III estimates can be compared 

with mean values for Stations I - V. Al so, the Sta tion III data. can 

be compared with lake mean values obtained from 25 stations sampl ed 

duri ng the three synoptic surveys. 

(i) Sta tion .III compared with synopt ic survey results 

Table 24 compares the standing crop of various developmental 

stages of f. hessei at Station III, with lake mean standing crops. 
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From this table it is clear that standing crop estimates based upon 

single station sampling may vary by a factor of three from the lake 

mean values. In the majority of cases, however, the Station III 

esb.mates are fairly close to the lake mean data , End arew611 within 

one standard deviation of the mean. 

(ii) Station III compared with m6an of Stations I - V 

Twelve routine collections at Stations I - V have shown the 

extent to which erratic fluctuations in standing crop may occur 

independently at these five stations . The fluctuations are most 

pronounced at the two most offshore sta ti.ons. If Station III results 

are compared with the lake mean determined from Stations I - V (Fig. 48), 

similar changes are c.learly apparent in the naupliar and early copep-

odita standing crops. The resemblance in the late copepodite and 

"dult standing crops is not so clear. 

·Thus, while not giving an absolutely reliable estiruate of 

seasonal changes in standing crop , the data collected at Station III 

give a general idea of the seasonal changes in this species , certainly 

in respect of the nauplii and early copepodite stages . Since these 

younger stages will reflect fairly closely the breeding intensity, 

it is justified to report the seasonal changes observed at Station 

III. 

Seasonal changes at Station III (Fig. 49) 

The general pattern of change in standing crop in all four 

age categories is one of errat ic fluctuations between consecutive 

sampling dates. 

limited extent. 

For the most part, these fluctuations are of 

Underlying these fluctuations is a pattern which 

essentially rasembles the changes in lake temperature and changes in 

precipitation. (Surface temperature has been used as a simple index 

of lake temperature.) 
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Routine determinations of algal standing crops (cell counts 

and chlorophyll ~) were made on samples collected generally on the 

morning preceding the zooplankton hauls. Chlorophyll £. is very 

low (annual mean in the surface waters is less that 2pg/l) and fluc-

tuat es erratically. No intelligible seasonal change occurs. No 

clear correlation exists between chlorophyll ~ content and calanoid 

standing crop at Station III during the study period. Seasonal 

changes in calanoid abund:mce occur despite the abs(:nce of concomi-

tant changes in chlorophyll content. 

Changes in nanoplankton and bacterioplankton numbers were 

determined between July, 1971 and June 1972. ~he changes in standing 

crop in surface waters are shown in Figs. 48 ana 50 . These changes 

can be related to changes in lake temperature. However , the steady 

decline in nanoplankton and bacterioplankton standing crop from mid-

February, 1972 occurs at a time when the naupliar and early copepo-

dite standing crops are increasing steadily (Fig. 48). Therefore, 

the decreasing standing crop of nano- and bacterioplankton may reflect 

not only the decreasing lake temperatures, but also grazing by the 

calanoid. 

Overall changes in calanoid standing crop aT8 smal l compared 

with those reported in temperate lakes, but larger than the lake 

mean range reported by Burgis (1971) for a tropical iake. During 

the 27 months of observation , total f. hessei standing crop (as numbers 

m2) d b f t f 2 f th t t h per varie y a ac or 0 2 rom · e l owes 0 t e highest . 

Breeding is continuous throughout the year. As a result, 

cohort structure is not readily followed . The calanoids develop 

rapidly at the temperatures involved and fortnightly samples do no t 

demonstrate cohort succession. Indeed , a series of collections 

made at Station IlIon alternate days over a period of 31 days (May-

June, 1971) did not enable the cohort structure to be followed. A 
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series of laboratory experiments has shown that development rate 

from egg l aying to adult is 23 days at circa 23 0 C. 

Population dynamics of f. hessei 

From a knowledge of egg stock, egg development rate? and 

standing crop numbers, several population parameters can be derived. 

The relationships used in determining these parameters are given 

below (after Cummins et 0.1 • . 1969). 

The finite birth rate, B. Eggs/m3/daY3 
Popln. nos/m = Eggs/ incH vidual/ day 

The instantaneous birth rate, b = log e (1 -I- B) 

log e Nt - log e No The instantaneous rat e of change , r = , where 
t 

No is the initial standing crop number, Nt js the standing crop 

number after time t in days. 

The instantaneous death rate., d = b - r. 

Adult female populations 

Fig. 50 shows the standing crop of ovigerous and non- ovigerous 

femal es during 1970 - 1972. Egg bearing females were ~resent through-

out the year and an average of 63.4% of all females were ovigerous. 

The adult female population showed an extended summer peak in standing 

crop in 1970/1971, but this peak was delayed in the 1971/1972 summer. 

These peaks lasted well into the cool season. The changes in adult 

female standing crop show a resemblance to changes in lake temperature 

although as would be expected there is a lag period. 

Clutch size and egg stock 

Mean clutch sizes (Fig. 50) were determined from 20 femal es 

per sample on all samples taken until March 1971 . After this date, 

the monthly means of the preceding year were used . Seasonal changes 

in egg stock (Fig. 50) have been computed from the standing crop of 

ovigerous females and mean clutch size • 

. ' . 
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Egg development rates 

Egg development rates have been determined at summer and 

winter temperatures. 1'he[,e determinations have been described in 

the preceding section (pp 203 - 214) . The following egg development 

rates have been applied in estimat ing the finite birth rate. 

Lake 0 Temp. ( C) Development (days) 

26, 27, 28 2.2 Based on summer determination at 27°C. 

18 , 19, 20 3.3 Based on winter determination at 19
O
C. 

No attemp t has been made to calculate egl[. development rat es at i nter-

mediate temperatures (e . g . McLaren 1966) . 

Instantaneous birth rate (b) and instantaneous ratto of populatior; chang~) 

These t wo population parameters are illustrated in Fig 50 . 

The instantaneous birth r ate (b) is shown only during the mid-sum~e r 

and mid- winter periods , where data on egg development rates are 

available. The instantaneous birth r ate is considerably higher in 

summer than in winter, as would be e xpected on the basis of the adul t 

female population. The instantaneous rate of population change 

fluctuates minimally about the horizontal axis (r: 0), with no pro-

nounced or extensive seasonal changes. This suggests the existence 

of a relatively stabl e population, with recruitment being balanced 

for the most part by mortality of one sort or another. Calculations 

of mortality (d ) f r om the rela tionship d; b -r result in values of d 

very close to those of ~ as a result of the very low values of ~. 

For Station III, mean ~ in 1970 - 1972 was 0.1707 ~ 0.0997 (S.D.) and 

0.4791 t 0.2236 (S . D.) at winter and summer temperatures respectively. 

Corresp onding mean values of Q. were 0.1843 t 0.0939 (S .D.) and 0 . 4850 !. 

0.1950 (S.D.). It is apparent that, notwithstanding the considerably 

higher values of ~ during summer than during the cool season, the· 

increased production is defrayed by a corresponding increase in 

mortality. Thus, large standing stocks of f. hessei are not built 
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up with a resulting "pooling" effect of energy and nutrients . Instead, 

there is a constant re-cycling of the available nutrients allowing 

for sustained production, albeit at low levels. 

In r elation to the population par&,meters discussed above, 

three potential sources of error ~ust be mentioned. Firstly, these 

parameters depend upon strict ly qualitative collections and net 

hauls are unlikely to provide this rigour. Secondly, the size of 

the total population is underestimated by the loss in catch of the 

first naupliar instar . Since the proportion of this stage in the 

water column must vary with time, no standard correction f6,ctor can 

be applied to make amends for this loss in catch. Lastly, there 

is evidence that net collections ocay be undersampling the adult 

fema l es . In a total of 126 net hauls between January and June 1972, 

the mean adult sex ratio of males to females was 1.616 . For 50 

substrate bin collections made during the same period, this ratio 

was only 0.235. In 16 horizontal bottom sampler samples in May/June 

1972, the ratio was 1.184. The widely different ratios might be 

taken to indicate either an undersampling of females in net hauls or 

an oversampling of females in the substrate bins . In view of the 

continued recruitment of adult females into substrate bins during 

daylight (pp 94 - 98) oversampling of females in substrate bins may 

be involved to a greater extent than undersampling in net hauls. 

However, until this discrepancy can be r esolved, the possibility 

remains tLat net hauls give an underestimate of the female population, 

thereby affecting the reliability of the calculations. 

Since there are potential sources of error associated with 

the determination of these population parameters, the values obtained 

from Station 'III collections must be treated as preliminary . Not-

withstanding the limitations involved, it may be said with some 

degree of certainty that the f. hessei popUlation in Lake Sibaya is 
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reasonably staule. In comparison with the work reported from 

temperate lakes, this is an important feature . 

The dominant species of net phytoplankton in Sibaya show a 

clear and fairly regular seasonal succes sion (Hart, unpublished 

data) . The constancy of chlorophyll ~ througb the year probably 

reflects the fact that one algal species follows another without 

any marked change in to~al chlorophyll. However , the senescence 

of one species followed by the increase in another undoubtedly 

provides the substrate for an important bacterial based detritus 

(tripton) ch",in . Because this che.in is always being stimulated 

(or nearly so) by the products of algal succession, food resources 

for a fi l ter feede r never seriously decline to bring about numerical 

control. I n a species such as f . hessei which feeds upon both 

primary producers and primary consumers ' simultaneously , food will 

be available in reasonable amounts throughout the year. 

This is in contrast to the marked seasonal changes in food 

availability which affect temperate zooplankton populations. The 

limited seasonal changes in standing crop of f. hessei can be logically . 

accounted for on the basis of food availability , reflecting the 

thermal and illuminatio~ regimes, of this lake. The present obser-

vations are in many respects intermediate between those recorded in 

t r opical and tempera~.e lakes in general. 
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FINAL DISCUSSION 

Vertical migration has been the subject of considerable 

interest for many years. Much of this interest has stemmed from 

speculations regarding the energptic cost cf the migratory movements 

(e.g. Worthington 1931, Bainbridge 1961). Notwithstanding the 

more recent realization that the energetic cost of these movements 

is relativGly insignificant (Hutchinson 1967 , Vlymen 1970) , the 

migratory behaviour of zooplankton r etains its fascination , and an 

examination of its functional significance is clearly warranted. 

Earlier workers, for the most part, interpreted the migrat­

ory movements in re~ation to tangible selective pressures, such as 

feeding and predatur avoidance. More recently, attempts to deter-

mine the significan~e of migratory movements have resulted in the 

consideration of more subtle and cryptic advantages. Thus , McLaren 

(1963) has postulated that an "energy bonus" would accrue to a 

species migrating in thermally stratified waters, provided that 

feeding was restricted to the warmer waters. David (1961) has 

suggested that migratory movements, by ensuring mixing of populations , 

may serve to inhibit "the formation of too many species with too 

li ttle capacity to survi-!e changes in the environment." 

Attempts to determine a universal significance of vertical 

migration have met with varying -degrees of success, but for the most 

part, irregularities or variations in migratory behaviour shown not 

only between systematic groups but also within them, have prevented 

the establishment of a universal definition of significance. 

Similarly, the lack of fundamental evidence has severely hampered 

solution of the problem. Indeed, in view of the widely different 

selective pressures on marine, estuarine and fresh-water zooplankton, 

it might be expected that no universal interpretation need be 

demonstrable. 
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For these reasons, I believe that an understanding of the 

ecological significance of vertical migration will depend upon 

intensive studies of a sj.ngle species or group of relatec'. species 

in relation to their particular environments. The observed advan-

tages of migration to this species or group of species need not 

necessarily apply to others. Nevertheless, the widespread occur-

rence of this behaviour is difficult to reconcile with any ideas of 

a species-specific or group- specific advantage, thouLh the primary 

evolution of this behaviour pattern may have been of !Core widespread 

advantage. However, the paucity of fossil records (Waterman and 

Chace 1960) prevents an adequate assessment of r.rustacean evolution 

and thereby precl\;.des further examination of sucr. questions. 

The present study provides some basic groundwork from which 

to examine the ecological significance of migration. Clearly, lcuch 

more data are required before the question can be resolved entirely 

satisfactorily. In pal,ticular, an examination of the importance of 

predation on this species (as on zcoplankton in general) is urgently 

required. Nevertheless , it seems appropriate at this stage to 

consider the ecological significance of the vertical migratory beha-

viour off. hessei 

In so doing , it is necessary to bear in mind that the present 

study has been made in a somewhat aty~ical environment, and, further, 

that the temporal isolation of f. hessei in Le~e Sibaya is geologically 

insignificant. Thus, some of the aspects of its vertical distribution 

are more readily intelligible in relation to its ecology in estuaries 

than in the truly lacustrine environment .
l Where this is seemingly 

1 It is generally accepted that the Temoroidea, to which the Pseudo­
diaptomidae belong, is primarily a marine group, in which the 
invasion of brackisk and fresh waters is a secondary phenomenon 
(Hutchinson 1'367). There is every reason to believe that the 
present lucustrine populations of f. hessei in Sibaya were derived 
from the estuarine populations of this spe.cies, as the present lake 
almost certainly represents a drowned estuary cut off from the sea.· 
Thus, there is no reason to suggest that estuarine f. hessei were 
derived from an ancestral fresh-water stock. 
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the case, I have ciscussed the · feature in r e lation to its significance 

in estuaries , crawing large ly upon Grindley's studies. 

It is probable that the migratory movements themselves, how­

ever spectacul.ar or otherwise they may be, are not directly signifi­

cant. Rather, it is the cyclic alternation of depth which they 

provide which is of ecological value to the migrating organisms. 

If considered in this manner , the basic issue concerns the function-

al significance of the day-time and night- time distributions . 

may not be a ccmpl.ete explanation , but it does provide us with a 

directive in examining the ecological value of the migrations. 

The movement into deeper waters by day in all stages of 

This 

K. hessei serves several potential functions. It reduces the visi-

bility of the species to predators relying on visual discrimination 

of their prey. The potentially deleterious effects of ultra-violet 

radiations are avoided or reduced , and the ext ernal metabolites of 

photosynthesizing phytoplankton are aVOided to some extent . Physical 

damage caused by excessive turbulence is prevented at least during 

dayli ght (and in other species depressed distributions have been 

recorded at night under stormy conditions (Cushing 1951) .) The 

sedentary existence of anult calanoids at all depths in Sibaya is 

likely to affect the·ir energy budget favourably. This may be more 

important in fre sh water with its reduced density. Also, it may be 

more important in tropical/subtropical· areas where metabolism is 

likely higher as a result of the higher temperatures, although the 

metabolic physiology of tropical/subtropical copepods is largely 

unknown. The benthic existence of adult K. hessei results in their 

existence in an almost entirely two- dimensional environment during 

daylight. The importance of this in al lowing for intraspecific 

contact and increased chances of mating is difficult to assess. In 

turbid waters this may be of considerable potential value , although 
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other lines of evidence suggest that the calanoids are quiescent or 

possibly infa.unal during daylight, Records of pairs in copula (in 

.preserved samples) collectei during the present study show that mating 

occurs bo th on the lake bed by day and in the water column by night , 

but the low nu~b6r of observations precludes further analysis. 

It has been shown that in the shallow waters of Sibaya , a l l 

stages of f . hessei are sedent ary or else i n very close association 

with the l ake bed . Un1er estuarine condit i ons, this vertical 

di s tributioil is l ikely to be of considerabl e importance in reducing 

the possibility of their being washed out to sea. If the calanoids 

are in f act in , rather than me r e ly on, the sediments , t.his would 

enhance even fur· t he:" , the maintainance of the popule.tions in a tidal 

estuary. It is interesting to note that f. ~oronatus (an American 

species ) is able to attach to various substrates and can withstand 

considerable current action wi t hout being dislodged (Jacobs 1961). 

In Sibaya, t i dal influences are absent, but it has been s ugges ted 

above that the daytime benthic existence of the adu lts may offer 

other advantages, 

The vertical distribution of f. he sse i in Lake Sibaya is 

such that the youngest st.ages will be influence d by wind induced 

currents for a proportionately greater peri od than the older stages , 

and thus play the major l'ole in the horizontal distribution of · tbe 

species, This was clearly evident from the synoptic survey findings 

reported earlier in this work. That the younger stages provide the 

distribut ive phase is logical in relation to the smaller energetic 

cost of maintaining a pel~gic exi stence in the smaller stages and 

also in relation to their numerical abundance , The vertical distri-

but ion of the younger stages is also such that these immature, growing 

stages are able to feed continuously, Certainly, there i s evidence 

that the early copepodite stages feed throughou+. the day and night 



230 

to a gr-ea ter or- lesser extent, whereas in the adult calanoif.s, 

feeding i.s almost enti rely restricted to the hours of dar-kness. 

~hat adult females are able to satisfy their own nutritional re­

quirements and also produce eggs from a tempor-ally restricted feed­

ing pe r'i od suggests tLat their filtration and assimilation efficiency 

is compare.tively high, 

The a.scent of f ' loessei into surface waters at night is 

commensurate with a striking initiation of f eeding in the adult 

animals. In this respect, therefore, the migration of the adults 

may take the connotation of a simple f eeding excursion . However, 

it is questionable why the adults need perform such extensive migra­

tions in Sibaya f or the sole pu"pose of feeding, since it has been 

shown that food is present throughout the water column with no 

marked vertical differences in quantity, That the adults feed in 

the near-bottom pelagic waters at the outeet of their dusk ascent 

euggests that neitLer do qualitative differences in food resources 

dictate their depend ence upon the very surface or near- surface food 

organisms 0 

Observations have been presented which s how that nau.pliar 

hatching from the parental egg-sac is restricted to the hours of 

darknes s , alrrost entirely during summer and at least in some cases 

during winter. (If the one set of winter observations is artefactual 

as has been suggested earlier, then the great majority of clutches 

hatch at night during winter also .) These observations suggest very 

strongly that the nocturnal ascent serves a distributive function 

and implies a direct ecological significance inv olved in tee migrations 

of the adult females. The release of nauplii in the upper waters 

may also be related to their feeding requi rements, 

! priori, the significance of naupliar release in upper waters 

under estuarine conditions (if indeed estu.arine popula.tions of f. pessei 

show this behaviour) is questionable, as it would result in the loss 
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of a significant proportion of nauplii to sea under eertain tidal 

c onditionso I ndeed, Grindl€y (1972) has suggested ttat in Richards 

Bay , only in the r eaches furthest from the sea , is a sigllificant 

proportion of the f. r_essei popula.ti on able to reach maturi ty o 

If this interpretation i s correct , it would appear that the 

dominance of fo hessei in South African estuaries (Grindley 1963) is 

like l y to be a reality only in those estuaries with small tidal r e-

placement volumes . This suggests that the spec i es ~s bette r adapted 

to blind estt;.aries or the quiet reaches of ti da l estuaries , e.lthough 

mechanisms are apparently involved in reducing the losses of t he 

species under conditions of river floodingo ThEs, Grindl ey (1964) 

reports that f. hessei does not migrate through ' strong salinity 

discontinuities. 

The apparent inability of a euryhaline species such as fo hesse~ 

(which occurs in essentially fresh water in Sibaya 8Bd hypersaline 

l agoons) to survive in t he sea is somewhat incongI~ous. A sio:ilar 

case is reported in f. (Pseud odiaptallcus) euryhalinus which bre eds 

in waters of salinity ranging from 1.8%0 to 68.4%0, but is 

seemingly r estricted to coastal lagoons and estuaries (Jchnson 1939)0 

The restriction of these spec ies from the sea is pres~mably brought 

about by factors other than water chemistry. It WOUld. be interesting 

to know whether f. euryhalinQ.fl. is a lso sedentary duril.g day l ight . 

If so , the daytime benthic association may be obligatory in these 

species and thereby restrict them t o wat ers of limited depth. In 

this respect, it is interesting that several ffiaI'ine species al'e 

encountered chiefly in shallow ner itic waters (Grindley 1963, 1969). 

It would be useful to know their vertical distributiono 

Clearly, the pseudodiaptomids provide an ideal group for 

compal'ative stUdies of vertical n:igratory behaviour and indeed for 

comparative stUdies of their overall biology. Several species 
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which have been stc,died are very hardy pacobs 1961, Grindley and 

Grice 1969, present study) and ideally suited to labore.tory experi­

ments. 

There is one further aspect of v~ rtical migration which ~ay 

be of wider significance to vertical migrants in general and which 

seemingly applies to f. hessei in Lake Sibaya . Available evidence 

suggests that sensible photosynthesis is restricted to the upper 15 

metres 01' so in Lake Sibaya. In areas of the lake shallower than 

this, the great majority of all stages of f. hessei are benthic during 

daylight. In deeper waters, where the younger ste.ges show a truly 

pelagic distribution, most of the cale.noids are ·mcountered belo., 

15 Illetres . Thus , notwithstanding tte fact that 'the pre- adult stages 

f,:ed to a greater or lesser extent durine daylit:ht, the grazing pressure 

on algae in the photosynthetic zone is cyclically reduced a.s as result 

of the diel ~igrations. This may be important in providing the 

phytoplankt cn populations with a "recovery" period. Thus, the diel 

migration may provide a subtle mechanism reducing over-exploitat ion 

of food resources. Saunders was clearly thinking along similar lines 

when he said (1971, p. 31) "Another control system tbat exists is that 

of light-forced photosynthesis and the light cued zoc~lankton migra­

tion which results in a coupled producer-grazer control system. 

The present study has raised several interesting possibilities 

in relation to the control and selective advantage of vertical migration 

in f. hessei . The problems of day depth, dusk and dawn movements , 

night- time distribution etc . have been discussed in context. How-

ever there is one further p.oint which needs to be raised, and this 

concerns the use of laboratory studies. 

Although this is primari l y a field study, several attempts 

have been made to induce the vertical migratory movements under 

l aboratory ' conditions. These are briefly outl ined in Appendix 8. 



233 

These attempts have been almost entirely unsatisfactory, for reasons 

outlined in the appendix, Similarly, an examination of feeding 

behaviour under laboratory conditions has given results whi ch are 

incomparable in many respects with those obtained in the field; the 

discrepancies are attributed to the unnatural lighting conditions 

employed. These l aboratory studies on feeding tend to overestimate 

significantly the daily filtration rate, and any stud i es on U.e 

energy transformation of this species will have to take such factors 

into consideration. The importance of the light quality, quantity 

and direction to this species is apparent . 

These observations suggest that laboratory studies of feeding 

behaviour may, alone, be inadequate in other species and stress the 

importance of concurrent field invEstigations. This has been 

recognized by previous authors and significant atte~pts have been 

made to overc ome the practical difficulties associated ~ith field 

investigations (e . g. Gliwicz 1968). Nevertheless , it is equally 

clear that some features of behaviour can only b"l studied under 

le.boratory conditions . In such cases, it may well prove worth-

while to simulate naturally occurring underwater light conditions 

where there is any likelihood that the behaviour under consideration 

may be influenced by light. 



234 

REFERENCES 

ALLAN SON , B.R. (1968). A new r esearch station in South Africa. 

Limnol. Soc. sth. Afr. Newsl. 10: 8-10 . 

ALLAN SON , B.R. (1969). Limnological studies on the. l akes of 

Northern Zulu land. General Introduction. 

Trans . R. Soc. S. Afr., 38:201-203. 

ALLANSON , B.R., B.J. HILL, R.E. BOLH & V. SCHULTZ (1966) . An 

estuarine fauna in a freshwater lake in South Africa. 

Nature, Lond., 209(5022):532-533. 

ALLANSON, B.R. & J.E. KERRICH (1961). A statistical method for 

estimating the number of animals found in field samples 

drawn from polluted rivers. Verh. into Ver. Limnol., 

14:491-494. 

ALLAN SON , B.R. & J.D. VAN WYK (1969). An introduction to tile 

physics and chemistry of some lake s in Northern Zululand. 

Trans. R. Soc. S. Afr., 38:217-240. 

ALVAREZ, V. & H.G. KEWALRAMANI (1970). Naupliar development of 

Pseudodiaptomus ardjuna Brehm. (Cop epoda) . Crustaceana, 

~(3): 269-276. 

ANRAKU, M. (1964). Influence of the Cape Cod Canal on the 

hydrography and on the copepods in Buzzards Bay and Cape 

Cod Bay, Massachusetts. II. Respiration and feeding. 

Limno1. Oceanogr., 2.: 195-206. 

ANRAKU, M. & M. OMORI (1963). Preliminary survey of the relationship 

between the feed ing habit and the structure of the mouth-

parts of marine copepods. Limnol. Oceanogr., 8:116-126. 

BAINBRIDGE, R. (1961). Migrations. p. 431-463. in Waterman, T.H (Ed.) 

The Physiology of Crustacea. Volume II. Sense organs, 

integration, and behaviour. 681 pp. Academic Press. 



235 

BANSE, K. (1964). On the vertical distributions of plankton in the 

sea, p. 53-125. In Mary Seats (ed.), "Progress in oceanography" 

Vol. 2. Pergamon Press, Oxford. 

BARNES, H. (1949). A statistical study of · the variation in vertical 

plankton hauls with special reference to the loss of the 

catch with divided hauls. J. mar. biol. Ass. U.K. 

28: 429-446. 

BARTHOLOMEW, J. (ed.) (1958). The Times Atlas of the World. Mid-

Century Edition. Vol. 1. World, Australasia and East Africa. 

Times Publishing Company, London. 

BAYLOR, E.R. & F.E. SMITH (1957). Diurnal migration of plankton 

crustaceans. in: "Recent Advances in Invertebrate Physiology" 

(B.T. Scheer, ed.) pp. 21-35. Univ. of Cregon Publications, 

Eugene. 

BAYLY, LA.E. (1962). Ecological studies on New Zealand lacustrine 

zooplankton with special reference to Boeckella propinqua 

Sars. (Copepoda: Calanoida). Aust. J. mar. Freshwat. Res. 

13:143-197. 

BEADLE, L. c. (1932). Scientific results of Cambridge Expedition to 

East African Lakes 1930-1931: - The waters of some East 

African Lakes in relation to their fauna and flora. 

J. Linn Soc. (Zool. ) 38:157-211. -
BEETON, A.M. (1960). The vertical migration of Mysis relicta in 

Lakes Huron and Michigan. J. Fish. Res. Bd Can., 

17:517-539. 

BODEN, B.P. & E.M. KAMPA (1967). The influence of natural light on 

the vertical migrations of ari animal community in the sea. 

Symp. zool. Soc. Lond., 19: 15-26. 



236 

BOLTT, R.E. (1969a). The benthos of some southern African lakes. 

Part II. The epifauna and infauna of the benthos of Lake 

Sibayi. Trans. R. Soc. S. Afr., 38: 249-269. 

BOLTT, R.E. (1969b). A contribution to the benthic biology of some 

southern African lakes. 

Rhodes University • 

Unpublished Ph.D. Thesis. 

. BOLTT, R.E., B.J. HILL & A.T. FORBES (1969). The benthos of some 

southern African lakes. Part 1. Distribution of aquatic 

macrophytes and fish in Lake Sibayi. 

Afr., 38:241-248. 

Trans. R. Soc. s. 

BRIGHT, T., F. FERRAn, D. MARTIN & G.A. FRANCESCHINI (1972). Effects 

of a total solar eclipse on the vertical distribution of 

certain o~~eanic zooplankters. Limnol. Oceanogr., 22:296-301. 

BRUTON, M.N. (1973). A contribution to the biology of Tilapia 

mossambica Peters in Lake Sibaya, South Africa. 

M. Sc. Thesis, Rhodes ·University. 

Unpublished 

BURGIS, M.J. (1970). The effect of temperature on the development 

time of eggs of Thermocyclops sp., a tropical cyclopoid 

copepod from Lake Gaorge, Uganda. Limnol. Oceanogr., 

15: 742-747. 

BURG IS , M.J. (1971). The ecology and production of copepods, 

particularly Thtrmocyclops hyalinus, in the tropical Lake. 

George, Uganda. Freshwat. Bio1., ~: 169-192. 

BURGIS, M.J. & A.F. WALKER (1972). A preliminary comparison of the 

zooplankton in a tropical and a temperate lake (Lake 

George, Uganda and Loch Leven, Scotland). Verh. into Ver. 

Limno1., ~:647-655. 

BURNS, C.W. (1968). Direct observations of mechanisms regulating 

feeding behaviour of Daphnia, in lakewater. 

ges. Hydrobiol. Hydrogr., 53:83-100. 

Int. Revue 



237 

BURNS, C.W . (1969a). Particle size and sedimentation in the feeding 

behaviour of two species of Daphnia. 

14: 392-402. 

Limnol. Oceanogr., 

BURNS, C.W. (1969b) . Relation between filtering rate, temperature, 

and body size in four species of Daphnia. 

Oceanogr., ~:693-700. 

Limno l. 

BURNS, C.W. & F.H. RIGLER (1967). Compari son of fi l tering r ates of 

Daphnia in l ake water and in suspensions of yeast. 

Limnol. Oceanogr., 12:492-502. 

CANNON, H.G. (1929). On the feeding mechanisms of the copepods, 

Calanus finrnarchicus and Diaptomus gracilis. Br . J. exp o 

BioI., ~:131_l44. 

CARTER, J.C.H. (1969). Li fe cycles of Limnoca l anus macrurus an d 

Senecella calanoides and seasona l abundance and vert ica l 

di stributions of various planktonic copepods in Parr ) Sound, 

Georg i an Bay. J. Fish. Res. Bd Can., 1£(10):2543-60. 

CHAPMAN, A. (1969). The Bionomics of Diaptomus gracili s (Sars) 

(Cop epoda: Calanoida) in Loch Lomond, Scotland. J. Anim. 

Eco1., ~(2):257-284. 

CLARKE , G.L. (1930). Change of photo tropic and geotropic signs in 

Daphnia induced by changes of light intensity. J. expo 

BioI., ~:109-l31 . 

CLARKE, G.L. (1933). Diurnal migration of plankton in the Gulf of 

Maine and its connection with changes in submarine 

irradiation. BioI. Bull. mar. BioI. Lab., Woods Hole, 

65:402-436. 

CLARKE, G.L. (1934). The diurnal migration of Ccpepods in St George's 

Harbor, Bermuda. Biol. Bull. mar. bioI. Lab., Hoods Hole, 

67: 456-460. 

COMITA, G. (1956). A study of a calanoid copepod population in an 

Arctic lake. Ecology ~:586-59l. 



238 

COMITA, G.W. (1972). The seasonal zooplankton cycles, production 

and transformations of energy in Severson Lake, Minnesota . 

Arch. Hydrobio1., 70(1):14.66. 

COMITA, G.W. & J.J. COMITA (1957). The interna l distribution patterns 

of a ca1anoid copepod population, and a description of a 

modified Clarke-Bumpus plankton sampler. Limn ol. Oceanogr. , 

2: 321.332. 

CONOVER, R.J. (1956). Oceanography of Long I s l and SOJnd, 1952- 1954. 

VI: Biology of Acartia c1ausi and A. tonsa. Bull. 

Bingham oceanogr. Co1l., 12: 156-233. (Not seen) . 

CONOVER, R. J. (1960). The feeding behaviour and r espiration of some 

marine planktonic Crustacea. Bio1. Bull. mar. bio1. Lab., 

Woods Hole, 119:399·415. 

CONOVER, R.J. (1966a). Assimilation of organic matter by zooplankton. 

Limnol. Oceanogr., l!:338.345. 

CONOVER, R.J. (1966b). Factors affecting the assimilation of organic 

matter by zooplankton and the question of superfluous feeding. 

Limno1. Oceanogr., l!:346.354. 

CUMMINS, K.W., R.R. COSTA, R.E. ROWE, G,A. NOSHIRI, R.N. SCANLON & 

R.K. ZAJDEL (1969). Ecological energetiCS ~f a natural 

population of the predaceous zoop1ankter Leptodora kindtii 

(Focke) (Crustacea: C1adocera). Oikos, 20:1~9·223. 

CURRIE, R.I. & P. FOXTON (1956). The Nansen closing method with 

vertical plankton nets. J. mar. bio1. Ass., U.K., 

35:483.492. 

CUSHING, D.H. (1951). The vertical migration of plankton crustacea. 

Bio1. Rev., 26:158.192. 

CUSHING, D.H. (1959). On the nature of production in the sea. 

Fish. Invest. London, Ser. II 11(6) (Not seen). 



239 

DAVID, P.M. (1961). The influence of v ertical migration on speciation 

in the oceanic plankton. Syst. Zool., 10:10-16. 

DUMONT, H.J. (1972). A competition-based approach of the r everse 

vertical migration in zooplankton and it s implications, 

chiefly based on a study of the interaction s of the rotifer 

Aspl anchn~ priodont a (Go s se) with s everal crustacea 

entomostraca. Int. Revue ges. Hydrobiol. Hydrogr., ~(l): 

1-38. 

DUSSART, B. (1972). Les copepodes du lac Sibayi (Natal). Bull. 

Mus. Hist. nat., Paris, 3
e 

serie, nO 68, juillet-aout 1972, 

Zoologie 5:, . 

EDMONDSON, W.T. (1955). The seasonal life histor y of Daphnia in an 

arctic laka. Ecology, 36:439-455. 

EDMONDSON, W.T. (1960). Reproductive r a tes of rotifers in natural 

populations. Memorie 1st. ital. Idrobiol., g: 21-77. 

EDMONDSON, W.T. (1965). Reproductive rates of planktonic rotifers 

as related to food and temp erature in nature. 

Monogr. 35:61-111. 

Ecol. 

EDMONDSON, W.T. & G.G. WINBERG (eds.) (1971). A Manual o.n Methods 

for the assessrr,",nt of secOIldary productivity in fresh ' waters. 

I.B.P. Handbook No. 17. 358 + xxiv. Blackwells. 

ESTERLY, C.O. (1917). The occurrence of a rhythm in the geotropism 

,of two species of plankton copepods when certain recurring 

external conditions are absent. Univ. Calif. Publs Zool. 

16:393-400. (Not seen - cited in Ringelberg 1964). 

FRYER, G. (1957a). Freeliving freshwater Crustacea from Lake Nyasa 

and adjoining waters. Part 1. Copepoda. 

53: 62- 86. 

Arch. Hydrobiol., 



240 

FRYER, G. (1957b). Freeliving freshwater Crustacea from Lake Nyasa 

anq adjoining waters. Part II. Cladocera and Conchostraca . 

Arch. Hydrobiol., 53:223-239. 

FRYER, G. (1957c). Freeliving freshwater Crustacea from Lake Nyasa 

and adjoining waters. Part III. General remarks, with notes 

on certain Malacostraca and Ostracoda. Arch. Hydrobiol., 

53:527-536. 

FRYER, G. (1957d). The food of some freshwater cyclopoid copepods 

and its ecological significance. J. An im. Eco 1. , 

26:263-286. 

GAULD, D. T. (1951). The grazing rate of planktonic copepods. 

J. mar. biol. Ass., U.K. 29:695-706. 

GAULD, D.T. (1953). Diurnal variations in the grazing of planktonic 

copepods. J. mar. biol. Ass., U.K. 31:461-474. 

GElLING, W.T. & R.S. CAHPBELL (1972). The effect of temperature on 

the development rate of the major life stages or Diaptomus 

pallidus Herrick. Limnol. Oceanogr., 17:304-307. 

GLIWICZ, Z.H. (1968). The use of anaesthetizing substance in studies 

on the food habits of zooplankton communities. Ekol. pol. 

Ser. A. 16:279-295. 

GLIWICZ, Z.H. (i969). Studies on the feeding of pelagic zooplankton 

in lakes with varying trophy. Ekol. pol. Ser. A. 17: 663-708. 

GOLDHAN, C.R. (1970). Antarctic freshwater ecosystems. pp. 609- 627.· 

in· Holdgate, H.W. (ed.). Antarctic Ecology Volume 2. 

Academic Press. 

GOLDHAN, C.R.,H. GERLETTI, P. JAVORNICKY, U. HELCHIORRI-SANTOLINI, 

.& E. DE AHEZAGA (1968). Primary productivity, bacteria, 

phyto- and zooplankton in Lake Haggiore: Correlations and 

relationships with ecological factors. 

Idrobiol. 23:49-127. 

Hemorie 1st. ital. 



241 

GRICE, G.D. (1969). The developmental stages of Pseudodiaptomus 

coronatus Williams (Copepoda, Calanoida). 

Crustaceana, 16,291- 301. 

GRINDLEY, J.R. (1963). The Pseudodiaptomidae (Cop epoda; Calanoida) 

of Southern African waters, including a new species, 

Pseudodiaptomus charteri. Ann. S. Afr. Mus. 46(15):373-391. 

GRINDLEY, J.R. (1964). Effect of low-salinity water on the vertical 

migration of estuarine plankton. Nature, L(.nd. 

203(4946):781-782. 

GRINDLEY, J.R. (1965). Estuarine ecology. Unpublished Ph.D. 

Thesis. University of Cape Town. 

GRINDLEY, J .R. (1969). 

diaptomidae. 

GRINDLEY, J.R. (1972). 

The Quaternary evolution r.f the Pseudo­

S. Afr. archaeol. Bull., 24: 149-150. 

The vertical migration behaviour of estuarine 

zoop lankton. Zoo logica Africana 2: 13- 20. 

GRINDLEY, J.R. & G.D. GRICE (1969). A redescription of Pseudodiaptomus 

marinus Sato (Copepoda, Calanoida) and its occurrence at the 

island of Mauritius. Crustaceana 16,125-134. 

HARDING, J.P. (1942). Cladocera and Copepoda collected from East 

African lakes by Miss C.K. Ricardo, and Miss R.J. Owen. 

Ann. Mag. nat. Hist. (ser. 11) 9: 174-191. 

HARDING, J.P., S.M. MARSHALL & A.P. ORR (1951). Time of egg laying 

in the planktonic copepod r.alanus. Nature, Land., 

167:953. 

HARDY, A.C. (1956). The Open Sea, its Natural History: The World 

of Plankton. 335 pp. Collins, London. 

HARDY, A.C. & E.R. GUNTHER (1935). . The plankton of the South Georgia 

whaling grounds and adjacent waters, 1926-27. 

, Discovery' Rep., 11: 1-456. 

I 



242 

HARRIS, J.E. (1953). Physical factors involved in the vertical 

migration of plankton. Q. J1. microsc. Sci., 94(4) :537-550. 

HARRIS, J.E. (1963). The role of endogenous rhythms in v ,'rtica1 

migration. J. mar. biol. Ass. U.K. 43: 153-166. 

HARRIS, J.E. & P. MASON (1956). Vertical migration in eyeless 

Daphnia. Proc. R. Soc. Ser. B. 145: 280-290. 

HARRIS, J.E. & U.K. WOLFE (1955). A laboratory study of vertical 

migration. Proc. R. Soc. Ser. B. 144:329-3j4. 

HARVEY, H.W., L.H.N. COOPER, M.V. LEBOUR & F.S. RUSSEL (1935). 

Plankton production and its control. J. mar. biol. 

Ass., U.K. 20:407-441. 

HEYWOOD, R.B. (1970a). Ecology of the fresh-water lakes of Signy 

Island, South Orkney Islands: III. Biol~gy of the copepod 

Pseudoboeckella silvestri Daday (Calanoida, Centropagidae). 

Br. Antarct. Surv. Bull. 23: 1-17. 

HEYWOOD, R.B. (1970b). The mouthparts and feeding ~abits of 

Parabroteas sarsi (Daday) and Pseudoboeckella silvestri 

Daday (Copepoda, Calanoida). pp 639-650" in: Holdgate, 

M.W. (ed.). Antarctic ecology. London, Academic Press. 

HILL, B.J. (1969). The bathymetry and possible origir. of lakes Sibayi, 

Nhlange and Sifungwe in Zululand (Natal). 

S. Afr., 38:205-216. 

HOLDGATE,M.W. (ed.). (1970). Antarctic Ecology. 

Press. 

Trans. R. Soc. 

London, Academic 

HUTCHINSON, G.E. (1967). A Treatise on Limnology. Vol. 2: Introduction 

to Lake Biology and the Limnoplankton. . John Wiley & Sons, 

Inc. New York. 

JACKSON, P.B.N., T.D. lLES, D. HARDING & G. FRYOR (1963). Report 

on the survey of northern Lake Nyasa 1954-55 by the Joint 

·Fisheries Research Organization. 

Zomba, Nyasaland. 171 pp. 

Government Printer, 



243 

JACOBS, J. (1961) : Laboratory cultivations of the marine copepod 

Ps eudodiaptomus co ronatus Williams. Limnol. Oceanogr., 

6: 443-446. 

JOHAN SEN , D.A. (1940 ) . Plant Microtechnique. McGraw-Hill BOOK Co., 

Inc., New York. 235 pp. 

JOHNSON , M.W. (1939 ). Ps eudod iaptomus (P seudodiapta11ous) euryhalinus. 

A n ew sub-genus and species of cop epoda with pre l iminary 

notes on its ecology. Trans. Am. microsc., Soc. 58:349-355. 

JOHNSON, M.W. (1948). The postembryonic development of the copepod 

Pseudodiaptomus euryhalinus Johnson and its phylogene tic 

significance. Trans. Am. microsc . Soc . 67:319-330. 

JQ'RGENSEN , C.B. (1966). Biology of suspensions feeding. Internat. 

Ser. Monogr. in Pure and Appl. Biol. Zovl. Div., Vol. 27. 

Pergamon Press. 

KAMPA, E.M. (1970). Underwat ·e r daylight and moon light measurements 

in the eastern North Atlantic . J. mar. biol. Ass., U.K. 

50:397-420. 

KENNETH, J.H. (1963). A dictionary of biological terms. 8th ed. 

Oliver & Boyd. 

KIBBY, H.V. (1971). 

gracilis. 

Energetics and population dynamic' S of Diaptomus 

Ecol. Monogr. ~(4):3ll-327. 

KIEFFER, F. (1934). Die freilebenden Copepoden SUdafrikas. Zool. 

Jb. Abt. Syst., 65:99-192. 

KIKUCHI, K. (1930). Diurnal migration of plankton crustacea. 

Q. Rev. Biol., 1:189-206. 

KNIGHT-JONES, E.W. & S.2. QASIM (1966). Responses of Crustacea to 

changes in hydrostatic pressure. Proc. Symp. Crust . mar. 

biol. Ass. India, 1132-1149. (Not seen - cited in Lincoln 

1971). 



244 

KOS, M.S. (1969). 

fauna. 

Discovery of CalariUS species in the benthic 

Zool. Zh. 48:605-607. (Russian). * 

LANGFORD, R.R. (1938). Diurnal and seasonal changes in the 

distribution of the limnetic Crustacea of Lake Nipissi~g, 

Ontario. Univ. Toronto Studies, Biol. Series 45, Publ. 

Ontario Fish. Res. Lab., 56: 1-142. 

LANGFORD, R.R . & E.G. JERMOLAJEV (1966). Direct effe(.t of wind on 

plankton distribution. Verh. · into Ver. Lirrmol. 16: 188-193. 

LINCOLN, R.J. (1970). A laboratory investigation into the effects 

of hydrostatic pressur e on the vertical migration of 

planktonic Crustacea. Mar. Biol., !:5-11. 

LINCOLN, R.J. (1971). Observations of the effects of change s in 

hydrostatic pressure and illumination Of< the behaviour of 

some planktonic crustaceans. J. expo Bio1. 54:677-688. 

LOCK, A.R. & I.A. McLAREN (1970). The effect of varying and constant 

tempera tures on the size of a marine copepod. Lirrmol. 

Oceanogr., ~:638-640. 

LOWNDES, A.G. (1935). The swimming and feeding of certain Calanoid 

copepods. Proc. zool. Soc. Lond. 687-715. 

LUND, J.W.G., C. KIPLING & E.D. LE CREN (1958). The i~verted 

microscope method of estimating algal numbers and the 

statistical basis of estimations by counting. Hydrobiologia 

11: 143-170. 

MALY, E.J. (1970). The influence of predation on the adult sex ratios 

of two copepod species. Lirrmol. Oceanogr. 15(4):566-573. 

MARSHALL, S.M. & A.P. ORR (1955a). The Biology of a Marine Copepod 

Calanus finmarchicus (Gunnerus). Oliver & Boyd, Edinburgh. 

188 p. 

* Abstracted in Aquatic Biology Abstracts 3(10):37. 1970. 



245 

MARSHALL, S.M. & A.P. ORR (1955b). On the biology of Calanus 

finmarchicus. VIII. Food uptake, assimilation and excretion 

in adult and stage V Calanus. J. mar. bioI. Ass. U.K. 

34:495-529 . 

MARSHALL, S.M. & A.P. ORR (1956). On the biology of Calanus finmarchicus. 

IX. Feeding and digestion in the young stages. J. mar. bioI. 

Ass. U.K. 35:587-603. 

McLAREN, I.A. (1961). A biennial copepod from Lake Hazen, Ellesmere 

Island. Nature, Lond. 189:774. 

McLAREN, LA. (1963). Effects of temperature on growth of zooplankton, 

and the ad.ptive value of vertical migration. J. Fish. 

Res. Bd Can., 20(3):685-727. 

McLAREN, LA. (1966· ) . Zooplankton of Lake Hazen, Ellesmere Island, 

and a nearby pond, with special reference to the copepod 

Cyclops scutifer Sars. Can. J. Zoo 1. , 42:613-629. 

McLAREN, I.A. (1966). Predicting development rate of copepod eggs. 

BioI. Bull. mar. bioI. Lab., Woods Hole, 131:457-469. 

McMAHON, J.W. & F.H. RIGLER (1965). Feeding rate of Daphnia magna 

Straus in different foods labelled with radioactive phosphorus. 

Limnol. Oceanogr., 10:105-113. 

McNAUGHT, D.C. & A.D. HASLER (1964). Rate of movement of populations 

of Daphnia in relation to changes in light intensity. 

J. Fish. Res. Bd Can., 21:291-318. 

McNAUGHT, D.C. & A.D. HASLER (1966). Photoenvironments of planktonic 

C.rustacea in Lake Michigan. Verh. into Ver. Limnol., 

16: 194-203. 

MCQUEEN, D.J. (1970). Grazing rates and food selection in Diaptomus 

oregonensis (Copepoda) from Marion Lake, British Columbia. 

J. Fish. Res. Bd Can., 27(1):13-20. 



246 

MILLER, C.B. (1970). Some environmental consequences of vertical 

migration in marin e zooplankton. Limnol. Oceanogr. 

15:727 -741. 

MORTIMER, C.H . (1942). The exchange of dissolved substances between 

mud and water in lakes. Parts III and IV. J. Eco 1. , 

30: 147-201. 

MULLIN, C.H. (1968). Egg-laying in the planktonic cor epod Calanus 

he l golandicus (Claus). Crustaceana Suppl. i. 29 -34. 

MULLIN, M.M. (1963). Some factors affecting the feeding of marine 

copepods of the genus Calanus. Limnol. Oceanogr., 

8: 239 -250. 

NAUWERCK, A. (1963). Die Beziehungen zwischen Zoop lankton und 

Phytoplankton im See Erben. Symb. bot. Up sal., ..!2.: 1-163. 

PATALAS, K. (1969). Composition and horizontal distribution of 

crustacean plankton in Lake Ontario. J. Fish. Res. Bd 

Can., ~(8):2135 -2164. 

RICHMAN, S. (1966). The effect of phytoplankton concentration on 

the feeding rate of Diaptomus or egonens is. 

Limnol., 16: 392-398. 

Verh. int. Ver. 

RICHMAN, S. & J.N. ROGERS (1969). The feeding of Cal£.~ helgolandicus 

on synchronously growing populations of the marine diatom 

Ditylum brightwellii. Limnol. Oceanogr., 1~:701-709. 

RICKER, W.E. (1937). Statistical treatment of sampling processes 

useful in the enumeration of plankton organisms. 

Arch. Hydrobiol., 1!:68-84. 

RINGELBERG, J. (1961). A physiological approach to an understanding 

of vertical migration. Proc. K. ned. Akad. Wet. Ser. C. 

64:489-500. 



247 

RINGE LBERG , J. (1964). The po s itive ly phototactic r eac tion of 

Daphnia magna Straus: a contribution to the understanding 

of diurnal vertical migration. Neth. J. Sea Res., 2:319-406. 

RINGELBE RG , J. (1969). Spatial orientation of planktonic crustaceans. 

2. The swimming behav iour in a vertical plane. Verh. int. 

Ver. Limnol. 17:841- 847. 

RITZ, D.A. (1972a ). Factors affecting the distribution of rock 

lobster larvae (Panulirus long ip es cygnus) with r efer ence 

to variab ility of plankton-ne t catches. Mar. Biol. 

13: 309-317. 

RITZ, D. A. (l972b). Behavioural response to light of the newly 

hatched phyllosoma larvae of Panulirus Jongipes cygnus 

George (Crustacea: Decapoda: Palinuridae). J. exp. mar. 

Biol. Ecol., 10:105-114. 

ROFF, J.C. & J.C.H. CARTER (1972). Life cycle and seasonal abundan ce 

of the cop epod Limnoca l an us macrurus Sars in a high arctic 

lake. Limnol. Oceanogr., 12:363-370. 

ROUND, F.E. (1971). The growth and succession of algal populations 

in freshwaters. Mitt. into Verein. theor. angew. Limnol., 

19:70-99. 

RUDJAKOV, J.A. (1970). The possible causes of diel vertical 

migrations of planktonic animals. Mar. Biol., 2:98-105. 

RUSSEL, F.S. (1926). The vertical distribution of marine macroplankton. 

IV. The apparent importance of light intensity as a controlling 

factor in the behaviour of certain species in the Plymouth 

area. J. mar. biol. Ass. U.K. 14:415-440. 

RYTHER, J.H. (1954). Inhibitory effects . of phytoplankton upon the 

feeding of Daphnia magna with reference to grm<th, reproduction 

and survival.. Ecology, 35:522-533. 



248 

SARS, G.O. (1909). zoological results of the Third Tanganyika 

Expedition conducted by Dr W.A. Cunnington 1904, 1905 . 

Report on the Copepoda. 

-:34-76. 

Proc. zool. Soc. Lond., 

SARS, G.O. (1927). The fresh-water Entomostraca of the Cape Province 

(Union of South Africa) Part Ill. Copepoda. Ann. S. Afr. 

Mus., ~:85-l49. 

SAUNDERS , G.W. (1971). Carbon flow in the aquatic syst em. pp 31- 45 . 

in: The structure and function of fresh-water microbial 

corrnnun ities. ed. J. Cairns Jr. Research Division Monograph 

3, Virginia Polytechnic Institute & State University , 

Virginia. 

SCHINDLER, D.W. (1968). Feeding, assimilation and respiration rates 

of Daphnia magna unde r various environmental conditions and 

their relation to production estimates. 

37:369-385. 

J. Anim. Eco 1. , 

SCHINDLER, J.E. (1971). Food quality and ·zooplankton nutrition. 

J. Anim. Ecol., 40:589-595. 

SIEBECK, O. (1960). Untersuchungen uber die Vertikalwanderung 

planktischer Crustaceen unter Berucksichtigung der 

Strahlungsverhaltnisse. Int. Revue ges. Hydrobiol. 

Hydrogr., 45:381-454. 

SIEBECK, O. (1964). Researches on the behaviour of planktonic 

crustaceans in the littoral. Verh. into Ver. Limnol., 

15: 746-751. 

SIEBECK, O. (1969). Spatial orientation of planktonic ·crust aceans. 

I. The swimming behaviour in a horizontal plane. Verh. 

into Ver. Limnol., 12:831-840. 

· SIEGEL, S. (1956). Nonparametric statistics for the Behavioural 

Sciences. McGraw-Hill Book Company, Inc. 



249 

SHYLY, ,I. J. P. (1961). rhe life-cycle of the freshwater copepod 

Cyclops leuckarti Claus in Esthwaite water. J. Anim. 

Eco1. 30:153-169. 

SMYLY, W.J .P. (1964). An investigation of some benthic Entomostraca 

of three lakes in Northern Italy. Memorie 1st. it a l. 

Idrobiol. , 17:33-56. 

SMYLY, W.J.P. ( l96 8a) . Observations on the planktonic and profunda l 

Crustacea of the lakes of the Eng li sh Lake District. 

J. Anim. Eco1. 37:693-708. 

SMYLY, W.J.P. (1968b). Some observat i ons on t he effect of sampling 

t echnique under different conditions on numbers of some 

freshwater planktonic En tomostraca and Rotife r a c aught by 

a water-bottle. J. nat. Hist. 2:569 -575. 

SNEDECOR, G. W. & W.G. COCHRAN (1967). Statistical Methods . 6th 

edition. Iowa State University Press . xiv, 593 pp. 

SOROKIN, YU I. (1968). 14 rhe use of C in the study of nutrition of 

aquatic an imals . Mitt. int. Verein. theor. angew . Limno1. 

16: 1-41. 

srAVN, R. H. (1971). . rhe horizontal-vertical distrib';tion hypothesis: 

Langmuir circulations and Daphnia distributions. 

Limno1. Oceanogr. ~:453-466 . 

rALLING, J. F. (1957). Diurnal changes · of .stratification and photo-

synthesis in some tropical African waters. Proc. R. Soc. 

Ser. B. 147:57-83. 

rALLING, J. F. (1964). The annual cycle of stratification and 

primary production in Lake Victoria (East Africa). 

Verh. into Ver. Limnol., ~:384-385 . 

TALLING, J.F.(1965). rhe photosynthetic activity of phytoplankton 

in East African Lakes. Int. Revue ges. Hydrobio1. 

Hydr'ogr., 50(1): 1-32. 



250 

TALLING , J.F. (1966). The annual cycle of s trati f ication and 

phytoplankton growth in Lake Victoria (East Africa). 

Int. Revue ges. Hydrobiol. Hydrogr. ~:545-62l. 

TASH, J. C. & K.B. ARMITAGE (1967). Ecology of the zooplankton of 

the Cape Thomp son area, Alaska. Ecology, 48:129-139. 

VALLENTYNE , J.R. (1969). Definition of a limnologis t. 

Limnol. Oceanog~. ~:8l5. 

VLYMEN, W.J. (1970). Ene rgy expend iture of swimming copepods. 

Limnol. Oceanogr. l2i3):348-356. 

WATERMAN, T. H. (Ed.) (1961). The Physiology of Crustacea v. II. 

Sense Orgalls, Integration , and Behaviour .. Academic 

Press. 681 pp. 

WATERMAN, T. H. & F.J. CHACE (1960) . 

pp. 1-33 . Waterman, T.H. 

General crustacean biology. 

(ed.). The physiology of 

crustacea Vol. 1. Academic Press . 

WATERMAN , T.H. (1961). Light sensitivity and vision. In: The 

Physiology of Crustacea. Volume II. Sense organs, 

integration and behaviour. pp. 1-64. (Ed. T. H. TNaterman). 

Academic Press. 

WIGLEY, R.L. (1967) . Comparative efficiencies of van Veen and Smith-

McIntyre grab samplers as revealed by motion pictures. 

Ecology, 48:168-169. 

WIMPENNY, R.S. (1938). Diurnal variation in the feeding and breeding 

of zooplankton related to the numerical balance of the zoo-

phytoplankton community. J. Conseil, Consei1 Perm. 

Intern. Exploration Mer, 13:323-337. 

WORTHINGTON, E. B. (1931). Vertical moveinen ts of fresh-water 

Macrop1ankton. 

25:394-436. 

·Int. Revue ges. Hydrobio1. Hydrogr. 



251 

WORTHINGTON, E.B. (1970). Concluding remarks in Holdgate, M.W. 

(ed.). Antarctic Ecology II: p. 667. 

WORTHINGTON, E. B. & C. K. RICARDO (1936) • Scientific r esults of the 

Cambridge expedit ion to the East African lakes, 1930-1. 

No. 17. The vertical distribution and movements of the 

plank ton in Lakes Rudolf, Naivasha, Edward and Bunyoni. 

J. Linn. Soc. Zoo1. 40:33-69. 

WYNNE-EDHARDS, V.C. (1962). Animal dispersion in relation to social 

behaviour. Oliver ,& Boyd. 653 + xi. 

ZARET, T.M. (1972). Predators, invisible prey, and the nature of 

polymorphism in the Cladocera (Class Cru s tacea). 

Limno1. Oceanogr. 17:171-184. 



252 

APPENDIX 1 

s , t. 
t.b, 

---c,b:--

IDcm 

Vertical Bottom Sampler. u.d., upper door; l.d., lower door; 51' 52' 
points of attachment of springs; g, gro ove for sliding door; 
t.p., trigger ri vot; s. c ., suspension cable; , , t. b ., trigger bar and 
cocking mechanism; c . b.', coupling bars to synchro.nize upper and 
lower sliding doors. 
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APPENDIX 2 

. Closed 
Optn 

c. t. 

o.o.e.d 

c. L 

p.b. 
1\ '\===~'.3 

'2 m.l · 

10cm 

, . 

Substrate Bin. .p. b., perspex box; t . m.f., tubular metal framework; 
c.l., closing lid (of bolting silk) ; l.h., hinge' for lid; a.o.c . d ., 
automatic cpening and closing device ; e , eyes to con'"ain a.o .c.d.; 
m.f., metal foot ; c1 , c

2
, nyl on cords connecting lid .to a.o.c.d.; 

. sl - s 4' . si tes of a ttachiiient of suspending harness • . . 
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APPENDIX 3 

s.c. 

Opon 

A 

~~~I~.b~. ~~~<=rr========~'====== =======~'O=>-hl 
p-

Closed 
s.c. 

Cross sedion A - A 
10cm 

@ hl 

p.1. 

. - -

Horizontal Bottom Sampler. ·P .• t., perspex tube; hI' upper horizontal 
rail; h2 , h" lowEr horizontal rails; 11 -1

4
, legs· e.g., co~per 

gauze on trailing end; I.e., leading edge; s.p., sealing plate fer 
leading edge; t. b., trigger ·.bar; p., pivot ~' oint; sl' s , si tes of 
attacbment of springs; f, metal frame housing perspex tu~e; s.c., 
suspension 'cable';' r, runners; m.bo, · mounting block for" runners (r) 
and . metal frame . (f) • 
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APPENDIX 4 

,--

s.b. 'I 12 
$2 

r 
-2m 

1 
I 

ck-

~1. 

Rigg ing of 
susp~ndf:d tray 

"In water 

L column Delail of tocking "ml!toanism 

Susnended Tray. p.t., perspex: tray; s.l., sliding lid; s.h., 
suspending harness; w, base weight on lake bed; s~f., submergE;d 
float; s;b., . surface ·buoy; 6, cable to surface ; t; t rip line; 
·Sl: s2' .. ~tes of attachment of springs; t.b., t rigger bar ; t.. p .• , 
trlgger pln; ck, cork to keep trip line ciear of clcs.ing mechanism; 
g, .. groove for sliding lid; r

l
, I'2' upper and lcwer runners for 

sliding lid • 
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APPEK1HX 5 

Open Closed 

= 

, 
~, 

l.h. t.tl. 

L t- y e L t--fl e 

p.t. p.l. 

m.p. m p. 

~,- S2 

J- t- fl e f- r-J e 
s 

e e 

- { . 

r 
r -h 

h.1. 12em 

S, 

0-V s, h.1. 
c ~ 

-I 
-h 

1 st' S,L 

10em 

Aquarium Sampler. p.t., perspex tube; h.l., . hinged lower lid; 
s l' s2"sites of attachment of sprir..gs; m.p., metal pipe; t, trigger; 
h, hinge for lid; e , retaining eyes for meta l pipe; . t.h., trigger 
handle. 

.1 
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APPENDIX 6 

Photonegative resFonses of f. hessei to light of different 

colourso 

Light Chamber 
Eource 1 2 3 

. 

White 40~ 32~ 27% 

Green 36t;, 25% 38¥o 

Red 33~ 24% 42+';' 

Blue 1e% 20% 62% 

The experiments 'were made in a perspex trough 45cm x 5cm y 5cm 

with two sliding partitions. Chamber 3 was f~rthest frem t~e light 

source. Light was provided by a 35w microscope le.mp. Gre en ligh t. 

was obtained using a VG 9 Schott filter and red light with a RGl/6l0 

Schott filter. Blue light was obtained by pass ing light through 

a dilute solution of methylene blue. 

The table gives the mean percentage distribution of two 

replicate series, using 100 - 150 animals per eyperiment. 
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APPENDIX 7 

Radio- carbon techniques used in assessing diel feeding intensity 

in 1'.. hessei o 

Available evidence has shown that f' hessei consumes nano-

plankton and bacterioplankton, and that these food sources are 

grazed at a similar rate. Accordingly , the determination of the 

feeding intensity in f, hessei was not restricted to the autotrophic 

food species, 

Wright and Hobbie (1966) have shown that uptake of glucose 

in natural waters in the dark may be attributable to two distinc t 

processes. At glucose concentrations below circa 500pg/l , substrate 

uptake is largely due to bacteria, and other heterotrophically 

feeding organisms in which permease active transport sites are 

present. At higher substrate concentrations, uptake is mainly a 

function of algal uptake as a result of diffusion . These · findings 

were employed in the present investigation, and substrate concen-

trations were used which overlapped the requirements for both heterc-

trophic uptake and for uptake by diffusion . processes, In ths way 

it was hoped that by carrying out the exposure in the dark, a fairly 

broad spectrum of likely food organisms wou.ld be lab elled either by · 

heterotrophic uptake by active transport or by diffusion, Radio-

carbon glucose and sodium acetate were used as isotope sources. 

Working solutions of l~Ci/ml were prepared,with substrate concentra-

14 . . 14 
tions of 60~g/ml and 1.5pg/ml for C glucose and C acetate resptlct-

ively. Higher specific activity solutions were . not available, 

Labelling the flocculent sedimentary material and detritus 

The flocculent tripton collected in a substrate bin (4 litres) 

d·uring an oyernight exposure on· the lake bed was thoroughly stirred 

and con~entrated under reduced pressure onto Green's 995 Hydruro 

filter paper and made up to a final volume of 220ml. To this 
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. 14 
concentrate, 4~1 of radio-active sodium acetate and Sml of C glUCOSe 

were added in the dark. After 1 hour an aliquot of 20ml of the con-

centrate was removed and the balance of the concentrate '.'as filtered 

again through Green's 995 filter paper, washed carefully with milli-

pore filtered (0.45p aperture) lake water three times, and made up 

with millipore-filtered Viater into two 100mi aliquots. The remaining 

20ml aliquot was millipore filtered and the filter disc and filtrate 

aliquots were retained for radio-assay. 

The 100ml aliquots of labelled floc were retained in the dark 

and taken as rapidly as possible onto the lake where substrate bins 

had been left exposed overnight to collect calanJids. The bins were 

raised and 100ml of labelled floc addee. . to each~ The contents were 

gently agitated to suspend the labeiled floc th:'ough the bins: the 

bins ·were fitted with transparent perspex lids sealing against rubber 

gaskets, and returned to the lake bee.. After an exposure of 1 hour, 

the bins were raised once again and a sample of the bin contents was 

taken for analysis of 14C in the floc and in solution. The entire 

calanoid population was removed by filtration through a 10 plankton 

bucket and preserved immediately. In the labor·atory, 100 adult males 

and. 100adult females Viere individually removed from tlle thoroughly 

washed sample and placed into dioxane scintillation cocktail in a 

scintillation vial . The number of calanoids remaining in the balance 

of the sample was estimated by subsample counts. These · calanoids 

were then transferred eli masse to a second scintillation vial. As 

much water. as possible was removed from the sample, and scintillation 

cocktail was added. 

Replicate in situ exposures were made between 1300 and 1400hrs 

both at a 38m station and at a 10m station. 

A single experiment · was carried. out at night. Calanoids 

were confined to a substrate bin on the lake bed by means of a sealing 
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lid fitted e.t 140Chrs, and the ent i r e bin ",as retrieved after night-

fall and r eturned to the laboratory. The night - time feeding inten-

sity was determined in the bi n using labelled floc as described for 

the in situ dayt i me experiments . · 

La.belling the pelagial wate r s 

Water was collec t ed from 10m at Station I , returned tc the 

laboratory and labelled in the dark by the addition of 20pCi of 14C 

per litre . 10pCi of 14C glucose and 10pC i of 14C ace tate were added 

to each of two replicate one litre s ampl es several hours a f te r sun­

s et, and, after stirring, the samples were allowed to incubat e in 

the dark for 1 hour. Animals col18cted from the substrate bins 

were introduced i nt o the solut ion a nd after an exp osure of one heur 

in .the dark, were decanted t hrough a plankton bucket , washed, 

formalinized, ccuT-ted and s orted into scintilla tion vials to which 

·s cintillation cocktail was added. 

14C uptake of the lake water before introduc tion of the cala­

noids was d·etermined by a paralle l experiment; the 14C fractions 1'<;- . 

tained on a millipore fil h r disc after gentle washing , and in. sol ution , 

were taken to indicate .t he relative uptake of l4C into particulate 

material a nd that remaining in solu t ion. 

Self-adsorption values of the calanoids were determined at 

various concentrations of 14C label in millipore filtered water . Tne 

procedure used was similar to the night- time fe eding experiments, but 

millipore filtered lake water was used • Copepods exposed tc this 

. control solution fo r one hour were removed, preserved, washed and 

sorted. into scintillation vials . 

·The samples were r etur ned to the labor ato ries at Rhodes 

University for subse~uent treatment. The samples cf calanoid and 

flocculent material in cDckta il s olution were vibrated ultrasonically· 

for 60 minutes to rupture the · cell· structure and solubilize the cell · 



261 

contents (c.f. Schindler 19?1). I!1 the s2.:lplES containing floc-

culent inateria~ ultrasonication wa.s not sufficiently effec t ive in 

solubilizing the samples. Precipitation of the hcmogeLized floc 

occurred witl:in the scintillation vials, affecting the subseCJ.uent 

radio-assay. An attempt was made to counter this by retrieving the 

ultrasonicated particulate material o~ filter paper, and combusting 

it on a platinum basket in oxygen. The CO
2 

resulting from this 

treatment was adsorbed in phenyl-ethylamine : ~ethanol 1 : 1 V Vo 

However, the phenyl-etllylamine : metl:anol mixture reacted with the 

dioxane cocktail after several days , producing a pronounced colour 

which entirely CJ.uenched the samrles and precluded ::-adio-assayo 

Combustion could not be repeated on the floc saIl!ples using alternative 

procedures as all the available material had been used. However, 

prior to combustion atte~pts, all the material had been radio­

assayed after straight-forward sonication , and th8se results have 

. been usedo While these results probably underestimate the radio-

activity of the labelled flocculent material, they undoubtedly provide 

some indication of the relative isotope uptake. 

In tte calanoid samples, ultrasonication resulted · in stable 

radio-assay counts. Some prec:'pitation of the material occurred, 

but the particles were extremely ·small and it was assumed that most 

14C sources had been solubilized, excluding possibly the small fraction 

potentially bound in the eiwskeleton • 

. Radio-carbon was assayed by means of ·a Beckman LS 133 Liquid 

Scintillation system using external standard ratio for quench ca.libration. 

Background estimates were carried out on material which had not been 

exposed to radio-isotopes. l4C counting efficiencies for tho homo- · 

genized flocculent ~aterjal varied from?? - 83%. Wi tll homogenizE d· . 

zooplankton samples counting efficienl'iC':, 'IIe!'e consistE~tly between 

84% and 88%. 
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AFPE;:J)IX 8 

Attempts to s i m~lai:;e :niQ'rat';e>I!. under laboratory condi tior.s 

During the course of the pr esent study, extensiv8 attempts 

have been made to simulate ~igratory behaviour under laboratory 

conditions. Perspex tanks from lOOcm x 25cm x 25cm and smaller , to 

tanks 2000cm x 45cm x 15cm have been employed. Light gradients 
I 

have been obtained usin~' Indian Ink suspensions; other experiments 

have been made using lake water only. Light changes have been brought 

about by increasing or decreasing t~e number of filt ers between the 

light source and the tarL1{. Overhead and lateral light sources have 

been used, as well as illumination f r om below. Visual and photc-

graphic attempts have been made to follow the movements , eithe r of 

individual calanoica or of large numbers of calanoids simultaneously. 

Experiments have been made by day and by night , at dusk and at dawn , 

in~oors and out of doors. Torches, light bulbs and reflected sun-

light have all been used as light sources. These experiments have 

all failed. One of the major . problems encGuntered Vias the apparent 

indifference of the calanoids when they came into contact witt. a 

solid surface. On reaching a substrat e , the ca.lanoids i nvari ably 

anchor to it by means of their antenr.ae and regularly set up filtering 

currents o They bec ome comple tely 'insensitive to a light beam 

directed onto them and' sharp tapping of the surface on whic l: they 

are anchored i s necessary to get the animals to move. The only 

clear and reproducab1 e response was that evident in animals which 

were dark adapted at night. Illumination of the dark adapted cala-

noids revealed them all to be swimming about throughout the vesseL 

As soon as they were illuminated, however , they moved obli~uely onto 

the , sides of the vessel (g'enerally obli~uely downwards irrespective 

,of whetlie r overhead or lateral illumination was applied). On 

r 'eaching the walls of the vessel they st.opped moving and appeared to 
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be eblivieus te light, whether it was .of very low intensity (the 

yellow-red glew .of a 1. 5v torch \',i th a flat battery) .or the highly 

directienal white light of a 6v terch fitt ed with new batteries. 

Until either .of these light seurcps was turned cff, the animals 

remained en the vessel walls. Only when the animals vlere again 

subjected. to .darkness, did they become active, and if illuminated 

again even as little as :, - 10 minutes after their first light expo-

sure, the majerity were seen to be swimming about. The alternation 

between activity and thigmokinetic quies.::snce could be elicited in 

the same calanoids several times in successien at night , but inacti­

vity was the .order e~ the day. 

It was the .only predictable and repreducable response to 

light (or lack .of 1~6ht) which ceuld be elicited under laberatory 

cenditions in additien te the endogeneus activity rhythms. Failure 

of ether experimental appreaches to the migratory behaviour are mest 

plausibly attributable to the inability te s imulate the unde~7ater 

photo-environm,·nt naturally encountered by the calaneids. Both the 

angular distributien and wavelength compesition of light are clearly 

of great importance to crustacean zooplankton (Ringelberg 1961 - 1964, 

Siebeck 1960, 1969 and McNaught and Hasler 1964, 1966). Also , the 

well develeped endegenous activity rhythm in the species is likely 

to complicate the issue. The simulation .of the natural photoenviron-

ment was not pessible with the eqUipment and fac ilities available at 

the research station. 


