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ABSTRACT 

Successive populations, consisting of 19 lineages of lacustrine mollusca, 

were collected from 131 stratigraphically and/or geographically distinct local 

faunas from the late Cenozoic of the eastern Turkana Basin, north Kenya. The 'soft' 

biology and reproductive strategies of the various species-lineages, most of which 

are still extant, are generally known. In addition, important palaeoanthropological 

discoveries in these ? late Miocene - Holocene deposits have prompted intensive 

investigation of the chronostratigraphy and palaeoenvironmental history of the area. 

Evolutionary mode and tempo in the various molluscan lineages may therefore be 

studied within a unique, quasi-experimental framework. The sequence of mollusc faunas 

from the eastern Turkana Basin constitutes one of the best documented local 

metazoan fossil records known, and offers a unique opportunity for empirical 

falsification of currently available models for the evolutionary process. 

Detailed multivariate morphometric analysis was undertaken of successive 

populations representing the thirteen best represented mollusc lineages. Irrespective 

of autecology or reproductive strategy, basic patterns of of morphological change 

up the section were fundamentally identical in all. Overall, the morphology of 

all lineages was stable over the 4-5 Myr represented by the sections. No long- 

term directional trends in morphology were detectable. However, three stratigraphical' 

circumscribed but major episodes of evolutionary change within these lineages were 

identified. At the Suregei tuff level (Uppermost Kubi Algi Formation and lowermost 

Koobi Fora Formation), and again in the Guomde Formation, all lineages present in 

the basin undergo rapid morphological transformation, following periods of marked 

lacustrine regression. In the uppermost Kubi Algi and lowermost Koobi Fora, where 

this process of transformation is well-documented in most lineages, rapid change 

in morphology is invariably associated with major increase in phenotypic variance. 

In several lineages there is also a subsequent decrease in this variance towards 

the closing phases of the period of morphological change. Increase in phenotypic 

variance is due to disruption of patterns of individual ontogenetic development. 

This mobilisation of phenotypic variability apparently reflects disturbance of 

developmental canalisation consequent on break-down in genetic homeostasis. 
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Subsequent reduction in phenotypic "rariance implies later reconstitution of 

homeostatic systems in the newly evolved derivative taxa. Most species lineages 

present throughout the Turkana sequence are currently widely distributed, but 

their aberrant derivatives from the uppermost Kubi Algi and lowermost Koobi Fora, 

and from the later Guomde Formation, are endemic to the Turkana Basin. Subsequent 

lacustrine transgressive maxima terminate these two important episodes of evolutionar 

change, as normal representatives of the various parental stocks reinvade the basin 

and eliminate their aberrant descendants. The events documented in the uppermost 

Kubi Algi/lowermost Koobi Fora fäunas, and in those from the Guomde, are of 

critical significance, as they apparently constitute the first palaeontological 

documentation of the speciation process. 

In the Lower Member of the Koobi Fora Formation, during a period when 

the proto-Lake Turkana appears to have been large and stable, most lineages undergo 

major adaptive radiations of the type known from many modern rift lakes. During the 

radiation, endemic novel daughter species enter the record suddenly, and accompany 

their ancestral stocks until eliminated by a major regressive phase in the uppermost 

Lower Member. Events in the Lower Member provide the first detailed documentation 

in the fossil record of a major intralacustrine radiation. 

The basic patterns of morphological change exhibited by all lineages 

in the Turkana Basin sequence are only compatible with the punctuated mquilibria 

paradigm for evolutionary change. More particularly, these basic patterns of change 

are incompatible with the predictions of any currently advanced model for the 

evolutionary process other than Founder Effect allopatric speciation theory. The 

observation that this latter model is the only one to accurately predict patterns 

of morphological change in a taxonomically and biologically very heterogenous 

series of mollusc taxa is of very great significance. 

Fundamentally similar patterns of evolutionary mode and tempo are 

observed in the Turkana Basin sequence in both permanently thelytokous and - 

gonochoristic lineages. Sexual reproduction and genetic recombination per se 

appear to have l:: ttle bearing on rates of evolutionary change and diversification. 

Those mechanisms previously advocated as of primary importance in producing 

evolutionary change within isolates, that rely for their operation on genetic 
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recombination, such as blockage of gene flow, drift, and inbreeding, therefore 

appear to be of little real significance. Recognition that mechanisms reliant 

for their operation on genetic recombination may be of little significance in 

the speciation process represents a major departure from conventional Founder 

Effect allopatric speciation theory. Accordingly, an alternative model for_ 

the speciation process is proposed - the 'Mutation-Disruption' theory. It is 

suggested that progressive incorporation of novel and locally advantageous 

mutations within isolates, with consequent disruption of genetic homeostasis 

and concomitant dA-activation of co-adapted mutator-suppressor systems, may be 

the primary motor for break-down of genetic homeostasis and consequent 

evolutionary change within such isolates. It is also suggested that the primary 

significance of geographic isolation to the speciation process is the protection 

of vulnerable, actively evolving populations from competition with their 

ancestral species, rather than the blockage of gene flow per sie. 

Biometric analysis of gastropod lineages from the late Cenozoic 

deposits of the Turkana Basin leads to important insights into the 

interrelationships of the main Raup parameters for conispiral shells, and 

reveals a hitherto unsuspected 'constructional' component to coiled shell 

morphology. 

The sequence of faunas revealed in the Turkana Basin deposits 

by the evolutionary analysis which constitutes the bulk of this work may also 

be used to erect a molluscan biostratigraphic scheme for the important, early 

hominid-bearing sequences of the area. This biostratigraphic analysis 

reveals significant lithostratigraphic miff-correlation between several local 

sections in the eastern part of the basin, and permits generalised correlation 

of this area with other important late Cenozoic sections in the area. '['his 

analysis also suggests important revisions to current interpretations of the 

palaeogeographic development of the eastern Turkana Basin during the late 

Cenozoic. Fortunately, lithostratigraphic mis-correlations revealed in the 

eastern Turkana Basin t. re generally in areas of little importance for the main 

evolutionary analysis of the mollusc faunas. 
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NTRODUCTION 

1. Nature of the Project 

During a visit to the Turkana Basin, north Kenya, in 1973, 

the author made a small collection of lacustrine molluscs from the hominid-- 

bearing late Cenozoic deposits of the eastern part of the basin. It was soon 

realised that these hitherto unknown faunas formed an unusually complete 

fossil sequence, and that they might provide useful insights into the 

evolutionary process, as well as potentially providing good biostratigraphic 

data for these important deposits (Leakey, 1978). The purpose of this project was 

therefore to investigate these unique faunas from these two related, but 

distinct, points of view. 

The first part of the thesis (Part 1) consists of a series 

of multivariate morphometric analyses of the chief molluscan lineages from 

the late Cenozoic deposits of the Turkana Basin, as well as a compilation 

of biological data for these various forms. It provides an assessment of 

evolutionary mode and tempo in these forms in the light of what is currently known 

of their autecology, reproductive strategy, and other features of their 'soft' 

biology (most of the species studied are still extant). Part 2 consists of 

a faunal inventory and systematic break-down of these mollusc faunas, in the 

light of the multivariate analyses of Part 1. These analyses are conducted 

within the currently accepted lithostratigraphic and palaeoenvironmental 

framework for these deposits, which has been built up during a decade of 

intensive effort by a number of workers. Part 3, by contrast, is an attempt 

at biostratigraphic analysis of the deposits using mollusc faunas, with no 

reference to currently accepted lithostratigraphic correlation within the basin, 

in an attempt to test various aspects of these proposed correlations. Part 4 

is a general discussion of these various results. 

Appendix 1 is an investigation of the interrelationships of 

the various major morphometric parameters employed in the gastropod biometry; 

appendix 2 is an investigation of aspects of palaeoenvironmental analysis 

using mollusc faunas. 
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1.1 INTRODUCTION 

Revurrent areas of concern in evolutionary biology and palaeontology 

have traditionally been the inextricably intertwined topics of evolutionary 

mode and tempo. Most biologists view organic diversity as being divided into a 

series of more or less discrete morphological and genetic entities - biospecies 

- that are linked in ancestor-descendant relationships. However, the mechanism 

by which a given species gives rise to a derivative species, and the related 

problem of the rate at which this derivation takes place, are still topics of 

majoe debate. The nature and rate of organic change has been a major issue since 

at least the time of Lyell, but Eldredge and Gould have re-kindled interest in 

this critical area by a recent series of important papers (Fl dredge and Gould, 

1972; Gould and Eldredge, 1977; Eldredge and Gould, 1978). Eldredge and Gould 

have contrasted the two fundamentally different views of evolutionary mode and 

tempo currently held by many biologists and palaeontologists; these they term the 

'Phyletic Gradualist' and 'Punctuated Equilibria' views of evolutionary process. 

The 'Phyletic Gradualist' model, implicit in much of modern population genetics 

and palaeontology, visualises the evolutionary process as primarily a more or 

less gradual transformation of species lineages. This gradual transformation 

is generally envisioned as occurring in the lineage over all or much of its 

range; a large number of evolutionary models have been proposed, as discussed 

subsequently, which predict this type of rather gradual transformation of 

species lineages. In this view, splitting of lineages can occur, but it takes 

place gradually and involves large populations. Although details of mechanism 

vary between the various models for gradualist evolutionary change, they all 

share as a basic tenet the proposition that major evolutionary change can take 

place gradually within large populations of a species lineage. 

By contrast, the 'Punctuated Equilibria' model of evolutionary process 

denies that significant evolutionary change can take place within large - 

populations of a species lineage. It is considered that large populations are 

not amenable to evolutionary change, but tend ;o be morphologically and 

genetically stable through time, in the same ray that the majority of modern 
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species are relatively stable throigh space, i. e. across their geographic ranges. 

Major evolutionary change is regarded as being concentrated in relatively small 

sub-populations of a species lineage, which are geographically isolated and 

and which for various reasons are therefore actively involved in rapid evolutionary 

transformations into novel lineages. Like the parental lineage, a novel lineage is 

regarded as remaining morphologically stable once this process of transformation 

is complete, even though it may spread out of the relatively small area in which 

it originally arose. On the punctuated equilibria view of the evolutionary process, 

most evolutionary change occurs in the branching episodes between species 

lineages, rather than occurring gradualistically within them. Several models 

for the evolutionary process are compatible with the punctuated equilibria view 

of organic change, as discussed subsequently. 

Although a large number of models are available for the evolutionary 

process, all are based primarily or absolutely on neontological observations. 

However, evolution is a historical process; models seeking to explain it can 

only be rigorously falsified by a study of actual historical events, i. e. by the 

study of the fossil record. Fortunately, most models for the evolutionary process 

inevitably make quite explicit predictions about the nature and rate of morphologicE 

change through time, and are in principle readily falsifiable using palaeontological 

data. In particular, models which predict gradualistic transformation of large 

populations of species lineages would imply that many such lineages in the fossil 

record would display a gradually changing but insensibly graded morphological 

sequence. But models predicting a punctuated equilibria pattern for evolutionary 

change would predict that most species lineages in the fossil record should 

show no morphological trends through time, and that transitional forms between 

such stable lineages would not generally occur; the small populations 

envisioned as being concerned in the transitions between stable lineages are 

unlikely to enter the record on purely preservational grounds. 

Eldredge and Gould have suggested that the general pattern of morphological 

change in most known fossil lineages supports the punctuated equilibria model 

for evolution; they also point out that the wide utility of concurrent range 

zone biostratigraphy of itself indicates that most species are indeed 
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morphologically stable through time (Eldredge and Gould, 1978). However, they 

also suggest that the most convincing demonstration of the validity, or at least 

the relative importance, of the gradualist and punctuated views of evolutionary 

change, will come from the simultaneous detailed morphometric analysis of series 

of co-occuring lineages within continous local sections (Gould and Eldredge 1977). 

This kind of data is required not only to resolve the broad problem as to the 

relative status of the punctuated and gradualist views of the evolutionary 

process, but also to falsify the various neontological models for evolution that 

would result in one or the other pattern of morphological change through time. 

Unfortunately, detailed data summarising patterns of morphological change 

in a large number of co-occurring lineages through continous sections do not 

seem to be available. This work is a partial and preliminary attempt to remedy 

this situation. 

The long sequence of lacustrine molluscan faunas recently 

collected from late Cenozoic dposits in the eastern part of the Turkana 

Basin, north Kenya, is an outstandingly suitable faunal sequence for the type 

of comparative evolutionary study advocated by Eldredge and Gould. Although 

late Cenozoic lacustrine Molluscs have been recorded previously from a number 

of sites around this basin (Neuville and Anthony, 1906; Neuville and Anthony, 

1906a; Fuchs, 1939; Van Damure and Gautier, 1972; 'Gautier, 1976; Van I)amme, 

1978) the sequence of mollusc assemblages recently recovered from exposures 

to the east of the present Lake Turkana are uniquely well documented, complete, 

and abundant. These sequences represent one of the most comprehensive local 

metazoan fossil sequences currently available for study. 
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Several factors, reviewed below, combine to make the nollusc sequence from the 

late Cenozoic of the Turkana Basin unusually suitable for critical evaluation 

of models currently available for the evolutionary process. 

a) Mollusca from the Turkana Basin sequence are unusually well preserved. 

Faunas employed in the subsequent analysis occur in lacustrine facies of 
_ 

1) the 'pre-Kubi Algi' (Warata Formation (Watkins and Williamson, 1979), Casa 

Waterhole sequence (Fuchs, 1939), and Sibilot volcanics) 2) the Kubi Algi 

Formation (Vondra and Bowen, 1976; 1978) and 3) the Koobi Fora Formation 

(Vondra and Bowen, 1976; 1978). The mollusc faunas from these various units 

characteristically occur in relatively thin (-c, 0.5m), unconsolidated, broadly 

lensoid accumulations, separated by fine-grained stratigraphic intervals devoid 

of or extremely poor in mollusca. The mollusc accumulations apparently represent 

a wide variety of lacustrine palaeoenvironments, including in-situ life assemblage 

offshore bar accumulations, and pro-delta gravity flows (Williamson, in prepn. ). 

Microstratigraphic details of the majority of the mollusc accumulations, as well 

as other lines of evidence detailed subsequently, suggest that most of the 

mollusc-bearing units accumulated over relatively short spans of time. 

b) The deposits in which the mollusc faunas occur, particularly the Kubi Algi 

and Koobi Fora Formations, are periodically punctuated by laterally extensive, 

secondarily waterlain tuffaceous horizons; the basal surfaces of these units 

are considered to be essentially isochronous (Findlater, 1978). Several of these 

tuffaceous horizons are claimed to be correlateable over wide areas of the 

eastern part of the Turkana Basin, and several contain radiometrically dateable 

pumice. These tuff horizons therefore form the basis for the chronostratigraphie 

framework for the area. Given mollusc-bearing units can be surveyed into the 

isochronous tuff bases, and assuming that the tuffs have indeed been correctly 

identified around the eastern part of the basin, they should provide for an 

unambigous stratigraphic ordering of successive mollusc faunas from the various 

local sections. In fact, as indicated in Part 3 of this thesis, this 

assumption is something of an oversimplification. 

c) Since Mr. R. E. F. Leakey first discovered the Cenozoic deposits east of 
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TABLE 1 

Systematics of principal molluscan stem species lineages in the late Cenozoic deposits 

east of Lake iurkma, north Kenya. These species lineages gave rise to a large number of 

derivative forms endemic to the `Purkana Basin during the late C? no7, oic. 

Phylum WLLUSCA 

Class W TRCPCDA CINIE , 1798 

Subclass PRCSCBRANCKI4 MILNE : ý'. CARIIý, 1848 

Order Mesogastropoda THIELE, 1925 

Family Viviparidae GRAY, 1847 
Genus Bellamya JOUSSEAMM, 1886 

*Bellamva unicolor (OLIVIM, 1804) 

Family Pilidae C0MOLLY, 1927 
(=9mpullariidae GRAY, 18? 4) 

Genus Pila RODING, 1798 
Pila ovata ('Obrer 

-, 1804) 

Family Valvatidae THOMPSON, 1840 
Genus Valva. ta. MULL M, 1774 

*Valvata Sp. nov. 

Hamily Bithyniidae TROSCH'r1,1857 
Genus Gabbiella MANDAHL-BARTH, 1968 

*Gabbiella senaariensis (KÜSTER, 185? ) 

Family Thiaridae TRCSCH ., 1857 
(=Melaniidae L4TREII, L, 1827) 

Genus Cleoeatrn TRCSCHEL, 1857 
*Cleopatra fPrrnagina, (I. and H. C. L's, 1857) 

Genus Melanoides OLIVIER, 1804 
*Melanoid? s tuberculata (? TILLER, 1774) 

SiiBcl as s PULMC.: ET A CW IER, 1817 

C rder Basomamatophora S CMffD'P, 1898 

Family Planorbidae RAFIl T-SUE, 1815 
Subfamily Bulininae CROýSE and FISC' 2,1880 
Genus Bulinus MILLER, 17174 

*Bulinus truncatus (AU1X)UIT4,1827) 

Fubfamily P1anorbinae PREti'L N, 1910 
Genus Gyranlns CH4RP ''TIEý2,1837 

,, yraulns costulatu s KR T S, 1848 

Family 4ncylidae R AFINF; QUE, 1815 
Genus Burnunia '. 9PLK? R, 1912 

R1irnuoia sp. indet. 
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TABLE 1 (Contd. ) 

Class Bfr' Yf11 Lr"T4k; T. TS, �67 
(=LAP, MLIä7 AR'. (711A'"4 nI. ALTvILL 1R'6) 

Order ';,, ý.: 1ame11ihranchiata. 

Suborder Schizodonta STT ä S, 1590 

Family Ur ionidae FLE71TINC7,19'9 
Genus Caelatura CUIRAD, 1853 
Subgenus Ca, elatura S. S. 

*Caelatura bakeri (H. A':? MTq, 1AE F) 

°ubgenus ýIitia PALLARY, 192A 
iCaelatura (älitia) -; oncPti_ (HCL (r1II(r. IAT, 1iýR3) 

Genus Pseudohovaria ADAM, 1957 
*Pseudobovaria mwayana (7, TCHS, 1935) 

Family Mutelidae CC: AD, 1853 
Genus patharia BCTMC34TIT, k'", 1PP5 

AspathTr-ia. (Spathopsis) ar^r`a (' AILL "T .1 
S23 

Gerus ? 1ntela SMPOLI 1777 
j'Mutela nilotica (CAn. L UD, 18'3) 

Genus Pliodon CC`RAD, 1A34 
*Piiodon, 5n. nor. 

Family Etheriidae qIAIN''0? d, 1P40 
Genus L'theria LAMARCCK, 1807 

Etheria ellintica L4MARcX, 1507 

Suborder Heterodonta NEUMAYR, 188 

Family Corbiculidae GRAY, 1Ad7 
Genus Corbicula %MGEL7ý VON 

*Corbicula consobrina CA. i. L a'Jr, 1ý ?7 

Family Sbhaariidae DA. LL, ßa95 
Genus Pisidium P'EIFF , ? S1ý' 

Pi, zidium (Afro'isidi'r niro')i 
Genus 'uoer3 ? CTT? Gü I f"; ='. ,? ^5 n 

',! z*, uoer% farruginea 1RI 

* Asterisks denote species lineages subjected to multivariate morphometric analysis. 
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Lake Turkana, they have been the focus of intense inter-disciplinzry enquiry 

by participants in the Koobi Fora Research Project (Leakcy, 1978). The critical 

palaeoanthropoligical and archaeological discoveries in these deposits have 

prompted much detailed work by several groups on the chronostratigraphy and 

palaeoenvironmental history of the area. As a result, the broad outlines at- 

least of the late Cenozoic history of the basin are now well understood. 

Evolutionary events in the mollusc lineages in these deposits may therefore be 

evaluated in a relatively firm chronostratigraphic and palaeoenvironmental context 

d) The majority of the mollusc species lineages in the Turkana Basin sequence 

are still extant, and currently widely distributed. As discussed subsequently, 

most of these species are of considerable antiquity in Africa. Reasonable 

inferences may therefore be drawn concerning the 'soft' biology, autecology, and 

reproductive strategies of their fossil representatives from the comparatively 

recent late Cenozoic deposits of the Turkana Basin. 

e) The mollusc species present in the Turkana Basin deposits are, in terms 

of their biology, a very heterogenous assemblage. Consequently, extremely useful 

comparisons may be made between the evolutionary bahaviour of lineages 

exhibiting a wide range of autecology and reproductive strategy. In particular, 

evolutionary mode and tempo may be compared in both gonochoristic and permanently 

thelytokous lineages. 

f) In common with most extant fresh-water mollusc assemblages, the species 

present in the Turkana Basin deposits are, in taxonomic terms, an extremely 

heterogenous assemblage. Bivalves, Prosobranchs and Pulmonates are represented. 

The nineteen species lineages which occur represent twelve families, and all 

species except two are distinct at generic level (see Table 1). Consequently, 

ancestor-descendant relationships between given species lineages and their 

derived taxa are quite unambigous. 

g) Evolutionary change in a given lineage implies alteration of patterns 

of individual ontogenetic development. The molluscan shell is a terminally 

accreting structure, the gross geometry of which is not amenable to significant 

post-depositional modification. Each adult shell therefore constitutes a 
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complete record of individual ontogeny, and evolutionary alterations of patterns 

of individual ontogenetic development are readily detectable at the individual 

level, without the neccessity for the construction of mass curvese 

h) A final and important contributory factor to the suitability of these 

faunas for comparative evolutionary studies is the ease with which the morphology 

of the various lineages may be quantified. This is primarily because Raup 

(1961; 1962; 1963; 1966) has produced an excellent general model for the 

geometry of coiled shells; I have developed certain aspects and implications 

of this model elsewhere (Williamson, 1979b - see Appendix 1). Raup's important 

analysis forms a useful general framework for morphometric analysis of the 

mollusc lineages from the Turkana Basin sequence. 

In summary, the Turkana Basin mollusc sequence offers the 

opportunity of studying evolutionary mode and tempo in a well preserved, 

taxonomically and biologically heterogenous array of lineages, whose external 

morphology and patterns of individual ontogenetic development are readily 

quantifiable, and which occur in a well documented chronostratigraphic and 

palaeoenvironmental context. The Turkana Basin mollusca offer the opportunity of 

a comparative evolutionary study within an unusual, quasi-experimental 

framework; they constitute a unique opportunity for falsification of current 

models for the evolutionary process. 

1.2 MATERIALS AND MFTHOTh 

For some years the exposures in the eastern part of the Turkana Basin 

have by convention been divided into a series of essentially arbitrarily 

delimited collecting areas (Figure 2). These were searched in turn for molluscan 

faunas. Following location of a useful fauna, the following procedure was 

adopted. The point at which the fauna was sampled was entered on an aerial 

photograph of the area, and a short stratigraphic section was taken through the 

faunal unit and into the beds immediately above and below it. The fauna was 

then either located on stratigraphic sections determined previously for the area 



C. '. ption to Figure 1: Generalised chronostratigraphy of the late Cenozoic 

deposits of the eastern Turkana Basin, and stratigranhic 

distribution of mollusc faunas. Data in columns A-C from 

Findlater, 1976; Fitch and Miller, 1976; Brock and Isaac, 

1976; Hillhouse et al., 1977; Vondra and Bowen, 1976. One 

possible interpretation of the geomagnetic polarity 

sequence observed in these deposits is shown (column A); 

uncertainty arises due to ambiguity in the radiometric 

dating of the KBS tuff (column C) - see discussion in 

text. Numbered subsections on generalised stratigraphic 

section (column B) refer to numbered sections showing 

stratigraphic order of mollusc faunas (column D); metre 

scale refers to latter sections. The stratigraphic order c 

faunas within the ? pre-Kuba Algi deposits (section 1, 

column ))) is unknown, as is the stratigraphic order of 

mollusc faunas within the Galana Boi Beds (section 7, 

column B). The stratigraphic order of the remaining 

mollusc faunas (sections ? -6, column ])) is determined 

by the distance of their upper surfaces from the bases 

of certain tuff units, as measured in the various local 

sections. The precise position of fauna 'X' (column D) is 

unknown, but it apparently lies low down in the Lower 

Member. Apart from this fauna, faunas in sections 2-6 are 

ranked in terms of their distances from the base of one 

or another of the following tuff horizons: Suregei, KBS, 

Koobi Fora, Chari, Guomde top tuff. As discussed in the 

text, correct stratigraphic ordering of the various 

faunas is therefore completely dependent on correct 

recognition of the various tuffs around the area of 

exposure. The mollusc faunas in sections 2-6, column 1), ar 

numbered in ascending stratigraphic order. The suffix A, F 



12 

etc., denotes faunas which are demonstrably sampled from 

the same mollusc-bearing unit but from different 

geographic areas; earlier letters in the alphabet denote 

more southerly exposures of the unit. The suffices L 

and U denote the lower and upper thirds, -respectively, 

of a given faunal unit. 
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Figure 2: Arbitrarily designated collecting areas in late 

Cenozoic depoiits of the eastern Turkana Easin. Those areas 

in which important mollusc faunas occur are numbered. The 

heavy dashed line indicates the basin mar-in, i. e. the 

present contact between Plio-Pleistocene sediments and the 

unconformably underlying 'pre-Kubi Algi' terrain. 
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Figure 3: Geographic distribution of mollusc faunas from 

the 'pre-Kubi Algi' deposits, the Kubi A1`i Formation, and 

the lowermost Lower Member of the Koobi Fora Formation, i. e. 

mollusc faunas shown in Fig. 1, Column D, Sections 1 and 2. 

Numbering of faunas as in Fig. 1. 
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Figure 4: Geographic distribution of mollusc faunas from 

the Lower Member and lowermost Upper Member of the Koobi 

Fora Formation, i. e. mollusc faunas shown in Fig. 1, 

Column D. Section 3. 
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Figure 5: Geographic distribution of mollusc faunas from 

the Upper IIember of the Koobi Fora Formation, from the Guomde 

Formation, and from the Galana poi Beds, i. e. mollusc faunas 

shown in Fig. 1, Column D, Sections 4-7. Numbering of faunas 

as in Fig. 1. 
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by other workers, or in the absence of such sections the fauna was surveyed 

into the nearest tuff horizon using an Abney level and a Jacobs' staff. The 

stratigraphic and geographic position of each major fauna was documented in 

this manner (see Figures 1-5). 

Sampling of the faunas was performed as follows. The best preserved 

material was picked from over some 1 m2 of outcrop, where the possibility of 

contamination from neighbouring faunas was considered negligible, and then 

3-5 Kg of the mollusc-bearing unit was dug from the centre of this area, through 

the whole thickness of the bed, if this was less than 30 -. m, as was usually 

the case. Where surface contamination from neighbouring faunas appeared possible, 

no surface material was collected, but larger amounts of the mollusc-bearing 

unit were taken. Where the mollusc-bearing unit was unusually thick, sub-samples 

were taken from the top and bottom thirds of the unit. The morphologies of such 

population sub-sets were never distinguishable by eye, or in the multivariate 

analyses, confirming the impression gained from the short stratigraphic sections 

that the mollusc-bearing units were deposited in a comparatively short space 

of time. The mollusc-bearing material, which was generally unconsolidated, was 

then washed through a1 mm mesh sediment seive, and the resulting filtrate 

bagged and labelled. Approximately two thirds of a ton of filtrate was collected 

in this way, and transported back to the laboratory. The best preserved adult 

material for each lineage in a sample was then separated out, and subsesets 

of this material were chosen at random for measurement. Each resulting population 

was oriented in pl asticine slabs; the gastropods so that the coiling axis was 

parallel with the plane of the plasticine sheet, and rotated so that the 

apparent projection area of the geometric generating curve was at a maximum 

when viewed from directly above; the bivalves so that the plane of the 

biological generating curve was parallel to the plane of the plasticine sheet. 

The plasticine sheets were then photographed on rolls of 35 mm film, and - 

these negatives projected, via an overhead projection system, onto the surface 

of a D-MAC System Two digitising table. Each projected image of a shell was then 

set up in a cartesian system, so that the Y-axis of this system coincided 

with the coiling axis (for the gastropods) or its projection onto the plane of 
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Fia_ure 6: Basic digitised measurements taken on a typical 

gastropod. Y-axis corresponds to the coiling ais. Solid 

points are digitised points for which both the x- and y- 

coordinates are determined. Circles indicate area and 

perimeter determinations. In conispiral gastropods for 

which the Raup parameter D is zero, i. e. in all studied forms 

except Valvata, the coiling axis is defined as passinc: 
through the shell apex and forming a tangent with the most 

adaxial edge of the terminal generating curve. 
A: Geometric centroid of the geometrical generating curve. 
B: I"lost abapical point on terminal generating curve. 
C: I"lost abaxial point on terminal generating curve. 
D: I-lost adapical point on terminal generating curve. 
E: Intersection of coiling axis with most abapical point 

on penultimate whorl. 
F; H; J; L: Most abaxial points on their respective whorls. 
G; I; K: r'Iost abapical observed points on their respective 

whorls. 
PE: Total perimeter of terminal generating curve. 
AR: Total area of terminal generating curve. 

Figure 7: Basic measurements taken on a typical bivalve. 

Y-axis corresponds to the shell coiling axis. In most forms 

this axis is defined as passing through the point of the 

umbo and forming a tangent to the border of the posterior 

portion of the biological generating curve. Solid points 

are digitised points for which both x- and y- coordinates 

are determined. Circles are area and perimeter determinations. 
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CAPTION TO FIG. 7 (Contd. ). 

a) Point of umbo. 
b) Most anterior point on biological generating curve. 

c) Most abaxial point on biological generating curve. 

d) Most posterior point on biological generating curve. 

e) Geometric centroid of biological generating curve. 

f) Geometric centroid of anterior adductor muscle scar. 

Z) Geometric centroid of anterior adductor muscle scar. 

h) I"Iost posterior point on anterior lateral or cardinal 

tooth. 

i) I-lost anterior point on anterior lateral or cardinal 

tooth. 

, 
J) Most anterior point on posterior lateral or cardinal 

tooth. 

k) Most posterior point of posterior lateral or cardinal 
tooth. 

X) Geometric centroid of hinge plate. 

m) Geometric centroid of pedal protractor muscle scar. 

n) Geometric centroid of posterior pedal proractor muscle 

scar. 

ph) Perimeter of hinge line. 

pt) Total perimeter of biological generating curve. 

ata) Projection area of anterior lateral tooth. 

aaa) Area of anterior adductor muscle scar. 

ppa) Area of posterior adductor muscle scar. 

ppra) Area of posterior pedal retractor muscle scar. 

hpa) Area of hinge plate. 

a) Total area of biological generating curve. 
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Caption to Figure 8: Comparison of successive ontogenetic 

values of the Raup parameters W and T determined for an 

unsectioned specimen of Bellamya unicolor with those 

obtained for the same specimen when sectioned down the coiling 

axis. 
Open circles/dotted line: Sectioned shell. 

Solid circles/solid line: Unsectioned shell. 

In both cases the l/T values are obtained at 27T radian intervals 

and at identical angular positions down the shell. In the case of 

the unsectioned shell, the values of W and T are obtained 

by the approximate formulae given in Table 2. In the case 

of the sectioned shell, these values are accurately computed 

by the method described in Williamson, 1979a (see Appendix 1). 

The latter values are certainly the most accurate, but the 

difference between the two sets of measurements is relatively 

small; the overall geometry of the ontogenetic track is certainly 

maintained. The letters 'A' indicate the earliest ontogenetic 

point measured on the shell. The curve 'p' is the function 

T=2/(W-1) (Raup, 1966). 
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TABLE 2: Derivation of morphometric parameters from 

original digitiser measurements taken on individual mollusc 

specimens; a, b, c etc. - digitised points, areas, and 

perimeters. (see Figs. 6-7); ax, ay, bx, by, cx, cy etc. -x 

and y-coordinates of the digitised points. N is the adult 

whorl number in all gastropods except Nelanoides (see text). 

A. MORPHOMETRIC PARAMETERS DETERMINED FOR GASTROPODS 

1) X1: Position of X-point relative to most adapical and 

abapical points on the generating curve, at 2(n-2)7T radian 

revolutions of the generating curve. 

X1 = (ey-gy)/(dy-ay) 

2) X2: Position of X-point relative to the most abaxial 

point on the generating curve at 2(N-2)liradian revolutions 

of the generating curve. 

X2 = gx/dx 

3) 141: Whorl expansion rate at 2N1Tradian revolutions of the 

generating curve about the coiling axis. 

W1 = (by-dy)+cx/(ey-gy)+fx 

4) W2: Whorl expansion rate at 2(N-2)Tr radian revolutions of the 

generating curve. 

1,12 = (ey-Py)+fx/((ýzy-iy)X1)+hx 

5) W3: Whorl expansion rate at 2(N-4)TTradian revolutions of 

the generating curve. 

W3 = ((gy-iy)Xl)+hx/((iy-ky)Xl)lx 

6) Cl: Position of generating curve centroid relative to most 

abaxial point on generating curve at 2N7Tradian revolutions of 

the generating curve. 

Cl = ax/cx 

7) C2: Position of generating curve centroid relative to most 

adapical and abapical points on the generating curve, at 
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TABLE 2 (contd. ) 

S3 = (fY-. gy)/(ey-Qy) 

B: fORPHOME TRIC PARAMETERS DETERMINED FOR BIVALVES 

1) LZJ: Length/Width ratio of biological generating curve. 

L/W = (dy-by)/cy 

2) U: Position of urnbones relative to the most anterior 

and most posterior points on the biological generating 

curve. 

U= (ay-by)/(dy-by) 

3) T: Translation rate (generally after 0.51T radian 

revolutions of the generating curve. 

T (ey-ay)/ax 

4) HP: Perimeter of hinge line relative to total perimeter 

of biological generating curve. 

HP = PH/PT 

5) AT: A measure of the angle between the anterior cardinal 

or lateral tooth and the coiling axis. 

AT = (ix-hx)/(hv-iy) 

6) PT: A measure of the angle between the posterior cardinal 

or lateral tooth and the coiling axis. 

PT = (ky-jy)/(kx-jx) 

7) HA: Area of hinge plate relative to total area of biolo 

biological generating curve 

HA = HPA/A 

8) TAR: Relative size of projection area of anterior lateral 

tooth and total area of biological generating curve. 

TAR = ATA/A 

9) IMA: Sum of areas of anterior and posterior adductor 

muscle scars relative to total area of biolocical 
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TABLE 2 (contd. ) 

MA = (AAA+PAA) /A 

10) PIA: Sum of areas of pedal retractor (posterior) and 

pedal protractor muscle scars relative to the total area 

of the biological generating curve. 

PIMA = (PPRA+PPA) /A 

11) AMA: Area of anterior adductor muscle scar relative to 

area of biological generating curve. 

APIA = AAA/A 

12) RMA: Relative areas of pedal protractor and posterior 

pedal retractor muscle scars. 

R14A = AAA / PA. A 

13) HC: Position of geometric centroid of hinge plate 

relative to umbo. 

HC = (ey-ay)/ex 

14) MSC: Relative distances of the geometric centroids 

of the anterior and posterior adductor muscle scars from 

umbo. 

r. ISC = 
/((aX)2+(oy-ay)2)/ 

"/((fx)2+(ay-f`1)21 

15) PSC: Relative distances of the geometric centroids of 

the pedal protractor and posterior pedal retractor muscle 

scars from the umbo. 

PSC ((mx)2+(ay-my)2)/. /ý(nx)2+(ny-ay)2) 

16) MSCA: The sum of the distances of the geometric 

centroids of the anterior adductor muscle scar and the pedal 

protractor muscle scar from the umbo, relative to the 

distance between them. 
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TABLE 2 (contd. ) 

MSCA = ((nx-fx)2+(mv-fy)2)/ (((fx)2+(ay-fy)2)+ 
f((rix)2`+(ay-my) 2 

17) PATT: The distance along the y-axis between the geometric 

centroids of the adductor muscle scars relative to the total 

length of the biological generating curve. 

PAM _ (by-dY)/(fY-? y) 

18) KK: Approximation to circularity, in terms of the 

area/perimeter relationship, of the biological generating 

curve. 

KK = (((PT/27T)2rr)A 

I 
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the photograph (for the bivalves). The cartesian co-ordinates of a pre-determines 

series of points were then taken for each shell, and the area, perimeter, 

and cartesian co-ordinates of the geometric centroid of a number of features, 

including the generating curve, were also determined, 

From the basic measurements obtained in this fashion a number of 

derived variables were determined, which were considered to be useful dedcriptori 

of shell morphology. The basic measurements taken, and the descriptive 

parameters derived from these, are summarised in Figures 6 and 7 and Table 2. 

The various subsets of the derived variables which were actually determined for 

the various species lineages are indicated in the relevant morphometric 

analyses. Generally, for the gastropods, the derived variables were primarily 

the basic Raup parameters of W (whorl expansion rate), T (translation rate) and, 

where applicable, D(a measure of the distance of the generating curve from 

the coiling axis) (Raup, 1966). In addition, a series of parameters were 

determined which were descriptive of the shape and disposition of the generating 

curve (Raup's general parameter 'S') and of the position of the X-point (Cox, 

1960). From the derived parameters w and Ta parameter 'Z' (Williamson, 1979b - 

see Appendix 1), descriptive of the relative amount of whorl overlap, was also 

calculated. Measurements descriptive of details of ornament were also determined 

for some taxa. 

A major problem was the determination of the basic Raup parameters 

throughout the ontogeny of closely-coiled gastropods. In these forms, it is 

only the geometrical disposition of the ultimate and penultimate whorls that 

can be seen fully in the unsectioned shell. Earlier whorls are partly 

concealed by overlapping of subsequent whorls. A series of derived variables 

were therefore devised which were used to estimate the values of the Raup 

parameters W, T and D, and the parameter Z, at 2 radian intervals down the 

partly concealed early portions of the shell. These derived variables were 

based partly on the relationships observed between the ultimate and 

penultimate whorls, and partly on the observed dimensions of visible portions 

of earlier whorls. These estimates for W, T, D and Z for early and partly 
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concealed portions of the shell were based on two assumptions: that the 

relative position of the X-point on the generating curve, and the shape of the 

curve itself, were constant during ontogeny. Neither assumption is entirely 

true, as indicated in Appendix 1, but the estimates obtained by this method 

for the basic Raup parameters during earlier ontogeny for unsectioned shells 

were-very similar to the true values of the Raup parameters obtained accurately 

from the same shells when sectioned (see Figure 8). 

For the bivalves, a more variable series of measurements were 

taken. Accurate estimate of the Raup parameter W proved not to be possible, 

but T was determined. The chief derived variables determined for the bivalves, 

indicated in Figure 7 and 'Fable 2, were concerned with aspects of the shape 

of the biological generating curve, with the relative sizes and dispositions 

of various muscle scars, and with various details of the teeth and hinge-line. 

For most of the gastropod lineages present in the Turkana Basin 

sequence, there is a definite maximum adult whorl number, and measurements in 

these forms may be taken at specific and equivalent points in ontogeny. Only 

fully adult material was employed in this analysis. For the bivalves, however, 

detection of age-equivalent stages in growth proved to be impractical. In 

practise, the largest 5- 10%%% size range of the bivalves of each lineage in a 

sample were selected for study, in an attempt to reduce variation due simply to 

differing age-structures of the various measured samples. The principle problem 

is that absolute size in these fresh-water faunas is demonstrated by forms with 

definite maximum adult whorl numbers to be largely a matter of water chemistry 

rather than absolute age of an individual. For example, material from-the 

relatively alkaline lake documented by deposits of the Upper Member of the Koobi 

Fora Formation is consistently stunted, in terms of the absolute size attained 

by known adults, although such adults are geometrically indistinguishable from 

earlier, larger, adult material. All the derived parameters used in this study are 

purely geometric; no measures of absolute size were employed. 

Havint; obtained sets of derived parameters for the various lineages 

present in the section, multivariate statistical analyses were performed for each 
morphological 

lineage. Canonical Variate analysis was used to study the relationships of the/ 
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-sentroid of successive populations of particular lineages, and Principle 

Components analysis was used to explore the relationships between individual 

morphologies within these successive populations. Details of the various 

species lineages, and the results of the multivariate analyses of these 

various lineages, is presented below. The detailed geometric interrelationships 

of the derived parameters employed in the analysis of the gastropod lineages 

was also investigated; these interrelationships are discussed at length in 

Appendix 1. 

General note on Multivariate analyses: All measured material was 

incorporated in the Principle Components analyses. However, Canonical Variate 

analysis was only performed on populations consisting of four or more 

individuals. Use of very small populations in Canonical Variate analysis 

can lead to serious errors in assessment of relative similarity (Blackith and 

Reyment, 1971). Total phenotypic variance was only estimated for populations 

consisting of five or more individuals. 
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1.3 CHRCNOSTRATIGRAPHIC AND PALAEOF, NVIR014*24TAI, IN'. ER'RETATION OF LATE 

CENOZOIC DEPOSITS OF THE EASTERN TURK4NA 33ASIN 

Stratigraphic studies of the late Cenozoic deposits of the eastern 

Turkana Basin were initiated by Bowen; on the basis of his work, a formal 

stratigraphic nomenclature was erected and this is indicated in Figures 1 
. 
and 9. 

A series of secondarily waterlain tuffaceous horizons, the bases of which 

are considered to be isochronous, were recognised in the various local sections; 

these are considered to be traceable widely around the eastern Turkana Basin, 

and constitute the basis of the formal lithostratigraphic scheme (Bowen and 

Vondra, 1973). Further work by Findlater has generally confirmed, and greatly 

expanded, Bowen's interpretations (Findlater., 1976; 1978), but controversy still 

surrounds certain aspects of the stratigraphic scheme (White and Harris, 1977; 

Harris and White, 1979). In particular, the lateral correlates of the '! 'ulu Bor 

tuff are still argued, and this tuff was therefore not employed in stratigraphic 

ordering of the mollusc faunas. 

Several of the tuffaceous horizons yield pumice that has proved to be 

radiometrically and geophysically dateable; the 
40Ar/39Ar 

and Fission-Track 

methods have been principally used. The available geophysical dates on tuff 

horizons are summarised in Figure 1. Geomagnetic polarity reversal determinations 

have also been made on sequences east of Lake Turkana (Brock and Isaac, 1976; 

Hillhouse et al., 1977), but apparent instability in the magnetic properties 

of certain of the sediments have caused problems in interpretation (Leakey, 1978; 

Cox, perse comm. ). The principle current problem in dating the sequences east 

of Lake Turkana devolve around the age of the important KBS tuff. 40Ar/39Ar 

and fission-track determinations suggest an age of around 2.4 Myr, (Fitch et al., 

1976; Hurford et al., 1976) but conventional K/Ar dates suggest an ace of around 

1.6-1.8 Myr (Curtis et al., 1975). Due to an unconformity, the true magnitude 

or even existence of which is still debated (Isaac, 1976; Brown et al., 1978), 

above the KBS tuff, the available geomagnetic polarity time-scale would 

concievably fit with either canvassed date for the KBS. The two possible 

interpretations for the age of the middle part of the Koobi Fora Formation 
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Caption to Figure L: (eneralised lithostratigraphic section for the late 

Cenozoic deposits of the eastern Turkana Basin (after 

Findlater, 1978). Seven principle tuff horizons define 

the stratigraphy. These tuffs are considered to be 

laterally extensive and their bases isochronous. In theory, 

mapping the basal surfaces of these tuffs around the-area 

of exposure should therefore provide for rigorous 

chronostratigraphic correlation between the various local 

sections. 

A 
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are indicated in Figure 1. This imrortant discrepancy has yet to be satisfactori'`. y 

resolved. 

However, the general palaeoenvironmental history of the late Cenozoic 

Turkana Basin is now thought to be fairly well understood, and is summarised in 

Findlater, 1978. The general pattern of lacustrine transgression and regression tha 

has emerged from current lithostratigraphic interpretations is summarised in 

Figure 10. A wide variety of palaeoenvironments is recorded in the deposits of 

the eastern Turkana Basin, but the mollusc faunas are restricted to strictly 

lacustrine facies. 'Me general palaeoenvironmental history of the area is thought 

to be as follows: between 4.5 and 5.0 Myr, a major transgression over a broadly 

late Miocene (pre-Kubi Algi) surface is considered to have initiated the cycle 

of Plio-Pleistocene sedimentation in the area. A subsequent major lacustrine 

regression is thought to have occurred at Hasuma tuff times (? c. 3.9 Myr - Fitch 

and Miller, 1976). A subsequent transgression is held to have continued throughout 

the upper Kubi Algi Formation, culminating at the level of the Suregei tuff 

(Findlater, 1978). Geochemistry studies indicate that the upper Kubi Algi 

Formation lake was fresh; exchangeable cation and mineral equilibria data suggest 

alkalinities in the range 1-7 meq/1 (Carling, 1977; 1979). Lake levels are thought 

to have remained high throughout the Lower Member of the Koobi Fora Formation, 

with alkalinities in the range 4-15 meq/1. In the uppermost Lower Member, there 

appears to have been the onset of an oscillating but generally regressive phase 

in lake history; geochemical studies suggest a climatic basis for this change in 

regime (Abell et al., 1979). A number of regressive/transgressive phases are 

recognised in the Upper Member of the Koobi Fora Formation (Johnson and Raynolds, 

1976). Stromatolitic facies are common, lake level appears to have been generally 

low (Findlater, 1978); dolomites occur and geochemistry studies indicate 

alkalinities as relatively high, in the range 8-100 meq/1 (Carling, 1977; 1979). 

Mollusc faunas from this interval are relatively stunted. The Upper Member is 

terminated by the major regression and unconformity above the Chari tuff. The 

Guomde Formation is unconformity-bounded, thin, and of limited areal extent; 

it records a brief late Pleistocene transgression of the lake. The Galana Boi Beds 

record a late Holocene lake high-stand; a latest Holocene regression followed. 
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Caption to Figure 10: Generalised pattern of lacustrine tran4Gression and 

regression of the late Cenozoic Lake Turkana 

resulting from currently accepted lithostratigraphic 

interpretation of deposits in the eastern Turkana. 

Basin (compare Figure 3.12). 

R- regression; T- transgression. Vertical line 

indicates lake level broadly comparable to that of 

the modern lake. 

t 
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1.4 BIOLOGICAL DATA AND MORPHOLOGICAL ANALYSES 

This section deals with the biological data and morphometric 

analyses for the thirteen primary mollusc lineages investigated from 

the late Cenozoic deposits of the eastern Turkana Basin. 
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Bellamya 

Sixteen variables derived from sixteen original measurements were 

determined from each of 761 specimens, referable to the genus Bellamya, from 

the late Cenozoic deposits of the eastern 'Turkana Basin. The results of the 

Canonical Variate and Principle Component analyses of this material are reported 

in Tables 3-7 and Figures 11-32. Figure 11 indicates that populations from the 

pre- and mid Kubi Algi Formation, the Upper Member of the Koobi Fora Formation, 

the Galana Boi Beds, and the majority of levels from the Lower Member of the 

Koobi Fora Formation all group together. All the material in these populations 

is referable to the extant species Bellamya unicolor (Olivier, 1804). However, 

strongly divergent populations occur at the Suregei level, from some levels in 

the Lower Member, and in the Guomde Formation. These populations all consist 

of material that in part at least represents hitherto unknown forms of Bellamya. 

The genus Bellamya is at present widely distributed over most of 

Africa and in southern and eastern Eurasia (Rohrbach, 1937; Dartevelle, 1952). 

Bellamya unicolor currently occurs over much of the northern part of Africa 

from Egypt to northern Tanzania and from Ethiopia to Senegal (Mandahl Barth, 1973). 

The Pleistocene distribution of this species appears to have been considerably 

larger than at present; it is known from ? lower Pleistocene deposits in 

Bechuanaland (South Africa) (Prashad, 1928) and from the late Pliocene-early 

Pleistocene sediments at 'Erq el-Ahmar in the Jordan Valley (Tchernov, 1975a). 

The earliest well documented occurrence of the species appears to be that from 

the Lothagam Formation (Lothagam-1) south of Lake Turkana (D. Van Damure, 1978). 

Vertebrate faunal evidence indicates a probable age for this occurrence of 

6-7 Myr (Cooke, 1978). Other notable early occurrences of B. unicolor include 

its presence in the Kanapoi sequence (Van Damme, 1978), where it pre-dates 

a radiometric age of 4.0 Myr (Cooke, 1978) and from the Mursi Formation north 

of Lake Turkana (Van Damme and Gautier, 1972), pre-dating a radiometric age of 

4.18 Myr (Brown and Nash, 1976). B. unicolor is also known from the middle to 

upper parts of the Kaiso Formation in Uganda; radiometric dates are not 

available but on vertebrate faunal evidence an early Plio-Pleistocene age appeears 

likely for the levels in which it occurs (Cooke, 1978; Gautier, 1967). The species 
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sT, from the 1 t, - Cerozoic TABLE 3: Canonical Variate analegis of the Ball iva line 

of the Turkana Basin. 

Summary of Canonical Variate analysis of Bellamya from faunas B, 3,5B, 10, 

10L, 10U, 11B, 128,12C, X, 17,21,22B, 22BL, ? 2BU, 22C, 23,24,27,28A, 29, 

30A, 308,30C, 31A, 31B, 31C, 33,35,38,43,44,45,46,47,48,50,52,53, 

54B, 59(1), 59(2), 61B, 72A, 7? B, 8R, q, S, and T. The analysis is based on 

16 variables derived from 16 original measurements taken on each of 761 

individual specimens. See Fig. 11. 

1 ? 3 
PERCENTAGE VARIANCE : 39.7866 18.5905 12.5983 

LATENT VEC'iC)RS (LOADINGS) 
1 2 3 

w1 - 21.8922 - 4.2637 0.4244 
W2 - 4.3371 2.0115 - 9.1713 
W3. - 1.3859 - 1.0831 - 5.1651 
Ti - 0.4156 0.1213 - 0.6901 
T2 - 0.1745 0.2305 - 0.6158 
T3 - 0.3-199 - 1.5191 - 0. A267 
z1 - 0.9706 - 0.3511 - 0.0151 
Z2 - 1.2906 - 3.4450 - 10.8A. 99 
23 - 1.3773 - 6.6766 - 5.0788 
x1 0.8306 - 0.9415 ?. 9ý3ß 
X2 - 19,; 86i16 - 2.8706 2Q. "072 
Si 2.28A3 1, gol9 6''7 
S2 - 17.6138 3.1853 18,? 412 
53 14.1274 - 5.5956 2.5718 
cl - 15.4990 8.4325 - 5.6879 
C2 38.5353 - 3.3797 - 1,2421 

;l 
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Figure 11: Canonical Variate analysis of Bellamya (see 

Table 3). The first Canonical Variate is plotted against the 

second. Points on the plot indicate the position on these 

two variates of the morphometric centroids of Bellamya 

populations from the late Cenzoic of the Turkana Basin. 
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TnPLF 4: Principle Comnoncnt^ 'noiysis of ßp]lýmya frcm the 'Dr? -P1iocn ., 
from the 

Kubi Algi Formation. and from th- towP-mon; Lnwcr MAmbor of thr Koobt Fora F'ormatirn. 

Summary of Principal Components innlygis of BP1lamya from fRuna. 9 B, ;, 5B, 

10,10L, 10U, 11B, 12B, 12C, and 17. Information from the first three components 

is summarised. The analysis is based on 16 variables derived from 93 

original meannirements taken on each of 151 individual specimens. See Figs. 12-20 

1 2 3 
PERCENTAGE VARIANCE : 94.508,1 90.6267 13.4635 

1 .2 3 
LATENT VT CWR5 (LOADING) : 'N1 0.1896 0.4397 0.1985 

'V7 - 0.3267 -0.0579 0.4313 
"3 0.2095 -0.0901 -0.1909 
Ti - 0.2142 - 0.1029 - 0.3236 
T2 - 0. o668 -0.1505 - o. A615 
T3 0.1700 0.2244 - 0.3075 
71 - 0.0695 -0.4375 -0.0586 7,2 0.3703 0.1419 - 0.0862 
Z3 - 0.9866 -0.1196 0.3808 
x1 0.4126 - 0.01201 0.3009 

x2 - 0.3369 0.2160 -0.1077 S) 1 0.1715 0.74 58 0.0199 
99 0.3304 -o. 1869 0.1; 39 
`, 3 0. cß99 -0.26541 - 0.1077 
c1 00.1964 -0.3107 0.1953 
ý: ̂  0.2093 -0.4319 -0.0198 

r 
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Figure 12: Principal components analysis of Bellamya 

(see Table 4). First Principal Component is plotted against 

second. Circles indicate positions on these two components 

of individual Bellanya specimens from the 'pre-Pliocene' 

deposits, the Kubi Algi Formation, and the lowermost Lower : Umber 

of the Koobi Fora Formation. Solid circles indicate 

individuals from fauna B, solid half-circles indicate 

individuals from fauna 3. Bivariate diagrams above and below 

the principal components plot graph successive ontogenetic 

values of W and T for selected individuals. The vertical axes 

on these plots represt W (1W1=0 - W=3). The horizontal: axes 

represent T (T=2.5 - T=6). The curve on the W/T plots is the 

function T=2 W/(W-1). The solid point at one end of the 

individual W/T tracks indicates the earliest measured point 

in ontogeny. W and T values are calculated at successive 

2 Tradian intervals down the shell, as detailed in Table 2. 

Individual W/T plots, and sketches of individual specimens, 

are keyed into the principal component plots by letters 

a, b, etc. 
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TABLE 5 

Summary of Principal Components analysis of B? 1 1 mya from faulrar: X, 

22B, 22BL, 2^BU, 22C, 23,24,27,28A, 29,304,30B, 30C, 51A, 313,31C, 

33,35, and 38. Information from the first three component, is su"Prised. 

The analysis is based on 16 variables derived from 23 original measurements 

taken on each of 361 individual specimens. See Figs. 21-27. 

123 
PERCENTAGE VARIANCE : 23.6515 19.7363 13.9538 

LATENT VECTORS (LOADINGS) : 
1 2 3 

w1 0.4017 0.2090 - 0.1672 
W2 - 0.2527 - 0.0675 - 0.5305 
`13 - 0.2791 - 0.05118 - 0.0133 
Ti - 0.1852 - 0.3820 0.0676 
T2 - 0.0620 - 0.2265 0.4614 
T3 0.3415 0.0310 0.3468 
Zi - 0.3664 - 0.0100 0.1488 
Z2 0.3251 0.2776 0.1667 
Z3 0.0392 0.0305 - 0.4566 
x1 - 0.1017 0. z1878 0.0495 
x2 0.0232 - 0.4361 0.0415 
s1 - 0.1745 0.0099 0.1371 
92 - 0.3201 0.3214 0.1491 

S3 0.0607 0.0514 - 0.1815 
C1 - 0.2610 0.? 433 0.0246 
C2 - 0.2918 0.2813 0.1951 
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Figure 21: Principal Components analysis of Bellamya (see 
Table 5). First Component is plotted against second. Circles 
indicate positions on these two components of individual 
Bellamya specimens from the lower part of the Lower Member of 
the Koobi Fora Formation (faunas X, 17,21,11B, 22BL, 22BU, 
22C, 23,24, and 27). Solid circles indicate individuals from 
fauna 17. Remaining details of diagram as Fig. 12. 
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Figure 25: As Fig. 21, except that circles indicate position of individ'ial ''ellamýýa 

specimens from faunas 27,28A, 29,30A, 30B, 30C, 311, : 18,31C, 33,35, and 3A. 

Solid circles indicate individuals from fauna 29, solid half-circles indicate individual 

from fauna 27. 
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TABLE 6 

summary of Principal Components analysis of Bellamya from faunas 

38,43,44,45,46,47,48,50,52,53,543,59,61B, 72A, and 72B. 

Information from the first three components is surunarised. The analysis is 

based on 16 variables derived from 23 original measurements taken on each 

of 218 individual specimens. See Figs. ý8_30- 

12 
PERCENTAGE VARIANCE : 20.8986 17.9716 16.2347 

3 

LATENT VEC'IURS (LOADINGS) : 

1 2 3 
w1 - 0.3525 - 0.3959 0.0628 
W2 - 0.1206 0.28 2 0.4600 
W3 - 0.1324 - 0.1100 - 0.0550 
Ti 0.4004 0.0398 0.1126 
T2 0.3554 - 0.0661 - 0.2572 
T3 0.2653 - 0.1708 - 0.3414 
Z1 0.1948 0.4393 - 0.1752 
Z2 - 0.2265 - 0.2824 - 0.2892 
Z3 - 0.1321 0.2641 0.3860 
x1 - 0.4353 0.1735 - 0.2217 
X2 0.3994 - 0.0750 0.1562 
Si - 0.0339 - 0.0635 - 0.0513 
9,2 - 0.1485 0.3586 - 0.2679 
33 0.0484 - 0.0383 0.2537 
cl - 0.0731 0.2756 - o. 1661 
C2 - 0.0072 0.3532 - 0.2880 
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Figure 28: Principle Components analysis of Bellamya (see Table 6). The first principl 

component is plotted against the second. The circles indicate the position on these 

two components of individual Bella. mya specimens from the upper part of the Lower Membe- 

of the Koobi Fora Formation and the Upper Member of the Koobi Fora Formation. 

Remaining details of diagram as Fig. 12, except that solid circles irdicate indiiridual: 

from fauna 38, and solid half-circles indicate individuals from fauna 72A. 
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TABLE 7 

Summary of Principal Components analysis of Bellamya from faunas 

72A, 72B, 88, Q, S, and T. Information from the first three components 

is summarised. The analysis is based on 16 variables derived from 23 

original measurements taken from each of 79 individual specimens. See 

Figs. 31-32. 

PERCENTAGE VARIANCE : 
123 

26.9049 17.9404 14.8687 

LATENT VECTORS (LOADINGS) : 

`191 

`73 
Ti 
T2 
T3 
z1 
Z2 
Z3 
X1 
X2 
Si 
S2 
S3 
cl 
c2 

1 2 3 
- 0.2107 - 0.0531 0.4069 

- 0.1916 0.4583 - 0.1308 
- 0.1914 - 0.0314 0.4089 

- 0.1523 - 0.1853 - 0.2965 
- 0.0225 - 0.4086 - 0.2534 

0.2705 - 0.3897 - 0.1846 
0.3198 0.0965 - 0.2414 
0.1967 - 0.0791 0.4728 

- 0.1100 0.4359 - 0.2145 
0.3944 0.1423 0.2554 

- 0.2930 - 0.2861 - 0.0223 
0.0890 - 0.1985 0.0408 
0.4048 - 0.0551 0.0551 
0.0772 0.1732 - 0.732 
0.2005 0.2282 0.1297 
0.4160 0.0292 - 0.1027 
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Figure 31: Principal Components analysis of Bellamya (see 

Table 7). The first principal component is plotted against 
the second. Circles indicate the position on these two 

components of individual Bellamya specimens from the Upper 
Member of the Koobi Fora Formation, from the Guomde Formation, 

and from the Galana Boi Beds. Remaining details of diagram 
as Fig. 12, except that solid circles indicate individuals 
from fauna 88, and solid half-circles indicate individuals from 
fauna T. 
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Figure 32: As Fig. 31, except that solid circles indicate 

individuals from fauna 72a, and solid half-circles indicate 

individuals from fauna S. 
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TABLE ß: Total Phenotyric variarcP for BPllamyya oonulationg from the 

late Cenozoic of the eas}arn 'Nirkana Basin 

FATS !4 PH-2,10TYPIC VARIANCE 

B 1.48 
3 1.44 

5B 2.60 
10 1. AA 
10L 1.11 
10U 1.47 
11B 3.46 - 
12C 0.93 
12B 2.25 
17 0.87 
21 1.91 

220 1.94 
22B 1.65 
22BL 1.64 
22BU 1.42 
23 1.30 
24 1.34 

27 1.33 - 
28A 1.35 
29 1.72- 

30B 0.98 
30C 1.30 
30A 0.86 

31A 0.93 
310 1.16 

3113 1.10 
33 0.89 
35 2.07 
X 1.55 
38 1.43 
43 1.23 
44 1.05 
45 2.20 
46 1.10 
47 0.89 

48 1.45 
50 1.07 
52 1.40 
53 1. {4 
54B 1. ßo 
59(1) 1.93 

59(2) 1.10 
61B 0.76, 
724 1.67 

779 1.46 
89 2,00 

1.05 
s 0.86 
r., 0.5,1 

***************x*-4***** 



is also known from many Holocene sites within its present area of distribution, and 

from several earlier Pleistocene sites whose age context is not clear, e. g. the 

Chiwondo Beds in Malawi (Gautier, 1970a). Most authors agree that B. unicolor is 

a species of considerable antiquity in Africa, and is probably the root stock from 

which other African species of Bellamya have arisen (Praahad, 1928; Gautier, 1970) 

In common with other members of the Viviparidae, B. unicolor is a 

mobile epifaunal form which direct-deposit feeds on algae and general detritus 

using its taenioglossan-type radula. The related form Viviparus supplements 

this normal grazing activity by a primitive form of suspension feeding; material 

in the mantle cavity is collected by modified ctenidial filaments (Cook, 1949; 

Lilley, 1953). It is probable that Bellamya can also feed in this way. Like 

Viviparus, Bellamya is gonochoristic, has internal fertilisation, and is 

ovoviviparous. 

The Canonical Variate analysis of Bellamya, summarised in Fig. 11, 

indicates that the earliest and latest populations of the species from the late 

Cenozoic of the eastern Turkana Basin are morphometrically inseparable, as are 

most of the populations from the intervening levels. However, as indicated 

previously, this plot also indicates that this lineage undergoes three brief but 

radical morphological excursions; populations from the Suregei level, several 

populations from the Lower Member of the Koobi Fora Formation, and material from 

the Guomde are well separated from the typical B. unicolor cluster. 

Reference to Figure 1 indicates that the pronounced morphological 

excursion within the Bellamya lineage at the Suregei level occurs over a very 

short stratigraphic interval. Populations from faunas 10,1OL, 1OU, 11B, 12B, 

and 12C record a rapid shift in morphological population centroid away from the 

normal B. uni color cluster. The Principle Components analysis of Bellanya from 

the ? pre-Pliocene, the Kubi Algi and the lowermost Lower Member of the Koobi Fora 

Formation, summarised in Figures 12-20, explores the relationships between 

individual morphologies during this major excursion. This analysis indicates 

two features of importance. Firstly, there is clearly a rapid but continous 

and progressive shift in individual morphology in populations from around the 
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Suregei level. This movement across the Principle Components plot culminates in 

populations from faunas 12B and 12C which at the level of individual morphology 

form clusters which are completely non-overlapping with clusters of the earlier, 

ancestral, B. unicolor populations. This trend is interrupted in the lowermost 

Lower Member of the Koobi Fora Formation, where there is an abrupt return to norms: 

B. unicolor morphology, indicated on both the Canonical Variate and Principle 

Component plots. Secondly, there is a clear increase in phenotypic variance 

in certain of the intermediate populations during the morphological shift away 

from the B. unicolor cluster, notably in fauna 11B, and a subsequent reduction in 

variance in populations from faunas 12B and 12C to levels more typical of earlier, 

normal B. unicolor populations. Although Figures 12-20 only demonstrate the first 

two Principle Components, which explain somewhat less than 50'/"o of the total 

variance in this analysis, Table 8 indicates that the total phenotypic variance 

does indeed increase in the population from fauna 11B at least. 

The gastropod shell is a gradually accreting structure which is not 

amenable to significant post-depositional modification. It therefore constitutes 

a complete ontogenetic record of individual growth. The marked rise in phenotypic 

variance recorded in certain populations at the Suregei level therefore 

reflects increased variability - or disruption - of patterns of individual 

ontogenetic development. This is graphically illustrated by the bivariate plots 

of W (whorl expansion rate) and T (translation rate), taken at successive points 

down the shell, appended to each Principle Components plot. These graphs clearly 

document a progressive disruption of the typical pattern of ontogenetic 

change in W and T normally seen in B. unicolor, in populations at the Suregei lever 

during this period of morphological change. However, in the latest divergent 

populations, those from faunas 12B and 12C, a more consistent pattern of ont- 

ontogenetic development in J1 and T is een, associated with the general decline 

in phenotypic variance in these populations. However, this pattern clearly- 

differs from that seen during the ontogeny of normal B. unicolor from higher 

and lower in the section. 



The general picture to emerge from the Canonical Variate and Principle 

Components analysis of the B. unicolor lineage from around the Suregei level 

is one of a major and progressive morphological shift over a brief stratigraphic 

interval. This shift is accompanied by a rise and subsequent fall of phenotypic 

variance due to disruption in patterns of individual ontogenetic development, 

followed by a reconstitution of consistent patterns of development, though 

these later patterns differ from those typical of the ancestral populations. 

Ultimately, populations result that are completely non-overlapping with the parent 

morphologies. This process is completed by the top of the Suregei tuff complex, 

but there is then an abrupt reversal back to the typical ancestral B. unicolor 

morphology in the lowermost Koobi Fora Formation. Although the material is too 

poorly preserved for reliable morphometry, completely normal B. unicolor is 

known from fauna 13, some 2m above the upper surface of the Suregei tuff complex. 

Divergent populations of Bellamya are also known from fairly high in the 

Lower Member of the Koobi Fora Formation, but their derivation and manner of 

occurrence are in striking contrast to the events seen at the Suregei level. 

These novel forms occur in faunas 27,29, and 35. Table 5 and Figures 21-27 

explore the relationships between individual morphologies of Bellamya material 

from the lower part of the Lower Member. As indicated in the Canonical Variate 

analysis, all populations from this interval, except those from faunas 27,29, 

and 35 fall within the normal B. unicolor cluster and have patterns of 

individual ontogenetic development characteristic of this species. However, 

although populations from faunas 27,29, and 35 are clearly divergent from the 

normal B. unicolor cluster, they actually show a progressive approach towards 

this cluster through time -a complete reversal of the events at the Suregei level 

The Principle Components analysis indicates that the earliest of these faunas, 

fauna 27, consists almost entirely of a novel form of Bellamya which at the 

level of individual morphology is completely non-overlapping with all other 

Bellamya from the Lower Member except certain individuals from faunas 29 and 35. 

These novel Bellamya from fauna 27 have patterns of individual ontogenetic 

development which are clearly quite distinct from those seen in normal 
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B. unicolor. However, Bellairya from faunas 29 and 35 show a progressive movement 

towards the normal B. unicolor morphology exhibited by other populations from 

the Lower Member, and although some individuals from fauna 35 are still grouping 

with the novel Bellamya morphology, the majority of this population overlaps 

with normal B. unicolor morphology from other faunas. Associated with this shift 

towards normal B. unicolor morphology is a return to patterns of ontogenetim 

development in W and T characteristic of normal B. unicolor, via a series of 

clearly transitional individuals. The general picture to emerge from this 

sequence of events is the sudden appearance in fauna 27 of a novel form of Bellamya 

followed by a fairly rapid transition of this form back into normal B. unicolor. 

Faunas from elsewhere in the basin which are broadly contemporaneous with this 

sequence of events in faunas 27,29, and 35 consist simply of normal B. unicolor. 

The normal form of B. uni color persists unchanged throughout the remainder of the 

Lower Member and Upper Member of the Koobi Fora Formation, as indicated by the 

Canonical Variate analysis, and Principle Components analysis of Bellamya for 

the remainder of the Koobi Fora Formation (summarised in Table 6 and Figures 

28-30). 

The Canonical Variate analysis of Bellamya (Figure 11) indicates 

a third major morphological excursion in this lineage in material from the 

Guomde Formation. Although this material plots close to the divergent populations 

from the Suregei level on the first two canonical variates, the true position of 

the centroid of population 88 from the Guomde is rotated out of the plane of the 

diagram; examination of the generalised distance (Mahalanobis' I)2) of this 

population from its neighbours indicates a distance of 6.35 from fauna 30 and 

5.70 from fauna 1OU (see Figure 11). In other words, Bellamya from fauna 88 are 

almost as remote from the divergent forms at the Suregei level as they are from 

the normal B. unicolor cluster, and the Guomde Bellamya material clearly represents 

a third major morphological excursion within the Bellamya lineage. Principle 

Components analysis exploring the relationships of individual morphologies in 

Bellamya from the Upper Member of the Koobi Fora Formation, the Guomde Formation, 

and the Galana Boi Beds, is summarised in Table 7 and Figures 31-32. This analysis 

indicates that at the level of individual morphology, Bellamya material from 
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the Guomde Formation forms a cluster which is non-overlapping with normal 

B. unicolor from earlier and later in the section. Although a single individual 

from the Guomde apparently lies quite close to the normal B. unicolor cluster, 

when plotted on the first two Principle Components, examination of the third 

Principle Component of this analysis clearly indicates that this individual is 

displaced away from the normal B. unicolor cluster - Guomde Bellayya are therefore 

genuinely non-overlapping with normal B. unicolor. 'T'here is some indication 

that there are differences in the pattern of individual development in W and T 

in the Bellamya material from the Guomde, but the general aspect of this pattern 

is somewhat similar. The Guomde is unconformity-bounded and Bellamya is only well 

known from fauna 88 in this formation. No transitional forms are known between 

the Guomde form of Bellamya and normal B. unicolor. 

The sequence of events seen in Bellamya from the late Cenozoic of 

the eastern Thrkana Basin are summarised in Figure 33. The sequence of morphological 

changes seen in this lineage, and the patterns of these changes, have been dealt 

with at some length because similar events are seen, in whole or in part, in 

all other long ranging mollusc lineages from these deposits. 

The levels of phenotypic variance seen in the latest divergent 

populations of Bellamya at the Suregei level are comparable to those seen in 

populations of the ancestral B. unicolor; the same is true of deviant Bellamya 

populations from the Guomde. Accordingly, as justified subsequently, these two 

forms are subsequently formally designated as new species. The enigmatic Lower 

Member deviant form of Bellamya is provisionally designated subsequently as a 

new subspecies of B. unicolor. 
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Caption to Figure 33: Generalised pattern of morphological change in 

the Bellamya lineage from late Cenozoic deposits 

of the eastern Turkana basin. 
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Valvata 

Eight variables derived from 11 original measurements were determined 

on each of 85 individual specimens, referable to the genus Valvata, from the 

late Cenozoic of the eastern Turkana Basin. The results of the Canonical 

Variate and Principle Components analysis of this material are reported in 

Tables 10 - 11 and Figures 34 - 38. The genus is known only from the Lower 

Member of the Koobi Fora Formation in areas east of the lake, although apparently 

identical material is known from the Holocene Kibish Formation in the Omo 

Valley sequence to the north of Lake Turkana (Van Damrne, 1978). 

The genus Valvata is at present widely distributed in North America 

and Eurasia, and is known from the Jurassic of Europe (Ellis, 1926) and 

subsequent deposits in these areas. At present, the southernmost distribution 

of this primarily Holarctic genus is at situations above 2000m in the Ethiopian 

highlands (Brown, 1973). The occurrence of Valvata in the Plio-Pleistocene deposits 

of the eastern Turkana Basin therefore represents the most southern known 

occurrence of the genus, as well as being the earliest record for Africa. 

Valvata material from the Turkana Basin is clearly close to V. nilotica, now 

living in Egypt, and V. saulcyi from the near east and Sinai, although not 

conspecific with these. All the African forms are closely related to each other, 

and to the European form V. piscinalis (Brown, 1973). 

Valvata is an active epifaunal form which grazes on aquatic vegetation 

and general detritus (Graham, 1955). Unusually for a Prosobranch gastropod, 

the genus is hermaphrodite (Fretter and Graham, 1964). 

The Canonical Variate analysis of Valvata, summarised in 'able 10 and 

Figure 34, indicates no consistent morphological trend during the Lower Member 

of the Koobi Fora Formation. Principle Components analysis of this material, 

summarised in Table 11 and Figures 35 - 38 confirm this, although there is clearly 

considerable 'oscillation' in morphology and several of the populations are 

extremely variable. In particular, some populations consist of individuals whose 

values for the primary shell parameters are such that their whorls are not in 

contact at all, and the shell is very fragile. Other populations consist of 



68 

TABLE 10: Canonical Variate analysis of the Valvata lineage 

from the late Cenozoic of the Turkana Basin. 

Summary of Canonical Variate analysis of Valvatp frort faunas 

21,30C, 46,47,48,50,52,54A, and 59. Information from the first 

three canonical variates is summarised. The analysis is based on 

8 variables derived from 11 original measurements taken on each of 

81 individual specimens. See Fig.. 34. 

1 2 3 
PERCENTAGE VARIANCE : 74.5621 13.6273 6.0644 

LATENT VECTORS (LOADINGS)_ : 
1 2 3 

if O. 79ß7 - 0.8P19 - 1.7810 
Tr - o. ? 666 - ". o651 - ?.: x034 
D 13.4A14 ý1.0446 3.7018 

z - 0.7368 - 3.0368 - 1.5123 
91 - 5.6930 - 3.9928 2.394 
S2 25.8498 6.71,56 15.2397 
Cl 0.7909 -16.5118 - 7.1333 
C2 -23.. 5040 -17.7388 -21.9761 
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Figure 34: Canonical Variate analysis of Valvata (see Table 10). The first variate 

is clotted against the second. Points on the plot indicate the position on these two 

variates of the morphometric centroids of Valvata populations from the Lower Member 

of the Koobi Fora Formation. Populations are numbered as in Fig. 1 and Fimn. 3-5. 



70 

FIGL"_IE '. 

CV2 
-2.0 0.0 4.0 



71 

TABLE 11: Principal Components analysis of Valvata from the 

late Cenozoic of the Turkana Basin. 

Summary of PrincipalComponents analysis of Valvata from faunas 21,22B, 

30C, 45,46,47,48,50,52,54A, and 59. Information from the first three 

components is summarised. The analysis is based on 8 variables derived from 

11 original measurements taken on each of 85 individual specimens. 

See Figs. 35-38" 

123 
PERCENTAGE VARIANCE 46.0880 21.1564 14.3510 

LATENT VECTORS (LOADINGS 
1 2 3 

0.4157 - 0.2580 0.0595 
T - 0.4654 - 0.2335 - 0.0263 
D 0.5003 - 0.0146 0.0139 
Z 0.3148 0.4650 0.0345 
51 - 0.0432 0.6096 - 0.1854 
S2 0.0067 0.1433 - 0.8687 
Cl 0.4835 - 0.0680 0.0314 
C2 - 0.1597 0.5155 0.4521 
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Figure 35: Principal Comronen ts analysis of Vnlvatr, (spa Ta)lle 11). The 'irrt principl 

nomrorent is. Clotted again-t the s=cond. Circles indicn+. P nopi"inni in ý! ese 

two componants of indi"; idual Ve1_ ti. specimens fron the Lower MFnhar of r'ýn Xoaci 
Fora Forration. Solid circles indicate indiv; d"ials fror f Tana 30C, Solid half lir^1? m 

indicate individuals from fauna ? 1, and crosses indicate indi'itr'iia1s f' n Iv! -; R '271. 

Pictures of individual specimens are keyed into the rri^cirle ccrironents ene1'"sir by 

letters a, b, c, etc. 

E 

-3.0 pCp2 o-o 5.0 
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FIGURE 36 

rý; :,. ý, 

Fii-ire 3F: Al Fig. 35, except that, solid circlcý4 irdinatä individuals fron fckw^- 
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FIGURE 38 

Figure 38: As Fig. 35, except that solid circles indicate irOiv idi als from fauna 1; Q. 

-. )V rý, r4 U-0 5-0 
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mixtures between such uncoiled forms and more typical Valvata morphology, 

with transitions between these extremes. Similar uncoiled morphology is known 

in Valvata from other rift lakes, e. g. V. baikalensis from Lake Baikal 

and various species from Lake Ohrid in the Balkans. Sporadic occurrence of 

uncoiling in the Turkana Valvata populations seems to have been a simple' 

ecophenotypic response to the low-energy hydrodynamic conditions apparently, 

documented by many of the Lower Member deposits. The events seen in the 

Valvata lineage in the late Cenozoic of the eastern Turkana Basin are 

summarised in Figure 39. 

Gabbiella 

Thirteen variables derived from sixteen original measurements were 

determined for each of 308 individual specimens of Gabbiella from the late 

Cenozoic deposits of the eastern Turkana Basin. The results of the Canonical 

Variate analysis and Principle Components analysis of this material are 

summarised in 'Cables 12 - 13 and Figures 40 - 50. Figure 40 indicates that 

Gabbiella populations from the Koobi Fora Formation, and from the Galana 

Boi Beds, all groups broadly together. All the material in these populations 

is referable to the extant form G. senaariensis (Kiister, 1852). Similar material, 

too poorly preserved for reliable morphometry, occurs in fauna 1 in the mid 

Kubi Algi Formation; this material also seems referable to G. senaariensis. 

Strongly divergent Gabbiella material occurs at the Suregei level, however. 

The genus Gabbiella is at present widely distributed in Africa, and 

confined to that continent. The earliest well-documented occurrence of the 

genus is probably the record of G. homerosa from the Mursi Formation in 

the Omo Valley sequence, north of Lake Turkana, which pre-dates a radiometric 

date of 4.18 Myr (Van Damme, 1978; Brown and Nash, 1976). The same species is 

also known from the Mohari Formation in the Western rift, which on vertebrate 

faunal evidence may be of broadly terminal Miocene age (Gautier and Van Damme, 

1973). The material from the mid Kubi Algi is probably the earliest material 

of G. senaariensis itself. 
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TABLE 12: Canonical Variate analysis of the Gabbiella lineage 

from late Cenozoic deposits of the Turkana Basin. 

Summary of Canonical Variate analysis of Gabbiella from faunas 10,12C, 12D, 

12E, X, 30C, 31C, 42,44,45,46,47,48,50,51,54A, 59,65,72A, 11, N, 

and T. The analysis is based on 13 variables derived from 16 original 

measurements taken on 308 individual specimens. Information from the first 

three canonical variates is summarised. See Fig. 40. 

PERCENTAGE VARIANCE : 
123 

57.4516 11.0637 8.2646 

LATENT VECTORS (LOADINGS) : 

W1 
'N2 
Ti 
T2 
zi 
Z2 
X1 
X2 
Si 
S2 
S3 
cl 
c2 

1 2 3 
- 8.5640 -16.8469 3.3606 
- 0.5133 - 0.7705 - 3.3360 

0.4952 - 0., 9529 - 0.4F00 
- 0.0096 0.3067 - 0.4703 
- 0.8739 - 1.1268 - 0.0161 

1.4689 1.6631 - 2.7239 
- 0.2594 - 0.3487 - 7.8430 

1.8721 - 3.7468 0.0089 
1.4545 - 1.7555 9.6710 
8.9547 8.6599 - 5.6672 

- 0.6222 - 1.5078 - 7.5566 
9.4282 -36.8510 36.8373 
8.6703 7.0547 34.6378 
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Figure 40: Canonical Variate analysis of Gabbiella (see 

Table 12). The first väriate is plotted against the second. 
Points on the plot indicate the position on these two 

variates of the morphometric centroids of populations of 
Gabbiella from late Cenozoic deposits of the Turkana Basin 

-2.0 0*0 i"v 
CV2 
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TABLE 13: Principal Component analysis of the Gabbiella lineage 

fron late Cenozoic deposits of the Turkana Basin. 

Summary of Principal Components analysis of GabhiPlla from faunas 10,12C, 12D, 

12E, x, 30C, 310,42,44,45,46,47,8,50,51,54kß 59,65,72A, Li, N, and T. 

Information from the first three components is sunmarised. The analysis is based 

on 13 variables derived from 16 original measurements taken on 308 individual 

specimens. See Figs. 41-50. 

123 
PERC1NTAGE VARIANCE : 28.0300 19.4576 13.9712 

LATENT VECTORS (LOADIW3 
1 2 3 

191 0.4551 - 0.881 0.2521 
W2 0.1196 - 0.4146 - 0.3069 
Ti - 0.4519 0.1151 0.1197 
T2 - 0.3204 0.1682 - 0.0572 
71 - 0.2100 0.0904 - 0.5885 

Z2 0.1622 0.3144 0.3351 
x1 o. Ao65 0.3063 - 0.0831 
X2 - 0.4015 - 0.0393 0.1544 
Si - 0.0887 0.3838 0.3174 
S2 - 0.0041 0.5019 - 0.1740 
S3 0.0354 - 0.0388 - 0.0791 
Cl - 0.1029 0.2215 - 0.2622 
C2 0.2348 0.0904 - 0.360? 
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Figure Al: Principal Components analysis of : aYbt lla (see 'able 13). The first 

principle component is plotted against the second. Circles indicate the positions on 

these two components of individual Gabbialle specimens from the Kilbi Algi Formation 

and the lower part of the Lower Member of the Koobi Fora Formation (faunas 10,1'C, 

12D, 12E, X, 30C, 31C, 42,44,45,46,47,48,50,51,54A, 59, 

and the lower part of the Lower Member of the Koobi Fora Formation (faunas 10,12C, 121: 

12E, X, 30C, 31C, 42,44,45, and 46). Solid circles indica'e individuals fron fanra 

10. Bivariate diagrams above and below the principle components plot are graphs of 

successive ontogenetic values of W and T for selected individuals. The vertical axes or 

these plots represents 'Y (VT=() - '"1=3). The horizontal axes represent '' (T=2.5 - T=9). 

The curve on the I/T plots is the function T=ý '"ý/('ý-11. The solica point at one end of 

the individual , P/T tracks on each graph represents the earliest measured point in 

ontogeny. V7 and T values are calculated at two successive 97Tradian intervals down the 

shell, as detailed in Table 2. Individual W/'P plots, and pictures of individual specim- 

ens, are keyed into the principal component plots by the letters a, r, c, etc. 
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Figure d? s As Fig. 41, except that the solid circ1 s indica'- individuals from fauna 
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Figure A3: As Fig. n1, except t^a. t solid circl-a incicate inc? ividua. ls from fauna. 12C 
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Fig_ ire AA: As Fig. 41, PxcrTt that solid circles indicate i^di-ýiý? uý1= f ^o ^ faunas 
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Pi--ure 46: As Fig. 41, except that solid circles indicate individuals fron fauna 46. 
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Figure 47: As Fig. 41, except that circles indicate 

positions of individual Gabbiella specimens from the upper 

part of the Lower I"Iember of the Koobi Fora Formation, 

the Upper Member of the Koobi Fora Formation, and the 

Galana Bei Beds-(faunas 47,48,50,51,54A, 59,65, 

72a, 11, TI, and T). Solid circles indicate individuals from 

fauna 50. 
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Figsre 48: As ^ig. 47, except that solid circles indicate indiýridual4 from _! aur a 65 
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Figure 1Q: aG Fig. 117, except that aclid circ1PG indica. *. ' inAividnia. 1G fror °a»: ̂ a 2 
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Fire SO: As Fig. 47, except that solid circles indicate ir. divifuals fren fauna 0, 
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TABLE 14: Total phenotyp ic variance of GabbiElla populations from the 

late Cenozoic deposits of the eastern 'Purkana Basin. 

FAUNA TOTAL PH tOTYPIC VARIANCE 

10- 12.2 
12C 17.2 
12D 9.3 
12E 14.6 
x 5.95 
30C 5.42 
31C 7.38 
42 5.27 
44 7.26 
45 8.71 
46 13.20 
47 8.04 
48 7.78 
50 15.20 
51 15.00 
54A 5.55 
59 6.15 
65 9.10 
72A 6.95 
M 12.20 
N 5.89 
T 10.83 
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Caption to Figure 51: General pattern of morphological change in the 

Gabbiella lineage from the late Cenozoic deposits 

of the eastern Turkana Basin. 
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FIGURE 51 
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Little appears to be known of the autecology of the genus Gabbiella, but like 

other members of the family Bythiniidae, it appears to be an active epifaunal 

form, direct-deposit feeding on aquatic vegetation, diatoms, and filamentous 

algae (Graham, 1955). It is almost certainly, like all other members of its family, 

gonochoristic with internal fertilisation. 

As indicated previously, the Canonical Variates analysis of the Gabbiella 

material indicates that although there is considerable 'oscillation' in the 

morphological centroids over the plot, Gabbiella populations from various levels 

in the Koobi Fora Formation and Galana Boi Beds group together (Gabbiella is 

unknown from the Guomde Formation). Strongly divergent Gabbiella populations 

occur towards the top of the Kubi Algi and in the basal Koobi Fora, at the 

Suregei level, in a manner reminiscent of Bellamya. Table 13 and Figures 41-50 

summarise a Principle Components analysis exploring the relationships between indiv- 

idual morphologies in the Gabbiella lineage during the late Cenozoic in the 

eastern Turkana Basin. Although not well documented, Figures 41 - 44 strongly 

suggest that the major morphological excursion in Gabbiella at the Suregei level. 

is fundamentally similar in nature to the events seen in Bellamya at this level. 

There seems to be a rapid and progressive shift in morphology accompanied by increas 

in phenotypic variance and concomitant disruption in patterns of ontogenetic 
typically 

development seen/in later, but presumeably ancestral, G. senaariensis stocks. 

(the G. senaariensis material from the mid Kubi Algi appears typical but is too 

poorly preserved for morphometry). The latest divergent Gabbiella populations from 

the Suregei level, those from faunas 12C, 12D, and 12E, show little overlap at 

the level of individual morphology with normal G. senaariensis populations, but 

the lower population from fauna 10 is clearly intermediate. However, unlike 

Bellamya, there is no subsequent restoration of consistent patterns of ontogenetic 

development, and concomitant reduction in levels of phenotypic variance, in the 

latest divergent faunas at the Suregei level. As indicated by the Principle - 

Component plots, and Table 14, variance rises progressively during the morphological 

excursion. In the Lower Member of the Koobi Fora Formation there is a return to 

normal G. senaariensis morphology. There is considerable subsequent 'oscillation' 
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in morphology, but no directional trends in the Gabbiella lineage for the 

rest of the Cenozoic. However, certain of the Lower Member populations of G 

Gabbiella are extremely variable, as indicated on the Principle Components 

plots; some of the extreme variants in these populations include forms which 

are partly uncoiled and therefore reminiscent of certain of the uncoiled _ 
Lower Member Valvatas. Such uncoiled Gabbiellas are restricted to the Lower 

Member, and have been designated as a separate species - 'G. heipi'- by Van 

Damure (1978), though there is no biometric evidence that this is justified 

(see subsequent discussion in Part 2). The general picture to emerge for 

the Gabiella lineage during the later Cenozoic, summarised in Figure 51, is 

of oscillating but essentially static morphology through most of the period, 

with a major morphological excursion at the Suregei level, associated with major 

increase in phenotypic variance, and succeeded by a return to normal 

G. senaariensis morphology in the Lower Member of the Koobi Fora Formation. 

The high variability of certain Lower Member populations, although not so 

marked as that of the Suregei level populations, is also notable. 

Cleopatra 

Nineteen variables derived from eighteen original measurements were 

determined on each of 815 individual specimens, referable to the genus Cleopatra, 

from late Cenozoic deposits of the eastern Turkana Basin. The results of the 

Canonical Variate and Principle Components analysis of this material are 

reported in Tables 15 - 18 and Figures 52 - 69. Figure 52 summarises the Canonica: 

Variate analysis of this material and indicates that populations from the 

? pre Kubi Algi, the Warata Formation, the Lower Member of the Koobi Fora 

Formation, and the Upper Member of the Koobi Fora Formation all group 

together. All the material in populations from the ? pre Kubi Algi, the Warata, 

the dower part of the Lower Member of the Koobi Fora Formation, and the Upper 

Member of the Koobi Fora Formation is referable to the extant species 

Cleopatra ferruginea (I. and H. C. Lea). However, several populations from the 

upper part of the Lower Member of the Koobi Fora Formation lie on the fringes 

of this cluster and include material which represents a hitherto unknown form 
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TABLE 15: Canonical Variate analysis of the Cleopatra 

lineage from the late Cenozoic of the Turkana Basin. 

Summary of Canonical Variate analysis of Cl? e*, atra fr, n faunas c. SA, 5,10, 

12C, 12D, X, 19,21,22A, 22B, 22C, 24,28A, 28B, 28C, 29,30A, 30C, 31A, 31C, 

32A, 33,38,41,42,43,44,45,46,47,48,50,51,52,53,54A, 5AB, 57,59, 

61A, 61B, 63,71,72A, 74,75,76,78,84, and 86A. The analysis is based on 19 

variables derived from 18 original measurements taken on each of A09 individual 

specimens. Information from the first three canonical variateq is s'=Arised. 

See Fig. 52. 
1 2 

PMC-tTAGE VARIANCE : 21.9? 75 15.8912 10.91M6-" 

LATFNT VECTCRe (LOADINGS) 

1 2 3 
P1 6.0867 - 9.1388 12.9907 
72 2.8519 0.5333 1, c658 
'73 3.5412 1,443, - 0.1 113 ; y4 2.4033 0.7321 - C, ^3,2 
Ti 0.4323 - 0.1697 c. cc5 
T2 0.6833 0.3830 - 0.1rC4 
T3 0.1941 0.5609 0.125, 
T4 - 0.1963 0.3989 - 0.0035 
z1 0.1025 - 0.; z: 7 0. Z-Z. 
z2 0.4219 0.0063 
'3 - 0.2060 - 0.0151 - n. i,,; 9 
Z4 - 0.0640 0.0637 - ^, '2"7Q 
x1 - 0.3588 A. 1ýc1 
X2 - 9.7657 2.0143 
Si - 2.8211 0.15P2 
S2 - 1.5564 - 10.61! 6 1..... ý, ý 
83 6.0725 Q. 9573 
Cl 22.5893 7.1x123 
C2 0.969 _ o,, c6: Z _ 

"ý 
, sc 
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CAPTIO! T TO FIGURE 52 

Figure 52: Canonical Variate analysis of. Cleopatra (sae '"able 15). The first 

canonical variate is plotted against the second. Points on the plot indicate the 

positions on these two variates of the morrhometric centroids of ClPonatra populationr 

from the late Cenozoic of the Turkana Basin. Populations are nur'bered as in 

Fig. 1 and Figs. 3-5. 

ti 
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TABLE 16: Principal Components analysis of Cleopatra from the 

'pre-Pliocene' deposits, from the Kubi Algi Formation, 

and from the lowermost Lower Member of the Koobi Fora 

Formation. 

Summary of Principal Components analysis of Cleopatra from faunas B, C, 

5A, 5B, 10,12C, 12D, 16,19, and 21. Information from the first three 

components is summarised. The analysis is based on 19 variables derived from 

18 original measurements taken on each of 137 individual specimens. Four 

components were required to explain more than 50r/% of the total variance. 

See Figs. 53-57. 

1 2 3 
PERCENTAGE VARIANCE ; 18.2970 15.7803 12.4782 

LATENT VECTORS (LOADINGS) 
1 2 3 

ß. v1 - 0.2544 - 0.0894 - 0.2145 
wr 0.1425 - 0.1914 0.4431 
'43 - 0.0799 - 0.3057 - 0.2729 
WW 4 - 0.0036 - 0.2243 0.0903 
Ti 0.3555 - 0.2265 - 0.1803 
T2 0.2242 - 0.1906 - 0.2042 

T3 - 0.0545 0.3780 - 0.3017 
T4 0.0341 0.4769 0.0106 
Z1 0.0114 0.2553 0.3312 
Z2 - 0.2079 0.2761 - 0.3100 
Z3 0.0752 0.1246 0.2954 
Z4 - 0.0528 - 0.0725 - 0.0987 
X1 - 0.4875 0.0797 0.0832 
X2 0.3631 0.1317 - 0.0137 

191 - 0.2269 - 0.2937 - 0.1919 
Fll 2 - 0.3704 - 0.1302 0.0412 
83 0.1131 - 0.1921 0.0034 
cl - 0.2247 - 0.1 48 0.2702 
C2 - 0.2165 - 0.1098 0.2970 
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CAPTION TO FIGURE 53 

Figure 53: Principal Components analysis of Cleopatra (see Table 

16). First principal component is plotted against the second. 

Circles indicate positions on these two components of individual 

Cleopatra specimens from the 'pre-Pliocene' deposits, from the 

Kubi Algi Formation, and from the lowermost Lower Member of the 

Koobi Fora Formation. Solid circles indicate individuals from 

fauna 5B, solid half-circles indicate individuals from fauna 5A, 

cross indicates specimen from fauna B, 'x' indicates specimen 

from fauna C. Bivariate diagrams above and below the principal 

components plot are graphs of successive ontogenetic values of 

W and T for selected individuals. The vertical axes on these 

plots represent W (W=O - W=3). The horizontal axes represent 

T(T=2.5 - T=6 or greater). The curve on the W/T plots is the 

function T= 2'/(W-1). The solid point at one end of each 

individual W/T track indicates the earliest measured point in 

ontogeny. W and T values are calculated at four successive 2-rr 

radian intervals down the shell, as detailed in Table 2. 

Individual W/T plots, and figures of individual specimens, are 

keyed into the principal components analysis by letters a, b, etc. 
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Figure 54: As Fig. 53, except that solid circles indicate indiýºiduals from fauna 10 
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Figure 55: As Fig. 53, except that solid circles indicate indi-riduals from f nina 17C. 
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Figure 56: As Fig. 54, except that solid circles indicate 

individuals from fauna 19, and solid half-circles indicate 

individuals from fauna 12D. 
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Piz. 57: As Fig. 53, except that solid circles indicate individuals from faura ? 1. 
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TABLE 17: Principal Component analysis of Cleopatra from the 
lower part of the Lower Member of the Koobi Fora 
Formation. 

Summary of Principal Components analysis of Cleopatra frcm faunas X, 19', 21 

22A, ? 2B, 22C, 24,28A, ? 8B, 28C, 29,30A, 30C, 31A, 310,3ýe, and 33. 

Information from the first three components is summarised. The analysis is 

based on 19 variables derived from 18 original measurements taken on 

each of 342 individual specimens. Four components were required to explain 

more than 50% of the total variance. See Figs. 58-62. 

1 2 3 
PERCENTAGE VARIANCE : 20.7394 14.8602 12.4274 

LATE1T VVC'1DR9(LOADING3): 
1 2 3 

w1 - 0.2457 - 0.1757 0.4550 
172 - 0.1788 0.5168 0.0203 
13 - 0.1372 - 0.9544 - 0.1410 
1, v4 0.0361 0.1058 0.3603 
Ti 0.2976 0.0914 - 0.1254 
T2 0.2819 - 0.0924 - 0.1367 
T3 0.2396 - 0.3844 - 0.0231 
T4 0.212A - 0.0694 0.0041 
7,1 0.1286 0.1511 - 0.4973 
7,2 - 0.0332 - 0.4431 0.1173 
Z3 - 0.0540 0.4485 0.1831 
Z4 - 0.1543 - 0.0565 - o. 26,36 
x1 - 0. A168 - 0.1183 - 0.0816 
X? 0.3696 0.07 9,11 - 0.0512 
c1 - 0.2549 - 0.0399 0.0692 
S2 - 0.3226 - 0.0271 - 0.2419 
83 0.0650 - 0.0067 0.0374 
C1 - 0.1988 0.01 R - 0.2? 45 
c2 - 0.2232 - 0. o69o - 0.3it1A 



105a 

CAPTION TO FIGURE 58: 

Figure 58: Principal Components analysis of Cleopatra (see 

Table 17). The first component is plotted against the second. 

The circles indicate the positions on these two components of 

in ividual Cleopatra specimens from the lower part of the 

Lower Member of the Koobi Fora Formation (faunas X, 19,21,22a, 

22b, 22c, 24, and 28a). Remaining details of diagram as 

Fig. 53, except that solid circles indicate individuals from 

fauna 21. 



106 

alb C 

0 

5.0 

0.0 

T 

0 C- 

a 
-4. C 

a0 
O 

o0 08 0 
0 oC@ °0 

0O 000 
0OO°OOo oo 

oý oh0 i ° 
-2- ooo00 

0° o0 c o4 ,O 000 
c 00 

00 Oý2p 
eor 

Ce b 0000 
dý OO° COO 60 

", 

000ß0OO 
®O 

00 
0© Co 

00 Co 

O0O 

e00 

0 

-4"o r'.. rz U"U O-v 

HTI 

_ 



107 

Ficzure 59: As Fig. 58, except that solid circles indicate 

individuals from fauna 22b, and solid half-citcles indicate 

indicate individuals from fauna 22a. 
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Figure 60: Same analysis as Fig. 58, but circles indicate individuals from faunas 

28A, 28B, 28C, 29,30A, 30C, 31A, 31C, 32A, and 33. Rar.: a, inin;, ýiPtails of r1i-, %r 
solid 

Fig. 5F?. except that/circles indicate nnsitinrs of individuals fron Laura 28A. 
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Figure 61: As yid. 60, -except tna_t solia circle ir('i. i, ta inrli, ridh1a1: " fron 'L rmq 3013, 

and solid half-circles indicate individuals from fauna 31k. 
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Figure 62: As Fig. 60, except that solid circles indicate individual-, from falra 32ý. 
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TABLE 18: PrincipalComponent4 analysia of Cleopatra from the upper part of the 

Lower Member of the Koobi Fora Formation, and from the Upper Member of the Koob= 

Fora Formation. 

Summary of Principal components analysis of Cleopatra from faunas 34,37, 

38,41,42,43,44,45,46,47,48,50,51,52,53,54A, 54B, 57,59,61A, 

61B, 63,71,72A, 74,75,76,78,84, and 86A. Information from the first 

three components is summarised. The analysis is based on 19 variables derived 

from 18 original measurements taken on each of 381 individual specimens. 

See Figs. 

1 2 3 
PERCEN'rAGF VARIANCE : 24.6366 15.1467 11.1052 

LATENT VECTORS (LOADINGS) : 
1 2 3 

w1 0.0107 -0.5224 0.0262 
W2 -0-3409 0.1096 0.2575 
W3 -0-2203 0.0519 - 0.4972 
W4 - 0.2233 0.0956 0.2795 
Ti 0.2210 0.3084 - 0.0079 
T2 0.2342 0.2569 - 0.0563 
T3 0.3815 -0.0610 - 0.0909 
T4 0.3465 - 0.1444 0.1179 
z1 -0.0796 -0-4059 - 0.0078 
Z2 -0-1516 --0.2497 - 0.1687 
Z3 -0.0219 - 0.0743 0.5814 
Z4 0.0271 - 0.0155 - 0.3694 
xi - 0.2854 - 0.2973 - 0.0991 
X2 0.1809 0.3172 - 0.0721 
81 -o. 1966 -0-1449 - 0.1306 
S2 - 0.2241 -0.1102 - 0.0988 
83 0.0200 - 0.0432 0.1793 
cl - 0.2x25 0.1564 - 0.0590 
C2 -0-3196 - 0.1900 - 0.0423 
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Figure 63: Principal Component analysis of Cleopatra (see 

Table 18). The first Principal Component is plotted against 

the second. The circles indicate the positions on these 

components of individual Cleopatra specie ns from the upper 

part of the Lower Member of the Koobi Fora Formation 

(faunas 34,37,38,41,42,43,44,45,46,47,48,50,51, 

and 52). Remaining details of digram as Fig. 53, except 

that solid circles indicate individuals from fauna 38. 
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FIGURE 65 
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Figure 66: Same analysis as in Fig. 63, except that circles 

indicate positions of individual Cleopatra specimens from 

the uppermost Lower Member of the Koobi Fora Formation and 

from the Upper Member of the Koobi Fora Formation (faunas 

53,54A, 54B, 57,59,61A, 61B, 63,71,72A, 74,75,76,78, 

84,86A). Remaining details of diagram as in Fig. 63, 

except that solid circles indicate individuals from fauna 56A, 

and solid half-circles indicate individuals from fauna 53. 

v$ii 
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FIGURE 6 
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TABLE 19: Total phenotyp ic variance of Cleopatra populations from the 

late Cenozoic deposits of the eastern Turkana Basin. 

FAUNA TO'PAL PHENO'PYPIC VARIANCE 

c 2.76 
5A 2.64 
5B 4.89 

10 8.57 

12C 25.10 
12D 22.70 

x 5.30 
19 4.55 
21 4.10 

22A 3.33 
22B 4.35 
22C 3.22 

24 3.53 
28A 5.2? 

28B 4.11 

28C 5.80 

29 
6.80 

30A 3.00 

30C 1.40 

31A ?. 4? 

31C 1.44 
32A 1.93 
33 2.35 
38 1.95 
41 19.40 

42 5.67 
43 3.21 
44 10.02 

45 3.52 
46 8.50 
47 5.73 
48 1.32 

50 5.67 
51 1.96 
52 15.83 
53 3.32 
54A 11.14 

54B 3.25 
57 7.49 
59 12.10 
61A 1.93 
61B 2.11 

63 1.79 
71 2.39 
72A 3.44 

3.66 74 
75 3.10 
76 5.40 
78 4.00 

86A 5.36 
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Figure 70: Generalised pattern of morphological change in 

the Cleopatra lineage from the late Cenozoic of the Turkana Basin. 
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of Cleopatra, and a major morphological excursion is indicated at the Suregei 

level in the Alia Bay region; populations from these levels also include a hitherto 

unknown form of Cleopatra. 

The genus Cleopatra is widely distributed in Africa at present, and 
is confined to that continent. Cleopatra ferruginea is currently distributed 

throughout Kenya and Tanzania; a subspecies is known from Zanzibar. The 

Pleistocene range of the species appears to have been somewhat larger, as it 

occurs in the Kaiso Formation in the western rift (Cox, 1926). The earliest well- 

documented occurrence of the species is probably that from the Mursi Formation 

(Van Damure, 1978), where it pre-dates a radiometric age of 4.18 Myr (Brown and 

Nash, 1976). Although this occurrence is reported as C. arambourri, I believe 

that Roger's species is in fact referable to C. ferruginea (see Section 4). 

The record of C. ferruginea from Kaiso is on vertebrate faunal evidence 

probably of terminal Miocene age, but radiometric dates are not available. 

Cleopatra is an active epifaunal direct-deposit feeder; the details of 

its diet are unknown, but like other members of its family it appears likely 

to be a microphagous feeder on algae and general detritus. It is gonochoristic, 

with external fertilisation, and is probably ovoviviparous (Mandahl Barth, 1954). 

As indicated previously, Canonical Variate analysis of Cleopatra 

material from the late Cenozoic of the 'Turkana Basin indicates a major morpho- 

logical excursion within the lineage towards the top of the Kubi Algi. A novel 

form of the genus is also known to be present in certain populations from the 

Lower Member of the Koobi Fora Formation. However, apart from these departures, 

Cleopatra from other parts of the section show an oscillating but essentially 

ststic morphology (see Fig. 52). Principal Components analysis of Cleopatra 

from the Pre-Pliocene, the Kubi Algi Formation, and the lower part of the Lower 

Member of the Koobi Fora Formation is summarised in `able 16 and Figs. 53-57. 

Like Gabbiella, a rapid and progressive shift in morphology is indicated, 

with progressive disruption of previously relatively orderly patterns of ontogeneti, 

development, and concomitant increase in phenetic variance. The latest divergent 

populations form non-over-lapping clusters with earlier normal C. ferruginea 



populations, as indicated in Table 19 and on the Principal Component plots, this 

progressive rise in phenotypic variance is not reduced in later populations, 

unlike the situation in Bellamya over this interval. 

Figs. 58-62 and Table 17 summarise a Principal Components analysis explori 

the relationships between individual morphologies in Cleopatra over the lower 

part of the Lower Member of the Koobi Fora Formation. As indicated by the 

Canonical Variate analysis, morphology over this interval oscillates somewhat 

but is essentially static. 

Figs. 63-69 and Table 18 summarise a Principal Components analysis 

exploring the relationships between individual morphologies in populations of 

Cleopatra from the upper part of the Lower Member of the Koobi Fora Formation, 

and from the Upper Member. Several populations from the upper part of the 

Lower Member show a somewhat bimodal distribution of morphology; normal 

0. fermi individuals are seenin these populations, but a novel and clearly 

very variable form of Cleopatra is present in many of these populations. This 
varyingly 

form appears abruptly, and persists as a/ important component of 

Cleopatra populations until fauna 59 near the top of the Lower Member; this 

morph first occurs in fauna 34. As indicated in Figs. 63-69, this novel form of 

Cleopatra is persistently variable in patterns of ontogenetic development and 

concomitantly shows high levels of phenotypic variance. Cleopatra material from 

the uppermost part of the Lower Member and from the Upper Member of the Koobi 

Fora Formation is again represented solely by normal C. ferruginea. 

The general picture to emerge for the Cleopatra lineage from the late 

Cenozoic of the Turkana Basin is one of an oscillatory but essentially static 

morphology for much of the section; however, there is a major morphological 

excursion at the Suregei level resulting in populations which show non-overlapping 

clusters with normal ancestral C. ferruginea. This rapid morphological 

excursion is accompanied by a progressive rise in phenotypic variance and 

disruption of normal patterns of ontogenetic development characteristic of 

the ancestral C. ferrupinea populations. In the upper part of the Lower Member 
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of the Koobi Fora Formation a very variable novel form of Cleopatra appears 

abruptly and persists for the remainder of the Lower Member. The appearance of this 

form results in a broadly bimodal distribution for the Cleopatra morphology over 

this interval; the new form clearly does not represent a simple overall extension 

of phenotypic variance as seen, for example, in Gabbiella over this interval. This 

sequence of events is summarised in Figure 70. The divergent but variable 

populations of Cleopatra from the Suregei level are subsequently diagnosed as 

a subspecies of C. ferruginea; the divergent populations of Cleopatra from the 

Lower Member are provisionally described subsequently as a new species. 

Melanoides 

Twenty variables derived from 24 original measurements were determined 

for each of 545 individual specimens, referable to the genus Melanoides, from 

the late Cenozoic of the Turkana Basin. The results of the Canonical Variate 

and Principle Component analyses are summarised in Figs. 71-88 and Tables 20-23. 

Fig. 71 summarises the Canonical Variate analysis of this material, and indicates 

that populations from the Lower and Upper Members of the Koobi Fora Formation, 

and from the Galana Boi Beds, group together. All the material from the lower part 

of the Lower Member, the Upper Member, and the Galana Boi is referable to the 

extant species Melanoides tuberculata (O. F. Muller). However, strongly divergent 

populations occur in the uppermost Kubi Algi, and in the Goumde Formation; these 

populations all consist of material that in part at least represents hitherto 

unknown forms of Melanoides. In addition, several populations from the upper part 

of the Lower Member include novel forms of Melanoides as well as normal M. tuberc- 

lata, and these populations group on the fringe of the main cluster into which 

most of the Koobi Fora Formation and Galana Boi populations fall. (See Fig. 71). 

The genus Melanoides is widely distributed in the. old world tropics 

at present, occurring throughout northern and eastern Africa, southern Eurasia, 

and south-east Asia. Melanoides tuberculata currently occurs throughout this 

same range (Pilsbry and Bequaert, 1927) and during the later Pleistocene occurred 

as far north as Majorca. M. tuberculata occurs at several of the late Miocene and 
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TABLE 20: Canonical Variate analysis of the Melanoides lineage 

from the late Cenozoic of the Turkana Basin. 

Summary of Canonical Variate analysis of Melanoides from faunas 

8,99 10,11B, 12C, 12E, 19,20A, 20B, 21,22A, 22C, 23,28A, 28B, 30B, 

30C, 32A, 33,36,37,439 44,45,46,47,48,499 50,52,54A, 57,59,61B, 

659 719 72A, 74,77,84,85B, 86A, 92, L, M, 0, and P, Information from 

the first three canonical variates is summarised. The analysis is based 

on 20 variables derived from 24 original measurements taken on each of 

542 individual specimens. See Fig.. 71. 

1 2 3 
PERCENTAGE VARIANCE : 31.2698 19.3898 9.4239 

LATENT VECTORS (LOADINGS) : 
1 2 3 

w1 1.8529 0.1457 3.9230 
W2 1.2906 0.1433 3.8934 
W3 0.2118 1.3939 2.1086 
W4 0.4176 0.6747 1.2898 
Ti 0.0006 0.0308 0.0215 
T2 0.0520 0.0010 0.0690 
T3 0.0166 0.0033 0.0045 
T4 0.0381 0.0099 0.0064 
z1 0.0139 0.0031 0.1023 
Z. 0.0193 0.0001 0.0245 
Z3 0.1693 0.2060 0.1395 
Z4 0.0041 0.0132. 0.0210 

x1 2.6209 7.5062 3.724? 
X2 6.9025 0.0126 6.1777 

s1 0.4719 6.7851 3.1947 
°. 2 7.5015 o. 1630 11.4352 
S3 5.1012 0.4267 10.1401 
Cl 3.430? 10.2866 1.1874 
C2 10.1036 38v8869 6.9053 
OR 0.0? 32 0.0149 0.0122 
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Figure 71: Canonical Variate analysis of I'Ielanoides (see 

Table 20). The first Canonical Variate is plotted against the 

second. Points on the'plot indicate the position on these 

two variates of the morphometric centroids of Lielanoides 

populations from the late Cenozoic of the Turkana Basin. 

Populations are numbered as in Figure 1 and Figures 3-5. 
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FIGURE 71 
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TABLE 21: Principal Components analysis-of Melanoides from 

the 'pre-Pliocene, the Kubi Algi Formation, 
_and 

the lowermost 

Lower Member of the Koobi Fora Formation. 

Summary of Principal Components analysis of Melanoides from faunas 

C, D, 8,9,10,11B, 12C, 12E, and 19. Information from the first 

three components is summarised. The analysis is based on 20 variables derived 

from 24 original measurements taken on each of 95 individual specimens. 

Five components were required to explain over 50% of the total variance. 

See Figs. 72-77. 

12 
PERCENTAGE VARIANCE : 17.0673 12.. 1877 

LATENT VECTORS (LOADINGS) 
1 2 

W1 -0.0900 - 0.4099 
W2 - 0.2711 0.3353 
W3 0.2820 - 0.3796 
W4 --0.2119 0.1431 
Ti 0.2392 - 0.0021 
T2 0.3120 0.1539 
T3 0.3185 o. 1680 
T4 0.0457 0.0818 

z1 0.0521 0.3682 
Z2 0.0856 - 0.3150 
7,3 - 0.3350 0.2035 
Z4 0.? 194 0.0293 
x1 - 0.1457 0.1539 
X2 0. ? 907 0.0179 
s1 0.3517 0.1954 
S2 0. ? 800 0.2233 
S3 - 0.0508 0.0218 
Cl - 0.0330 0.1841 
C2 0.1921 -0-2587 
OR - 0.1310 - 0.0768 

3 
10.0359 

3 
0.1458 

- 0.1191 
0.1128 
0.1702 
0.0232 

- 0.2302 

- 0.2153 
- 0.1320 

0.0586 
0.3597 
0.0371 

- 0.2653 
0.4063 

- 0.1363 
0.1474 
0.3934 

- 0.2475 
0.1274 
0.2698 

- 0.3010 
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Figure 72: Principal Components analysis of Melanoides (see 

Table 21). First principal component is plotted against second. 

Circles indicate positions on these two components of individ- 

ual Melanoides specimens from 'pre-Pliocene' deposits, the 

Kubi Algi Formation, and the lowermost Lower Member of the 

Koobi Fora Formation. Solid circles indicate individuals from 

fauna D, cross indicates individual from fauna C. Bivariate 

diagrams above and below the principal components plots 

are graphs of successive ontogenetic values of W and T for 

selected individuals. The vertical axes on these plots 

represent W (W=O - W=3). The horizontal axes represent T 

(T=O - T=10). The curve on the W/T plots is the function 

T=2''ýW/(W-1). The solid point at one end of each individual 

W/T plot indicates the earliest measured point in ontogeny. 

W and T values are calculated at four successive 27r radian 

intervals down the shell, as detailed in Table 2. Individual 

W/T plots, and pictures of individual specimens are keyed 

into the principal component plot by letters a, b, etc. 
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Figure 73: As Fig. 72, except that solid circles Indicate individuals from fauna 8. 
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Figure 74: As Fig. 72, except that solid circles inj, icate 

individuals from fauna 10, and solid half-circles indicate 

individuals from fauna 9. 
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Figure 751 As Fig. 72, except that solid circles indiCtte'individuale fron fauna 11B. 
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Figure 76: As Mg. 72, except that solid circles indicate individuals from faun. 12C 
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Figure 77: As Fig. 72, except that solid cercles indicate individuals from fauna 12C, 

and solid half-circles indicate individuals from fauna 19. 
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T, BLE 22: Principle Components analysin of Melanoides from the Lower Member 

of the Koobi Fora Formation. 

Summary of Principal Components analysis of Melanoides from faunas 

19,20A, 20B, 21,22A, 22B, 22C, 23,24,28A, 28B, 30C, 31B, 32A, 33,36 

37,42,43,44,45,46,47,48,49,50,529 54A, 54B, 57,59.61B, and 6 

Information from the first three componenents is summarised. The analysi 

is based on 20 variables derived from 24 original measurements taken on 

each of 346 individual specimens. Six components were required to explai 

more than 50% of the total variance. See Figs. 78-83- 

1 2 3 
PERCENTAGE VARIANCE : 17-9843 10.2689 7.7071 

LATENT VECTORS (LOADI2IGS) 
1 2 3 

M1 0.2930 0.2595 - 0.3449 
W2 0.2175 -0.4068 0.1889 

W3 0.1678 0.5507 0.1197 
W4 0.1152 - 0.3549 - 0.3547 
T1 - 0.2868 - 0.0443 0.3263 
T2 - 0.2932 0.0277 0.1253 
T3 - 0.1408 - 0.1441 0.0395 
T4 -0.2331 0.0127 -0.0114 
z1 - 0.1014 0.0145 0.0347 
Z2 -0.0604 0.1467 -0.3552 
Z3 0.0058 - 0.4544 -. 0.0186 
Z4 0.0289 0.1980 0.0006 

x1 0.4123 - 0.0743 0.0377 
X2 - 0.2196 - 0.0863 0.4003 
11 0.2973 - 0.0500 0.2845 

s2 0.3244 - 0.0653 0.0072 

, 93 -0.0164 0.0164 0.2723 
C1 0.1260 0.0924 0.3224 

C2 0.3729 - 0.0540 0.1905 
OR 0.0252 0.1181 0.0539 
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Figure 78: Principal Components analysis of Melanoides (see 

Table 22). First Principal Component is plotted against second. 

Circles. indicate the positions on these two components of 

individual Melanoides specimens from the lower part of 

the Lower Member of the Koobi Fora Formation (faunas 19,20a 

20b, 21,22a, 22b, 22c, 23,24,28a, 28b, 30c, 31b, 32a, 33, 

and 36). Solid circles indicate individuals from fauna 19, 
half 

solid/circles indicate individuals from fauna 20b. Remaining 

details of diagram as Fig. 72. 



t 

111 
ýý r 

a 

6-0 

0.0. 

PCP 1 

-6"o 

0 

0 

135 wy, k _ý,: D 

FIGURE 78 

oo 
o Be e'ýeo 00 

"o"a o O0o0 

0 o. 6 $oýo 
O oo#00 

OO" 
0 

O 00 00 
O OO 

00 0 

0 
00 

0 

0.0 6-0 

PCP 2 



-'-, ' ';,. 

Figure 79: As Fig. 78, except that solid circles indicate individuals from fauna 30C 
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Figure 80: As Fig. 78,, except that solid circles indicate individuals from fauna 20. 
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Figure 81: Same analysis as Fig. 78, except that circles 

indicate positions of individual Melanoides specimens from 

the upper part of the Lower Member of the Koobi Fora Formation 

(faunas 37,42,43,44,45,46,47,48,49,50,52,54a, 54b, 

57,59,61b, and 65). Solid circles indicate individuals from 

fauna 43, solid half-circles indicate individuals from 

fauna 37. 
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FIGURE 82 
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Figure 83: As Fig. 81, except that solid circles indicate individuals from fauna 52 
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Figure 83A: As Fig. 81, except that solid circles indicate individuals from fauna 57, 

and solid half-circles indicate individuals from fauna 548. 
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Figure 83B: As Fig. 81, except that solid circles indicate individuals from fauna 59. 
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Figure 83C: As Fig. 81, except that solid circles indicate individuals from fauna 65 

and solid half-circles indicate individuals fron fauna 61B. 
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TABLE 23: Principal Components analysis of Melanoides from the 

uppermost Lower Member and Upper Member of the Koobi Fora 

Formation. from the Guomde Formation. and from the Galana Boi 

Beds. 

Summary of Principal Components analysis of Melanoides from faunas 

65,71,72A, 74,77,84,85B, 86A, 92, L, M, 0, and P. Information from the 

first three components is summarised. The analysis is based on 20 variables 

derived from 24 original measurements taken on each of 146 individual 

specimens. Five components were required to explain more than 50% of the 

total variance. See Figs. 84-88. 

2 3 
PERCENTAGE VARIANCE : 16.5767 13.5595 11.0052 

LATENT VECTORS (LOADINGS) : 
1 2 3 

w1 - 0.2247 0.1115 - 0.4470 
W2 0.4350 - 0.0796 0.0494 
W3 - 0.2597 0.3709 0.2561 
W4 0.1368 - 0.2717 - 0.2485 
Ti - 0.0648 - 0.1924 0.2887 
T2 - 0.0332 - 0.3279 0.2209 
T3 - 0.1634 - 0.1179 0.2202 

T4 - 0.0252 - 0.0127 - 0.1739 
z1 0.2397 - 0.0040 0.3496 
Z2 - 0.3537 0.2684 - 0.1442 
Z3 0.3056 - 0.1493 - 0.3584 
Z4 - 0.0318 0.3221 0.3092 
xi 0.3412 0.3238 - 0.0928 
X2 - 0.0714 - 0.2388 - 0.0112 
si 0.2145 -0.0829 0.1544 
S2 0.3364 0.2288 0.0790 
S3 - 0.1236 -0.2841 0.0690 
cl 0.0420 0.1799 - 0.2150 
C2 0.2562 0.2787 0.0410 
OR 0.0335 0.0356 - 0.0304 
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Figure 84: Principal Components analysis of Melanoides 

(see Table 23). First Principal Component is plotted against 

second. Circles indicate positions on these two components 

of in ividual Melanoides specimens from the Upper Member 

of the Koobi Fora Formation, the Guomde Formation, and the 

Galana Boi Beds. Remaining details of digram as in Fig. 72, 

except that solid circles indicate individuals from fauna 65. 
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Figure 85: As Fig. 84, except that solid circles indicate individuals from fauna 7' 
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Figure 86: As Fig. 84, except that solid circles indicate individuals from fauna 92'. 
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Figure 87: As Fig. 84, except that solid circles indicate individuals from fauna 92 

solid half-circles indicate individuals from fauna 86A. 
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Figure 88: As Fig. 84, except that Bolid circles indicate individuals from fauna C 

solid half-circles indicate individuals from fauna N. 
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TABLE P34: 'Dotal phenotypic variance of Melanoide9 popu]ations from late 

Cenozoic depogitR of the Pastern 'i\1rkana AAPin. 

FAUN A 

8 
9 

10 
11B 
12C 
1 PE 
19 
? OB 
20A 
21 
?? C 
PPA 
93 
2ßB 
28A 
30B 
3nc 
32 
33 
36 
37 
43 
44 
45 
46 
47 
48 
49 
50 
52 
54A 
57 
59 
61B 
65 
71 
72A 
74 
77 
84 
85B 
A6A 
92 

0 
P 
M 

i 

1H; "I'Al, PIII-' 'PYYtr, VARTANr: ti, 

r 

15.0 
9.9 

12.2 
14.2 
9.5 

10.1 
10.3 

7.4 
11.0 
10. ßq 
14,22 

13.34 54.60 
12.61 
7.10 

11.10 
20.85 
20-43 
32.4^ 
11.84 
32.28 
15.37 
5.86 

57.83 
2:. i5 
15.30 
44.62 
9.62 
8.36 

23.113 
10.30 
42.60 
79.30 

6.27 
7.00 
8.37 
8.46 
9.40 
5.79 

10.59 
6.94 
5.92 
5.41 
4.47 
5.58 
7.54 
8.33 

I 

. If 

. ** ******. ** *. * ******** 



- -- -I- -151 -- -- -- __ __ -=- -_--- Figure 89: General summary of patterns of 

morphological change observed in the Melanoides 

lineage from late Cenozoic deposits of the Turkana 

Basin. 
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and early Plio-Pleistocene East African sites prevoiusly mentioned, notably at 

Kanapoi, in the Mursi Formation, and in the Mohari Formation. However, the 

earliest occurrenceof the species which is well-documented is that in the Kajong 

Formation (Savage and Williamson, 1978), in the south-east part of the Turkana 

Basin, where it pre-dates a radiometric (39Ar/4O ) date of 18 Myr. (Savage and 

Williamson, in preparation). Melanoides tuberculata is an unusually eurytopic 

taxon. It occurs in a wide range of water chemistries from large fresh lakes, 

such as Victoria, to hot (32°C) saline springs in Algeria (Raymond, 1852) and 

Israel (Tchernov, 1975b). Melanoides tuberculata is a microphagous form, probably 

feeding chiefly on general detritus (Pilsbry and Bequaert, 1927). It characterist- 

ically occurs in very large numbers, forming more than 50% of total molluscan 

biomass in parts of the Sea of Galilee (Tchernov, 1975b). It sometimes crawls 

about on the substrate surface, but commonly lies buried a short distance below 

the surface (Pilsbry and Bequaert, 1927); it favours a wide variety of substrate 

grain-size from fine mud (Tchernov, 1975b) to fairly course sand (Pilabry and 

Bequaert, 1927). 

Melanoides is ovoviviparous, retaining the young in the mantle cavity 

for some three months prior to their 'birth'. Jacob has demonstrated that Indian 

M. tuberculata, as well as two other Indian species of Melanoides is permanently 

thelytokous, reproducing by ameoitic parthenogenesis. Two races of Melanoides were 

demonstrated, a diploid race with 2n=32, and a polyploid race with 90-94 

chromosomes. Jacob interprets the polyploid race of M. tuberculata as an auto- 

allopolyploid (Jacob, 1957,1958). Abbot (1948) has noted the absence of males, 

and probable parthenogenic reproduction, in South-East Asian and West Pacific 

Melaniids. All African members of the genus Melanoides are thought to be partheno- 

genic (Mandahl-Barth, 1973). 

The pronounced morphological excursion in the M. tuberculata lineage 

at the Suregei level is as rapid as that seen in other taxa but does not appear 

from the plot of the first two canonical variates in Fig. 71 to be as progressive. 

However, the successive Generalised Distances between the centroids of populations 
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8,9,10,11B, 12C, and 12E and the centroid of the nearest population in the main 

M. tuberculata cluster are 2.7,4.1,2.8,3.0,2.9, and 2.99. A broadly progressive 

departure from the normal M. tuberculata morphology-lis therefore indicated. 

Populations which are too small for inclusion in the Canonical Variates 

analysis are known from the ? Pre-Kubi Algi, and these populations aro included in 

the Principle Components analysis, summarised in Table 21 and Figs. 72-77, which 

explores the relationships between individual morphologies during the morphologic 

excursion at the Suregei level. This early material is clearly attributable to 

normal M. tuberculata, and groups in the same part of the Principle Components 

plot as later populations of normal M. tuberculata from the Lower Member. The 

Principle Components plot indicates that at the Suregei level there is a rapid 

movement away from the normal M. tuberculata morphology, with concomitant rise, they. 

slight fall in pheno Cicpvariance. The ontogenetic plots of W and T are extremely 

variable in all populations of M. tuberculata, and even in normal populations 

few individuals share similar patterns of ontogenetic development in W and T. 

This situation is in constrast to the other gastropods studied, where such 

patterns tend to be relatively consistent in most populations. This variation 

in patterns of W and T seen in Melanoides may reflect the fact that this partheno- 

genetic 'species' is in fact a clone array; most individuals in a given sample 

may represent different clones, each of which might be expected to show somewhat 

different patterns in ontogenetic development. However, for reasons discussed 

earlier, as the gastropod shell is an accretionary structure not amenable to 

significant post-depositional modification, the rise in phenotypic variance in 

Melanoides during the morphologic excursion at the Suregei level itself suggests 

disruption of patterns of individual ontogenetic development. The general 

picture to emerge from Melanoides at the Suregei level is therefore essentially 

the sane as that seen in other taxa; a rapid and fairly progressive shift in 

morphology, accompanied by increase and, like Bellamya, a(slight) decrease, in 

phenotypic. variance. The latest divergent populations of Melanoides from the 

Suregei level form essentially non-overlapping clusters, at'the level of 

individual morphology, with earlier and later populations of normal M. tuberculata. 
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Although the majority of the populations of Melanoidea from the lower 

part of the Lower Member of the Koobi Fora Formation are entirely assignable to 

normal M. tuberculata, novel morhs of Melanoides appear in the upper part of 

this unit. Table 22 and Figs. 78-83 summarise events in the Melanoides lineage 

during the Lower Member of the Koobi Fora Formation. Two important trends are clear 

in populations over this interval; in populations taken at successive levels up 

the Lower Member, individuals appear which are progressively more deviant from 

normal M. tuberculata morphology. In most of these populations, normal M. tubercu- 

lata is still also present, however. This trend is accompanied by an overall increas 

in phenotypic variance which increases steadily during the Lower Member. 

A third major morphological excursion in the Kelanoides lineage 3s 

indicated in the Canonical Variate analysis for the material from the Guomde. 

Events in the Melanoides lineage during the Upper Member of the Koobi Fora 

Formation, Guomde Formation, and Galana Boi Beds is summarised in Table 23 and 

Figs. 84-88. The Guomde Melanoides population forms a non-overlapping cluster, 

at the level of individual morphology, with earlier and later M. tuberculata 

populations. Apparently similar Melanoides material to the deviant material from 

population 92 in the Guomde is known from all other faunas in this unit; however, 

this material is too poorly preserved for reliable morphometrics. The Guomde 

is unconformity bounded; no transitional forms between normal M. tuberculata 

and the aberrant Guomde Melanoides are known. Events within the Melanoides 

lineage are summarised in Fig. 89. 

Bulinus 

The material of Bulinus from the sections east of Lake Turkana is the 

earliest known material of the genus from Africa. Bulinun is currently widely 

distributed in Africa; it is a pulmonate genus which like 'its close relative 

Lymnaea probably feeds chiefly on aquatic macrophytes, detritus and carrion. 

The genus is dioecious, with internal fertilisation, and showing at least 

facultative hermaphroditism in some species. Principle Components analysis of 

the limited material available from the sections east of Lake Turkana suggest 
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no overall trend in morphology in this genus during the late Cenozoic; all the 

material is assignable to the species B. truncatus, which is currently widely 

if sporadically distributed in Kenya and Uganda (Mandahl-Barth, 1973). 

Principle Components analysis of this material is summarised in Table 24 

and Figs'. 90-93. Events - or rather the lack of them - within this lineage during 

the late Cenozoic in the Turkana Basin are summarised in Fig. 94. 
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TABLE ? 4: Principle Components analysis of Bulinus from the late Cenozoic of 

the Turkana Basin. 

Summary of Principal Components analysis of Bulinus from faunas 

12A, 37,45,46,47,48,50,54A, 70,72A, 77, : L, N, and S. 

Information from the first three components is summarised. The analysis 

is based on 13 variables derived from 14 original measurements taken o? 

each of 24 individual specimens. See Figs. 90-93" 

PERCENTAGE VARIANCE t 

LATENT VRC`IVRS (LOADINGS) : 

6 

W1 
W2 
Ti 

T2 
Z1 
Z2 
X1 
X2 
51 
S2 
S3 
C1 
C2 

1 
38.7908 

1 
- 0.3333 

0.3350 
0.3129 
0.3833 
0.0253 

- 0.3155 
- 0.3863 

0.1454 
- 0.1823 
- 0.1435 

0.4055 
0.0290 
0.2054 

2 
19.2050 

2 
0.060? 

- 0.0? 26 

- 0.3537 
- 0.0509 

0.3547 
- 0.2023 

- 0.0108 
- o. o645 
- 0.5294 
- 0.5092 
- 0.0005 
- 0.1633 
- 0.3619 

3 
13.4691 

3 
- 0.3267 

0.1397 
- 0.2530 

0.1592 
0.5582 
0.0591 
0.2668 
0.3748 
0.0256 
0.1933 

- 0.2130 
0.4027. 
0.1103 
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Figure 90: Principal Components analysis of Bulinus (see 

Table 24). The first component is plotted against the second. 

Circles indicate the positions on these components of 

individual Bulinus specimens from the late Cenozoic of, the 

Turkana Basin. Solid circles indicate individuals from fauna 

12k, solid half-circles indicate individuals from fauna 

37, 'x' indicates individual from fauna 45. 
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FIGURE 90 
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Figure 91: As Fig. 90,, except that solid circles indicate 

individuals from fauna X47, and solid half-circles indicate 

individuals from fauna 50; 'x' indicates individual from fauna 

49. 

PCP2 -40 äo 4; 0 
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Figure 92: As Fig. 91, except that solid circles indicate 

in ividuals from fauna 54a, solid half-circles indicate 

individuals from fauna 70; cross indicates individual from 

fauna 72a. 

eo 

PCP2 -4"0 DO - 40 



161 w. 
f s; t t 

Figure 93: As fig. 90, except that solid circles indicate 

individuals from fauna L. solid half-circles indicate. 

individuals from fauna N. and cross indicates an individual 

from fauna S. 
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Figure 94: General summary of patterns of morphological 

change in the Bulinus lineage from the late Cenozoic of the 

Turkana Basin. 
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Oscillating but essentially 

static 'standard' Bulinus 

truncatus morphology 

throughout range. 
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Pseudobovaria 

Eight variables derived from fifteen original measurements were determined for 

each of 336 individual specimens, referable to the genus Pseudobovarla, from late 
Cenozoic deposits of the Turkana Basin. The results of the Canonical Variate and 
Principle Component analyses of this material are reported in Tables 25-27 and 
Figures 95-104. Figure 95, a summary of the Canonical Variate analysis of this 

material, indicates that populations from the mid Kubi Algi Formation, the Lower 

Member of the Koobi Fora Formation, and the Upper Member of the Koobi Fora Formation 

all cluster together. The morphology of these populations shows some 'oscillation' 

but is essentiallly static. All the material in these populations is clearly 

assignable to P. mwayana (Fuchs, 1936). This rather variable species was originally 

described from the Kaiso Formation in the Edward-Albert Basin in the western rift, 

where it occurs in Gautier's mollusc assemblages 3 to 7 inclusive. The earliest 

occurrence of the species in this section seems to be broadly terminal Miocene in 

age, on the basis of vertebrate faunal evidence (Gautier, 1967). The species has 

also been reported from the deposits at Casa Waterhole east of Lake Turkana 

(Fuchs, 1939; Gautier, 1970). The species is also known from the Kanapoi sequence, 

south of Lake Turkana, where it pre-dates a radiometric age of 4.0 ]&yr, (Van Damme, 

1978), and from the Mursi Formation north of Lake Turkana, where it pre-dates a 

radiometric age of 4.18 Myr (Van Damme, 1978). However, the earliest known occurrenc 

of the species seems to be from Lothagam (Member 1) where it occurs with vertebrates 

suggesting an age in the range 6-7 Myr. (Cooke, 1978). The genus Pseudobovaria is 

known only from late Cenozoic deposits in East Africa and seems to have become 

extinct in the later Pleistocene. The latest known occurrences of the genus are 

in Member J of the Shungura Formation, north of Lake Turkana (Van Damure, 1978), 

which suggests a date for this late occurrence of about 1.6 - 1.4 lur (Brown and 

Shuey, 1976), and from the Guomde Formation, from an age of about 0.7 1&yr based 

on geomagnetic polarity determinations (Pers. Comm. J. Hillhouse). 
Pseudobovaria 

Although the genus /is probably related to Grandidiera of modern lakes 

Tanganyika and Malawi, it is now extinct and nothing is known of its autecology 

or 'soft' biology. 
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As indicated earlier, Pseudobovaria material from the mid Kubi Algi Formation and 

Lower and Upper Members of the Koobi Fora Formation groups together, and is assignable 

to P. mwayana. Material referable to this species is also known from Casa Waterhole 

(fauna A) and from faunas 1 and 2, but the quality of preservation is such as to 

preclude reliable morphometrics. However, despite the 'oscillating' but essentially 

static morphology of the lineage over these intervals, a major morphological excursion 

within the lineage is indicated towards the top of the Kubi Algi Formation at the 

Suregei level in the Alia Bay area, and in the Guomde Formation (see Figure 95)" 

Figures 96-99 and Table 26 summarise a Principle Components analysis which explores 

the relationships between individual morphologies in populations involved in the 

morphological excursion at the Suregei level (uppermost Kubi Algi and lowermost Koobi 

Fora Formations). In combination with the Canonical Variate analysis, this analysis 

clearly indicates a rapid and progressive morphological shift over this interval, 

with a concomitant rise and then fall in phenotypic variance. The latest divergent 

Pseudobovaria populations from the Suregei level form non-overlapping clusters, at 

the level of individual morphology, with earlier and later populations of normal 

P. mwayana. The Lower Member Pseudobovaria material indicates that there is then a 

rapid return to normal P. mwayana morphology above the Suregei tuff. Normal P. mwayans 

persists throughout the Koobi Fora Formation, but deviant forms of Pseudobovaria 

again occur in the Guomde. Table 27 and Figures 100-104 summarise a Principle Componen 

analysis which explores the relationships between individual morphologies in 

populations from the Koobi Fora and Guomde Formations. The morphology of P. mwayana 

is essentially static, though 'oscillatory', throughout the Koobi Fora Formation, 

but the rather high phenotypic variance of certain populations from the Lower 

Member of the Koobi Fora Formation is noticeable. The Guomde Formation is unconformity 

bounded, and transitional forms between the normal P. mwayana morphology and the 

aberrant Guomde Pseudobovaria material are unknown. The Guomde populations of 

Pseudobovaria form essentially non-overlapping clusters with earlier populations of 

P. mwayana. In addition, adult Pseudobovaria from the Guomde, in addition to their 

distinctive morphology, are at least 2-3 times the size of the largest Pseudobovaria 

known from elsewhere in the section. In addition to the populations of Pseudobovaria 
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from the Guomde reported in the Principle Components analysis, apparently identical 

material of this unusual Pseudobovaria is known from faunas 87,88,90, and 91a/b, 

but the material is too poorly preserved for reliable morphometrics. Phenotypic 

variance in populations of divergent Pseudobovaria from the latest faunas at the 

Suregei level, and in those from the Guomde Formation, appears comparable to levels 

of variance seen in populations of normal P. mwayana from the mid Kubi Algi and Koob 

Fora Formations (see Table 28). Accordingly, for reasons justified subsequently, 

these two sets of divergent populations are regarded as probable biological species, 

and formally diagnosed in a subsequent section. 
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TABLE 25: Canonical Variate analysis of the Pseudobovaria 

lineage from the late Cenozoic of the Turkana Basin. 

Summary of Canonical Variate analysis of Pseudobovaria from faunas 4,7,8, 

9,12C, 12D, 12E, 14,21,22B, 22C, 29,30A, 30C9 31B, 32A, 339 38,43,44, 

47,48,52,53,65,68,71,74,75,76,78,89, and 92. Information from 

the first three canonical variates is summarised. The analysis is based on 

8 variables derived from 15 original measurements taken on each of 335 

individual specimens. Measurements were taken on the right valve. See Fig. 9 

1 2 3 
PERC04TAGF VARIANCE : 64.4203 17.9277 5.7562 

LATENT VECTORS (LOADINGS) 
1 2 3 

LW - 11.1245 - 9.1234 - 3.9801 
U 0.4665 12.9743 2.1616 
T 8.6521 3.3963 0.9896 
HP 0.1900 2.6706 - 3.3775 
AT - 2.2809 1.5969 1.6300 
TAR - 0.0040 - 0.0091 0.0245 

AMA 0.0040 0.0083 - 0.0450 
xx 0.9089 - 6.4152 15.8396 
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Figure 95: Canonical Variate analysis of the Pseudobovaria 

lineage from the late Cenozoic of the Turkana Basin, (see 

Table 25). The first canonical variate is plotted against 

the second. Points on the plot indicate the position on these 

two variates of the morphometric centroids of populations 

from the late Cenozoic of the Turkana Basin. Populations 

are numbered as in Fig. 1. 
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TABLE 26: Principal Components analysis of Pseudobovaria 

from the Kubi Algi Formation and Lower Member of the Koobi 

Fora Formation. 

Summary of Principal Component analysis of Pseudobovaria from faunas 

4,7,8,9,12C, 12D, 12E, 14, and 21. Information from the first thre 

components is summarised. The analysis is based on 8 variables derived 

from 15 original measurements taken on 120 individual specimens. 

Measurements were taken on the right valve. See Figs. 96-99- 

123 
PERCENTAGE' VARIANCE : 38.4721 20.9910 13.9065 

LATENT VECTORS (LOADINGS) : 
1 2 ? 

LW 0.3163 0.5592 0.0421 
U 0.5078 - 0.1062 - 0.0286 
T - 0.3782 0.5139 0.0159 
HP 0.4567 0.0014 0.1348 
AT 0.1270 0.5606 - 0.4270 
TAR 0.4302 0.0672 - 0.1789 
AMA 0.2984 - 0.0804 0.3078 
KK - 0.0183 0.2946 0.8185 
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Figure 96: Principal Components analysis of Pseudobovaria 

from the Kubi Algi Formation and the lower part of the Lower 

Member of the Koobi Fora Formation.. See Table 26. First 

component is plotted against second. Circles indicate positions 

of individual specimens of Pseudobovaria on these two components 

Solid circles indicate individuals from fauna 7, solid half- 

circles indicate the positions of individuals from fauna 4. 

Figures of individual specimens are keyed into the principal 

component plots by letters a, b, etc. 
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Figure 97: As Fig. 96, but solid circles indicate 

individuals from fauna 8, solid half-circles indicate 

individuals from fauna 9. 
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Figure 98: As Fig. 969 except that solid circles indicate 

individuals from fauna 12D. -solid half-circles indicate 

individuals from fauna 12E. 
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Figure 99: As Figure 96, except that solid circles indicate 

individuals from fauna 12C, solid half-circles indicate 

individuals from fauna 14. 
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TABLE-27: Principal Components analysis of Pseudobovaria 

from the Lower and Upper Members of the Koobi Fora Formation 

and from the Guomde Formation. 

Summary of Principal Components analysis of Pseudobovaria from faunas 

22B, 22C, 29,30A, 30C, 31B, 32A, 33,38,43,44,47,48,52,53,659 

68,71,74,75,76,78,86A, 89, and 92. Information from the first thrE 

components is summarised. The analysis is based on 8 variables derived 

from 15 original measurements taken on each of 216 individual specimens. 

Measurements were taken on the right valve. See Figs. 100-104. 

123 
PERL 'TAGE, VARIANCE : 37.3103 19.2837 15.0628 

LATENT VECTORS (LOADINGS) : 
2 3 

LW - 0.4643 - 0.3757 0.1565 
ü 0.4764 - 0.2215 0.3310 
T - 0.5434 0.0647 - 0.2278 
HP 0.1984 - 0.5560 - 0.2146 
AT 0.1017 - 0.1081 - 0.6709 
TAR 0.0686 - 0.6340 - 0.0153 
AMA - 0.0089 - 0.0179 - 0.5177 
KK - 0.4557 - 0.2871 0.2229 
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Figure 100: Principal Components analysis of Pseudobovaria 

from the Lower and Upper Members of the Koobi Fora Formation. 

See Table 27. First Component is plotted against second. 

Circles indicate positions on these two components of 

individual specimens of Pseudobovaria. Solid circles indicate 

individuals from fauna 22B, solid half-circles indicate 

individuals from fauna 32A. Figures of individual specimens 

keyed into principal component plot by letters a, b, etc. 



175 

FIGTJRF 100 

7-C 
0 

0 
0 

0 00 
00 

C) 0 
00 

rno 

FO 

r 
a 
C 
a 

o 800 o8 0 
o 042 

äg 
°"8 

0 o°Q 0%-100 0 % 
0 oý3A o0 

°ý ° ö°° öö 

8z3 °o oo p 
0 e00 - °° 0 8° ö0° 000 

0 
00 00 

0 °08 0 0 
0 

0 
-5-0 

-v sv4£. I"v 7,0 



176 

7.0 

Figure 101: As Fig. 100, except that solid circles indicate 

individuals from fauna 33. 
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Flure 102: As Fig. 100, except that solid circles 

indicate individuals from fauna 52. 
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Figure 103: As Fig. 100, except that solid circles indicate 

individuals from fauna 71. 
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Figure 104: As Figure 100, except that solid circles indicate 

individuals from fauna 92. 

7.0 

a 
ýýý, 

iý 

cb 

0 

1.0 

T 
O 
C 
n 

0 

-5.0 

-5.0 

" 
" 

Q"" 
Q" 

aQ "o 
Q 

"8 öo 0 

0 ötjg ö 
08 o 

0 003 0 o° o ZD-li ,o0 0 0000 00 s' d0 0800 
0o 00 

VVý 00 
ý/ 

0 

0° 0 0 00 
°ooö 0 

o0 
'0 008 0 0 

0 
0 

rLrý c 
ý -- 

FO d 7. o 



180 

TABLE 28: Total phenotypic variance of Pseudobovaria populations from 

late Cenozoic deposits of the eastern Turkana Rasin. 

FAUNA TOTAL PHENOTYPIC VARIANCE 

4 680 
7 840 
8 240 
9 330 

12D 580 
12E 150 
12C 350 
14 250 
21 1100 
22C 400 

22B 700 
29 720 
30C 1000 
30A 1000 

31B 400 
3 2A 690 

, 33 210 
43 450 
44 goo 
47 800 
48 1200 

52 750 
53 420 
68 530 
71 920 
74 670 
75 490 
76 850 
78 910 
89 580 
92 660 
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Caelatura 

Two very distinct species lineages, belonging to separate sub-genera of 

this genus, are known from late Cenozoic deposits of the Turkana Basin. The stem 

forms for these lineages are Caelatura (nitia) mon ceti and C. (c. ) bakeri. 

Table 28 and Figures 106-109 summarise a Principle Components analysis of 

the C. (n. ) monceti lineage. Material from the Koobi Fora Formation and Galana 

Boi Beds groups together; all this material is readily referable to C. (n. ) monceti. 

However, the Principle Components analysis indicates a major morphological 

excursion in the C. (n. ) monceti lineage at the Suregei level; representatives 

of the lineage at this level are clearly very different from the putative ancestral 

form C. (n. ) monceti, and are subsequently described as a new species. 

The genus Caelatura is currently widely distributed over much of central 

and eastern Africa, but the group as a whole is extremely variable and its 

taxonomy is chaotic at present. However, Caelatura (nitia) monceti is definitely 

currently known from Lake Victoria, Lake Kyoga, and from the Victoria Nile 

(Mandahl Barth, 1954). 

I concur with Mandahl Barth (1954) in regarding C. (c. ) monceti as 

inseperable from the Caelatura (nitia species originally described from the 

late Cenozoic deposits of the Turkana Basin, Caelatura (nitia chefneuxi 

(Neuville and Anthony, 1906a). Accordingly, the earliest records of C. (n. ) monceti 

are those from the base of the Usno Formation, north of Lake Turkana (Van Damure, 

1978), where it post-dates a basalt radiometrically dated at 3.1 Myr and pre-dates 

a tuff dated at 2.64 - 2.97 Myr (Brown and 5huey, 1976). The species is also 

known from the Basal Member of the Shungura Formation, north of Lake Turkana 

(Van Damme, 1978), which dates from between 3.0 and 3.2 Myr on the basis of 

geomagnetic polarity determinations (Brown and Shuey, 1976). 

Like other unionids, Caelatura is an infaunal filter-feeder; like other 

unionids its diet is probably chiefly diatoms and other micro-organisms (Graham, 

1955). The eggs are incubated on the gills, all four in most species of Caelatura 

forming a marsupium. Unlike many larger unionids, most Caelatura species do not 

have a glochidial stage that is parasitic on fish. 
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As indicated previously, all the Koobi Fora and Galana Boi material of 

the C. (n. ) monceti lineage groups together and is referable to the extant species. 

The morphology of the lineage appears to be 'oscillatory' but essentially static. 

Normal C. (n. ) monceti is common in the Upper Member of the Koobt Fora Formation, 

but is usually too fragmentary for reliable morphometry. Material of this lineage 

from the Suregei level is clearly divergent from normal C. (n. ) monceti, with 

which it forms a non-overlapping cluster at the level of individual morphology, 

but material is too scanty in the uppermost Kubi Algi Formation to document the 

details of this morphological excursion. The general picture to emerge for the 
eastern 

C. (n. ) monceti lineage for the later Cenozoic of theTurkana Basin is summarised 

in Fig. 110. 

Biometric data is not available for the C. (c. ) bakeri lineage in late 

Cenozoic deposits of the eastern 'Turkana Basin. However, this form appears to 

exhibit morphological stasis throughout much of the Koobi Fora Formation; material 

from this unit is clearly referable to the extant species C (c. ) bakeri. as is 

material from the upper Kubi Algi Formation and the Galana Boi. However, a major 

morphological excursion within the lineage is seen at the Suregei level, apparently 

accompanied by a major increase then decrease in phenotypic variance. The final 

aberrant morph at the Suregei level is subsequently diagnosed as a new species. 

In addition, following an abrupt return to normal bakeri morphology in the lower 

Koobi Fora Formation, a novel form of Caelatura�clearly closely related to 

C. (c. ) bakeri, suddenly appears in fauna 43 and occurs sporadically up the 

section until fauna 59; it is not seen before or after these levels. This novel 

form is also subsequently diagnosed as a new species. The general sequence of 

events in the C. (c. ) bakeri lineage is summarised in Fig. 111. 

In a subsequent section I synonomise the form of Caelatura (caelatura) 

originally described from the late Cenozoic of the Turkana Basin (C. (c. ) 

rothschildi (Neuville and Anthony, 1906a)) with the extant form C (a. ) bakeri 

Accordingly, the earliest records for C. (a. ) bakeri are from Mursi Formation 

(Van Damme, 1978), where it pre-dates a radiometric age of 4.18 Myr (Brown and 

Nash, 1976), and from the Kanapoi Formation, where it pre-dates a basalt dated 



1r ! "° ' t¢ ßi4 -q " ;ý )q. 
1 

84 

TABLE ?6: Principle Components analysis of the Caelatura (nitia) monceti 

lineage from the late Cenozoic of the Turkana Basin. 

Summary of Principle Components analysis of Caelatura (nitia) monceti from faunas 

8,8,12A, 12D, 2039 22B, 22C, 30C, 31C, 40,47,52, N. and Q. Information 

from the first three components is summarised. The analysis is based on 8 variabler 

derived from 18 original measurements taken on 36 individual specimens. ueaauremen" 

were taken on the left valve. See Figs. 106-109. 

123 
PERCENTAGE VARIANCE . 26.6347 19.7947 16.4261 

LATENT VF, %'I' JRS (LOADINGS) : 
1 2 3 

LW - 0.5710 0.3089 0.1605 
u - 0.0205 - 0.6251 - 0.3157 
HP - 0.4336 - 0.3535 0.3774 
AT 0.3809 - 0.3092 0.1794 
TAR 0.2455 - 0.3006 0.6035 
MA 0.3760 0.1027 0.2731 
RJ1A 0.0898 0.0861 - 0.4371 
)RSC 0.3616 0.4301 0.2646 
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Figure 106: Principal Components analysis of Caelatura 

'chefneuxi' (see Table 28). First component is plotted against 

second. Circles indicate positions on these two components 

of individual Caelatura specimens from the late Cenozoic of 

the Turkana Basin. Solid circles - individuals from fauna 8. 

Solid half-circles - individuals from fauna 12D. 'x' - 

individual from fauna 12A. 
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Figure 107: As Fig. 106, but solid circles - individuals 

from fauna 22B. Solid half-circles - individuals from fauna 22C. 

Crosses - individuals from fauna 40. 
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Figure 108: As Fig. 106, but solid circles - individuals 

from fauna 20B; solid circles - individuals from fauna 

30C. Crosses - individuals from fauna 52. 'x' - individual 

from fauna 47. 
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Figure 109: As Fig. 106, but solid circles indicate 

individuals from fauna Q. 
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at about 4.0 Myr (Van Damure, 1978; Behrensmeyer, 1976). The autecology of 

this form is presumeably similar to that of C. (n. ) monceti, but only two 

gills form the marsupium (Mandahl Barth, 1954). 

Mutela 

Nine variables derived from twenty one original measurements were 

determined for each of 44 individual specimens, referable to the genus Mutela, 

from the late Cenozoic deposits of the eastern Turkana Basin. Table 29 and 

Figs. 112-114 summarise a Principle Components analysis of this material. 

Material from much of the Lower Member of the Koobi Fora Formation, from the 

Upper Member, and from the Galana Boi Beds, groups broadly together. 

All this material is referable to Mutela nilotica (Cailliaud, 1823). However, 

morphologically divergent material is recorded from fauna 30C in the Lover 

Member, and from the Guomde Formation. 

The taxonomic status of many of the described forms of Mutela from 

East Africa is confused. However, Adam (1957) regards M. emini from northern 

Uganda as merely a local variety of M. nilotica; the present range of M. 

nilotica therefore seems likely to comprise northern Uganda and eastern Congo 

as well as Egypt, and the Sudan. (Mandahl Barth, 1954). The species is known 

from Holocene deposits south of Lake Edward (Van flamme and Gautier, 1970) and 

from many Holocene sites around Lake Turkana. The earliest records available 

for M. nilotica are from the Warata Formation, north-east of Lake Turkana 

(Watkins and Williamson, 1979), pre-dating a radiometric date on the overlying 

Har Basalt of 4.3 Myr (Pers. Comm. R. Watkins); from the Kanapoi Formation 

(Van Dammet 1978), pre-dating a radiometric date of 4.0 Myr, and from the 

Mursi Formation (Van Dammet 1978), pre-dating a radiometric age of 4.18 b(yr 

(Brown and Nash, 1976). The species is also tentatively reported by Gautier 

(1970) from the Plio-Pleistocene Kaiso Formation in the Fdward-Albert basin. 

M. nilotica seems likely to be the generalised stem stock for most of the 

north-east African Mutela species currently known, bearing in mind its wide 

distribution and lack of any specialisation s. 
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H. nilotica is an infaunal filter feeder which, like unionids, probably subsists 

chiefly on diatoms and other micro-organisms. It is dioecious, with external 

fertilisation. The glochidia are parasitic on a variety of freshwater fish (Van 

Damure, 1978). 

Principle Components analysis of Mutela material from the late Cenozoic 

of the eastern Turkana Basin indicates, as suggested earlier, that the normal 

M. nilotica morphology oscillates somewhat during the Koobi Fora Formation and 

Galana Boi, but is essentially static. However, pronounced morphological excursions 

are documented in the Lower Member of the Koobi Fora Formation and in the Guomde. 

Fauna 30C in the Lower Member includes, in addition to normal M. nilotica, an 

aberrant form of Mutela notable for its extreme elongation and anterior projection 

of the hinge line. ' The presence of this form in fauna 30C leads to a broadly bimodal 

distribution of morphology in populations of Mutela at this level. This novel form 

also occurs in fauna 29, but too poorly preserved for morphometry. A second major 

morphological excursion in the Mutela nilotica lineage is indicated by the Principle 

Components analysis in the Guomde Formation. The aberrant form of Mutela known 

from fauna 92 is not referable to normal bi. nilotica. Although only represented on 

the Principle Components plot by two individuals, this highly aberrant form is known 

from a great deal of additional material from this fauna and from faunas 91A 

and 91B, as well as sparingly from other Guomde faunas. However, this additional 

material is too poorly preserved for reliable morphometry. These two novel and 

divergent forms of Mutela seem to exhibit levels of phenotypic variability that are 

comparable to those characteristic of M. nilotica, the presumed parental form, 

but they are clearly very different from the latter species, and are subsequently 

diagnosed as new species. In addition, very poorly preserved or juvenile Mutela 

material from the Suregei level may also represent a morphological departure from 

normal M. nilotica, from which it appears to show several differences. However, 

this material, chiefly from faunas 7 and 12D, is too poor for reliable diagnosis. 

The general picture to emerge for the events in the M. nilotica lineage in the 

late Cenozoic of the eastern Turkana Basin is summarised in Fig. 115. 
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TABLE 29: Principal Components analysis of Mutela from 

the late Cenozoic of the Turkana Basin. 

Summary of Principal Component analysis of Motels from faunas 

22B, 30C, 47,52,73,92, and R. Information from the first three components 

is summarised. The analysis is based on 9 variables derived from 21 original 

measurements taken on each of 44 individual specimens. Measurements were take 

on the right valve. See Figs. 112-114. 

PERCENTAGE VbRIANC!,, ' : 

LATENT VFCWB (LOADINGS 

123 
53.0801 16.4790 10.3838 

1 2 3 
LW -0.3679 - 0.3499 0.1991 
U 0.3466 - 0.2150 0.254,0 
T - 0.4435 -0.1346 0.0369 
HP 0.0629 - 0.3660 - 0.8977 
MA 0.2323 - 0.5090 0.2697 
PMA 0.0648 - 0.5370 0.0748 
We 0.4270 -0.0691 0.0672 
PsC 0.4216 - 0.0548 - 0.0483 
PAM -0 . 3545 - 0.3477 0.0532 
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Figure 112: Principal Components analysis of Mutela (see 

Table 29). The first component is plotted against the second. 

The circles indicate the positions on these two components 

of individual specimens of Mutela from the late Cenozoic of 

the Turkana Basin. Solid circles indicate individuals from 

fauna 22B. 
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Figure 113: 
As Fig. 112, but solid circles indicate individuals from fauna 

30C, solid half-circles indicate individuals from fauna 47, 

and cross indicates specimen from fauna 52. Figures of individual 

Mutela specimens are keyed into the components analysis by 

letters a, b, etc. 
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Figure 114: As Fig. 112, except that solid circles indicate 

individuals from fauna 92, solid half-circles indicate specimens 

from fauna R, and cross indicates specimen from fauna 72B, 
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Pleiodon 

Six variables derived from twenty original measurements were determined 

for each of twenty individual specimens, refereable to the genus Pleiodon, from 

the late Cenozoic of the eastern Turkana Basin. Pleiodon material examined comes 

exclusively from the Lower Member of the Koobi Fora Formation, but the genus is 

also known from much lower in the section as fragmentary material (see Section 3). 

Table. 30 and Figs. 116-117 summarise a Principle Components analysis of the Lower 

Member material. This analysis indicates an 'oscillating' but essentially static 

morphology in Pleiodon from the Lower Member. All the Lower Member Pleiodon are 

clearly conspecific, and identical material is known from the Omo Valley sequences 

north of Lake 'Iarkana; all this material is currently being described as a new 

species by Van Damme (pers. comm.. 

The genus Pleiodon has a long history in Africa, extending back to at least 

early mid-Miocene time (Verdcourt, 1963). The genus underwent a dramatic adaptive 

radiation in the Edward-Albert rift during the Plio-Pleistocene, documented in 

the Kaiso Formation (Gautier, 1966; 1970). Three species of the genus are currently 

thought to be extant in west and central-east Africa (Pain and Woodward, 1964). 

Events in the Pleiodon lineage in the late Cenozoic of the eastern Turkana Basin are 

summarised in Fig. 118. 

Corbicula 

Eight variables derived from twenty original measurements were determined 

on each of 175 individual specimens, referable to the genus Corbicula, from late 

Cenozoic deposits of the eastern Turkana Basin. Tables 31-32 and Figs. 119-125 

summarise Canonical Variate and Principle Component analysis of this material. No 

directional trends in morphology are detectable in material from above the lowermost 

Koobi Fora Formation and Galana Boi Beds; all this material is referable to 

Corbicula consobrina (Cailliaud, 1827). However, divergent material is known 

from top of the Kubi Algi Formation which are not referable to this species, 

and which form non-overlapping or essentially non-overlapping clusters with normal 

C. consobrina morphology from elsewhere in the section, as indicated on the 

Principle Components plot. These plots also indicate the 'oscillating' but essential]) 
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TABLE 30: Principal Components analysis of Pliodon. from the 

late Cenozoic of the Turkana Basin. 

Summary of Principal Components analysis of Pliodon from faunas 

30C, 33,35,52,57, and 59" Information from the first three 

components is summarised. The analysis is based on 6 variables derived 

from 20 original measurements taken on. each of 20 individual specimens. 

Measurements were taken on the left valve. See Figs. 116-117. 

123 
PERC)NTAGF VARIANCE : 50.5846 18.9762 14.8659 

LATENT VEC'1ORS (LOADINGS) : 
2 3 

LW - 0.3302 - 0.2668 - 0.7144 
T 0.4725 - 0.4353 0.0463 
HP 0.1964 0.7935 - 0.2576 
MA 0.4321 0.0531 0.3475 
99c - 0.5060 0.2737 0.3383 
Ica - 0.4318 - 0.1789 0.4311 
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Figure 116: Principal Component analysis of Pliodon (see Table 

30). First Principal component is plotted against the second. 

Circles mark the positions of individual Pliodon specimens 

on these two components. All material from the Lower Member of 

the Koobi Fora Formation. Solid circles - individuals from 
ý« 

fauna 30C. Solid half-circle - individual from fauna 35. 
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Figure 117: As Fig. 116, except that solid circle indicates 

specimen from fauna 33, solid half-circle represents specimen 

from fauna 57, cross indicates specimen from fauna 52, 'x; 

represents specimen from fauna'59. 
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TABLE 31: Canonical Variate analysis of the Corbicula lineage 

from the late Cenozoic of the Turkana Basin. 

Summary of Canonical Variate analysis of Corbicula from faunas 
12C, 12D, 12E, 22C, 30B, 30C, 40,43,46,48,52,71,72A, 
74,75, M, 0, Q. The analysis is based on 8 variables derived 

from 20 original measurements taken on each of 168 individual 

specimens. Information from the first three canonical variates is 

summarised. Measurements were taken on the left valve. See 

Fig. 119. 

1 2 3 
PERCENTAGE VARIANCE: 57.8602 26.4518 6.5908 

LATENT VECTORS (LOADINGS): 1 2 3 

- 1.7861 1.8626 2.59454 
10.4145 6.5299 - 1.2911 

- 4.3013 - 3.7559 3.0530 

- 0.0624 0.1121 - 0.0490 

- 5.7315 - 0.0670 - 7.6179 
0.2687 0.6039 1.5027 

0.2049 0.1794 0.3938 

- 0.9000 - 0.7201 4.9039 
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Figure 119: Canonical Variate analysis of the Corbicula lineage 

from the late Cenozoic of the Turkana Basin, north Kenya. See 

Table 31). The first canonical variate is plotted against the 

second. Points on the plot indicate the positions on these 

two variates of the morphometric centroids of populations of 

Corbicula during the late Cenozoic. Population numbers as in 

Fig. 1 and Figs. 3-5. 
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TABLE 32: Principal Components analysis of Corbicula from the 

late Cenozoic of the Turkana Basin. 

Swnmary of Principal Conponenta a-+alysia of Corbic: til: t from feuras 

12C, 12D, 12R, 21,22C, '19,3013,30C, 38,40,43,46,2P, 5', 7,7^A, 

74,75,77, M, 0, ana Q. Information from the first three corpononts 

is summarised. 'ehe analysis i9 based on R variables derived fr: +n '0 

original measurements taken on each of 175 individual apenim. ns. Mpasurer. -I 

were taken on the left hand valve. Sop Figs. 190-125. 

123 
PERCENTAGE VARIA1': f'F : 3.8378 18.6073 13.5187 

LATVP VFC'K)R" (LOADING°) 

1 2 3 
LW - 0.4420 0.0641 - 0.1613 
u 0.2407 0. A; 84 - 0.5902 

Pr - 0.3000 0.277 0.5973 
HA - 0.5199 - 0.1400 - 0.1485 
HF - 0.3503 - 0.4'16 - 0.0395 
HC - 0.3873 0.2699 - 0.3975 
AT - 0.3257 0.4683 0.0595 
PT - 0.0876 - 0.4870 - 0.2965 
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Figure 120: Principal Components analysis of Corbicula (see 

Table 32). The first Principal Component is plotted against 

the second. Circles indicate the positions on these two 

components of individual specimens of Corbicula from the Kubi 

Algi Formation and the Lower Member of the Koobi Fora Formation 

(faunas 12C, 12D, 12E, 21,22C, 29,30B, 30C, 38,40,43, and 48). 

Solid circles - individuals from fauna 12D. 
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Figure 121: As Fig. 120, except that solid circles indicate 

individuals from fauna 12E. Solid half circles - individuals 

from fauna 12C. 
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Figure 122: As Fig. 120, except that solid circles indicate 

individuals from fauna 30B; solid half-circles - individuals 

from fauna 22C. Cross indicates individual from fauna 21. 
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Figure 123: As Fig. 120, but solid circles - individuals 

from fauna 40; solid half circles - individuals from 

fauna 46. 
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Figure 124: Same analysis as Fig. 120, but circles 

represent in ividual Corbicula specimens from the upper 

part of the Lower Member, and the Upper Member, of the 

Koobi Fora Formation, and from the Galana Boi Beds. 

Solid circles - individuals from fauna 75. Solid half-circles 

- individuals from fauna 71. 
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Figure 125: As Fig. 124, but solid circles - individuals 

from fauna 12, solid half circles - individuals from fauna 

Q. 



215 

4.8 

A 

oe 

0 

0.0 

v 
C 
C 
C 

-4E 

OO 

O%O 
000 O0 0 

Sb"0Ö 
004 00 

ýG 0 
Bý5 "0 O O0 

0 00 
r 

"Its UU 4113 

C 



216 

TABLE NA: Total phenot ypic -ariance of Corbicula po pulations from late 

Cenozoic dep osits of the eastern Turkana Basin. 

PATJNA TO'rA?, P}DNOT PIC VARIAN( 

12 V 
V7.1 

12D 13.0 
12E, 16.1 
22C 3. A 
30B 74.6 
30C 191.0 
AO 26.7 

43 56.1 
46 29.0 
AS Sr. 5 

52 10.1 
71 23.3 
72A 20.5 
74 nP. 2 

75 30.1 
M 59.1 
0 94.7 

11O. A 

*********4*********** **s*** 
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Figure 126: General summary of patterns of morphological 

change in the Corbicula lineage from the late Cenozoic of 

the Turkana Basin. 
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static morphology in the C. consobrina lineage during the Koobi Fora Formation 

and Galana Boi Beds. 

The genus Corbicula is currently widely distributed in Africa, and is 

notably eurytopic. The genus is widespread in southern Eurasia and southern 

North America, where it has been recently introduced (Van Damme, 1978); it 

penetrated northern Europe during the Pleistocene (Ellis, 1962). However, it appears 

to be a comparatively recent introduction to Africa, as discussed subsequently 

(Section 3); the earliest records for the genus in Africa, apart from the deposits 

east of Lake Turkana, are from Member H of the Shungura Formation, north of Lake 

Turkana (Van Damme, 1978), between 1.8 and 1.6 Myr, and from the Chiwondo Beds 

(Gautier, 1970a), which may be of broadly Lower-Middle Pleistocene age (Coryndon, 

1966). All the earliest material in Africa from these sites is referable to C. 

consobrina, and this species appears to be the root stock for other African 

representatives of the genus. 

Little appears to be known of the biology of C. consobrina; it is a shallow 

burrowing infaunal filter feeder, is dioecious with external fertilisation, and 

it broods its young in a marsupium (Mandahl Barth, 1954). The general picture to 

emerge for the Corbicula consobrina lineage in the late Cenozoic of the eastern 

Turkana Basin is summarised in Fig. Levels of phenotypic variance in the novel 

form of Corbicula at the Suregei level are comparable to those in parental C. 
consobrina Table 32a); it is subsequently diagnosed as a new species. 
Eupera 

Five variables derived from twelve original measurements were determined 

for each of 46 individual specimens, referable to the genus Eipera, from the 

late Cenozoic of the eastern Turkana Basin. Table 33 and Figs, 127-131 
_summarise 

a Principle Components analysis of this material. M, upera from several levels 

in the Lower Member of the Koobi Fora Formation group together; all this material 

is referable to E. parasitica (Deshayes, 1854). A completely novel form of 

Eupera is also documented from several levels in the Lower Member of the Koobi 

Fora Formation. 

The genus Eupera is widely distributed at present in Africa and 

Madagascar. E. parasitica is widely distributed currently in Fast Africa, 

notably in Lake Victoria and the Victoria Nile, and Lake Albert and the Albert 
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TABLE 33: Principal Components analysis of Eupera from 

the late Cenozoic of the Turkana Basin. 

Summary of Principal Components analysis of Eu era from 

faunas 30C, 37,39,41,44,45,46,47,48,50, and 54A. 

Information from the first three components is summarised. 

The analysis is based on 5 variable derived from 12 original 

measurements taken on each of 46 individual specimens. 

Measurements were taken on the right valve. See Figs. 127-130. 

PERCENTAGE VARIANCE 12 
55.8204 20.6415 

LATENT VECTORS (LOADINGS) 1 
LW 

. -0.5192 
U -0.5518 
T -0.5721 
HP -0.2889 
AT -0.1235 

3 
16.8281 

23 

-0.1310 0.0579 
0.2629 0.1894 

0.1649 0.1715 

0.1999 0.9243 

-0.9201 0.2775 
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Figure 127: Principal Components analysis of Eu era (see 

Table 33). First component is plotted against second. Circles 

indicate positions on these components of Eu era specimens 

from the late Cenozoic of the Turkana Basin. Figures of 

individual specimens are keyed into principal component 

plots by letters a, b, etc. Solid circle indicates individual 

from fauna 30C. Solid half-circle indicates individual from 

fauna 44. Crosses - individuals from fauna 45. 
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4.0 

Figure 128: As Fig. 127, except that solid circles 

indicate individuals from fauna 47. 
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Figure 129: As Fig. 127, except that solid circles indicate 

individuals from fauna 48, and solid half-circles indicate 

individuals from fauna 37. 
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Figure 130: As Fig. 127, except that solid circles indicate 

individuals from fauna 50, solid half-circles indicate individuals 

from fauna 54A, and crosses indicate individuals from fauna 

51. 
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Figure 131: General summary of patterns of morphological 

change in the Eupera lineage from the late Cenozoic deposits 

of the Turkana Basin. 
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Nile (Van Damme, 1978). Holocene records for the species include the Lake Edward 

Basin (Van Damme and Gautier, 1970), and numerous localities around the Turkana Basin. 

The earliest unequivocal record for the species seems to be that from the Mursi 

Formation (Van Damme, 1978), where it pre-dates a radiometric age of 4.18 Myr 

(Brown and Nash, 1976). 

Eupera is a filter feeding form which lives free on the bottom or up 

among submerged vegetation (Mandahl Barth, 1954). It is dioecious, has external 

fertilisation, and the inner gills serve as a brood pouch (Mandahl Barth, 1954). 

The majority of the Eupera material from the Lower Member is referable 

to ý, % parasitica; morphology is essentially static, though showing some 'oscillation' 

throughout this period. Imperfectly preserved material from the Upper Member is 

also clearly referable to this species; fragmentary E. parasitica material is present 

in most faunas from the Koobi Fora Formation. However, a completely novel form of 

Eupera is present in certain Lower Member faunas; this distinctive form comprises 

a non-overlapping cluster at the level of individual morphology with normal E. 

parasitica. This novel form is present for the first time in fauna 37 and last occurs 

in fauna 50; levels of phenotypic variance in this form appear to be comparable 

with those in the putative parental form E. parasitica, and it is subsequently 

diagnosed as a new species. In addition, fragmentary material of »Ipera from the 

Suregei level in fauna 12A does not seem referable to E. parasitica, and may record 

another significant morphological excursion in this lineage; however, the material 

is too poorly preserved for unequivocal diagnosis. Events in the Eupera ferruginea 

lineage during the late Cenozoic in the eastern Turkana Basin are summarised in Fig. 13 

j L; - : E,: t'U. 


