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ABSTRACT 

Anatomica~ radular and genetic data for the Lavigeria gastropod radiation in Lake 

Tanganyika, East Africa, indicate a group of previously unrecognized species that are 

identifiable by differences in shell morphology. This is a new species flock of gastropods 

in this hyperdiverse tropical rift lake. 

In long-lived lakes, hydrobioid and cerithioidean prosobranchs and planorbid 

pulmonates have diversified repeatedly. These clades often share characters of brooding, 

poor dispersal, tightly constrained genetic systems, thick, ornamented shells, stenotopy, 

depth tolerance, trophic differentiability and behavioral diversity. Notable radiations exist 

in extant Lakes Tanganyika, Baikal, Ohrid, Biwa, Titicaca, Malawi, Victoria, and fossil 

Lakes Steinheim, Pan non, Idaho, Biwa, and Turkana. 

Lavigeria shell morphology varies discontinuously among species. These species 

have previously umecorded ecological and life history differences. Substrate specificity and 

dispersal ability strongly influence morphological divergence. 

Genetic relationships, determined by allozyme electrophoresis, are complex in 

Lavigeria. In sum: 

-Genetic variability is bimodal like in some other endemic radiations of gastropods and fish. 

The Tuberculate clade contains populations that are relatively divergent from each other 

and the genetic differences between species are clear. In the tlLavigeriatl clade the species 

are genetically definable but not mutually exclusive. This clade may have diversified 

rapidly, retained ancestral polymorph isms and hybridized. 
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-Genetic and morphological variation in Lavigeria do not have a strong geographic 

signature. Allozyme and biogeographic data do not test putative speciation mechanisms 

as they do for Tanganyikan fishes. 

Soft-part anatomy dissections revealed that the two major clades differ in 

reproductive mode (brooding vs. egg-laying) and associated anatomical characters. This 

may allow designation of the Tuberculate clade as a new genus. Significant quantitative 

differences were found among species in the IlLavigeria ll clade in analyses of size~ 

independent, multivariate morphometric characters of organ and neural characters. 

Canonical functions analyses of radular characters revealed significant differences 

among Lavigeria species. Thus the radula is systematically useful at the species level for 

Lavigeria. However, dental similarities with both a sister genus and also with sympatric, 

micro-algal rock-grazing fish suggest that both historical constraint and functional 

adaptation should be considered. Furthermore, sympatric Lavigeria species may exhibit 

local character displacement. 
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Chapter 1: WHY SNAILS RADIATE: A REVIEW OF GASTROPOD 
EVOLUTION IN LoNG-LIVED LAKES, BOTH RECENT AND FOSSIL 

Abstract 

Radiative gastropod clades figure prominently in debates over rates and patterns of 

evolution. Particular clades (the hydrobioid and cerithioidean prosobranchs, and planorbid 

pulmonates) show repeated patterns of diversification in both extant and fossil long-lived 

lakes, revealing the common characters that make them prone to speciate. The fossil 

radiations illuminate differences in pattern and rate in intralacustrine speciation that are not 

discernable in extant faunas. The process of diversification is tied to intrinsic characters 

shared by many ofthese clades: reproductive and dispersal strategies (brooders and poor 

dispersers), genetic structure (tightly constrained genetic systems), morphology (often 

relatively thick and ornamented shells), substrate specificity (hard bottom stenotopy) and 

physiology (depth tolerance). Trophic differentiability and behavior may also be 

influential, but have been poorly investigated. The most notable examples of these 

evolutionary theaters are extant lakes Tanganyika, Baikal, Ohrid, Biwa, Titicaca, Malawi, 

Victoria, and fossil lakes Steinheim, Pannon, Idaho, Biwa and Turkana. 

Introduction 

Molluscs focus our attention on parts of the world that seem to be hotspots of 

endemicity, where the resident clades are remarkably more diverse than in'other similar 

environments. Long-lived lakes are prime examples of these evolutionary theaters, wher~ 
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spatial and temporal reoccurrence of species radiations provide natural replications of an 

evolutionary experiment. I will discuss the common themes and differences in the intrinsic 

influences on speciation potential for molluscs in long-lived lakes, with an emphasis on 

gastropod radiations. 

Intralacustrine diversification ranges from the evolution of several specialized 

species to radiation of immense species flocks whose number of species is an order of 

magnitude more than in an average lake (Brooks 1950; Greenwood 1984a). It is these 

monophyletic radiations that draw the most interest from evolutionary biologists. High 

diversity rarely results from multiple invasions of unrelated taxa and tells us little about the 

how organisms diversify. Some authors have suggested that depth, age, or size of the lake 

are the critical determinants of lacustrine species flock formation (Reif 1985; Gorthner & 

Meier-Brook 1985), but no one of these factors is primary in encouraging gastropod 

radiations. Rather, it is likely to be a combination of these basin characteristics, local 

biotic and abiotic factors, and the presence of particular gastropod clades that interact to 

produce the spectacular radiations found in long-lived lakes (Brooks 1950; Boss 1978). 

Because of their easily preserved shells, molluscs provide an opportunity to 

compare living populations with fossils. For this reason, they figure prominently in debates 

over rates and patterns of evolution. I first present the pattern of clades that have 

speciated in extant long-lived lakes (hydrobioid and cerithioidean prosobranchs, planorbid 

pulmonates). In fossil lakes we find that the same clades diversified, each episode 

illuminating different rates and patterns of lacustrine evolution that are not discernable in 
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extant faunas. I then discuss how the process of diversification is tied to intrinsic 

characters shared by many of these clades: reproductive and dispersal strategies (brooders 

and poor dispersers), genetic structure (tightly constrained genetic systems), morphology 

(often relatively thick and ornamented shells), substrate specificity (hard bottom 

stenotopy) and physiology (depth tolerance). Trophic differentiability and behavior may 

also be in:tluentia~ but have been poorly investigated. These intrinsic characters influence 

diversification of any clade of organisms, and I hope that this outline of gastropod patterns 

may provide a basis for cross-taxonomic exploration of lacustrine evolution. This paper 

is an expansion, update and critique of the review of gastropods in ancient lakes by Boss 

(1978). Important extrinsic factors are considered in elsewhere (Martens et al. 1994) and 

include the age ofthe lake (usually several million years), the variability of habitats (steep

sided lakes with variable substrates), water chemistry (conducive to shell deposition), and 

the presence of diverse predators or competitors (stimulating coevolution). The most 

renowned examples of these evolutionary theaters are extant lakes Tanganyika, Baikal, 

Ohrid, Biwa, Titicaca, Victoria, Malawi (Fig. 1), and fossil lakes Steinheim, Pannon!, 

Idaho, Biwa and Turkana. 

Patterns of Species-Rich Clades 

Many authors (Brooks 1950; Boss 1978; Davis 1982; Taylor 1988) have noted that 

certain clades are more likely than others to produce endemic radiations in lakes. These 

clades have radiated in other habitats as well. Here I will briefly outline the history and 

1 I will refer to the Pannonian Parathethyan Basin by the abbreviated name of Lake Pannon. 
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current distributions of diversification-prone clades as an introduction to the major players. 

Solem (1984) pointed out that high diversity may be a) allopatric, with many species each 

having small, separated ranges, b) sympatric, with many species living together, or c) 

mosaic, with micro-geographic separation of species by a complex habitat. In gastropod 

endemic radiations we see all three patterns of diversity. Each pattern may stem from 

different evolutionary processes. Fossil clades add the dimension of chronological 

diversity. 

Extant Diverse Clades 

Subclasses Prosobranchia & Pulmonata 

There is a notable difference in diversity between the two main subclasses of 

freshwater gastropods. Prosobranch diversity is higher than Pulmonates in general 

(Whittaker 1960; Coulter 1991). In extant long-lived lakes prosobranchs consistently have 

more species and more endemics than pulmonates in the same lake (Figs. 2 & 3). Is this 

diversity difference a secondary result of ecological differences between these clades 

(ecophenotypy or proximate selection), or is it a direct function of phylogenetically 

determined characters (evolutionarily conservative)? Pulmonates are more commonly 

found in shallow water marshes and in-flowing streams at the lake margin, whereas 

prosobranchs dominate the lake proper (Brooks 1950; Kozhov 1963; Stankovic 1960; 

Boss 1978; Coulter 1991). Pulmonate habitat has more passive dispersal agents, is less 

stable, and has very different substrates, water chemistry and ecological relationships than 

prosobranch habitat (see discussions below). We predict comparable endemicity in each 
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group in very shallow and somewhat deeper water, independent of phylogeny, if extrinsic, 

ecological causes are the main determinant of diversification potential. A rigorous 

comparison of B-diversity for both prosobranchs and pulmonates in the same habitats has 

not yet been done across lakes (Sale 1979; Coulter 1991). But comparison of lower level 

clades within each group reveals that many characters that are correlated with endemism 

are determined by phylogeny. 

Familial Diversity 

In the extant long-lived lakes we see striking, recurrent endemism in the families 

Hydrobiidae, Thiaridae, and Planorbidae, and to a lesser extent in the Viviparidae, 

Valvatidae, Acroloxidae and Ancylidae (Fig. 2 a&b). This averaging of diversity by 

:fumilies worldwide obscures the fact that planorbids have greater endemicity in temperate 

lakes than in tropical lakes, although the prosobranch endemicity remains higher in all the 

lakes considered (Fig. 3). 

A remarkable pattern of exclusive radiation is observed when Hydrobiidae or 

Thiaridae are present - one or the other clade has radiated extensively in long-lived lakes, 

but not both (Fig. 4). Biwa is the only lake where this has a biogeographic explanation; 

an extensive fossil record shows that hydrobiids never colonized the area, allowing the 

thiarid SemisuIcospira full reign to radiate (Davis 1982). But in other lakes t}1is alternating 

radiation is not a biogeographic artifact since hydrobiids may be found in the areas of 

thiarid radiations and vice versa (Brown 1980). This pattern extends beyond lakes to other 

freshwater habitats with large gastropod radiations (Davis 1982). Cerithioideans (the 
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superfamily including Thiaridae) have radiated in Lakes Tanganyika, Biwa, Poso and 

Matano (both in Sulawesi) and the Tennessee and Coosa river systems (USA). 

Truncatelloideans (including Hydrobiidae) have radiated in the lakes Baikal, Ohrid, 

Titicaca, Inle (Myan Mar), in the springs of Cuatro Cienegas (Mexico), and Florida 

(USA), and in the Mekong (China) and LaPlata (South America) river systems. Davis 

(1982) said that the hydrobiid-thiarid pattern may be the result of different ecological 

requirements of the two clades, though it is not known what those requirements are. 

Houbrick (pers. comm.) suggested that the clade that arrived first excluded the other by 

competition, with the advantage of incumbency (Rosenzweig & McCord 1991). The first 

hypothesis suggests that phylogenetic constraints and physical processes separate these 

radiations whereas the second implies that stochastic elements in colonization reinforced 

by biotic interactions cause this pattern. 

Among the extant long-lived lakes considered here the oldest and deepest have the 

greatest divergence (disparity) among their respective endemic gastropod radiations. We 

might use the taxonomic history of the radiative clades as a proximate indication of the 

morphological disparity they encompass. The Baicaliidae and Benedictiidae from Lake 

Baikal are species-rich groups considered by many malacologists to be of familial status 

(taxonomic history in Sitnikova 1987 & 1991; here I follow the taxonomic treatment of 

Ponder & Waren 1988 and Kabat & Hershler 1993 and include them in Hydrobiidae). 

Syrnolopsidae, Paramelaniinae, Lavigeriidae and Tiphobiinae are family and subfamily 

names that have been proposed for groups of Tanganyikan endemics (ponder & Waren 
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1988), now all included in Thiaridae (Brown 1980). Needless to say, all of these proposed 

families were suggested on the basis of endemic genera with highly distinctive 

morphologies. Endemic genera are also found in Lake Ohrid (20 genera, Kabat & 

Hershler 1993). Lakes Titicaca, Malawi, Victoria, Biwa, Inle, Poso and Matano have 

endemics at the species level only. 

There are gastropod families that are species-rich in freshwater such as the 

Stenothyridae and Buccinidae that are diverse in southeast Asia yet have not radiated in 

the long-lived lakes discussed here. This may be because their distributions do not 

encompass any long-lived lakes, or, in the case of the Buccinidae, because they are not 

primarily a freshwater family (Backeljau pers. comm., Brandt 1974). They may have a 

limited range as a result of recent invasion or poor competitive ability (if this latter 

explanation is tenable, it is by no means universal, since the endemic species of Lake 

Titicaca are largely from the euryhaline genus HeZeobia). For comparison, there are 

freshwater families (or families with freshwater representatives) which are not known for 

being species-rich, including the Neritidae, Hydrocenidae, Assimineidae, Marginellidae, 

Nassariidae, Chilinidae, and Latiidae (the latter two are pulmonates), (this list is based on 

Davis 1982 who also included the Lepyriidae and Pyrgulidae - Kabat & Hershler 1993 

consider them part of the Hydrobiidae). The global biogeography of freshwater 

gastropods was thoroughly discussed by Davis (1982) and Taylor (1988), both of whom 

preferred ecological explanations for species distributions over historical scenarios. 
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The major gastropod families invaded freshwater by the end of the Paleozoic 

(Taylor 1988) yet endemic gastropod radiations are not recorded from fossil lakes until the 

Cenozoic (Miocene), a gap of 200 million years (Table 1)! Gray (pers. comm.) suggested 

that this period was even longer as gastropods were in continental habitats since the Early 

Devonian, adding 150 million years to this period of possible gastropod inertia. Van 

Damme (1984) mentioned fossils of extant freshwater genera (mainly bivalves) found in 

Cretaceous deposits. There are fossils of similar age from around Lake Baikal (Sitnikova 

1994). Suitable habitats seem to have existed. For example, in the Paleozoic there were 

large continental basins that existed for tens of millions of years with habitats complex 

enough to support a diverse biota (Gray 1988). Species flocks offish radiated in Devonian 

(Donovan 1980), Triassic-Jurassic (McCune 1987) and Cretaceous lakes (Maisey 1991). 

Ostracods radiated in early Cretaceous (Krommelbein & Weber 1985) and early Tertiary 

lakes (Cohen pers. comm.). So why were there no gastropod radiations? Gray (1988) and 

Taylor (pers. comm.) considered this pattern to be largely the result of preservational 

biases, whereas Olsen (pers. comm.) suggested that diversification-prone clades had not 

yet arrived in lakes. Perhaps the characters that promote diversification evolved much 

later in these clades, although the animals already inhabited freshwater. Lacustrine 

gastropods were derived from fluvial ancestors (Taylor 1988), so adaptations to deeper 

lentic water may have taken time to evolve. Outgroup analysis of radiative clades can be 
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used to address three alternative hypotheses. 1) If lacustrine diversification was stalled 

because there were no appropriate habitats, I predict we will see simultaneous 

diversification in many independent taxa when habitats became available. 2) If 

preservational biases caused there to be an apparent gap in diversification for gastropods, 

I predict a similar gap in other organisms that shared the same habitats. 3) If there was a 

phylogenetic delay in acquisition of characters that promote diversification, I predict 

different times for radiation in different lacustrine taxa. The third hypothesis seems most 

probable based on current evidence, but a definitive answer requires more comprehensive 

comparisons. The historical gap in fossil gastropod radiations is one of the most intriguing 

and unaddressed questions in the freshwater fossil record. 

Comparability with Living Faunas 

As paleofaunas and lake basins evolved, the number and relative proportions of species 

changed within each lake. This makes it challenging to present a static description, or time 

slice, of the lake's molluscan diversity as must be done for extant lakes that lack a fossil 

record. For example, how should we compare the diversity of fossil Lake Steinheim with 

extant Lake Ohrid? Do we compare Steinheim's times of maximum diversity overall, its 

times of greatest physical similarity to Ohrid, or the fossil recOld when the basins are the 

same age? In addition, comparisons among fossil and extant lnkes must contend with the 

biases of preferential preservation of certain habitats and of animals with thicker shells. 

Rocky habitats, for example, often harbor the most diverse faunas in extant lakes, yet are 

unlikely to produce a representative fossil record of their living faunas (life assemblages) 
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,because there is considerable time averaging (mixing of sedimentary layers) and transpoq 

(Cohen 1989). Shells will be disproportionately transported to areas of soft substrates 

where sediment is being deposited; large and thick shells survive transport better. Such 

biases complicate description of the complete lacustrine fauna, so work has focussed on 

changes within clades. However, I emphasize that the fossil record is the best source for 

estimating the rates of diversification of faunas in long-lived lakes. The gastropod 

radiations in the fossil lakes presented in Table 1 have played important roles in 

evolutionary debates. 

Well-known Fossil Lineages 

The major gastropod lineages that radiated in fossil lakes are largely the same 

lineages as in extant lakes (Table 2). The genera Melanopsis, Gyraulus, Viviparus, and 

Bellamya have spawned endemic species repeatedly through geologic time. In studies of 

gastropod radiations, the most contentious issue is the meaning of variation in shell form 

(shape, size, sculpture). All of the authors referred to here devote considerable discussion 

to whether the variation is ecophenotypic or is an indicator of genetic changes; for various 

reasons most of them conclude the variation is likely to have been genetic. Geary (1992) 

and Palmer (1985) presented reviews of the literature on the significance of shell form. 

Further studies of the sources of shell variation in living radiative clades will help us 

interpret the meaning of variation in fossil forms. 

The fossil studies presented in Table 2 shed light on evolutionary rates, patterns, 

triggers, extent and extinction; crftical parameters of diversification that can only be 
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guessed at in living faunas. The sum of these interpretations of these fossil radiations 

remind us that no single pattern of intralacustrine radiation predominates. Rates varied 

between coexistent clades in Lake Pannon, within lineages in Kos, Turkana, Pannon, and 

accelerated across clades in Estrada Nova. Stasis is mentioned in studies of lineages from 

Steinheim, Kos, Pannon and Turkana. There were patterns of anagenesis in Kos, 

Steinheim, Pannonian bivalves and some gastropods, and pa~terns of cladogenesis in 

Turkana and some Pannonian gastropods. Morphological variability changed at the point 

of cladogenesis in Turkana and in one lineage in the Pannonian. Diversification may have 

been precipitated by climate changes or salinity changes in Kos, Estrada Nova, Biwa, 

Pannon, and by ecological packing in Steinheim. Climate changes often lowered lake 

levels which may have shrunk populations and increased salinity, a factor explicitly men

tioned in Lakes Kos and Pannon. The extent of diversification in shell shape varied 

considerably from dramatic in Steinheim, Pannon, and perhaps Turkana to relatively minor 

in Kos and Mopung Hills. Extinction was documented in Biwa, Mopung Hills, Turkana, 

Steinheim and Pannon. From this we see that lacustrine evolution can follow a number of 

different pathways in producing a diverse fauna, although it is often the same clades that 

travel these different routes. This suggests that it is lack of phylogenetic constraint on the 

part of these radiative groups that allows them to diversify. The lack of radiation on the 

part of other groups may be a signal of constraint. 
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Processes of Diversification 

Dispersal Strategies 

Dispersal ability is key to understanding speciation patterns for any organism 

because it is the means of contact between physically separated populations. Small, highly 

isolated populations are more likely to diverge genetically as a result of drift and lack of 

immigration, and may subsequently speciate. Organisms that disperse readily will maintain 

gene flow between groups even if they are physically separated, thus their effective 

population sizes are larger and they are less likely to diverge by drift. Here selection plays 

a more important role than drift in changing gene frequencies. Good dispersers are also 

likely to experience a larger range of habitat types, so that, overall, there is selection for 

eurytopy (generalists). Dispersal can occur at any life stage and may be active or passive. 

There have been few studies of active dispersal of freshwater gastropods (with the notable 

exception of Louda, et al. 1984 and Louda & McKaye 1982). In molluscs, passive 

dispersal is by far the most common and effective form, although freshwater gastropods 

all lack a planktonic veliger stage. Some sedentary freshwater bivalves are excellent dis

persers because their larval stages are parasitic on fish. The most effective dispersers are 

small, whether they are juveniles or adults of small species. Cosmopolibm gastropods are 

frequently dispersed by aerial means when, as eggs or small animals, they become attached 

to birds or vegetation that is carried from one lake to another (Boag 1985). Dispersal 

ability is usually correlated positively with size of geographic and negatively with 

endemicity. 
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Passive dispersal is frequently influenced by local habitat conditions such as 

current, amount of vegetation, and other organisms that act as lifts for the hitchhikers. 

Dispersal between lakes by stream flow is not significant for molluscs (Kolodziejczyk 

1989). In shallow water, gastropods are far more likely to contact dispersal agents such 

as wading birds or uprooted vegetation. Because of the variability of shallow water 

environments, the fauna there also may be more eurytopic and are thus better able to 

become established in a new habitat when they disperse. Deep water habitats are generally 

thought of as being more homogeneous and stable; they have limited agents for passive 

dispersal and the fauna is frequently more stenotopic, hence there is less successful contact 

with neighboring populations or colonization of new habitats. Of course, there is feedback 

between the evolution of stenotopy or eurytopy and the success of dispersal and 

colonization from a macroevolutionary point of view (Jablonski 1986). 

Reproductive and Sexual Strategies 

Reproductive strategy is intimately involved with dispersal ability. Large, precocial 

young are less likely to disperse than small, easily transported offspring or eggs. 

Moreover, animals that have large young produce fewer of them, decreasing the likelihood 

of 4ispersal. It should come as no surprise then, that lacustrine animals that are 

ovoviviparous·· generally have a more limited dispersal ability, more limited distributions 

and higher endemicity (Fig. 5; Scheltema 1977; Cohen and Johnston 1987). 

•• Gastropods are ovoviviparous, not truly viviparous despite the family named 
Viviparidae, because no exchange of nutrients occurs between the mother and brood 
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Parthenogenesis and hermaphroditism counterbalance the limitations on colonization 

conferred by brooding. In gastropods, species that brood and also reproduce uniparentally 

are frequently cosmopolitan. There are a number of prosobranch clades which are 

ovoviviparous (brooders) and are prone to form species flocks. For example, within the 

thiarids, gonochoristic brooders form the most diverse endemic radiations in Lake 

Tanganyika (Lavigeria, Michel 1991) whereas the oviparous or parthenogenetic brooding 

thiarids are widespread and generalized (Thiara scabra, Melanoides tuberculata, Davis 

1982) or form fewer species (Paramelania, Chytra, Spekia, Limnotrochus, Johnston & 

Cohen 1987; West pers. comm.). However, there are Tanganyikan endemics that brood 

which have not diversified widely such as Typhobia and Limnotrochus (West, pers. 

comm.). Recent evidence indicates that some populations in several species of Bene dicti a 

are parthenogenetic in varying frequencies (Sitnikova et al. 1991). Because this 

parthenogenesis is infrequently found, it may tum out to be an incidental effect unrelated 

to the formation of this Baikalian species flock, or it may be tied to the polyploidy found 

in these same populations (see discussion below). This indicates that gonochorism and 

brooding are not absolute prerequisites for radiative endemicity. However, evidence 

remains strong that by decreasing effective deme size these reproductive strategies may 

increase the degree or rate of diversification. Brooding may occur either in the foot or in 

the pallial cavity (Houbrick pers. comm.); the differences in reproductive output between 

these reproductive methods have not been examined. 
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Among oviparous species, Boss (1978) suggested that the toughness of the egg 

membrane seems positively correlated with speciation potential. The pulmonate clades 

that radiate have tough egg coats compared with those that have not radiated (Fig. 5). 

This seems somewhat counter-intuitive, as tough eggs should increase dispersal 

capabilities. Perhaps the egg membrane is correlated with other characters such as 

decreased clutch size, increased egg size, or ecological conditions that promote radiation. 

Freshwater molluscs make a relatively high parental investment in their offspring 

and there is selection pressure for the juveniles to be well-developed at birth. Taylor (in 

Gray 1988) noticed that the incidence of ovoviviparity is high among freshwater molluscs'. 

Matsuda (1987) suggested that salinity of the aquatic habitat and nutritive investment in 

eggs are inversely related. Oviparous freshwater molluscs lay eggs that are larger and 

richer in nutrients than those of their marine relatives. Low salinity (relative to marine 

systems) also may explain why freshwater invertebrates do not free spawn and primarily 

use internal fertilization, if fresh water supplies few nutrients to eggs or sperm. These 

factors may combine to decrease the number of offspring, increase isolation and thus 

accelerate evolutionary divergence of freshwater populations relative to marine groups. 

Matsuda (1987) proposed that brooding provides a selective advantage for animals that 

must :find a specialized or protected habitat immediately upon hatching. This seems to be 

the case in long-lived lakes. Studies of predation on lacustrine gastropods (McKaye et at. 

1986; West et at. 1991) have shown that there is strong pressure on juvenile gastropods, 

thus selecting for well-developed young with fast growth rates. Furthermore, many snails 
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behave in ways that appear specific for predator avoidance when they are small (McKaye 

et a1. 1986). 

Reproductive output of a small number of well developed young has clear 

evolutionary consequences. In a comparison of speciation potential in two endemic thiarid 

genera that occur sympatrically in Lake Tanganyika, Johnston and Cohen (1987) found 

that the brooding clade has discrete geographic clusters of morphology, geographic dis

continuities and fixed allele differences, whereas the egg-laying species is morphologically 

continuous. 

Species geographical ranges are generally correlated with dispersal ability, but in 

some cases speciation potential may be dissociated from dispersal ability and seems to 

follow reproductive and sexual strategy (Fig. 5). The brooding clams Corbicula and 

Pisidium have excellent colonization ability as a result of their wide ecological tolerance 

and tendency to clamp on animal dispersal agents (Davis 1982), yet they have undergon.e 

tremendous endemic radiations in Southeast Asia and North America (although Kijviriya 

et a1. 1991 and Woodruff et a1. 1993 used genetic data to show that the number of valid 

species is less than originally thought based on morphology). Likewise, uniparental 

reproduction (hermaphroditism or parthenogenesis) increases the probability of successful 

colonization of new habitats, thus expanding species ranges. Davis (1982) presented the 

following hierarchy of range sizes (largest to smallest) for freshwater molluscs: 
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sexually reproducing pulmonates that can self-fertilize ~ parthenogenetic 

prosobranchs and brooding bivalve Corbiculidae and Pisidiidae ~ large brooding 

Viviparidae and cerithioideans > egg-laying gonochoristic prosobranchs. 

The last step in this hierarchy contrasts with Cohen and Johnston's (1987) findings that 

brooders are more prone to form species flocks, but may be explained by more lenient 

ecological requirements of some taxa and by their size. Valvata may provide another 

exception to Davis's pattern because this prosobranch forms lacustrine endemics although 

it is a non-selfing hermaphrodite (Fig. 5; Fretter 1984). Recent work on the reproductive 

mode and systematics of Tanganyikan and Baikalian endemics may alter this hierarchy 

(West pers. comm.; Michel 1991; Sitnikova et al. 1991). Taylor (1988:518) mentioned 

that "the incidence of provincial endemism [in freshwater molluscs] decreases from 

prosobranchs to mussels", but, like Davis (above), Taylor did not mention all possible 

groups in his hierarchy. 

In molluscs the effect of sexual strategy on speciation potential is not as clear as 

the effect of reproductive mode. In a survey of metazoans, Kunin & Gaston (1993) 

suggested that rare species (including point endemics such as one finds in long-lived lakes) 

tend toward self-fertilization and asexual reproduction. This is the opposite of what we 

have noted in endemic gastropods. In the thiarids, for example, the gonochoristic 

brooders form endemic radiations whereas the parthenogenetic brooders are cosmopolitan. 

Pulmonates have relatively low endemicity compared with prosobranchs, yet they are all 

hermaphrodites. HeUer (1993) suggested that pulmonates are phylogenetically constrained 
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to be hermaphrodites because this sexual strategy is ubiquitous throughout a wide range 

of selective pressures: in marine and fresh water, on land, and with a panoply of predators, 

competitors and parasites. Selfing is often a response to stochastic environments, which 

may explain why it is more commonly found in freshwater than in terrestrial or marine 

habitats. Most freshwater environments, exclusive of the long-lived lakes, are considered 

to be physically unstable. Sixty percent of selfing gastropods live in freshwater. A 

comparison of the prevalence of selfing in clades from the stable environments of long-

lived lakes, with sister taxa from more stochastic environments, would provide a 

preliminary test of whether selfing is environmentally adaptive. Pulmonates self by self-

fertilization·" whereas prosobranchs are more likely to self by parthenogenesis (Heller 

1993). Heller (1993) went on to point out that the previously hypothesized evolution of 

hermaphroditism from brooding taxa is unsupported by any increased association between 

these character states. larne & Delay (1991) reviewed evidence that sexual reproduction 

is maintained by selection for genetic diversity to withstand parasitic loads. 

Genetic Systems 

The study of the genetic basis of speciation is rife with ongoing controversies about 

the importance of population bottlenecks, the cohesiveness of the genetic structure, the 

number of genes involved in speciation, the correlation between morphological and genetic 

change and the relative importance of selection and drift (see articles in Otte & Endler 

••• It is not clear whether pulmonates use autogamy or automixis for selfing, and there are 
scattered reports of parthenogenesis in this subclass (Backeljau pers. comm.; Bretschreider 
1961; Nicklas & Hoffman 1981; Hoffman 1991). 
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1989). All these issues affect the hypotheses we erect and our interpretation of data on 

speciation. Although data for lacustrine gastropods is rarely complete, they may provide 

model cases for looking at the effects of sex chromosomes, inbreeding depression, 

phenotypic plasticity and genetic cohesiveness on speciation pot~ntial. 

Sex Chromosomes -

Coyne & Orr (1989) and Coyne (1992) presented evidence that the early stages 

of reproductive isolation may be promoted by "speciation genes" on the X-chromosome. 

Commonly known as Haldane's rule, there is a pattern of sterility and inviability in the 

hybrids of the heterogametic sex that holds across many taxa. Haldane's Rule suggests the 

testable hypothesis that gonochoristic species that have karyotypic sex determination have 

an established mechanism for quickly acquiring isolating mechanisms. Many prosobranchs 

have karyotypic sex determination. Gonochoristic prosobranchs are often the most diverse 

in long-lived lakes whereas hermaphrodites, such as pulmonates, appear to be less diverse 

(Fig. 5). Perhaps hermaphrodites require more standard accumulation of polygenic iso

lating mechanisms over longer periods of time and thus are less likely to speciate. 

Lacustrine gastropods would be an ideal group for testing the correlation between species 

diversity and sex chromosome karyology. Phylogenetic comparisons would allow us to 

look for repeated patterns where one clade is found to be diverse and have chromosomal 

sex determination, and a sister clade in the same lake is relatively nondiverse and lacking 

chromosomal sex determination. This would be a preliminary indication that the presence 

of sex chromosomes influences speciation potential. 
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Haldane's Rule also makes predictions about the occurrence of hybrid disfunction. 

Species-rich lineages are predicted to be more susceptible to deleterious X-chromosome 

effects on hybrids. Because the degree of heteromorphism of the sex chromosomes can 

vary (Bull 1983), I extend this to predict that clades where the X and Y chromosome are 

extremely different will be more sensitive to hybrid disfunction. They are more likely to 

become reproductively isolated. Although sex chromosomes in gastropods are not wel~ 

studied, we do know that there is variation in karyotypic sex determination (patterson 

1969). In thiarids Melania crenulata males are XO whereas Paludomus tanschaurica 

males are XY and there are similar differences within Pomatiopsids (patterson 1973; 

Fretter 1984). Within the genus Pomatiopsis some species have XO sex determination, 

others have XY (Butot & Kiauta 1966). There is chromosomal sex determination in the 

viviparid Tulotoma angulata as well (patterson 1973). Based on the hypothesis that 

Haldane's Rule affects speciation potentia~ I predict that species-rich gastropod clades will 

be more likely to have chromosomal sex determination and their sex chromosomes will be 

more heteromorphic. A similar phylogenetic test among lacustrine gastropods would 

compare hybrid dysgenesis in sister taxa that are diverse and not diverse. 

Inbreeding Depression • 

Genetic structure influences dispersal capabilities because organisms resistant to 

inbreeding depression will be more successful in establishing propagules based on a small 

number of colonizers. This is especially true for self-fertilizing species. There may be 

differences in genetic structure that enables some clades to evade inbreeding depression, 
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whereas in others it is a strong ~elective agent. Jame & Delay (1991) suggested that 

inbreeding depression may be the main selective force for traits that reduce selfing. 

Phenotypic Plasticity. 

Fundamental questions about the interaction between genotypic and phenotypic 

variation formed the hub of criticism of Williamson's (1981a) interpretation of the Lake 

Turkana gastropod sequence (eg. Anonymous et al. 1982; Fryer et al. 1983). The relation

ship between genotypic and phenotypic variation is far from clear in most organisms, and 

gastropods are no exception. The genome codes for a range of variation of expression in 

phenotypes, or a reaction norm. It has been shown that selection can operate on the code 

for the phenotypic range independent of the phenotypic character itself. Thus a highly 

variable phenotype may be the result of a highly variable genotype or of selection for a 

wide range of expression from an invariant genotype. This has led to conflicting ideas 

regarding the effects of plasticity on evolutionary potential. Wright (1932) submitted that 

plasticity buffers the genotype from selection, Dobzhansky (1951) maintained that 

selection operated primarily on the reaction norm, whereas Waddington (1953, 1957) saw 

plasticity as expanding the range of selective agents that an organism might encounter, 

thus increasing potential variation (review in Stearns 1989). Furthermore, the standard 

assumption that decreased population sizes (founder events or bottlenecks) will decrease 

genetic variation in the lineage is called into question by experimental evidence that 

nonadditive genetic variance increases after population bottlenecks (Bryant et al. 1986; 

Carson 1990). 
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Genetic Cohesiveness -

Whether the genome has a structure that influences speciation potential is a subject 

of intense debate among geneticists. One school of thought centers on ideas of major 

epistatic effects governing gene expression, leading to hypotheses of "open" and "closed" 

genetic systems that are differentially susceptible to speciation (Carson 1975; Templeton 

1980). In contrast, the neo-Darwinian approach suggests that the genetic system may be 

more additive and that reproductive isolation is the result of selection on many genes 
I 

(Coyne 1992). Although this model may be mathematically more tractable and consistent 

with certain evidence, we do not yet have the information necessary to evaluate it in 

lacustrine gastropods. 

Here, I will follow Boss (1978) and use the ideas of Templeton (1980) and Carson 

(1975) as a framework to present what is known about the genetics of gastropod radiative 

clades. This assumes that there is a cohesiveness of the genetic system that ultimately 

determines a clade's phenotypic profile and response to selection or drift. Boss (1978:424) 

said that "an open genetic system implies that the organisms have greater heterogeneity, 

a wider expression of phenotypes, are more variable phenotypically, more adjustable 

physiologically, more ecologically tolerant, and less prone to genetic isolation and 

speciation. Conversely, a clos~d genetic system implies tighter genetic control, narrower 

ranges of phenotypic expression, less variability, less physiological adjustability and less 

ecological tolerance. Organisms with such a genetic background tend to become 

genetically isolated more easily and speciate more rapidly". The description of organisms 
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with open genetic systems fairly describes pulmonates, whereas the organisms with closed 

genetic systems could well be endemic prosobranchs. Boss (1978) went on to suggest 

that, overall, speciation-prone clades have lower minimum haploid numbers, higher 

frequency of chromosome rearrangements and a greater tendency to form polyploids. 

Why would these genetic differences influence speciation potential? Boss (1978) 

suggested that reduction in haploid number and chromosome rearrangements may be 

associated with the linkage of genes to form supergene complexes that have a narrowed 

range of expression as a result of a fine-tuned adaptive response. This hypothesis provides 

a genetic basis for stenotopy. Supergene complexes have been described in the species 

flocks ofPartula land snails (Murray & Clarke 1976 a&b), but have not yet been looked 

for in lacustrine radiations. As an alternative explanation for the same phenomenon, Ward 

(pers. comm.) suggested that a lower haploid number correlates with larger chromosomes, 

which have more chiasmata, increasing the potential for genetic variation through 

recombination. Finally, there is the possibility that if there are retrotransposons present, 

they allow a measure of genome plasticity for adaptation to new environments through 

"genomic shocks that reset the genome" as has been discussed in plants (Grandbastian 

1992). Polyploids are a means of generating new copies of the genes without disrupting 

the integrated structure of the chromosomes. 

Ploidy • 

The question of whether ploidy, or haploid number, affects speciation potential is 

as yet unanswered - the evidence leans in different directions depending on the scale of 
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examination. It has been suggested that groups that are prone to speciate have very low 

haploid numbers. The average minimum haploid number for karyologically-described 

prosobranchs is 13.3 whereas for pulmonates it is 17 (Fig. 6). Boss (1978) suggested that 

these averages indicate a trend towards lower haploid numbers for the prosobranchs, and 

is associated with their propensity to speciate. This.seems to be an error of looking at too 

large a scale. At the next taxonomic level below subclass we see the opposite pattern. 

Within prosobranchs and pulmonates, the families with high endemism and high species 

numbers also have higher minimum haploid numbers (Fig. 6). The appropriate scale fo~ 

this question is at the species level, where there is support for lower haploid numbers 

correlating with endemism. We have karyological information on many endemic species 

ofSemisulcospira (Thiaridae) from Lake Biwa which, in comparison with cosmopolitan 

relatives, have lower minimum haploid numbers (Table 3). 

A study addressing ploidy and speciation in lacustrine crustaceans found that an 

endemic gammarid amphipod species from Lake Ohrid had a strikingly low haploid 

number of 12 and related endemics had what seems to be polyploid karyotypes at n=25 

and 34 (Salemaa & Kamaltynov 1994). Could polyploidy generate gammarid species 

flocks? The parallel investigation of the Lake Baikal amphipods, certainly one of the most 

spectacular species flocks in the world both in numbers and morphology, showed that this 

is unlikely. Salemaa & Kamaltynov (1994) found n=26 in all Baikalian endemics, the same 

haploid number as in cosmopolitan gammarids. It seems unlikely that chromosomal evolu-
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tion could be differentially triggered by one lake versus another· .. •. Rather, it is more 

probable that the propensity for karyotypic variation is a lineage-specific trait and the 

Ohrid lineage is chromosomally more flexible. This may be a function of the age of the 

radiation, since Lake Baikal is as much as 10 million years older than Ohrid. Lakes Baikal 

and Ohrid have taxonomically parallel radiations of hydrobiids, valvatids and planorbids, 

so a karyological investigation could be extended to include these groups. Like the 

amphipods (Salemaa & Kamaltynov 1994), it is still not clear whether the gastropods of 

Ohrid are more of a relict fauna than those in Lake Baikal, which are accepted to have 

radiated in situ (Stankovic 1960). 

Malacologists equivocate about the role of polyploidy in gastropod evolution. 

Burch & Huber (1966) stated that polyploidy may be important in speciation, but not in 

formation of higher taxa. Graham (1985, based on Patterson 1969) contended that it has 

not even been an important mechanism in speciation. Patterson (1969) said that all 

molluscan polyploids appear to be allopolyploids. But we may discover that polyploidy 

has played an important role in lacustrine endemism because it occurs more commonly 

than expected. Burch & Huber (1966) suggested that, in general, there is selection against 

polyploidy because its incidence is low or absent even in clades that self-fertilize where one 

would expect it to be more common. Planorbids can self-fertilize, yet only 7% of species 

are polyploid. Lymnaeids also self-fertilize, but have no polyploid species. 

···*However, on a crude basis there appears to be an environmental trigger for polyploidy 
in the Baikalian gastropod Benedictia, where polyploid populations are correlated with 
increased pollution (Sitnikova, pers. comm.). 
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Most of the radiative endemic gastropods in ancient lakes appear to be 

gonochoristic (thus they do not self-fertilize) and probably are not parthenogenetic. 

Consequently they are not likely candidates for polyploid races, with the exception of 

planorbids and possibly some hydrobiids (Sitnikova 1994). Yet the three clades most 

prone to endemism and speciation - Hydrobiidae, Thiaridae and Planorbidae - have 

polyploids (Fig. 6). Backeljau (pers. comm.) cautioned that in planorbids and ancylids, the 

polyploids occur in non-endemics. Polyploidy occurs in several species of the thiarid 

Melanoides, which are sometimes parthenogenetic (patterson 1969). Melanoides 

tuberculata has been suggested as a putative ancestor for the Tanganyikan endemic 

radiations (Houbrick pers. comm.), although the karyology of the endemics is not known. 

In the Lake Biwa Semisulcospira only the endemic species show variable haploid numbers 

in different populations (Table 3). Kobayashi (1986) suggested that there may be even 

more divergence in karyotypes in the Lake Biwa endemics than is currently known. 

Similarly, some populations in 4 species of Benedictia, a radiative hydrobiid in Lake 

Baikal, are tri- and tetraploid, at changing frequencies over time and space (Sitnikova 

1994, Sitnikova et al. 1991). These authors suggested that this is a relict effect of adverse 

conditions that caused these species to go through evolutionary bottlenecks. 

The higher proportion of polyploids in radiative clades and their presence in 

Semisulcospira and Benedictia hints that polyploidy could be important in endemic 

diversification of gastropods. If this is the case, is it because the usual selection against 

it iS,relaxed in these lacustrine evolutionary arenas? Or could it be that polyploidy is a 
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character of alternating adaptive value: during times of high extinction for gastropod 

populations it is selected for, and during normal times it is selected against, and 

occasionally remains as a relict? The result of polyploidy is likely to be rapid isolation. 

Ancylusfluviatilis (Ancylidae), though not a lacustrine endemic, shows very low rates of 

outcrossing among polyploids (Stadler et al. 1993) leading to the possibility of isolated 

lineages. Isolated lineages may respond more rapidly to selection by changing conditions 

if inbreeding allows beneficial mutations to become readily fixed. A karyological study 

that compares lacustrine endemics with their cosmopolitan sister taxa would clarify this 

issue. 

Genetic Variation • 

If"closed" genetic systems underlie stenotopy and speciation potential, we would 

expect decreased heterozygosity in organisms from stable habitats, reflecting their tighter 

genetic systems (Boss 1978). There is evidence from marine organisms that in habitats 

where the primary selective agents are physical, levels of heterozygosity and population 

variability are higher because the environment is more unpredictable (Sanders 1968, 

Grassle 1972, Boss 1978). In this "tropical rainforest/coral reef' argument, environments 

characterized by biotic selection are more diverse and have more stenotopic species 

(Darwin 1859). Prosobranch and pulmonate snails generally occur in environments that 

are very different in physical stability. A comparison between their levels of 

heterozygosity would address this hypothesis on a broad scale for freshwater clades, 

although a comparison within clades that are found in both stable and unpredictable 
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environments would be a more rigorous test. The endemic prosobranchs from the 

relatively stable and (probably) biotically selected environments of "Lake Tanganyika 

proper" seem not to have high levels of genetic variability. West's (1991) electrophoretic:: 

studies found no significant polymorphism at the generic level except within the two 

genera that have radiated extensively (Paramelania, Lavigeria). Michel et al. (1991) and 

Michel (in prep) also reported that the variation in Lavigeria is largely between species 

lineages, not within them. McLeod et at. (1981) documented higher genetic variability in 

clam populations from an ephemeral pond than from a permanent pond. 

Based on recent findings in cichlid fish species flocks in lakes of different ages, we 

should use suspected age of a clade, not morphology, to predict genetic divergence. 

Surprising amounts of interlineage genetic variation occurs in old, but morphologically 

nondivergent species from Lake Tanganyika (Sturmbauer & Meyer 1992) whereas the 

spectacular differences in the much younger Lake Victoria clade correspond to very 

limited mitochondrial sequence divergence (Meyer et at. 1990). Some workers on 

endemic radiations suggest that a clade loses its "genetic flexibility" with age (Heed, pers. 

comm.). This is similar to the Templeton-Carson model, but with the addition of 

senescence. This hypothesis suggests that ancient clades become sclerotic with low rates 

of recombination and limited generation of novelties; in crash-flush cycles extinction 

outstrips speciation rates. Younger clades are much more responsive to population 

bottlenecks because their higher recombination rates generate significant innovations that 

then proliferate when some novel popUlations achieve evolutionary success. Although 
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these ideas have been proposed for Drosophila, radiative endemics with a fossil record, 

like molluscs, would be more appropriate for testing this hypothesis. 

Lacustrine species flocks will also be useful for testing the hypothesis that rates of 

molecular evolution may be increased by cladogenesis. DeSalle & Templeton (1988) 

presented evidence from endemic radiations of Drosophila that the rate of mitochondrial 

sequence divergence is greater for lineages that have gone through population bottlenecks 

and founder events. Combining Boss's ideas from above with this hypothesis, we can 

predict that radiative endemics will have greater sequence divergence among lineages with 

more limited variation within lineages (or greater disparity). Likewise, we can predict that 

cosmopolitan, non-speciating clades will have greater variation within lineages and less 

difference among lineages. Alternatively, radiative clades may be diverse because they 

have a feature which increases rates of molecular evolution such as transposable elements 

(Finnegan 1989; Coyne 1992) which can boost mutation rates, change patterns of inheri

tance, and amplify DNA sequences. If this holds tru,e, one can predict greater variation 

within radiative lineages than within cosmopolitan lineages. It would be interesting if great 

differences in morphological and genetic disparity (Gould 1991) occur between clades 

such as pulmonates and prosobranchs, and it would be a more rigorous test to find the 

similar patterns between sister groups within clades such as the radiative versus 

cosmopolitan Thiarids. 
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Phenotypic responses to selection 

Selection by biotic agents tends to produce more fmely subdivided and more 

specialized faunas whereas selection by abiotic agents produces communities that tend to 

be more eurytopic and less diverse (Brooks 1950; Gorthner 1992; Rosenzweig 1992). 

Biotic selective agents are most effective in long-lived, stable ecosystems where there has 

been ample time for coevolution (Sanders 1968; West et al. 1991). Stenotopy also tends 

to be higher in stable habitats, setting the stage for divergence of small populations 

through genetic drift. May & MacArthur's (1972) model suggested that resources can be 

very finely partitioned in stable environments, but when stochastic processes prevail in a 

habitat, species tolerate very little niche overlap. This may correlate with the pattern of 

apparently higher diversity in the stable, biotically controlled communities below the wave 

base in long-lived lakes (Boss 1978). This section will outline the physical characters of 

the gastropod phenotype that may be involved in speciation and coexistence of diverse 

species flocks. 

Morphology 

In gastropods, the renowned endemic radiations are often those with striking 

variation in shell morphology. It is important to keep in mind that this may be a function 

of researcher attention to the most spectacular faunas or ability to identify morphospecies 

in fossils. But at a more profound level, it may reflect different capabilities of clades to 

respond to selection pressures (or selection pressures of a different quality, for example, 

see West & Cohen 1994, on predation). Those clades that are able to develop more 
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complex responses are more likely to diversify, because different parts of ecological and 

morphological space are open to them (Schopf et a!. 1975). Morphological responsiveness 

in an evolutionary sense is ultimately determined by things such as 1) the genetic system 

(e.g. open vs. closed, discussed above); b) historical constraints of features already coded 

for in development (e.g. successful selection for sculpture in a Lymnaeid where there is no 

phylogenetic precedent is much more improbable than in a thiarid where sculpture is 

common in the clade); and c) constructional constraints (e.g. heavy shells are 

physiologically more difficult to calcify in the ion-depleted water of Lake Baikal). 

There is some indication from the fossil record that clades follow an iterative 

evolutionary pathway. Staley (1992; Staley et al. 1992) described iterative changes in 

melanopsid lineages in the Pannonian and Pontian basins. Prashad (1928) noticed parallel 

evolution of sculpture in fossil vivparids from the same area. Willmann (1985) pointed out 

that there was parallel evolution of shell shapes similar to the Lake Kos fauna in other 

Neogene Balkan lakes. He attributed this to shared genetic backgrounds (phylogenetic 

constraints) and similar selection pressures. Chambers (1982) documented parallel 

evolution of shell sculpture patterns in two living species of the freshwater prosobranch 

Goniobasis. 

Some clades appear to be more morphologically plastic than others. For example, 

in cichlid fish, mouthparts are both developmentally (Meyer 1987; Wimberger 1991) and 

phylogenetically (Liem & Osse 1975; Greenwood 1984b) labile. Gorthner & Meier-Brook 

(1985) and Gorthner 1992) found shell characters for Gyraulus from Lake Ohrid to be 
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heritable, but beyond this, we do not have a measure of the lability of shell form for the 

other radiative gastropod clades in ancient lakes. Studies of related non-radiative groups 

are equivocal on the meaning of shell variation (see review in Geary 1992). Laboratory 

breeding experiments (palmer 1985) and field observations (Kemp & Bertness 1984; 

Seel~y 1986) are sorely needed on lacustrine gastropods to determine the meaning of shelJ 

shape variation. Lability has been suggested as a basis for diversification in cichlids (Liem 

1980) because it allows them to explore and then specialize to new niches. In New World 

cichlids this variability remains within species, usually ecophenotypically determined, 

whereas in Old World cichlids the same kind of variability seems genetically entrenched, 

forming the basis of species distinctions (Komfield et al. 1982). 

The meaning of variation in shell morphology is different among clades. Shell 

morphology has been shown to be determined by environment or by genetics, by 

complexly interrelated genes or by single genes or by developmental changes (see reviews 

in Palmer 1985; Geary 1992). Many freshwater gastropods are renowned for 

ecophenotypic variation, although workers on radiative clades in long-lived lakes find that 

variation in shell morphology often indicates species differences (Sitnikova 1987; 

Matsuoka 1987; Michel et al. 1991; Dejoux 1992). Geary's (1990) example of differences 

in lacustrine radiation patterns between the explosively diversifying Melanopsis bouei 

clade and the simple anagenetic and branching M. impressa clade drew attention to the 

differences in their antecedent structure of variation. M. bouei forms are highly variable, 

sculptured and often sympatric, while M. impressa went through a long period of stasis 
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without much variation. The Turkana evolutionary series (Williamson 1981a) showed a 

modification of this kind of pattern with long periods of invariant morphologies interrupted 

by increased variation, followed by dramatic morphological shifts. In the cosmopolitan 

species of the Me/anopsis and Bellamya clades, morphological variation is limited in 

comparison with the wide range of habitats they occupy. In a study of Pyrgu/a sturanyi 

(endemic to Lake Ohrid and surrounding springs), Radoman (1959) claimed that variation 

within living populations of was limited among lake dwellers and greater among those in 

nearby springs. Differences among populations, however, were greater in lake dwellers 

than spring dwellers, showing greater disparity in the lake populations. Does this mean 

that, increased variation within a lineage increases speciation potential, as suggested by 

Geary (1990), or does decreased variation within each lineage (resulting in stenotopy) 

increase speciation potential, as suggested by Boss's genetic hypothesis (1978)? 

As Gould (1991) pointed out, this is a phenetic question that complements the 

cladistic outline of evolutionary history and tells us how shared derived characters become 

part of taxon lineages. In this light, it would be informative to compare the amount of 

variation in cosmopolitan and endemic species and similarly between clades before, during 

and after endemic radiation. Foote (1992) provided a rarefaction technique for making 

these comparisons between clades with different numbers of taxa. In" brief, it allows us to 

quantify the variation within lineages of a clade compared to the variation between 

lineages. This gives a measure of the looseness or tightness of morphospace occupation 
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that is independent of the number of taxa being examined. Similar analytical techniques 

can be used for genetic data. 

Molluscs are the ideal organisms to test developmental canalization through 

ontogeny because their accretionary shells provide a record of morphology through 

growth. There has been little attention to ontogenetic variation in lacustrine snails, but 

because many gastropods experience very different selective regimes at different sizes it 

seems likely that there will be variation in phenotypic expression at different stages of 

growth. Examples of iterative evolution may indicate an underlying constraint system in 

that clade (prashad 1928; Staley 1992), which might be further explored in an ontogenetic 

context. 

Long-lived lakes may provide venues for evolution of otherwise improbable 

morphologies for lacustrine gastropods. Hubendick (1952) pointed out that, in general, 

freshwater clades are "very poor in forms", or show limited exploration of gastropod 

morphospace, compared with marine and terrestrial clades. He suggested that the real 

question is why the long-lived lakes have evolved more "normal" or diversified faunas 

compared with other freshwater systems. He said that the convergence of shell shape of 

the gastropods of long-lived lakes with that of marine gastropods is due to constructional 

limitations and are the natural result of exploration of morphospace; there are only so 

many forms that a diversifying clade may develop. Graham (1985) called the endemic 

gastropods of Lakes Baikal and Tanganyika "flourishing but relict populations of primitive 

animals". Boss (1978) argued that the term "explosive speciation" is misapplied in long-
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lived lakes, because they have provided millions of years for evolution of their endemic 

faunas. However, fossils from the Parana, Steinheim, Turkana, and Albert Basins show 

accelerated rates of morphological evolution in comparison to the antecedent marine basin, 

neighboring lakes, or precedent lakes, respectively (Runnegar & Newell 1971; Gorthner 

& Meier-Brook 1985; Williamson 1981a, 1990, 1992; Cohen pers. comm.). In the Parana 

Basin this caused the diversity to exceed that of the marine environment from which it was 

derived. 

Stenotopy and Eurytopy 

Substrates 

Substrate specificity is an ecological, and ultimately physiological, character that 

has a tremendous effect on speciation potential because stenotopic species will become 

more subdivided in lakes with variable habitats. From an extrinsic viewpoint, the 

geological character of the lake influences speciation probability of clades within it. Lakes 

formed by tectonic processes often have associated adaptive radiations, but it is not simply 

the opening of new ecological space as suggested by Davis (1982), but also the fact that 

tectonically faulted lake basins have diverse substrates along the shorelines that create 

dispersal barriers for substrate-specific species (Fryer and lies 1972; Michel et al. 1992). 

In a morphometric test of the effect of a habitat barrier on different species of the 

prosobranch endemic radiant Lavigeria from Lake Tanganyika, Michel et al. (1992) found 

that gastropod species limited to hard substrate were significantly divergent across a soft 

substrate barrier, whereas populations of species that could negotiate soft substrate were 
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not distinguishable across the barrier. On a lake-wide scale, substrate barriers are the 

primary determinant of species distributions for Lavigeria. In this genus, rock-dwelling 

species are more limited in distribution, and there are more allopatric rock-dwelling species 

than sand-tolerant species. Rocky substrates in Lake Tanganyika can harbor up to five 

sympatric species ofLavigeria. Similar high levels of sympatry of closely related species 

typify the IIsublacustric interlithal ll (rocky habitats) in Lake Ohrid (Sket pers. comm.),. 

Taylor (1988) noted similar extreme endemism in rocky-substrate, fluvial species. 

Rosenzweig (1992; in press) pointed out that habitat complexity is associated with 

increased diversity, but is not a necessary prerequisite for formation of hyperdiverse 

fuunas. He suggested that speciation can subdivide what seems to be a simple habitat into 

many subhabitats. What seems to be a simple sandy bottom of Lake Malawi is subdivided 

by Lanistes solidus and L. nyassanus (Berthold 1990a, 1990b). 

Depth Tolerance 

As indicated by their names, pulmonates and prosobranchs differ in their 

respiratory fuculties, which translates into different depth tolerances for each clade. Proso~ 

branchs have one or two gills which extract O2 from water, thus making them able to in

habit water of all depths. Pulmonates have a pulmonary sac which extracts O2 from air, 

making them essentially dependent on contact with the surface, but better able to inhabit 

oxygen-depleted waters. By being close to the surface, pulmonates are more likely to be 

dispersed and more likely to be affected by the physically fluctuating shore zone. This 

physiological limitation fits well with the general evolutionary pattern of pulmonates as 
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widespread species in unstable environments. It is the exceptions to this that make th~ 

most compelling argument for depth tolerance of a clade as influential in diversification. 

Some pulmonates have evolved vascular hemoglobin and secondary gill folds inside the 

mantle cavity (planorbids) or a pseudo-gill (ancylids, acroloxids, also planorbids) (Boss 

1978). These are the pulmonate clades that are found in deeper water and have undergone 

endemic radiations in long-lived lakes (Figure 3b; Boss 1978). Comparison of dive times, 

respiratory rates and respiratory efficiency between sympatric Planorbis and Lymnaea 

species from shallow waters showed that although they were comparably efficient, the 

Planorbis had a lower respiratory rate and longer, deeper dives, probably due to its 

circulatory hemoglobin (Read 1966). In bivalves, the presence of intracellular hemoglobin 

correlates with longer survival time in hypoxic waters when compared with bivalves that 

lack hemoglobin and it is important in O2 transport in water of low O2 pressure and low 

temperatures (Mangum 1980). However, hemoglobin alone is not enough to ensure 

survival in hypoxia, since arcids, which contain this pigment, are sensitive to low oxygen 

conditions (Mangum 1980). 

Differential sensitivity to O2 has been noted in species of the radiative endemic 

prosobranchLavigeria from Lake Tanganyika, which translates to distinct depth distribu

tions (Chapters 5 & 6). Among the ampullariids (prosobranchs), the endemic lake Malawi 

clade has a derived trait of reduced ability to air-breathe (a reversal of an autapomorphy 

of ampullariids) and improved aquatic respiration (from the secondary lung!) whic~ 

corresponds to much deeper distribution than other ampullariids (Berthold 1990a). 
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However, increased depth distribution hasn't translated directly into wide endemic 

radiation in this clade since, although it is highly derived, it contains only three species. 

The role of respiration in gastropod distribution is doubtless of great importance, 

but the rnctors influencing respiratory function have not been clearly identified. The most 

logical determinant is the respiratory molecules - hemoglobin, hemocyanin, and myoglobin 

- but some authors see their distribution as irregular with respect to phylogeny, habitat, o~ 

even within populations (Read 1966; Terwilliger & Terwilliger 1985). From this they 

concluded that respiratory proteins are not important adaptations in molluscs. Yet they 

also maintained that the astonishing variety of hemoglobins and myoglobins in molluscs 

and the lack of homology between them indicates either independent origins or rapid rates 

of evolution (ferwilliger & Terwilliger 1985), which it seems might be best explained by 

strong selection for increased respiratory function in some groups. Monophyletic 

intralacustrine radiations present an ideal test for this contention, because they allow a 

control for phylogeny in groups with variable habitat demands and relatively constrained 

times of origination. Backeljau (pers. comm.) pointed out that we know very little about 

either the adaptive advantage conferred by various respiratory pigments, or about their 

heritability and selective potential. Molluscan hemoglobins and hemocyanins are 

understudied and their presence is often documented from only a few species in a clade. 

Other factors that influence respiratory function are the gastropod's size and kind of 

respiratory organ (gill, lung, skin). All gastropods engage in some cutaneous respiration 

and in pulmonates it is paramount (Ghiretti 1966), thus small pulmonates will be less 
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constrained by respiratory demands. Davis (1982) mentioned that, on the whole, it is 

minute planorbids and lymnaeids that populate deeper water. 

Reif (1985) suggested that the depth of a lake is the primary determinant for diver

sification of endemic faunas because deeper water encourages population subdivision 

because of the difficulty of dispersal and frequent philopatry of deeper water taxa. 

Gorthner & Meier-Brook (1985) countered that longevity and stability are equally critical 

characteristics of the lake basin because they allow time for complex biotic interactions to 

evolve which are the proximate selective causes of extreme diversification. Deep lakes 

survive climate perturbations and buffer physical changes, creating the physical stability 

that permits biotic complexity to arise. 

I suggest that it is not depth ofthe lake ~ that is important, but the interaction 

of depth tolerance of the clade with lake stability that spurs diversification. Because 

animals that are independent of returning to the surface for atmospheric air are also less 

likely to be passively dispersed and inhabit an environment less governed by physical 

selection, they may be more likely to diverge evolutionarily. Below the zone where air

breathing pulmonates can easily move in their I-hour breathing cycles, a lake is "deep" and 

must be inhabited by depth tolerant animals. This depth, which may vary by taxon and 

certainly by lake, is where we would expect to find increased stenotopy and, if this 

environment persists through evolutionary time, increased diversity. 

On a physical basis, the most stable "deep" zone is below the region of regular 

perturbation by wave action and the influence of shoreline runoff. Because lacustrine 
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ecosystems are largely based on algal productivity, resources will generally decrease below 

the photic zone. Assuming that diversity is correlated with resources (which is not a 

foregone conclusion, May & MacArthur (1972), Rosenzweig (in press», peak diversity 

will occur in the most productive region of the photic zone of the littoral and upper 

sublittoral. If the dominance of biotic selection over physical selection increases species 

diversity, one predicts the greatest number of species will occur just below wave base in 

lakes (Fig. 7a). This region varies between lakes and between parts of lakes. But on a 
broad scale, we may begin to see verification of this prediction in the mollusc diversities 

of Lakes Baika~ Tanganyika, and Ohrid (Fig. 7b). Thus endemic diversity increases in the 

habitats that fit this flexible definition of "depth" which need not be tremendously deep in 

meters. This would explain the conflicting interpretations of species diversity and depth; 

Reif (1985), Sanders (1968), and Boss (1978) said that diversity increases with depth, 

whereas Gorthner & Meier-Brook (1985) said that diversity is not dependent on depth. 

As depth-tolerant clades seem more prone to speciate, a lake that provides them 

appropriate habitat and is stable through time may end up with more endemic species. 

Speculations on Sympatric Speciation Mechanisms 

Allopatry is the most commonly accepted speciation mechaQism. But species 

flocks in long-lived lakes are often sympatrically distributed and may have arisen 

sympatrically. Niche partitioning and sexual selection have been invoked to explain these 

distributions (Lange 1992), hypotheses that receive some support from the complex 

mating behaviors and diversified mouthparts of cichlid fish. Yet similar species flocks of 
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gastropods exist in the same lakes and have no documented complex behaviors and their 

trophic relationships are largely unknown. In speciation-prone clades, species originations 

may "create" new habitats as competition and character displacement result in new 

specializations (Rosenzweig 1992; in press). As a caveat, it should be mentioned that the 

pattern produced by sympatric speciation may be very hard to distinguish from 

microgeogl'aphic allopatric speciation, even though the underlying processes are very 

different. I present here the admittedly scanty information for gastropods on these topics 

to encourage further investigation. 

Trophic Differences 

Trophic partitioning has often been suggested as a mechanism of maintaining 

species distinctions between sympatric, closely related species. Fenchel's (1975) study of 

hydiobiid snails is a central reference for studies of competitive displacement. He showed 

that size and feeding methods of two species were shifted to the extremes of their distribu

tions when they were sympatric. The meaning of radular variation is not clear and 

probably varies between clades. In a survey of the literature, researchers seem evenly 

divided as to whether radular morphology is adaptive (the result of selection), 

ecophenotypic, or phylogenetically conservative (Michel in prep). Morphometric studies 

of radular teeth in sympatric species of Lavigeria in Lake Tanganyika reveal that 

differences in feeding structures are not of greater magnitude than anatomy or shell form, 

suggesting that these differences in feeding structures have not been a driving force in 

speciation in this group (Michel 1993; Chapter 3). One paired comparison in this study 
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hinted at the existence of character displacement in two sympatric species, but this awaits 

more thorough documentation. In Lake Malawi sympatric Lanistes species have diverged 

in radular morphology, but a functional explanation is not yet available (Berthold 1990a). 

Yonge (1938) suggested that the great diversification of Tanganyikan molluscs at the 

generic and familial level is based on different feeding methods of detritivory, geophagy, 

herbivory, etc. West (pers. comm.) suggested that there is convergence in raduhir form 

in endemic genera of detritivorous Thiarids in Lake Tanganyika. However, the spectacular 

species flocks of lacustrine gastropods seem to be primarily in clades of herbivores. 

Behavior 

The paucity of studies of gastropod behavior is a little surprising considering how 

informative they can be for our understanding of evolution and the ease with which the 

data might be collected. Studies of the behavior of three endemic species of Lanistes in 

Lake Malawi have shown that the clade shares the derived behaviors of nocturnal activity 

and regular burrowing, probably to avoid visual fish predators (Berthold 1990a). Among 

the three endemic species there are distinct anti-predatory behaviors that correlate with 

distribution, growth rates, and shell morphology (Louda & McKaye 1982; Louda et aI. 

1984). These behavioral characters not only support the general cladogram, but they also 

provide adaptive explanations for the other apomorpbies in shell morphology and anatomy 

(Berthold 1990a). Behavior may have been important in these speciation events. 

There are courtship behaviors in gastropods, but their complexity in radiative 

lacustrine clades is undocumented. Because freshwater gastropods all have internal 
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fertilization, they probably have active mate choice and the potential for sexual selection. 

In other organisms, sexual selection is thought to accelerate the rate of evolution (West

Eberhard 1983). Gastropods generally have poor vision, so mate selection would have to 

be based on tactile or chemical cues. Lipton & Murray (1979) showed that the radiative 

endemic land snail Partula has a very complex, largely tactile courtship behavior that 

seems to reinforce reproductive isolation between sympatric species. They implicated 

behavioral mechanisms in the formation of this species flock. West (unpub. data) observed 

what seems to be pheromone attraction between conspecifics of patchily distributed 

Chytra, an endemic Thiarid in Lake Tanganyika. The marine gastropods Olivella, Mitra 

and possibly Littorina exude an attractant that signals readiness to mate (Fretter 1984). 

Pheromones are known in aquatic and terrestrial gastropods (Croll 1983). An innovative 

study could look for preferential mating in gastropods based on an exploratory hypothesis 

that diverse, sympatric species would have more complex pheromone recognitio~ systems 

or courtship behaviors. 

Summary and Conclusions 

Long-lived lakes provide settings that stimulate certain clades to speciate dramatically. 

We see the influence of the physical features of the lake's age, depth, or habitat complexity 

and biological features of open niches or biotic complexity in spurring diversification. 

Certain gastropod clades are more sensitive to these processes than others, producing a 

striking pattern of extreme endemism most marked in prosobranch hydrobioids and 

cerithioideans and pulmonate planorbids. We find this pattern in both fossil and extant 
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lakes. Geary (1990) suggested that intrinsic characteristics of clades determine the pattern 

and extent of their response to extrinsic triggers for speciation. 

How can we determine the importance of the intrinsic characters hypothesized to 

promote gastropod speciation? These hypotheses can only be tested in a phylogenetic 

framework (Felsenstein 1985; Maddison 1989). Berthold's (1990a; but see Bieler 1993) 

thorough study of endemic ampullarids in Lake Malawi is a model for this kind of 

investigation, but does not specifically address the larger pattern of speciation-prone clades 

because ampullarids are evolutionarily relatively conservative. In species-rich lacustrine 

groups we should explore the kind of genetic system, the life-history characters that 

promote reproductive isolation and physiological demands that result in stenotopy. 

Specifically, we should determine whether low ploidy number is associated with 

speciation, whether polyploids make up a significant component of lacustrine endemics, 

how genetic variation is distributed in species-rich and species-poor clades. We can verify 

the influence of poor dispersal abilities, of sexual and asexual reproductive strategies and 

limited reproductive output on the number of species in a lacustrine clade. A phylogenetic 

test would reveal whether evolutionarily conservative groups exhibit greater trophic or 

physiologic plasticity, or whether such plasticity forms a basis for evolutionary 

diversification. We can couple the information from living endemics with fossil histories 

if we determine the meaning of variation in shell morphology in the radiative clades. In 

short, gastropod radiations in long-lived lakes are natural experiments on temporal and 
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spatial scales that allow us to move from being descriptive to rigorously testing hypotheses 

of intrinsic influences on speciation. 
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Table 1. Fossil lakes with remarkable gastropod or mollusc radiations. 

Lake, locality Lake Geologic Gastropod Endemics 
(Reference) Longevity and Age (#specles, family-when available) 

Geologic Context 

Stelnhelm several Miocene Gyrau/us (more than 14, Planorbldae) 
S.Germany 100,000y 14.8 my 
(Gorthner & Meier-
Brook 1985j Relf Meteorite Crater 
1985) 

Kos 4-5my Plio-Pleistocene Viviparus (6, Vivlparldae)j Me/aflopsis (9, Thlarldae)j 
Greece (Willmann Theodoxus (7, Nerltldae)j Mikrogofljochilus (5)j 
1985) volcanic arc-related Rhodopyrgu/a (7, Pyrgulldae)j Prososllle"ia (1, 

Stenthyrldae) 

Turkana 3-4my Plio-Pleistocene Bellamya (4, Vivlparldae)j C/eopalra (3, Thlarldae)j 
E. Africa Me/a"oides (6, Thlarldae)j Va/vala (1, Valvatldae)j 
(Williamson 1981a) Rift Gabbiel/a (2, Blthynlldae)j Bu/illllS (1, Planorbldae)j 

Pannonian 5my Late Miocene Me/a"opsis (120, Thlarldae)j Gyrau/us (26, Planorbldae)j 
Para thethys Tlleodoxus (4, Nerltldae)j Va/vala (4, Valvatldae)j 
S,E. Europe (papp Closure of marine Hydrobia (3, HydrobUdae)j Slefllllyrel/a (1, Stenthyrldae)j 
et al. 1985j Geary basin Cas pia (l)j Brolia (1, Thlarldae)j P/aflorbarius (3, 
1990j MUlier & Planorbldae)jA"isus (4, Planorbldae)j Segme"lifla 3, 
Magyar 1992) Planorbldae)j 

Idaho (Mopung 100,000y7 Pliocene Va/vala (2, Valvatldae), Lulri/i"",ea (3, Umnaeldae), 
Hills) (estimated to be part Meflelus (1), Physa (3, Physldae) 
W. U,S.A. (faylor of 4-6 my rift system) 
& Smith 1981) 

Parana (Estrada 7 Permian diverse endemic bivalves 
Nova) 
N. South America Closure of marine 
(Runnegar& basin 
Newell 1971) 

Edwanl-A1bert 2.7my late Cenozoic Bel/amya (9, Vivlparldae), P/atyllle/aflia (2, Thlarldae), 
E. Africa (Gautier LQllisles (1, AmpuUarildae), 2 new gastropod genera 
1966,1970j Rift (Ampularlldae7) 
Williamson 1992) 

Baikal (Martinson 35 my max, Miocene - Baica/ia (55, Hydroblldae), Gyrau/us (7, Planorbldae), 
1980,1988) 1.8 my min. Va/vala (7, Valvatldae), (note that this listing Is certainly 

not complete) 
Rift 

Blwa 4.9my eady Pliocene - Semisll/cospira (15, Thlarldae), Bellamya (2, Vivlparldae),' 
Japan (Matsuoka middle CipQIIgopa/udifla (4, Vivlparldae), TII/olomoides (2, 
1987) Interarc basin Pleistocene Vlvlparldae), Igapa/llcJjfla (1, Vivlparldae), Heterogefl (1, 

Vlvlpaddae), A/ociflma (1, Blthynlldae) 
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Table 2. Important fossil gastropod and mollusc radiations with a summary of an 
interpretation of evolutionary aspects. Interpretations of rate, pattern, number of species 
are from the authors referenced. 

Clade (Lake, Number of Pattern or process of evolution, Morphological Coexistent or 
reference) descendent type of analysis Variation within chronospecles 

species lineages; measures 

Gyraulus kleini 
I 

19spp Sympatrlc speciation by niche Extreme (planlsplral, Both; 8 chronospecles In 
(Stelnhelm, partitioning (competition); trochlform, evolute); main lineage 
Gorthner & Meler- analogy with living Gyraulus of shell height and width 
Brook 1985; Lake Ohrld 
Gorthner 1992) 

Gyraulus kleini 19spp Probably allo- or perl-patrlc Extreme (Planlsplral, Both; 8 chronospecles In 
(Stelnhelm, Relf speciation In newly opened trochlform, evolute); main lineage, up to 6-10 
1985) habitat, reduced competition, univariate shell height species co-occurrlng 

driven by selection, anagenetic and width 
and gradual; analogy with living 
Partllla land snail species flocks 

Viviparlls brevis Ssubspp Punctuated morphological Umlted (development Chronospecles (plus one 
(Kos, Willmann change (small populations of spiral keels, some subtle, short-lived, 
1985) correspond to rapid shape change); subspeclflc split, micro-

morphological changes, followed descriptive classes geographically 
by relative stasis), perplexlngly (parallel separated) 
called gradual by author, morphological 
anagenetic, rapid changes occurred In 

other lakes) 

Melanopsis 7subspp Called gIlldual change, although Moderate (lImited Chronospecies, and 1 
gorceixi (Kos, Willman Invoked population shape and sculpture geographically Isolated 
Willmann 1985) bottlenecks and drift from lake changes, one subspecies 

level fluctuations chronospecles 
develops 
shouldering); 
descriptive 

Melanopsis. 3spp Gradual anagenesis (2my) and Major changes In size, First 2 chronospecles, 
impressa stasis followed by rapid shape and sculpture; then 2 species coexistent, 
(pannonian, Geary cladogenesls, triggered by rise In multivariate measures occasionally sympatric, 
1992) lake level.!!2I by extinction of laken from x- hybrids persisted In 

possible competing marine fauna radiographs overlap zones for Imy, 
I.Smy earlier, morphological complete Isolation for 
change by heterochrony following 2my 

Melanopsis bouei 7sppormore Cladogenetic, possible rapid DIlImatic changes In Coexistent, some 
(pannonian, Geary origins wlo Intermediates (time shape, size, sculpture; sympatrlc, some 
1990) resolution uncertain), triggered descriptive geographlcly separated 

by rise In lake level, concurrent 
wI cladogenesls In sister group, 
M.impressa 

Cardlld blvalves- 8spp Anagenetic, gmdual, 1-3my Smoothing of n'bbed Chronospecles 
Lynlllocardium surface,changesln 
(pannonian, shape, distinct enough 
Milller & Magyar to define subfamily 
1992) 
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Valvala, Iu each of 4 No description of evolutionary Relatively limited Coexisting 
Lulrilinlllea, genera between origin, extinction of lacustrine changes in shape and 
Mellelus, Pilysa 1-3 descendent specialists contrasted with sculpture interpreted 
(Mopung Hllls, species persistence of generalist fish to indicate lacustrine 
Taylor & Smith specialization; 
1981) descriptive 

Diverse bivalve In 14 genera S6 Accelerated evolution after Taxonomic Coexistent and 
fauna (parana species, only 1 closing of the marine basin, description chronospecles 
Basin, Runnegar & genus and 1 punctuated change, population 
Newell 1971) species found isolation by habitat fragmentation 

outside lake and salinity fluctuations, hyper-
basin -marine endemicity analogized with 
and brackish Pontlan (pannonian) Basin and 
water taxa Caspian Sea 

Bellamya, (13 -all undergo Long period of stasis followed by Major changes In Mainly chronospecies, 
Valvata, morphological increase in variance then rapid shell shape and some coexisting 
Gabbiella, shift, plus S new morphological change, pattern sculpture, ontogenetic 
Cleopalra, gastropod result of geographically isolated trajectories change; 
Melalloides, species) populations subjected to multivariate analyses 
BlllillllS and 7 stabilizing selection, not drift and of growth parameters 
bivalve lineages founder effects, speciation 
(furkana, coincides with lake level declines, , 
Williamson extinction of endemics when lake 
1981a) level rises and ancestral species 

re-invade 

Bellamya, 14spp Williamson saw 2 separate, rapid Morphological 2 distinct radiations with 
PlatymelQllia, radiations after periods of stasis, divergence not non-overlapplng 
Lallisles (Edward- fossil series shows decline in described, endemic faunas 
Albert, Gautier species abundance long before Williamson's (Williamson) 
1966,1970; flnal extinction. Morris (pers. taxonomic description 
Morris 1990; comm.) suggested that the 2 refers to earlier works 
Williamson radiations are In separate lineages (contentious), Morris 
1992) (first LQllisles, the Bellamya and (pers. comm.) 

Platymelallia), not punctuated suggested that robust, 
changelnlndependentgrou~ sculptured gastropod 
Gautier maintained that the fauna and bivalve shells and 
indicates successive speclatlons In heavy dentition In fish 
different lineages by strong Indicates 
selection from changing coevolutionary 
environmental conditions, also change 
examples of allopatric speciations 
by chanl!;inl!; lake levels. 

Semisulcospira, 67 species and in S paleolakes the diverse faunas taxonomic description coexistent and 
Bellamya, subspecies had accelerated rates of chronospecies 
Cipangopailldilla, origination and extinction due to 
Tlliolomoides, climate changes and variable 
Helerogell, habitats, current lake fauna 
Alocillma (Blwa, 
Matsuoka 1987)-

originated 1.2 my a 
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Table 3. Haploid chromosome numbers for Semisulcospira that occur in Lake Biwa 

Endemic Species of Haploid Widespread Species Haploid 
Semisulcospira Numbers of Semisulcospira Number 

S. decipiens 12,13 S. kurodai 18 

S. habei 7 S. libertina 18 

S. multigranosa 14 S. reiniana 20 

S. nakasekoae 13,1ga 

S. niponica 12,13 

S. reticulata 12,13 

Average minimum 11.7 18.7 

From Boss (1978); aKobayashi (1986) 
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Figure 1: Numbers of gastropod species in the five long-lived lakes with well-known 
gastropod radiations. Total species numbers shown above each bar. Endemics make up 
the majority of species in five of these lakes. Although Malawi and Victoria are not 
normally considered to have remarkable mollusc faunas, I include them because their 
endemicity is high and for comparison with their extraordinary fish faunas. Lakes Matano 
and Poso (Sulawesi), Inle (Myan Mar), Chad and Mweru (Africa) may have elevated 
endemicity in molluscs, but are omitted because their faunas are poorly known, seemingly 
not very diverse or the basin may be very young. Even so, the taxonomy of molluscs in 
many ofthe lakes I present is not well known, has changed dramatically over time and will 
certainly be the subject of continued revision. In this and the following figures and tables 
I present the most recent information available to me with the objective of painting the 
broad picture of evolution in these lakes and of offering hypotheses to be tested in future 
research. Note added in proof: NISHINO (1991) updated the gastropod census for Lake 
Biwa to a total of 38 species, with 19 endemics. 14 of the endemics are Semisulcospira, 
including presentation of 8 new species. DEloux (pers. comm.) updated the total 
gastropod species in Lake Titicaca to 24, of which 15 are endemic. 13 of the endemics 
are Heleobia. 
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Figure 2: Relative numbers of prosobranchs and pulmonates in ~ach of the seven long
lived lakes. Not only do prosobranchs make up the largest numbev' of species in each lake, 
but their endemicity is always higher than pulmonates. The endemicity ratio is calculated 
as in Boss (1978): %endemicity of prosobranchs/%endemicity pulmonates. It is always 
greater than 1, indicating higher endemicity in prosobranchs compared with pulmonates. 
Note, however, that this ratio is a crude measure that is highly influenced by sample size. 

Sources of species numbers: Baikal - SnNIKOVA (this volume, 1983, 1986), 
MATEKIN ET AL (1986), KRUGLOV & STAROBOGATOV (1991); Tanganyika
BROWN & MANoAHL-BARlH (1987) with addition of 11 taxa from NAKAI & 
YUMA (1988), MICHELET AL (1992), WEST (1991); Ohrid - Boss (1978); Biwa
MORI (1984), NISHINO (1991); Titicaca - HERSHLER & THOMPSON (1992), 
DEJOUX (1992); Malawi and Victoria - BROWN (1980) 

Note on taxonomic nomenclature: I use Prosobranchia and Pulmonata because 
these terms are currently better known to the general audience, but recent 
systematic revisions (PONDER & WAREN 1988; HAZPRUNAR 1988; BIELER 1992) 
considered Prosobranchia synonymous with Streptoneura, which is comparable to 
Heterobranchia or Euthyneura (which encompass Pulmonata and 
Opisthobranchia). Pulmonata includes Basommatophora, the freshwater 
pulmonates, and Stylommatophora, the terrestrial pulmonates. If one considers the 
taxonomic level (subclass) as indicative of real biological entities, then one is left 
wondering why the Opisthobranchs (strictly marine) or Stylommatophora never 
radiated in lakes as did Basommatophorans. The explanation is probably 
phylogenetic, in the form of clade-wide physiological constraints. In an 
evolutionary context, however, this difference may be critical in that the 
Basommatophora may be an older, more basal clade in the Heterobranchia, and 
may be limited in radiation capabilities (see genetic discussion). Furthermore, 
recent controversy has erupted over the monophyly of Prosobranchia. On a large 
scale, lake-colonizing prosobranchs may have originated from several distantly 
related clades. However, the general pattern of greater diversity in prosobranchs 
seems to be created by the tremendous monophyletic radiations of cerithioideans 
and truncatelloideans. 
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Figure 3: Number of species in each family found in the seven extant long-lived lakes, 
percentage endemism shown at the end of each bar. A) shows Prosobranch families, B) 
shows Pulmonate families. Sources as in Figure 2. a Baicaliidae, Benedictiidae and 
Bithyniidae have sometimes been classified as subfamilies within Hydrobiidae and 
sometimes as separate families. Here I follow the taxonomic treatment of PONDER & 
WAREN (1988) and KABAT & HERSHLER (1993) and include them in Hydrobiidae, 
although this designation is open for revision. b Semisulcospira is variously classified in the 
family Thiaridae (MaRl 1984) or Pleuroceridae (MATSUOKA 1987; HOUBRICK 1988). I 
have retained the thiarid assignment because these two families are closely allied and the 
distinctions between them are being revised (HOUBRICK pers. comm.); C the status of 
Symolopsidae is uncertain, as it was not treated by HOUBRICK (1988), considered part of 
Thiaridae by BROWN (1980), presented as a ceritheacean family by PONDER & WAREN 
(1988) and as a subfamily in Hydrobiidae by THIELE (1929). I retain BROWN's (1980) 
classification. 
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Figure 4: Exclusive radiations ofhydrobiids and thiarids in different lakes. The level of endemism is very high for both families 
in each lake, indicating intra lacustrine evolution. Note that there is one cosmopolitan thiarid species in Lake Ohrid that could 
not be plotted here. The Hydrobiidae includes Benedictiidae and Baicaliidae in Lake Baikal (see caption Fig. 3). 
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Figure 5: Reproductive and sexual strategies by family. The first 9 families are 
prosobranchs while last 5 are pulmonates. Those families which include ovoviviparity as 
a reproductive strategy have far more endemics. Among pulmonates, tough egg coats 
correlate with increased endemism. Shaded bars indicate that parthenogenesis and self
fertilization exist in certain filmilies, but are not the exclusive, or even necessarily common, 
sexual strategies. a Boss (1978); b DEWI1T(1954); BURCH & HUBER (1966); STADLER ET 
AL (1993), C I include these as separate families here because information is available on 
their reproductive patterns which is more precise than what is found in the extremely 
diverse filmily of Hydrobiidae in general. For taxonomic treatment, see discussion of these 
two families in Fig. 3. 
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Figure 6: The relationship between minimum haploid chromosome number and number 
of endemic species in long-lived lakes plotted by family (for the families for which 
karyology has been done). Prosobranchs (plotted as circles) generally have lower 
minimum haploid numbers and more. endemic species than pulmonates (plotted as 
triangles). There is a weak relationship showing that prosobranch families with h'igher 
haploid numbers tend to have more endemic species compared with prosobranchs with 
lower haploid numbers. For pulmonates this relationship is even weaker. Families where 
polyploidy is known to exist are circled. Semisulcospira has haploid numbers recorded 
from 7 to 20 (PAITERSON 1969) but is not included here due to its uncertain taxonomic 
position. Information from Boss (1978), P A TIERSON & BURCH (1978) and CHAMBERS 
(1987). 
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Figure 7: Depth and diversity. A) general predicted diversity for endemic gastropods in 
lakes, high near surface, with increase just below wave base or zone of maximum physical 
disturbance and maximal passive dispersal, decreasing slowly until sharp drop at the limit 
of the photic zone where herbivores are replaced by detritivores. This limit is a function 
of water clarity and so will vary between lakes and within regions of lakes. Possible depth 
ranges are suggested on the two bars below the graph; B) Depth ranges (in meters) for 
species in Lakes Baika~ Tanganyika, and Ohrid. This does not include information for all 
species in each lake, many of which are rare and poorly known. Diversity is highest near 
the surface. Although not clearly shown in diagrams or in available records, many species 
ranges terminate one meter below the surface. This will be clarified as more collections 
are made by hand with SCUBA. KOZHOV (1963) said that the zone of maximal mollusc 
diversity in Baikal is between 8-20m. In Lake Tanganyika, I estimate that 2-5m depth 
holds greatest diversity. STANKOVIC (1960) said that the greatest number of gastropod 
species in Lake Ohrid is in the upper littoral and those that range deep are not exclusively 
deep, rather they have large ranges. 

Sources: Baikal- WElLS & O-IATFlElD (1990), note that SITNIKOVA (this volume) 
indicated that more detailed information may now be available for many species; 
Tanganyika - BROWN (1980), CoHEN, MICHEL, WEST (pers. data); Ohrid -
STANKOVIC (1960). 
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Chapter 2: AN ALLOZYME STUDY OF LA VlGERIA IN LAKE 
TANGANYIKA: THE GENETICS OF A SPECIES FLOCK 

Introduction 

Lake Tanganyika is one of the most diverse bodies of fresh water in the world, 

harboring species flocks of many different vertebrate and invertebrate taxa (Boss 1978; 

Coulter 1991). The shell morphologies of the endemic gastropods have drawn attention 

to it as the most spectacular radiation of freshwater molluscs in any lake, yet the genetic 

significance of morphological differences is not known for most of these animals. In this 

chapter I address the genetic divergence in the most diverse genus of gastropod in this 

lake, Lavigeria, with electrophoretic data. I aim to test the correlation between shell 

morphology and genetics, with an ultimate goal of describing the genetic structure of the 

radiation and determining the number of separate lineages or species in this genus. I also 

attempt to test hypotheses of character evolution and of allopatric mechanisms of 

divergence in this clade. Because there is controversy on the methods of analyzing 

allozyme electrophoretic data, I present this study embedded in a comparison of different 

analytical methods. 

The genetic data indicate that there is not panmixis among some of the shell:. 

defined species in this genus (see Chapters 5 & 6 for descriptions of species). On a broad 

scale, the genus includes two major clades. The "tuberculate clade" includes two species 

that are clearly separated from each other and that also exhibit distinct differences among 

many ofthe populations. The "L. nassa" clade includes more morphological variation, but 
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the relationships among th~.species are not clear. The definition of and relationships 

among the evolutionary units were not simple to extract especially in the "L. nassa" clade. 

This is the kind of pattern we would predict from a relatively recent radiation where there 

are considerable retained ancestral polymorphisms or where there has been reticulation 

among the species. It fits scenarios we could envision for the formation of species flocks. 

Despite this, the electrophoretic data does not indicate whether one of the several 

proposed geographic speciation mechanisms has driven allopatric divergence in this genus. 

Mrican Freshwater Gastropods and Models of Evolution 

In 1981 Williamson (1981a&b) published a study of morphological variation in the 

fossil mollusc fauna of Lake Turkana in the East African Rift that was championed at the 

time as the first documented example of evolutionary change by punctuated equilibria 

(Gould 1982). This study drew attention to the controversy around the meaning of 

variation in shell morphology in freshwater gastropods (Fryer et a1. 1983, 1985), a 

cornerstone to making evolutionary inferences from the Turkana fossil record. 

Tanganyikan gastropods were drawn into this debate as an example against Williamson's 

claims. Fryer et al. (1985) used Lavigeria as an example of a hypervariable single species 

of African freshwater prosobranchs. They made errors when they incorrectly referred to 

this genus as Edgaria, included what we now call Hirtia, and misrepresented th.~ sculptural 

variation. Moreover, this was a poor choice for comparison with the Turkana sequence 

because there was little known about phenotypic plasticity in Lavigeria species, they have 

a poor fossil record, and, until recently, nothing was known of their genetics (West 1991; 
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Michel et al. 1992). The animals figured by Fryer et al. (1985) certainly encompass several 

species or even genera. One of the aims of this study is to attempt to delineate the 

biological units in this group. Malacologically, Tanganyika is one of the most interesting 

bodies of freshwater in the world and Lavigeria is the most diverse genus of molluscs in 

the lake. The question I pose here is: if you found a fossil assemblage Lavigeria shells of 

groups of distinctly differing morphologies, what could you infer about their biological 

relationships? 

Geow-aphic Context of Diversification in Lake Taninnyika 

The geologic history of Lake Tanganyika may have influenced the divergence of 

the endemic muna. The lake was formed as a result of tectonic activity in the East African 

Rift. Smith (1991) suggested that tectonic basins fuel evolutionary change by "shifting 

habitats right out from under the organisms". Cohen (pers. comm.) suggested that it is not 

only that tectonic lake basins have changed through time, but also that they provide an 

alternation of very different habitats along the shoreline that isolate the fauna in each place. 

Moreover, tectonic lakes provide stability in those varied habitat types, since the lake 

basins may persist for millions of years. The time scale of tectonic change is slow enough 

to promote diversification of specialists rather than selection for generalists as might occur 

in rapidly shifting environments such as seasonally changing rivers. Lake Tanganyika 

consists of a series of three linked bathymetric basins, the three deepest parts of the lake, 

separated by cross-basinal ridges (Fig. 1, overleaf). There is also considerable large-scale 

variation in substrates along the shoreline. Along the steep faulted shoreline the substrates 
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are predominantly rocky, whereas the shallowly dipping deltas and platforms are largely 

sandy (Fig. 1, base map). 

Two hypotheses of allopatric speciation have been proposed for Lake Tanganyika 

that 'would produce different biogeographic patterns in the endemic fauna. One hypothesis 

suggests that Pleistocene drying episodes fueled endemic diversification by separating the 

lake into several bathymetric basins (Greenwood 1964). This hypothesis predicts that 

populations would be more closely related to conspecifics in the same basin than to similar 

species in a different basin. The other hypothesis suggests that separation of shoreline 

habitats by substrate changes has fragmented populations and is the major mechanism 

driving speciation (Fryer & lIes 1971). This hypothesis predicts that species relationships 

would not coincide with basin boundaries and follow only major changes in substrates. 

The predictions of the two hypotheses are not mutually exclusive, however, as the major 

substrate changes and major bathymetric basins are both manifestations of the underlying 

tectonics of the lake basin. 

Taxonomic Context of La vi geri a Diversification 

Lavigeria is part of the gastropod family Thiaridae, whose members seem to be 

highly prone to speciate. Thiarids vie with hydrobiids for the position of the clade that has 

formed the most endemic radiations and species flocks in long-lived lakes (Michel 1994). 

Although thiarids are likely to speciate, they are also a group typified by variation in shell 

morphology within some lineages as well. In some groups, shell differences are closely 

tied to species differences determined on independent criteria (as in other Tanganyikan 

t ' 



82 

endemics). In others, shell morphology is highly variable, may change with ecology, and 

may not be a reliable indicator of relationship (e.g. some species of Melanoides, 

Glaubrecht 1993). However, the informativeness of shell variation may be a function of 

the complexity of the variables examined and an understanding of what causes them to 

vary. Simple measures of height, width, sculpture and shell thickness often vary with 

ecological conditions (Fryer et al. 1983, Kemp & Eertness 1984, Glaubrecht 1993). 

Furthermore, continuous variation in characters may indicate multigenic determination 

which is independent of interbreeding (Davis & Ruff 1973). Multivariate growth 

parameters, which are determinants of shape independent of size (e.g. Raup 1966, Schindel 

1987, and unpubl. ms.), are more reliable indicators of genetic variation and less subject 

to ecophenotypy (Williamson 1985). There is currently work being done on models of 

molluscan growth to provide a defensible array of parameters, grounded in the 

developmental processes, that are more accurate indicators of relationship (Rice 1991). 

Thiarids encompass a range of reproductive strategies which may be reflected in 

some of the differences in patterns of shell variability between clades. Melanoides, for 

example, is primarily parthenogenetic and brooding, whereas Lavigeria is gonochoristic 

and brooding, and other Tanganyikan thiarids lay eggs. Conchologic differences within 

a Melanoides "species" may reflect differences between clones. Discontinuities in 

morphology among asexual gastropods may be less meaningful than they would be among 

outcrossing species like Lavigeria. Thus, the genetic basis of variation in shell characters 

should be determined for each group of thiarids independently. 
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The evolutionary information content of shell characters is dependent on the scale 

of the comparison; at higher taxonomic levels shell morphology may be convergent, but 

at lower levels it is often informative. Houbrick (1988) was critical of shell characters in 

stud,ies of higher taxa of cerithioideans (the superfumily to which thiarids belong). He sai~ 

they are highly homoplastic at the family level (Houbrick 1988) and perhaps below the 

family level as well. He suggested (pers. comm.) that for all the variety in shell 

morphologies in Lake Tanganyika there are parallels in other thiarids elsewhere, although 

the Tanganyikan thiarids are overall the most highly sculptured and have the thickest shells 

(West et a!. 1991). Planaxidae is a family closely related to Thiaridae, and in the 

systematic treatment of this group Houbrick (1987b) called shell characters "undesirable". 

Yet even for highly variable species, shell morphological differences are usually the first

order characters of distinction within cerithioidean species (e.g. Houbrick 1985). Within 

some thiarid genera, species definitions are based largely on shell characters (Brown 

1980). This is analogous to the utility offast versus slowly evolving proteins for molecular 

clocks. For looking at short time scales the former are preferable, while at long time 

scales, only the later are informative. With my electrophoretic data I will explore the 

question of whether shell characters are useful for determining Lavigeria relationships. 

The taxonomy of Lavigeria has changed almost every time it has been examined 

since it was first described from shells brought back to Europe by explorers in the mid

nineteenth century. Original descriptions by Bourguignat (1890) named an inordinate 

number of species (around 75) in several genera, which were later reduced by Leloup 
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(19~3) to one monospecific genus that encompassed six different "formes". Revision by 

Brown (1980) separated one "forme" into the genusHirtia and two others into the species 

L. grandis and L. nassa. In his writings on the Tanganyikan gastropods Brown (1980, in 

press, Brown & Mandahl-Barth 1987) has acknowledged that L. nassa probably contains 

many more species than those currently described. 

I have found that the morphological variation in Lavigeria shells is largely 

discontinuous, with easily identified "species" that are often sympatric with at least one, 

and as many as four, other Lavigeria species (Michel et al. 1992). Sympatry ranges from 

very direct, where different species graze side by side on the same rock, to overlapping 

distributions where the majority of each species occupies a different microhabitat but many 

animals coexist, to microallopatry at the same sites. Examples of the species from each 

population in this study are shown in Appendix A 

Allozymes and Species Flocks 

I have used allozyme electrophoresis to explore relationships among 

morphologically defined populations of Lavigeria which forms a species flock in Lake 

Tanganyika. Species flocks, by definition, provide challenges for the biologist seeking to 

define both the species boundaries and the phylogenetic relationships between the taxa. 

The presumed species often encompass a diversity of morphologies and may be variable 

within the groups. Because the taxa are closely related, the morphological characters that 

separate them are often not discrete and may be difficult to identify. Species flocks often 

have sympatric or highly overlapping distributions. Also, sympatric taxa may have 
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hybridized, and divergence may have been recent enough that patterns of reticulate 

evolution may complicate the patterns of divergence. For this reason, genetic data is 

critical for untangling the evolutionary relationships within species flocks. 

Allozyme electrophoresis is a useful tool for addressing divergence at the species 

level. A locus for a particular enzyme may code for several different forms of the 

functional enzyme, or alleles. These alleles are distinguished by the fact that they migrate 

at different rates along a gel when subjected to an electrical charge. Staining the gel for 

that particular enzyme reveals bands along its length where the different alleles have 

migrated. This method presumes homology in both the broad and narrow sense between 

the bands that are at the same distance from the source. Electromorphs are essentially 

phenotypic characters that are closely tied to genetic differences. But unlike DNA 

sequences they are not a direct record of the genotype. Homology is presumed in the 

broad sense between electromorphs in scoring the data because the bands are assumed to 

reflect the alleles of the same shape, charge, and function. The analysis also presumes 

homology between bands in the narrow sense because similar alleles are assumed to be 

derived from a common ancestor. In this work I will treat similar electromorphs as 

homologous alleles. Swofford & Olsen (1990) mentioned that it is more accurate to refer 

to the "putative or presumptive loci and electromorphs" but point out that it creates 
.' 

cumbersome terminology which even they do not use. The methods of data coding also 

hold assumptions about homology of characters, as I discuss below. The use of allozyme 

electrophoresis in phylogenetics is based on these assumptions, and they should be borne 
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in mind in fmal comparison of electrophoretic and other studies, where character 

honiology may be justified to a different degree. 

Electrophoretic data have the flexibility of being recorded as discrete characters 

by allele presence or absence, or as continuous characters in the form of allele frequencies. 

It is an excellent method for comparing races, species and closely related genera (Buth 

1984). If there are several variable loci with fixed differences between taxa, allozymes can 

provide species diagnosis with virtual certainty (Ayala & Powell 1972, Boulding et al. 

1993b) and has been used in species recognition in gastropod radiations (e.g. Johnson et 

al. 1986; Woodruff & Solem 1990). The final justification for using allozyme 

electrophoresis is that it is relatively inexpensive and logistically simpler than other genetic 

methods such as DNA or protein sequencing. In the case of my study of Lavigeria, it was 

possible to do electrophoresis in Africa, at the National Museums of Kenya. 

Hypotheses to be Tested 

In this paper I discuss the results of an electrophoretic survey of 46 

morphologically and geographically separated populations of Lavigeria, analyzed in a 

phylogenetic context. With this information I attempt to test four kinds of questions about 

the evolution of Lavigeria and the interpretation of electrophoretic data. I present 

hypotheses and alternate hypotheses (HI, H2 ... ) and examine their predictions (PI, P2 ... ) 

in light of electrophoretic data. 

a) Do differences in shell morphology correspond with genetic differences? 

HI: similar shell morphologies indicate genetic relatedness; 
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PI: populations of similar morphology will form discrete clades based on 

genetic data. This implies that shell characters are good indicators of the 

shallow divergence in the genetic tree (the more recent divergence closer 

to the tips of the branches). 

H2: Similar shell morphologies are independent of genetic similarities. Similar 

shell morphologies at different sites result from convergence; 

P2: populations at a site will be more closely related to each other, even if 

different in shell morphology. 

b) Are differences in shell morphology consistent indicators of different levels of 

divergence? Can we trace a consistent pattern of shell character evolution along 

the tree? 

H: different characters of shell morphology can be traced along the genetically

derived phylogenetic tree. For example, there may be a major group that has high 

spires, and within that, clades that have distinct sculptures. This might indicate 

that shell shape in Lavigeria is more phylogenetically constrained than shell 

sculpture; 

P: evolution of shell characters is easily traceable on tree. This implies that 

shell characters are good indicators for different depths of divergence 

along the genetic tree .. 

c) Is there a geographic signature of putative allopatric mechanisms of speciation 

in this fauna? This might occur at either a shallow or deep level of the tree. Here 
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I refer only to population differentiation for simplicity. 

HI: Divergence occurred as a result of the lake being subdivided into three 

separate basins; 

PI: populations are more closely related to other populations in the same 

basin than those in other basins. Populations linked by putative ancient 

corridors should be more closely related to each other than to other 

populations across the lake or even on the same side that were historically 

in separate basins. 

H2: Separation of populations by major substrate changes has been the most 

important agent of allopatric divergence; 

P2: populations on the same side of a substrate barrier will be more closely 

related to each other than equidistant populations across a substrate 

barrier. 

d) Do different methods of coding and analyzing electrophoretic data produce the 

same phylogenetic result? Are the methods equally sensitive to noise in the data? 

H: Different methods of coding and analysis are equally effective at extracting a 

phylogenetic pattern from the data. 

PI: different codiogs will produce comparable numbers of trees, distributed 

in the same number of islands, with a similar topography, and similar levels 

of resolution. The relationships among taxa will be similar in all the 

analyses. 
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Materials and Methods 

Samplini 

I collected samples for electrophoresis by snorkel or SCUBA along the lake shore 

of Lake Tanganyika in 1989-90. I also used a few samples collected by Pieter Kat in 1987 

at the National Museums of Kenya. Figure 2 shows sample sites and names of populations 

at each site. I attempted to collect individuals from a range of sizes for each sample, 

though most individuals were adults to ensure correct species identification. None of the 

electrophoretic loci investigated were known to be ontogenetically limited in expression 

(Emberton 1993). I broke the shells of the animals and separated the soft tissue, which I 

froze immediately. 

Allozyme electrophoresis 

At the Genetics Laboratory of the National Museums of Kenya, I thawed the 

samples, rinsed each individual several times with a grinding buffer or distilled water and 

ground it with a mortar and pestle until all the tissue was broken down. The homogenate 

from each individual was kept cold and run immediately or occasionally refrozen (-80°C) 

after grinding. I used routine starch gel electrophoretic techniques (e.g. Dillon & Davis 

1980). I used a small tab of filter paper to wick up the supernatant of tissue homogenate, 

blotted the excess to prevent streaking, and sandwiched the soaked wick in the cut edge 

at the anode end of the starch gel. I ran approximately 24 samples at a time. I mixed the 

order of the populations so that they occurred in small groups of 2-4 individuals on 

different parts of the gel. This minimized edge effects on migration distances, because one 



90 

population was run in several different parts of the gel. Each gel included 4 lanes of 

samples from control populations of either Lavigeria grandis or CRstpbemba which were 

consistent among aU runs. I ran the gels with the buffer and electrical current parameters 

specified in Table 1. I then sliced each gel and assayed each slice for different enzymes 

using enzyme-specific agar overlays or solution baths whose reactions (after incubation 

at 31'C) cause a visible band to show up for each enzyme. I immediately scored the bands 

after they developed by drawing an exact scaled representation of the gel on 1mm2 graph 

paper. 

Table 1 is a list of enzyme loci assayed and buffers used. I discarded· the loci 

marked with asterisks because they were either invariant or too unreliable to read. In 

earlier work, Kat (unpub. data) ran a larger array of loci l and found that Lavigeria were 

invariant in those loci as well. 

Possible Sources of Error in Allozyme electrophoresis 

I avoided using parasitized animals. However, to check for any signature bands 

from parasites, I ran several animals that were heavily parasitized with trematodes next to 

unparasitized animals from the same population. They did not differ in their banding 

patterns, so I concluded that even if samples had undetected parasites, they did not affect 

the loci that I assayed. 

I ran these samples during three separate visits to Kenya, December 1989, 

1 Malic enzyme (ME), NAD Dehydrogenase (NADD), Aspartate Aminotranferase 
1&2 (AA1), Creatine Kinase (CK), Glycerol-3-Phosphate Dehydrogenase (G3PDH), 
Alkaline Phosphotase (APH), Glutamate Dehaydrogenase (GDH). 
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February-March 1990 and July-August 1990. Although the samples were stored at -BO°C, 

their enzymes can lose some mobility over time and also if they are thawed and refrozen 

(N. Ferguson pers. comm.). Furthermore, there may have been subtle differences in 

reagents and water quality during these different times due to aging of stocks and ionic 

columns. To control for differences between sample periods, I repeated runs of some 

samples in addition to the controls in each time period and used their allele banding 

patterns as a baseline of comparison between time periods. This way I could IIdovetail ll 

the results and make the allele interpretations consistent between runs. However, it would 

have been preferable to run synthetic standards of known migration rates as an overall 

control (K. Duncan pers. comm.). If this biased the data, it would have been in a direction 

of decreasing the overall number of alleles scored because of loss of precision. This would 

be an error in a conservative direction and could make the clades harder to resolve from 

each other. This would underestimate the amount of divergence in Lavigeria. 

Occasionally it was not possible to get a successful reaction for a particular enzyme 

for a population. This resulted in missing data and unequal sample sizes among loci and 

populations. Missing data do not give spurious results in any of the kinds of analyses I 

used because similarities or relatedness are not counted based on shared absence of a 

character. But missing data will decrease the robustness of the trees produced and may 

also help explain why the trees were poorly resolved. Also, lack of data for a critical locus 

will increase the relative importance of other loci in determining relationships or similarity. 
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Comparisons Run on the Same Gel 

In doing the electrophoresis, I first ran groups of species on the same gel to test 

for what I expected to be the larger scale differences. I then ran comparisons of samples 

from the same species from different sites from across the lake. This was an effort to 

pinpoint the amount of difference between samples from different sides of the lake, from 

different basins and across major substrate barriers. The major phylogenetic analyses I 

report here combined these comparisons into one large data matrix, but I discuss results 

of the individual comparisons as well, because the results may indicate some areas where 

the larger analysis masked information at lower levels. 

Exploration of Phyloienetic Methods 

Different methods of coding and analyzing electrophoretic data are based on 

different assumptions of the evolutionary significance of the characters. The objective of 

different coding and analytical methods is to preserve information about homology in 

polymorphic characters, retain biologically meaningful definition of characters and find all 

the most parsimonious trees that concur with the data. Each method has strengths in one 

of these criteria and weakness in others. Furthermore, the coding method affects the final 

, trees produced as well as the interpretation of the results. 

Data Codini. Analyses and Assumptions 

Character data should meet the two basic assumptions of independence of 

characters and of homology between character states (Swofford & Olsen 1990). How 

these assumptions are met is the subject of debate on the coding of polymorphic data 
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(Mickevich & Mitter 1981, 1983; Buth 1984; Swofford & Berlocher 1987; Hillis 1987; 

Swofford & Olsen 1990; Murphy 1993; Mabee & Humphries 1993). The general 

consensus is that because the locus is the unit of selection, or the character, and alleles are 

the alternative states which can be homologous to each other, it is best to use some coding 

that reflects this. The strongest case was made by Mabee & Humphries (1993), who 

advocated a step matrix coding for polymorphic data. 

I used a subset of the complete data set (of 46 populations) of the 36 populations 

that were missing data for fewer than four loci to test the influence of coding method on 

the resulting analysis. I coded this as presence-absence by allele, as polymorphic by locus, 

as a step matrix function by locus, and as allele frequencies by locus (Table 2 and 

Appendices A-E). In this text I will abbreviate their names as presence-absence, . , 

polymorphic, step andfrequency co dings. I analyzed these data with PAUP, FreqPars and 

neighbor-joining in NTSys. In P AUP I used highly constrained random addition sequences 

(saving no more than 2 trees >= length 2 steps) to determine the shortest tree lengths. I 

used the shortest treelength that fit the data matrix to establish focussed random addition 

sequences which explored the treespace and found the islands of most parsimonious trees. 

To do· this, one saves only a small number of trees (e.g. 10) that are greater than the 

minimum tree length. This allows adequate exploration of the treespace, yet efficient use 

of search time and complete documentation of the tree islands (Maddison 1991; W. & D. 

Maddison pers. comm.). I present consensus trees of each island and of the whole group 

of trees in each search, and report their consensus indices for comparison between them~ 



94 

FreqPars and neighbor-joining each produce only one tree in their searches. However, I 

checked the treelength of some of the most parsimonious PAUP trees based on allele 

frequencies. FreqPars accepts trees from other sources and computes the treelength based 

on the frequency data. In the other analyses that focus on the biological, rather than 

methodological, questions, I used the full data set and smaller subsets of the data. Table 

3 summarizes the sample sizes in each analysis. 

The Allele as Character 

Character States are Presence-Absence 

Coding the allele as the character with states of presence/absence (Table 2) is 

common in many analyses (Murphy 1993), but is not popular among most authors writing 

on the theoretical basis of multistate character coding (e.g. Buth 1984, Mabee & 

Humphries 1993; Murphy 1993). The primary criticism has been that alleles are not 

necessarily independent of each other, yet this kind of coding assumes that they are 

independent. Mickevich & Johnson (1976) called it the "independent allele" model. Non

independence of the characters in a phylogenetic analysis could produce trees in which the 

ancestors lack character states (in this case alleles) at a particular locus altogether (Mabee 

& Humphries 1993) or the allele frequencies do not sum to one for a particular locus. If 

we can not assume independence of characters, then to obtain a valid tree we must account 

for the covariances between characters. This is not done in most of the available tree

building programs because of computational complexity (Swofford & Olson 1990). 

However, A Dickerman (pers. comm.) suggested that the presence and absence of 
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different alleles in a population is effectively independent. Sample sizes that include many 

individuals should have equal probability of sampling the full range of existing alleles. 

Furthermore, the criticism that ancestors are reconstructed lacking characters could be 

reformulated to simply say that the ancestors have alternate character states that are not 

represented in the terminal taxa. This suggestion seems biologically tenable. Presence

absence coding should not be dismissed out of hand. 

A second criticism of coding the allele as the character is that the loci with many 

alleles will be over-represented in the analysis (Murphy 1993). Without corrective 

weighting, the tree topologies can be overly influenced by these multi-allelic loci. Murphy 

(1993) also attacked the independent alleles model (presence/absence coding) because it 

can create unnecessary homoplasy in outgroup comparison. In any model, if there are no 

shared alleles at a locus between the ingroup and the outgroup, the presence of the alleles 

becomes autapomorphic. If the alleles are all treated as independent, the presence of any 

allele that doesn't occur in the outgroup requires independent origin, meaning that 

homoplasy may be proposed far more often than is justified. A fmal criticism, which is 

true for any presence-absence character coding, is that the independent alleles model may 

eliminate valuable information by assuming that all alleles are equally common and that 

there is no phylogenetic information in differences in gene frequency (Swofford & 

Berlocher 1987). 

So why is the independent alleles model used? It has the advantage of preserving 

the homology between alleles, which is not the case in some other methods where the 



locus is the character (Mabee & Humphries 1993). It is also computationally much faster 

than a step matrix. Time can be a limiting constraint with large data matrices; some 

searches I ran using a step matrix on 36 taxa took more than seven days on a fast 

computer (MacIntosh Quadra 700) and only several hours if I ran a presence-absence data 

set. It has been suggested that the problem of ancestors without character states might not 

actually occur in some parsimony analyses (D. Maddison pers. comm.). It can be 

discovered whether or not this occurs by measuring the tree lengths of the most 

parsimonious trees from the presence-absence search, based on data from the step matrix. 

If the trees were shorter than those found by the step search, it would indicate that the 

presence-absence search was constructing ancestors lacking characters. 

Locus as Character 

There are a number of ways that the locus can be coded as the character of 

evolution (fable 2). The states may be the various combinations of alleles, an unordered 

pattern coding, or they may be coded as polymorphic for the presence of various alleles, 

either unordered or ordered. All these methods share the advantage that the probable 

independent units of evolution, the loci, are the characters being coded. They also do not 

over weight the analyses towards loci that have more alleles. However, most of these 

methods, except the step matrix, lose the thread of homology between the allelic character 
.' 

states. They also code all alleles as equally common because they are presence-absence 

schemes and they ignore frequency information. 
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Patterns of Alleles as Character States 

. Some coding schemes have used a separate code for each combination of alleles 

found at a locus, then analyzed these characters as unordered (Table 2). This has the sole 

benefit of keeping the locus as the character of evolution, but loses all information of 
, 

homology of alleles. For example if a taxon containing alleles a&b were coded 1 and a 

taxon containing alleles b&c were coded 2, the information that these two taxa share allele 

b is lost in the coding scheme. Because the shared information in character states 1 and 

2 is lost and they seem to be unique, there are far too many trees produced, each equally 

parsimonious, equally uninformative about relationships since they are defined by 

"autapomorphies" of the codes. 

Some of the information lost in these characters can be regained with a weighting 

scheme that indicates how many steps it takes to go between the character states. For 

example, going from a&b (which can be coded 1) to b&c (code 2) takes 2 steps, one loss 

of a and one gain of c. However, there still remains a loss of homology information in this 

kind of coding with transitions weighted in this linear way. Going from a taxon that has 

only allele a (code 3) to a taxon with only allele c (code 4) also is given a weight of 2 (one 

loss and one gain). The difference is lost between this second set of transitions, where 

there are no shared alleles, and the first, where one allele unites the two taxa. 

Mickevich & Mitter (1981, 1983) discuss three weighting schemes, each of which 

holds different assumptions about the data. In minimum allele turnover, the weighting 

assumes that losses of alleles are as informative as gains, as in the simple example above. 

---.--~~-
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In shared alleles, the weighting assumes that losses are not informative, since they may 

be evolutionarily easier than gains of a new allele (by mutation or migration), or may be 

a sampling artifact. The shared alleles model counts only alleles in common, not lack of 

alleles that are shared. This is similar to many methods used for biogeographic 

comparisons of sampling faunal similarities (e.g. Michel & Cohen 1988). It seems to me 

that this method is appropriate when the sample sizes are uneven or small, or there is 

reason to question the data collection methods. Finally, Mickevich & Mitter (1981, 1983) 

suggest a recursive technique called transformation series analysis that orders the 

character states by fitting the character transformations to the most parsimonious trees in 

a recursive analysis. 

Using a step matrix to code the character state transitions adds the information 

about homology of alleles, yet keeps the locus as the unit of evolution (Table 2; Mabee & 

Humphries 1993). The step matrix is basically a distance matrix between character states 

that allows a number of assumptions to be built into the character state transitions which 

are not feasible in linear weighting schemes (Appendix C). Foremost among these is that 

a step matrix may code for reticulate patterns of character transition between polymorphic 

characters. The coding scheme allows the weighting to include ancestral allele 

combinations that may not be present in terminal taxa, but will yield a more parsimonious 

explanation of the relationships. All possible allele combinations should be included in a 

step matrix function. Also, because a step matrix may be asymmetrical, unequal 

probabilities of losses and gains may be included in the weighting scheme. Mabee & 
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Humphries (1993) showed that a search on step coded data found a greater number of 

parsimonious trees than did a similar search using a presence-absence coding. 

Alleles as Polymorphic Character States 

Although the locus can be coded as polymorphic for multiple alleles (fable 2), this 

brings about a set of hidden assumptions that may lead to undesirable trees (Nixon & 

Davis 1991; Maddison & Maddison 1992). If there are many polymorphic characters, as 

there are in any electrophoretic study, there may be possible combinations of character 

states between different taxa that do not occur in living animals. For example, imagine 

there were a biological reason why ocr allele 1 and PGM allele 5 cannot occur together 

in the same animal. If Ocr1 occurs in taxon a and PGM5 occurs in taxon b, polymorphic 

coding might reconstruct an ancestor with both Ocr1 and PGM5, which we know could 

not have been the true ancestral state. Polymorphic coding obscures information of 

association between character states. The algorithm may reconstruct ancestors that have 

this non-parsimonious (or nonexistent) combination of character states in different loci. 

This is the same as the problem of contradicting morphological character states such as , , 

character: tail, state: absent, and character: tail pattern, state: striped, which can not occur 

in the same animal. A more serious problem with this method is that most phylogenetics 

programs cannot reconstruct polymorphic ancestors for a single character. This means 

that for polymorphic taxa, the program "chooses" a monomorphic ancestor, which is 

probably not biologically realistic and certainly obliterates the thread of homology between 

taxa. 
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Frequencies of Alleles as Character States 

Is there an advantage to using frequency information for polymorphic characters 

(Table 2)? Opponents maintain that frequencies are too labile and too difficult to assess 

reliably, so they will yield misleading phylogenies. This, however, is a criticism that can 

be leveled at any character whose evolutionary behavior is unknown. Proponents suggest 

that there is a valuable source of information lost by ignoring frequencies and that by 

including them, we gain a finer-grained definition of relationships between taxa. 

Frequency information may be used with the allele as the character, and the character state 

as the frequency. This is subject to the same criticisms as when the allele is coded as 

presence-absence. The ancestors may have character states that are non-existent, or do 

not sum to one. By coding characters as frequencies the values are unarguably dependent 

on each other, since the frequencies of alleles are constrained to sum to one within a 

population. The analyses may be biased towards loci with many alleles if the alleles are 

considered independently. If the locus is the character, the allele frequencies can be used 

as the character states. This has the advantages of using the locus as the character, where 

the characters are independent. However, if the character state is strictly interpreted as 

the allele frequency, homology between alleles may be lost if they occur at different 

frequencies. 

The main stumbling block to further exploration of this issue may be 

methodological; phylogenetic analysis of continuous data is at an early stage compare~ 

with methods available for discontinuous data. For frequency data one can use distance 
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clustering methods (Nei 1972), neighbor-joining on distances or maximum likelihood 

methods (Felsenstein 1981). To use parsimony, one may use the program FreqPars 

(Swofford & Berlocher 1987; Swofford 1988). FreqPars on the PC is limited in the 

number of taxa it will accept and does very rudimentary searches for the shortest tree. 

With slight modification it can be run on a mainframe computer, where greater memory 

capabilities allow a greater number of OTUs but does not yet allow increased tree 

searching. The released version of FreqPars contains an error in variable specification2 

which is easily corrected, but dramatically changes the tree topology found by the program 

(L. Carruthers pers. comm.). 

Methods of Analysis 

Most of this study and much of the discussion in the literature focus on the use of 

different coding methods for analyses using parsimony. Parsimony is the preferred method 

for generating hypotheses of evolutionary relationships (Swofford & Olsen 1990, 

Maddison & Maddison 1992). But other techniques based on overall similarity instead of 

character changes are often used for exploring evolutionary relationships. I used neighbor-

joinipg to build a tree based on Nei's genetic distances (Nei 1972). The utility of distance 

data in evolutionary studies is debated (Buth 1984, Swofford & Olsen 1990). Buth (1984) 

suggested that distances might gain us clarity through simplification of the data so that we 

2 In the section Freqpar2.for, subroutine MODWAG three variables, DXZ, DZY, and 
DXY, should be added to the second line where the double precision variables are listed. 
This subroutine estimates the tree topology using modified Wagner procedure. The 
corrected line should read: DOUBLE PRECISION X, TL, TLMIN, DMAN, DIJ, DIPJ, 
DJFJ, DXZ, DZY, DXY 
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can see underlying patterns. However, there may be concomitant loss of accuracy in this 

pro~ess. Distance measures are most sensitive to the number of loci included. BX 

increasing the number of loci, Buth (1984) suggested we can boost accuracy of distance 

information. Neighbor-joining is a method for building an additive tree from distance data 

(Saitou & Nei 1987). It is related to cluster analyses like UPGMA, but is better for 

electrophoretic data because it does not assume that there has been equal divergence 

among all lineages. Swofford & Olsen (1990) suggested that if there is a probability that 

the data are not ultrametric (with equal rates of divergence between taxa), one should 

avoid cluster analyses like UPGMAand use neighbor-joining or Wagner distance methods 

instead. 

Islands - the Parsimony Landscape 

t 

Ultimately, the goal of phylogenetic analysis is to produce a tree that is statistically 

justified (robust), and which accounts for the pattern of shared derived characters 

(synapomorphies) in an evolutionarily meaningful way. This tree then acts as a 

phylogenetic hypothesis against which we can compare other biological information, such 

as character evolution or biogeographic hypotheses. Unfortunately, in real life, parsimony 

analyses often confront us with the choice of many trees which are of equal length. 

Maddison (1991) pointed out that these different trees often are clumped in "islands" of 

similar trees, on which each tree differs by only one branch rearrangement from the others. 

There are gaps between the islands, where it takes more than one branch rearrangements, 

passing through tree topologies that are longer than the most parsimonious tree length, to 
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arrive at the next island of trees. A consensus of all the trees found in the search might 

produce a highly unresolved, polytomous tree. But consensuses of the islands within 

themselves will produce more structured consensus trees. These island-by-island 

consensuses can be compared and the gaps between islands may be interpreted biologically 

(Maddison 1991). MacClade allows comparison of trees from different islands to pinpoint 

the characters in which they differ. Furthermore, by looking at the distribution of islands 

in treespace, we can arrive at more sensible description of the range of possible 

evolutionary hypotheses that explain the data. 

If a data set produces 100 equally parsimonious trees, they may be distributed in 

treespace in various ways. There might be one large island of trees, on which each tree 

is a minor variant of the main tree topology. This may be interpreted as one central 

evolutionary hypothesis, with variations on the theme. The trees might be arranged in 

several different islands, each of which is quite different, each of which represents a 

completely different hypothesis to explain relationships between the taxa. Or the trees 

might be scattered with great disparity between them, indicating a plethora of possible 

evolutionary hypotheses. Data matrices with many islands have low retention indices 

(Maddison 1991). These different scenarios say very different things about the data. The 

first example suggests that there is a filirly unified hypothesis that can be constructed from 

the data. The second example suggests that there is no single story that can be extracted 

without further information. We would have greater confidence a priori in using a tree 

generated from the first case than the second. But by examining the different islands of 
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trees generated from the second example, it may be possible to select among them for the 

most viable hypothesis based on other criteria. 

Different methods of coding and analyzing electrophoretic data will produce 

different distributions of clusters of trees, or treescapes. In this paper I examine 

differences in treescape to a limited extent in some of the comparisons, but I would like 

to suggest further "food-for thought" on this issue. Wayne Maddison (pers. comm.) 

proposed that using the allele as the character, coded by presence or absence, "enhances 

brittleness" of the topography of treescapes. This might mean that there are more separate 

islands because there are more characters and each is more likely to require a homoplastic 

change. The number of steps between the islands of equally parsimonious trees will 

increase, or disparity will increase. In comparisons between methodologies, the increased 

number of characters in allele-as-character coding should be factored out of the increased 

tree length. When the locus is coded as the character, the tree landscape may be smoother, 

with less dramatic numbers of steps between islands, because the characters are 

polymorphic. Finally, if coding by allele frequency is used, as in FreqPars, the transitions 

between islands of trees will be at their smoothest. The character is the locus and the 

polymorphism is not limited to set character states, rather the "polymorphism" varies 

continuously. Unfortunately, there is no appropriate computer program for testing this at 

the moment. FreqPars uses parsimony analysis on frequency data but has limited tree 

searching capabilities. It produces only one tree, not a landscape of all the possible 

shortest trees. 
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Reliability of Phylof:eny Estimates 

In the study of Lavigeria, I have used several different methods of estimating the 

reliability of the phylogenies. I have used different data transformations which, because 

of their different assumptions, border on being different data sets describing the same taxa. 

Agreement of trees from different data sets (Miyamoto & Cracraft 1991) and from 

different analyses of the same data set (Kim 1993) can be used as a measure of the 

reliability of the phylogenetic estimation. I have also used several methods of analysis, 

including maximum parsimony in PAUP, Wagner parsimony in FreqPars, and neighbor

joining of genetic distances. I present the consensus indices for the analyses that produced 

multiple trees. 

If a tree has some branches that are much longer than the others, a parsimony 

reconstruction may not provide an accurate representation of true relationships 

(Felsenstein 1978). When there has been a lot of evolutionary change in several lineages 

that are not actually closely related, they may have many character states in common due 

to chance alone, producing a misleading similarity between lineages. This might especially 

be a problem for characters that have few states, for example, in electrophoretic data, loci 

with few alleles. Simulation studies have shown that neighbor-joining methods are less 

susceptible to this problem than parsimony (Miyamoto & Cracraft 1991) although as the 

number of taxa increases, neighbor-joining is less accurate because it builds trees from 

twigs to trunk and can not retrace and change distal connections (Huelsenbeck & Hillis 

1993). To test this I divided the step and presence/absence data into subsets of loci with 
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1-3 alleles and loci with 4-5 (step and presence/absence) or 4-6 (presence/absence) alleles 

to look for possible effects of Felsenstein's long branches problem. 

Other analyses 

SDandG 

Because anatomy, shell morphology and ecology indicate that SD and G are 

distinct from other Lavigeria (Chapters 3, 4 & 5), I also analyzed these two groups 

independently. I was particularly interested in testing whether the cross-lake and cross

substrate patterns of divergence that I have observed in shell morphology (Michel et a1. 

1992) are echoed in the genetic relationships. Trees that included all the Lavigeria species 

together produced some unexpected relationships within the SD and G clades. I suspected 

that there was a kind of "outgroup torque" from retained ancestral polymorphisms in the 

control group (Farris 1978; Bowers et a1. 1994) that may have confused intra-clade 

relationships. I isolated the SD and G populations to see if within clades the relationship~ 

met predictions more clearly. I was able to use the step matrix data in a PAUP branch

and-bound search because these analyses included fewer taxa. 

Character Evolution 

I used the neighbor-joining tree as a baseline for exploration of other characters of 

each of these populations which might have been involved in their divergence. For each 

sample I coded the following characters (shown in Appendix F): 

"'species - the descriptive classification of each population by shell morphology 

*substrate - whether found predominantly on sand, rock, stromatolites, or rock 
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and sand. Animals found only on rock are expected to have more highly 

subdivided population structures and thus more divergence within a species 

(Michel et al. 1992). 

*side of the lake - east or west side. Because the lake was formed by rifting along 

the axis headed by the Ruzizi River, the rocky substrates of the east and west sides 

have always been separated by an extensive delta and marsh area. The depth and 

anoxia of the center of the lake makes it unlikely that populations on the east and 

west sides could have crossed without a littoral corridor. A deep water corridor 

may have existed in the past, although shallow water corridors were unlikely at 

across the axis of the rift (Cohen pers. comm.). 

*section - a further subdivision of the east and west sides by their major changes 

in substrate (Michel 1992). These sections are: Malagarasi River to Ruzizi River 

(Tanzania & Burundi), Ruzizi River to Baraka (Zaire), Baraka to Milila Island 

(Zaire), Zambia (single site). 

*basin - the northern, central, or southern bathymetric basin that would have 

included that site at times of lowered lake level. 

*reproductive strategy - ovoviviparous or oviparous 

*depth of distribution - predominant depth of distribution, shallow or littoral (0-
, 

6m), shallow-middle or sub-littoral (O-mx), deep or profunda I (10-50m). 

I tested the fit of each of these characters with the trees resulting from each 

analysis by bootstrapped randomization of character states (W. Maddison pers. comm.). 
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For example, I generated a data set of the species character states for each population, 

then replicated that character set 1000 times and randomized the character states in all the 

replicated sets. I then used MacClade to determine the number of steps each character 

used on each tree. The prediction is that if the real character states (not randomized) are 

related to the genetic relationships, they will map onto the tree with significantly fewer 

steps than the randomly generated characters. For the example of species designations, 

this method gives an indication of the overall effectiveness of morphology in predicting 

genetic relatedness. Because the species are associated with substrate, depth, and 

reproductive differences, not all of these variables are independent. 

Treelength and the Informativeness of Shell Morphology 

If the length of a tree proposed to explain a hypothesis of relationship is much 

shorter than most of the random trees of the same number of taxa, with treelength 

measured from the same data set, does this provide support for the hypothesis? Standard 

statistical tests often say that if a pattern falls in the 5% tail of a distribution of all possible 

patterns, we can reject the null hypothesis that the pattern was generated by random 

chance alone. I compared the treelengths from the each phylogenetic analysis, from 

predictive trees that I generated to express a proposed hypothesis with the distribution of 

treelengths of 10,000 equally probable trees. I based all tree length calculations on the 

presence-absence data set. The randomly generated trees ranged in treelength from 395 

to 470 (Fig. 4), although the real tails of the distribution extended far on either side. My 

expectation was that I might discriminate between hypotheses by showing that the less 
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likely hypotheses fell within the 95% distribution of random trees and those that were 

better supported were in the 5% tail. However, essentially all of the trees I generated fell 

in the extreme tail of the distribution of treelengths, even those trees that proposed unlikely 

or somewhat contradictory relationships. Thus, I used the relative treelengths to indicate 

which tree fit the data better rather than using a comparison with random trees. Shorter 

trees are better hypotheses of the relationships expressed in the electrophoretic data. 

Within and Between Population Genetic Differences 

Using a subset of populations and loci (Table 7), I looked at the variation in alleles 

among individuals and populations. I chose this as a preliminary sample of the whole data 

set of 497 individuals in 46 populations sampled over 19 loci. This subset sampled loci 

with different numbers of alleles and populations that were not missing much data. I used 

Biosys to determine whether the populations were in Hardy-Weinberg equilibrium over 

all loci and by locus, whether there was heterozygote deficiency or excess by locus, and 

how heterogeneous the loci were over all populations. I also generated a UPGMA 

distance tree and a Wagner parsimony tree with Biosys to compare branching or 

evolutionary relationships in this subset of populations and species. 

Results 

The primary focus of this study was reconstruct phylogenetic history of Lavigeria 

and to determine how geography was correlated with relatedness. Because I was also 

testing multiple techniques of analysis, I present the results divided by analytical technique. 
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Within each grouping I discuss morphological and geographic information. Finally, I 

compare the results from the different analyses. The trees with the greatest 

congruence with morphology were based on frequency data. I will discuss these trees 

first. I will then discuss the results from the PAUP analyses which were based presence

absence, step, and polymorphic coding. The consensus trees were generally poorly 

resolved, although they all explained morphological variation better than random trees. 

AIl the results had a common basic tree structure of separation of TD and SD on 

one branch which I refer to as the tuberculate clade and the other species were variously 

resolved in a group which I refer to as the L. nassa group. Within the L. nassa group 

relationships among species vary by analysis. 

Neiihbor-joinini 

MOI:pholQiY 

The neighbor-joining tree (Fig. Sa) was the most consistent with predictions of 

relationships based on shell morphology. The tuberculate taxa, TD and SD, form two 

branches of one group that was separated from the other Lavigeria (because this analysis 

was based on similarity and not shared-derived characters I refer to groups and not 

clades). A population called TF90em16 fell out with this deep-water group which was at 

first surprising, but re-examination of the shells showed that' there were important 

similarities between this TF and TD shell morphology. The TFs had the typical dark 

purplish color and nodose, regular sculpture of TDs. In this case the initial species 

classification was misleading and was clarified by the genetic data. The other Lavigeria 
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fornied a large group within which there is separation of SL, SZ, and most of the G. fu 

each of these species the shell similarities extends between populations around the lake. 

Surprisingly, the FR and CR were not separated in this analysis, although morphometric 

work has shown non-overlapping variation in sympatric populations of these two species 

(Johnston & Cohen 1987). Earlier electrophoretic analyses by Kat (unpubl., reported in 

Johnston & Cohen 1987) reported fixed allele differences between sympatric FR and CR 

for the same loci I examined. 

My neighbor-joining analysis also united four different species (LCR, G, TM, TY) 

from the same site in Zaire (90em4&S, which differ in depth at the same location). This 

might indicate that there is hybridization between these taxa or that shell morphology i~ 

~onvergent among sites. Could the clustering of 90em4 populations be a result of missing 

data from these populations? G and LCR from other sites differed in GPI, and the 

populations from 90em4 both lacked data for this locus (Fig. Sb). However, in alleles for 

aCTa, XDH, PGMa, and CAT, the LCR population differed from the other LCR 

population (from Luhanga) and are similar to G from 90em4, so this pairing was relatively 

well supported. In contrast, the TY and TM pairing was weaker, being supported only by 

the similarity of GPT and MDHb. 

The neighbor-joining tree unites most of the G populations in a group, but adds 

LCRluhanga and CRstbemba to that branch. In one individual of LCR from Luhanga I 

found a radula typical of G, while the rest of the population I sampled had more typical 

Lavigeria radulae (Chapter 3), which is an independent indication that hybridization could 
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occur between G and LCR. CRstbemba is found on the same rock surfaces as LCR and 

G and could be related by hybridization. I have no independent reason for presuming or 

rejecting this possibility .. LCR is not found at Bemba and I did not sample CRstp from 

Luhanga, so I can not yet dissect the relationships between these two groups. This will 

be a focus for future work. 

Geowaphy 

There is little support for the idea that populations that are closer in current or 

paleo- geography are more closely related genetically. Patterns of relationship determined 

by geography were very weak (with the exception of the samples from 90em4 discussed 

above) and in general can be rejected based on the neighbor-joining tree. Populations 

were more closely related to other morphologically similar, but distant, populations than 

to cohabitants. Because the number of populations of each species was sometimes small 

(2 populations of LCR, 3 each of SL and TO, 4 each of SZ and CR) the probabilities are 

relatively high that the sites were ordered by proximity by chance alone, not by robust 

relationship. The species with a larger number of population sites were not well-ordered 

by geography (SD, G and the FR group including TM, TY, TFR). 

Within the G group, populations branched off in an order that can be interpreted 

in a weak geographic context. 90em13 is south of Kigoma on the eastern lakeshore. At 
.' 

times of lowered lake leve~ these two Tanzanian populations would have been in separate 

basins, but today are connected by considerable rocky shoreline. Continuing northward 

around the head ofthe lake, the next site is Luhanga, with 90eml to the south of that. The 
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northernmost Zaire population is more similar to the Tanzanian populations than to th~ 

more southern Zaire populations. This could be a function of existing or paleo-shoreline 

connections along the north side ofthe lake. Because G is not found along the intervening 

shoreline of Burundi between Zaire and Tanzania, the contact might well have been by 

paleoshoreline. (In the 1940's G was found in southern Burundi. It is not known whether 

G is not found in northern Burundi because of extinction or because they never colonized 

the rocky habitats there.) By direct distance, the more southern Zaire populations are 

closer to the Tanzanian populations than either is to the northern Zaire populations. They 

also would have had a paleo-shoreline connection to the Tanzanian coast along the 

southern end of the basin. However, because the more southern Zairian populations are 

not closely related to the Tanzanian populations, it seems that paleo-shorelines or cross~ 

lake distances have not influenced their dispersal. G is the largest Lavigeria. It has very 

large juveniles that are competent when they hatch, so it is not likely that they are passively 

transported (pers. obs.). This species is the most physiologically sensitive and probably 

requires littoral, hard substrate connection between habitats. The G population from 

90em4 occurred on a separate branch, although it is geographically close to 90eml. If the 

similarity among species from 90em4 is due to hybridization, original patterns of 

relationship may have been obscured by introgression. 

Within the SL group there was no correspondence of proximity with relationship. 

Bar~ka is farther from km29 along existing shorelines and also by straight line distanc~ 

than it is from Bemba. Along existing shorelines, B.emba occurs between Baraka and 
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km29, but their genetic relationships place the latter two together with Bemba basal to 

them. Cohen (pers. comm.) suggested that, since the northernmost end of the lake was 

probably dry in the late Pleistocene, the relationships between populations may be the 

result of relatively recent recolonizations from another point source to the south and not 

indicative of divergence in situ. 

Within the SZ group the two most closely related populations are also closest i~ 

space (Kigoma and 9Oem27), followed by the next site to the south, (90em18). The Zaire 

population (Bemba) was an outgroup to all the Tanzanian populations, and most 

genetically divergent from the Kigoma population which was closest to it by shoreline 

distance. 

Within TD, the two Zaire populations that are close to each other, (90eml&3) are 

more similar to each other than to the population across the lake in Tanzania. The two 

Zairean sites are so close that this is not a fair test of geographic and genetic divergence 

in this group. 

Within SD, there seems to be no relationship of genetic similarity with geography. 

Populations that are geographically close are on separate branches within the SD group 

(eg. 9Oeml&3, Luhanga & Bemba) or separated by other populations (km115 and km29 

separated by Bemba). This may have an explanation in either the age or mode of the 

radiation. This group is consistently distinguished from other Lavigeria in all analyses, 

which may indicate that it branched off early from its relatives. Its biogeographic history 

may have been erased either because there have been multiple dispersal events with 



115 

introgression that masked original relationships, or there has been independent evolution 

in isolated populations which has created a "long branches" problem for phylogeny 

reconstruction. 

Overall, the evidence for similarity within species by geographic distance is weak 

in the neighbor-joining tree. This tree does point to some regions where further 

investigation may expose more about the biogeographic history of each group. 

Character Evolution and the Neiihbor-Joiniml Tree 

Characters mapped onto the neighbor-joining tree showed that the biological 

characters of species, substrate, depth, and reproductive mode all correlated well with the 

hypothesized evolutionary relationships (Fig. 6a-d). Geographical characters of lake side, 

section and basin were independent of the tree; the correct character states were no better . , 

than random in the number of steps on the tree (Fig. 6e-g). Table 4 shows the number of 

steps needed for the correct character designation to be mapped onto the tree compared 

with the mean and standard deviation for the randomized character. Species designation 

showed the greatest difference between correct and random designation (Fig. 6d, Table 

4). This indicates a close fit between species and genetic difference. The other two 

characters that map parsimoniously onto the tree, depth and reproductive mode, are 

correlated with morphology, which might explain their close fit to the tree. 

FreqPars Analysis 

The parsimony analysis on frequencies produced two large clades that correlate 

only with very broad morphological similarities, the tuberculate clade including TD and 
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SD and the fine ribbed clade including SZ and FR (Fig. 7). Within each of these two 

clades, there was some separation by species. In the tuberculate clade, the TDs formed 

a terminal clade, while the rest of the SDs were arrayed as a paraphyletic group. In the 

larger Lavigeria clade, the species with fine ribs that are found on rocks, FR, TY, FRY, 

and SZ were united. Otherwise, the rest of Lavigeria occurred as largely separated 

branches with occasional pairs of populations of similar morphology (CR Uvira & km55; 

km22 & SCR Bemba) or from neighboring sites (LCRLuhanga, CRstpBemba & 

SLBemba; LCR90em4 & G90em4) occurring as each other's closest relatives. 

Geoi£aphy 

Geography was not a major determinant for explaining the FreqPars tree. The 

Tanzanian SZ populations form a unified clade, where members branched off relative to 

their geographic relationships, as in the neighbor-joining tree. Surprisingly, the Zairian SZ 

population from Bemba was more closely related to the larger of the fine ribbed species 

in this analysis, the FR group, than to the remaining SZ populations. It is closer 

geographically to the FR from Burundi (km29) than to the SZ from Tanzania, but both are 

very distant from the Zambian populations. 

Within the TD clade, the two populations from the Zaire coast, 90eml&3, were 

most closely related to each other with the Tanzanian population from Kigoma basal to 

them. Within the SD group, there was little indication of relatedness determined by 

geography. 
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PAUP 

Heuristic searches using PAUP produced many equally parsimonious trees. Table 

7 summarizes these results on the different character co dings. The PAUP trees in general 

were not correlated with geography, so I will concentrate on their morphological 

informativeness. 

Step Matrix Codini 

Parsimony analysis of data coded in a step matrix produced 2077 trees in two 

islands. Strict consensus of all the trees united all SD in one polytomous clade, TD in a 

resolved clade, and several pairs of other Lavigeria(Fig. 8a&b). Otherwise, the strict 

consensus remained unresolved. Relaxing the consensus criteria to 50% majority rule 

produced a tuberculate clade including all SD and TD, each in separate branches, and 

TF90em16, which branched offbasally on that clade (Appendix G:b). It also united all SZ 

in a clade that is nested in a group largely made up of fine-ribbed populations. Six other 

populations occurred in pair-wise combinations with the relationships between these 

groups and the remaining single populations poorly defined. 

Island # 1 in the step matrix coding (1508 trees) definitively resolved the clades of 

SD, TD and their combination as a tuberculate clade with TF9Oem16 (Fig. 8a). This island 

also extracted a llfine-ribbedll group with two fine-ribbed taxa paraphyletic to the united 

clade of SZ. Island #2 (569 trees) resolved relationships within SD as one clade, then 

combined them with SZ as a sister group instead ofID as in most other analyses (Fig. 8b). 

TD were united, but as a floating, unresolved Lavigeria subgroup. Six other pairs of taxa 
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were supported on this island, but their relationships with the remaining taxa were not well 

defined. (50% majority rule consenses for islands #1 & 2 are shown in appendix G:c&d). 

Presence/Absence Codini by Allele 

Data coded as presence/absence by allele for 36 populations produced 60 trees in 

two equal-sized islands. The consensus of all trees resulted in one robust clade of 

tuberculate taxa, with two separate branches for SD and TD (Appendix H:a; Fig. 8c&d)'. 

TF90em16 was not part of this clade. The rest of the Lavigeria populations formed a 

poorly resolved group, with eight pairs of populations in the majority rule consensus. 

There was consistent association between CR and SL samples. This coding seemed to be 

sensitive enough to pick up the major differences between the tuberculate clade and the 

others, but failed at distinguishing more subtle differences between less differentiated 

Lavigeria. 

Island #1 was fairly structured (Fig. 8c). Relationships within the SD clade were 

resolved, but did not correlate with geographic distances. Most of the CR and SL 

populations were closely related, except CR22 and SCRbemba. The fine-ribbed group 

including FR, SZ, TY, TM, TF and TYF, was poorly resolved. Island #2 (Fig. 8d) had 

a distinct clade for SD and TO with TF9Oem16 and TYF90em5 inserted basally. The rest 

of the Lavigeria were poorly resolved, with 5 populations occurring as branched pairs. 

(Consensuses for all presence/absence trees and majority rule for each island are shown 

in Appendix H). 
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Presence/absence data for all 46 populations (including 10 that had many more 

missing values) produced 336 equally parsimonious trees. Strict consensus produced clear 

sister clades for SD and TD, with other Lavigeria relationships generally poorly resolved 

(Appendix I:a). Relaxation of the consensus requirements to 50% majority rule produced 

a clade ofSZ populations (Appendix I:b). This SZ clade was retained in majority rule on 

both islands. There were also several "messy" clades. One of these is SL which included 

one CR, with other CR as a sister group. This relationship might be explored further, 

since SL and CR are both found on soft substrate. There was another group that could 

be described as a "largeLavigeria" clade that included LCR and G and one FR. The fine

ribbed samples were scattered, unresolved, in the rest of the tree. 

The first island of 192 trees was found easily and repeatedly in several different 

searches that 1 ran, each starting with a different seed. But the second island of 144 trees 

was found only on the 544th replicate of one of the random addition searches. This island 

of trees seemed to somehow be camouflaged from the search, off in a "corner of 

treespace" (if such a thing can exist). The consensuses from the first island are very similar 

to both the strict and majority rule consensus trees for all trees (Appendix I:c-d). The 

second island differed in that the SL clade is split, and a group of SZ took its place as a 

sister group to a pair of CRs (Appendix I:e-f). 

Overall, the presence/absence data produced trees that were comparable in their 

resolution to the trees in the step analyses. The consensuses of all trees were more 

resolved for the tuberculate clade than in the step analysis. Presence/absence data is much 
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faster to analyze and so may be preferable to step coded data. 

Polymorphic Codini by Locus 

Coding the locus as a polymorphic character produced a very large number of 

trees. I aborted the search on 36 taxa after it had found 7174 trees in a single island. The 

strict consensus of these trees was almost completely unresolved, with only the three TD 

populations united in a clade and four other taxa occurring in two branched pairs (Fig. Be). 

Surprisingly, the SD clade was not present in this tree, although in other analyses it was 

consistently present. The majority rule consensus was, of course, more structured (not 

shown). SD formed a relatively well supported clade (at 94%) with SZ (including an FR 

population) as its sister clade. A well-supported group (92%) of G were united, but 

included one LCR from Luhanga. Radular evidence (discussed above and Chapter 3) and 

repeated relationships in the electrophoretic data suggest that some LCR Luhanga may 

occasionally be hybridizing with G. In a search on the complete sample of 46 taxa, PAUP 

found 12,000 equally parsimonious trees in a single island before the computer ran out of 

memory. Needless to say, this polymorphic coding did not produce enlightening 

consensuses on relationships among the taxa. 

Felsenstein's Loni Branches Problem 

Do characters with fewer character states create trees that have more homoplasy? 

Analyses on step and presence/absence data showed that data sets limited to loci with 1-3 

alleles produced an enormous number of trees whose consensus was very unresolved, 

while loci with 4-5 alleles produced fewer trees whose consensus was much more 
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structured (Fig. 9a-d). There was no indication that the 1-3 allele data set created 

unexpected pairings that were based on random convergence of character states, but thi~ 

might explain the lack of resolution in the strict consensus tree. It is interesting to note 

that for the 4-5 allele data set the step data produced a more structured tree than did the 

presence/absence coding (Fig. 9b&d) whereas for the 1-3 allele data set the opposite is 

true. This is unusual also because in both these cases the number of trees found was 

weater for the searches that produced the more structured consensuses (Table 5). I was 

able to run an analysis of loci with 4-6 alleles for the presence/absence data (but not the 

step data because of matrix limitations in PAUP), which resulted in the most structured 

tree of all (Fig. ge). This leads me to conclude that in analyses of the complete data set 

the relatively more structured results from the presence/absence coding were the result of 

additional information from the six-allele loci (OCT, PGM) and concomitant decrease in 

resolution of the step analyses from the loci with few character states. 

The Separate Clades - Tuberculate group and G 

A branch-and-bound search of step data from a1114 populations of the tuberculate 

species, SD and TD, resulted in 12 trees. SD and TD formed separate clades, with good 

resolution of relationships among the TD populations and no resolution of relationships 

among the SD populations. The strict consensus united all the TD in one clade with the 

two northern Tanzanian populations on one branch and the more southerly Tanzanian 

population united in polytomy with the two Zairian samples from across the basin (Fig. 

lOa). The sill that forms the boundary between the northern and southern basins connects 
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these two sampling areas. It is possible that they are more similar due to a paleoshoreline 
, 

connection, although cross-lake connections are not strongly supported by existing 

biogeographic evidence (Chapter 5). The tuberculate species are more likely to be able 

to use sublittoral corridors because the have a greater depth tolerance. SD were 

completely unresolved in strict consensus. The majority rule consensus weakly united two 

geographically distant populations of SD and also united the two Zairian TD on a branch 

(Appendix J:a). The two islands of trees were not more informative on possible 

geographic similarities. The island of 11 trees weakly resolved some relationships between 

SD and supported the relationships amongTD shown in the general consensus (Appendix 

J:c-d). The single tree of the second lIislandll united several pairs of SD that are not 

geographically close and maintained the TD grouping (Appendix J:b). 

The SD group had fur more character state changes between branches than did the 

TD group (Fig. 5). Perhaps this is indicative of an older radiation that has erased the 

traces of its phylogenetic history (and resulted in an unresolvable biogeography as well, 

Chapter 5). The SD group may be genetically diversified enough to contain evolutionarily 

distinct lineages, or species which have retained a similar morphology and so are difficult 

to detect. The TD clade, by comparison, might be younger, and its geographic divergence 

pattern still discemable in its genetic relationships. 

A branch-and-bound search on step data for ten G populations resulted in 33 trees 

with surprisingly little structure. The strict and majority rule consensus were identical, 

indicating that there was little resolution in any individual trees (Fig. lOb). LCR did not 
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segregate out as a separate clade. There were two polytomous subgroups. Within these 

there was no discemable similarity due to geography or morphology. Clearly the 

electrophoretic information for G is not very informative on relationships. Only in the 

neighbor-joining analysis was the structure of G relationships interpretable based on 

morphologic or geographic criteria (Fig. 5). This might mean that lineage-sorting has 

obscured relationships in this group, perhaps because the G species has evolved relatively 

quickly. 

Comparisons Cross-lake within Species and AmoDl: Sympatric Species 

I ran specific cross-lake comparisons on the same gels among sites for each of the 

species SD, TD, G, SL, and CR. In this section I included results of differences in loci that 

were not kept in the final data set because they were not consistently reliable (e.g. Adkin, 

ESTb). The results for the comparisons of the tuberculate species, SD and TD, are 

remarkable in the number of different alleles that vary between sites (Table 6, Fig. 11). 

The other Lavigeria were generally less variable among sites, which lead me to anticipate 

that there would be clear differences between the species in the fmal analyses. This 

prediction was not borne out. (Other populations of these species were run on different 

gels with the controls). 

Comparisons of sympatric populations of different species on the same gel 

produced some clear differences (Table 6). This also lead me to (mistakenly) expect that 

there would be robust electrophoretic differences between the species in the final analysis. 
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Treeleniths of Ideal trees - MOl:pholoiY and Geo~rapby 

I constructed an ideal tree where the relationships were determined only by shell 

morphology (Fig. 12a). Relationships within the clades between populations were 

unresolved; each clade was polytomous, as were the relationships between clades. I 

calculated treelengths based on presence/absence data over 1000 random resolutions of 

the polytomies. Treelengths ranged from 319 to 354. 

I then constrained the ideal tree so that relationships within the morphologically 

defined clades were consistent with geographic proximity (Fig. 12b). Relationships 

between the clades remained unresolved except that I separated the tuberculate clade (SD, 

TD and TF90emI6). Anatomical and conchological evidence is strong that they are a 

separate group. Treelengths ranged between 330 and 344 steps. Adding one more level 

of constraint I proposed relationships between shell species based on combined criteria of 

shell similarity and habitat (Fig. 12c). Treelengths ranged between 329-335 steps. 

Because both the mean and variance in treelengths decreased with each constraint, these 

constraints may correlate with the increasingly parsimonious explanations of the 

electrophoretic data. 

I also explored whether sympatry is m<?re indicative of relationship tha~ 

morphology. In several hypothetical trees I grouped populations solely on the criterion 

that they came from the same site, regardless of species. The first site tree (Fig. 13a) 

maintained the separate tuberculate group, ordered the populations by geographic 

proximity in a ladder-like arrangement along the cladogram, and united sympatric species 
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in single branches. The treelengths ranged from 386 to 400 for 1000 random resolutions 

of the polytomies. In the second tree (Fig. 13b) I grouped the populations by geographic 

are~, so that there were separate clades for the samples from Burundi, northern Zaire, 

southern Zaire, Tanzania, and Zambia. The range of treelengths was decreased by two 

steps, going from 384 to 398. In a parallel pair of trees I did not maintain the separation 

of the tuberculate clade, rather I added the tuberculate populations to the branches of 

sympatric species or along the ladder according to their geography (Fig. 13c&d). 

Treelengths were longer, 400-445 and 403-447 for the minimum and maximum geographic 

groupings respectively. This gives electrophoretic support for the separation of the 

tuberculate clade, as indicated in independent analyses of anatomy, radulae, and shell 

morphology. 

Species Mappin~ on the Different Trees 

To assess the relative correlation of the trees with species designation, I used the 

technique of comparing the number of steps for a character to be correctly mapped on to 

the tree compared with randomized character states. This is the same bootstrap technique 

that I used for other character states as well (see above). Mappings onto the polytomous 

strict consensus trees will automatically be shorter than for a fully resolved tree, so I 

compared the majority rule consensus trees from the PAUP analyses with the neighbor

joining tree. I found that the shortest mappings on non-polytomous trees were for the 

neighbor-joining tree and one island consensus of the presence/absence trees (Table 6). 
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All of the trees required fewer steps by :fur for the correct species mapping than needed by 

the random character states. 

The Decay Index as a measure of Tree Robustness 

I used the decay index (Bremer 1988) to measure the stability of the PAUP trees 

based on the presence/absence and step data. It was meaningless to determine a decay 

index for polymorphic data because the initial search produced an inordinate number of 

equally parsimonious trees (the search stopped at 12,000 trees because of memory 

limitations) with a highly unresolved consensus. The decay index is calculated by 

producing strict consensus trees of all the trees at (minimum treelength+l), (minimum 

treelength+2), (minimum treelength+3) in order to determine where the clades fall apart 

as evidence is subtracted. This indicates how robust a particular clade is to changes in the 

data. 

Neither of the parsimony trees were very robust to changes using this measure. 

For presence-absence data the internal structure of the SO clade decayed at one step from 

the minimum (length =< 278, minimum was 277) and two pairs of CR lost their common 

branch (Fig. 14b). One more step (length =< 279) caused the SO clade to completely 

decay into polytomy with the other Lavigeria (Fig. 14c). Only the clade of three TO 

populations and the pair of SL populations remained robust to this level of decay. One 

further decay step (length =< 280) left the whole group of samples in polytomy except that 

the TD clade remained separate, though it became internally polytomous (Fig. 14d). The 

decay pattern of the step data was slightly different. The initial minimum length tree (200 
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steps) was less structured than for presence/absence data (Fig. 14e), with all SD 

polytomous and the TD group separate on a separate branch. One step from the minimum 

(length =< 201) the tree did not change. Two steps from the minimum (length =< 202) 

, 
the SD clade collapsed as well as two of the paired populations, leaving only the TD clade 

and SL pair (Fig. 14d). Both decay indices indicated that the resulting trees are derived 

from small differences in the electrophoretic data and not very robust to changes. 

Within and Between Population Genetic Differences 

In examining the individual genotypes in a subset of the complete data set (fable 

10) I found that the populations generally did not deviate significantly from Hardy-

Weinberg equilibrium when calculated over all loci (fable 11). However, the standard 

errors in this measure were very large, indicating that some of the loci were out of H-W 

equilibrium. On a population basis, tests for H-W equilibrium for each locus pinpointed 

which loci deviated. Tests for heterozygosity showed that this was most commonly due 

to homozygote excess (in 13 out of 22 comparisons, Table 12). These unusual patterns 

could be explained by either population genetic structure or selection (lstock pers. 

comm.). There may be lack of outcrossing or highly inbred lines. This would be easy to 

explain if these animals reproduced by selfing, but sex ratios in all the populations of 

Lavigeria that I have examined (Michel unpubl. data) was close to 1: 1, males were 

actively producing sperm, and occasionally I found spermatophores in the spermatophore 

bursa. If these animals outcrossed but were extremely sedentary, they might simply be 

extraordinarily inbred. At this point it is difficult to assess this possibility because there 
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is evidence both ways on this. It is perhaps belaboring the obvious to suggest that snails 

are, by nature, not fast dispersers, especially those like Lavigeria that are sensitive to 

substrate differences. Because the babies are relatively large and competent when they are 

born, their early ontogeny is not likely to be a major dispersal phase (Chapter I). There 

may be divisions of populations into demes that are largely reproductively isolated from 

each other, although they inhabit what appears to be a fairly contiguous habitat. This is 

especially true for the hard-substrate species that live where there is sand in between 

neighboring rocks. This kind of population division may occur in ostracods in Lake 

Tanganyika (Cohen & Johnston 1987). However, my mark-recapture data shows that 

even the species in deep water occasionally travel long distances relative to their body size 

(10m in 6 months, E. Michel unpub. data). These animals live at least several years (E. 

Michel unpub. data), so there are possibilities for dispersal between populations by 

accidental or passive means as well. Yuma (1987) suggested that CR" a sand dwelling 

species, dispersed frequently based on his mark-recapture study at Bemba. Population 

sizes for these snails are not documented. Some species like FR live at high densities 

where populations could easily be in the 10,OOOs if there is interbreeding between rocks, 

whereas others like SD are found isolated on rocky patches with only perhaps 10 

conspecifics on contiguous hard substrate. 

An alternative explanation for the unusual genetic results is that there may be very 

strong disruptive selection acting on traits that are linked to specific alleles (C. Istock pers. 

comm.). This is also an unlikely explanation as these loci code for a range of metabolic 
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proteins that are unlikely to all be the focus of great selective differences between 

populations, many of which occur in roughly comparable habitats. 

The UPGMA tree produced by Biosys indicated a level of similarity among 

populations and difference among species that was on the order of species level differences 

and followed predictions of relationship from shell morphology (Fig. 15a; D. Rowell pers. 

comm.). Species pairs occurred together. SZ and FR were on one branch that could be 

characterized as the "Fine-ribbed rock-dwelling" branch. However the Wagner tree split 

the SZ populations, putting them on separate branches, one with G and the other with SD 

(Fig. 15b). This contrast between parsimony and clustering results on individuals parallels 

the analyses on the population level. This may be explained if ancestral polymorphisms are 

retained in divergent populations (Archibald 1993). 

Although the species show different patterns of electromorphs and there are some 

"almost" fixed differences between species, this study found no "private" alleles, or alleles 

that ,are unique to one species (fable 10). This means that it is likely that there has been 

some genetic exchange or lineage sorting between species. There are other indications of 

possible hybridization discussed in Chapter 6. However, there are distinctions between 

the populations that are evident in the raw data but may have been masked when all the 

data was combined. The lack of truly private alleles may be a function of an overly 

conservative reading of the gels. I diagrammed the branching relationships indicated by 

the results of several of the electrophoretic runs among SD and TD populations (Fig. 11). 

They indicate clear distinctions between the populations being run next to each other. In 
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most of the electrophoretic runs the species were clearly different from the controls and 

from other species, and included fewer differences among populations from the same 

species. But these differences were not manifest in the final analyses (especially for G). 

I predict that future work will show that this is an experimental artifact. 

Discussion 

This study has shown that the Lavigeria radiation has a bimodal genetic structure 

wherein some lineages are genetically poorly differentiated yet morphologically diverse 

(the ''L. nassa" group) and others are genetically relatively diverse, yet morphologically 

conservative (the tuberculate clade). This pattern is similar to other endemic radiations 

in rift lakes. The rapidly radiating cichlids of Lake Malawi (Moran et aI. 1994) and the 

more ancient lineages of Lake Tanganyika (Sturmbauer & Meyer 1992) are local 

counterparts. There is also a morphological parallel in the Miocene radiations of the 

thiarid gastropod Melanopsis in the Panonian Paratethyan basin (Geary 1990, 1992). One 

branch ofMelanopsis is highly morphologically variable and results in a diverse radiation 

(M. bouei), while the other is conservative and remains morphologically consistent through 

time (M. impressa, Geary 1990). Further work on DNA sequence divergence may provide 

a more sensitive measure of how the relative ages and patterns of diversification of the 

Lav!geria clades compare with these models from other endemic radiations in ancient 

lakes. Comparative data from aU these taxa will equip us to address the underlying causes 

of different patterns of diversification in endemic organisms. 
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I began with the initial questions of how many separate lineages there are in the 

Lavigeria radiation and how do the genetic lineages correspond to morphological 

differences. This study indicated that there are at least four genetically distinct lineages 

(SD, TD, Sz, and the ''L. nassa" group), but has not rejected the possibility that there are 

as many as 10-12 lineages that correspond with shell species and that there may be 

morphologically cryptic species embedded in the SD group. These results are in contrast 

to Leloup's (1953) classification of Lavigeria as one hypervariable species. I have shown 

that there is a genetic signal encoded in morphological differences that indicates some 

species level differences. However, this signal is complex and was not clearly delineated 

by my electrophoretic results. The pattern of genetic variability in this group does not 

conform to standard definitions of species as completely isolated genetic entities. As a 

species flock, it is more accurate to apply a "metaspecies" description for some of its 

components. Morphological differences indicate genetically unified, but perhaps not 

isolated, groups of animals, which I am referring to as species (further discussion in 

Chapter 6). 

This pattern of fuzzy species boundaries is expected in a species flock and may be 

the result from either recent common ancestry and lineage sorting that leaves shared 

ancestral polymorphisms, or retained ability to hybridize that creates current genetic 

reticulation. It is possible that the species had independent evolutionary trajectories in the 

past, and diverged by standard allopatric speciation processes (Mayr 1963). If that is the 

case, these species have a recent history of reticulation with other Lavigeria that has 
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clouded our ability to reconstruct phylogenetic relationships between them. Alternatively, 

Lavigeria species are likely to have been derived from ancestors that were genetically 

polymorphic, since this kind of variation may be typical of thiarids in general. Each species 

may be retaining considerable allele polymorphism as pleisiomorphic traits. This will 

complicate phylogeny reconstruction (Moran & Kornfield 1993). An endemic radiation 

of sympatric animals is the kind of system that will contain conflicts between gene trees 

and species trees and will require information from a number of independent data sets to 

untangle the evolutionary relationships. 

Shell morpholoiY and Genetics 

The first hypothesis I set out to test addressed the relationship between genetic and 

morphologic divergence on the species level. I mapped morphological characters on the 

trees produced from allozyme data. The morphologic signal was clear in some of the 

branches of the genetic trees, and obscure in others. The tuberculate SD and TD have 

distinctive dark shells with tuberculate, regular sculpture and consistently formed a 

separate clade from the other Lavigeria in all the phylogenetic trees. In Chapters 3 & 4 

I show that SD are distinctive in radulae and soft-part anatomy as well. The association 

of TF90em16 with the other tuberculate species which it resembled in several key 

characteristics lent support to the idea that shell morphology indicates genetic relationship 

in this clade. ID and SD were robustly separated in the analysis and have distinctive shell 

shapes from each other. One population ofID (TDS90em3) was characterized by a range 
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of unusual light colors, ranging from white to cream with purple stripes, yet it also fell 

distinctly within the TD clade and had the typical TD shell form and sculpture. 

Within the "L. nassa" clade some of the species formed subclades in several, but 

not all, analyses. Interestingly, these sub clades contained species with clearly differentiable 

shell morphologies, like SZ and G, that are distinct based on shell size, shape and 

sculpture. Within the SZ clade the sister group relationships were relatively stable. The 

G clade was not strongly supported except in the neighbor-joining tree although its radular 

morphology and habitat specificity separate it clearly from other species (Chapters 3, 4 & 

5). There was a tangle of relationships among the FR and CR group of populations which 

might be reflected in the shell morphology on closer examination. Although FR and CR 

are generally distinctive in shell morphology, there are instances where their differences 

in shell sculpture intergrade and their shell shapes are often similar. Furthermore, these 

two species definitions both encompass the greatest range of morphological variation in 

different populations and may be overly inclusive, including unrelated lineages. Because 

FR is a rock-dwelling species and CR is found on sand, I would have predicted that these 

two species would have the most genetic differences, not the fewest. Among cichlid fishes 

in Lakes Malawi and Tanganyika, species and genera that occur on different substrates 

vary twice as much in their DNA sequences as those on the same substrate (Bowers et al. 

1994; Franck et al. 1994). LCR showed signs of being allied to both G and the FRlCR 

group. Perhaps this group is hybridizing at some sites like Luhanga and not at others. My 

work on radulae and soft-part anatomy reveals similar patterns of distinction of the 



134 

tuberculate species and G from an overlapping group of the other Lavigeria species. In 

answer to the first hypothesis posed in the introduction, shell morphology does correlate 

with genetic relationship, but not with the one-to-one correspondence predicted. 

Genetically determined clades in this study were generally united by having a 

common morphology rather than common location. Thus, morphological similarity is not 

a result of ecological convergence, as may be the case for some Malawi cichlids. 

Furthermore, there is a better fit between the electrophoretic data and the ideal 

"morphological trees" than the ideal "site trees". However, there is evidence that 

hybridization may be occurring at some sites. In particular, at 90em4 there is an indication 

of closer similarity between species than at other sites. It would be useful to investigate 

this further, to see if at some places sympatric species are more likely to remain separate, 

whereas at others conditions are conducive to hybridization. This kind of local 

iIJ,trogression has been documented in widely sympatric species of the pulmonate snail 

Mandarina (Chiba 1993). Fossil evidence indicated that although the hybrid zones have 

not existed throughout the history of these two species, they have persisted for long 

periods oftime (10,000 years) and have been an important source of phenotypic variation 

for further mosaic evolution of shell characters in some lineages. In can ids it is known that 

introgression among species occurs in areas of fragmented habitats, whereas in large 
, 

undisturbed habitats the species remain separate. Furthermore, introgression between two 

normally separate species such as wolves and jackals may be facilitated by the presence of 
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a "promiscuous" third species such as domesticated dogs. I suspect that this situation 

maybe analogous to what happens among some Lavigeria species. 

There are groups of snails that are closely related and sympatric in distribution 

where the shell morphology is a reliable indicator of species differences. Ponder & Clark 

(1990) found that canonical analysis of shell characters had a 100% discriminatory ability 

for anatomically-verified, sympatric species in the freshwater gastropod genus J ardinellla~ 

Katoh & Foltz (in press) found that shell characters paralleled electrophoretic 

discontinuities at the species level in the freshwater gastropod Viviparus. 

Shell characters as indicators of depth of diver~nce 

The second set of hypotheses that I tested asked whether there are particular shell 

features that correlate with deeper branches of the cladogram, versus those that explain 

shallower branches. I found four levels of conchological differences in this study: 

1) shell microstructure and correlated aspects of color and regularity of sculpture 

indicated the deep divergence of the tuberculate clade. 

2) shell shape defined species and roughly correlated with some, but not all, 

genetic differences 

3) shell sculpture and shape often varied among populations within a species on a 

relatively limited level. In earlier work (Michel et al. 1992), I found that shell 

sculpture distinguished species from each other on a broad scale, while subtle 

differences in shape characterized population differences. 

4) shell color varies among local populations. 
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The suite of shell characters that typify the tuberculate clade are good indicators 

of this relatively deep branching event. These characters, discussed above, are primarily 

in the sculpture (very regular tuberculae or nodes) and texture (smoother surface than 

other Lavigeria). West & Cohen (1995) found that the tuberculate species SD had a shell 

microstructure comprised of two crossed-lamellar layers in contrast to FR and CR which 

had three layers. This might contribute to the different sculptural and textural aspect of 

these shells. Algae grows differently on shells of different species, sometimes lushly, 

sometimes sparsely, on animals living at the same sites, which might be an indication of 

microstructural differences. I predict that we will find correlations between microstructure 

and shell form that indicate a suite of linked genes controlling these characters, as has been 

found for some aspects of shell thickness and form (Boulding & Hay 1993). 

There are two distinct sub clades, SD and TO, within this tuberculate clade that are 

separated by shell shape. In the "Lavigeria nassa" group, there is not Stich clean 

phylogenetic information in the shell morphology. In this analysis there was not enough 

resolution of subtle concho logical differences to determine if there is a correlation with the 

shallow branching events among the FR, CR, TY, and TM group. It was surprising that 

the G populations did not form a more consistent, tight clade because this species is very 

different in anatomy and radula as well as shell morphology. They can be reliably 

identified even as very small juveniles in the brood sac by their globose shape. Their 

anatomical distinction may be a clue to their evolution as an independent clade, so that this 

may be an example of analytical problems with the electrophoretic data. Alternatively, the 
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electrophoretic data for G may be indicating a misleading convergence in anatomical 

characters as the result of independent gigantism. My experience with this group makes 

me prefer the former explanation, but this conflict will only be resolved with further 

genetic data. 

Color, however, was not indicative of genetic divergence at a deep level. The 

IDS90em3 population, a striped beige group, was no more distinct from other IDs than 

the populations that are the common dark brownish-purple color that is standard among 

IDs. In CR and LCR populations there were individuals with white shells, in contrast to 

the usual browns and striped browns. These white individuals were indistinguishable from 

colored members of their populations in electrophoretic runs. However, since some 

populations show much more color variation than others and the genetic basis of shell 

color is known to be controlled by a small number of loci in many gastropods (Houbrick 

1988), the differences between lineages that are marked by color may be unresolvable by 

the electrophoretic techniques I used. 

Geo"raphic and chronolo"ic si"natures of relationships 

The third set of hypotheses asked whether the geographic signature of allopatric 

speciation was discernable in the genetic relationships among Lavigeria at either the 

species or population level. My analyses showed that, generally, there was little 

geographic pattern to the genetic relationships at either the population or species level. 

All the species had representatives in a range of sites around the lake. Neither the 

characters of lake basin nor major substrate-bound section of the lakeshore were 
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significantly shorter when mapped on to the neighbor-joining tree than on random trees. 

On the population leve~ only for the G group in the neighbor-joining tree was there a clear 

relationship between the populations that might be interpreted as a record of clockwise 

colonization of the lakeshore. But because this clade was not robust in other analyses, it 

is a weak argument. Population level biogeography is not informed by this electrophoretic 

study of Lavigeria in Lake Tanganyika. This, in tum, suggests that the radiation either 

predates the current basin configuration, or that dispersal after divergence events has 

swamped any phylogeographic signal. Fossil data could distinguish between these two 

hypotheses. If the robustness of the clades revealed in these analyses indicates the 

genetic coherence of the clade, and genetic coherence increases with the age of the group, 

then we may be able to make predictions about the relative ages of the species. Using this 

idea, the FR and CR group is the youngest, incompletely diverged both genetically and 

morphologically. These shell species may be paraphyletic and may encompass a number 

of independent lineages. Alternatively, these species may be undergoing extensive inter

morph hybridization. Electrophoretic data cannot distinguish between these historical 

differences in how the genes have been shared. The fact that G is also poorly distinguished 

from this group is enigmatic, since G has much different habitat tolerances, very distinctive 

shell morphology, different anatomy, characteristic embryonic shells, and yet is not clearly 

separable by genetics from FR and CR. I suspect that G may have been separated from 

the other Lavigeria for long enough that a suite of morphological distinctions have 

evolved but for some reason their genetic divergence has not kept pace. Alternatively, the 
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transition to gigantism in G might have been rapid, invoking a suite of changes in many 

characters that made the morphology misleadingly distinct from other Lavigeria, even 

though they diverged recently. There are analogous examples of this disjunction between 

morphological and genetic divergence in other rift lake endemics, such as the Mbuna 

cichlid fishes of Lake Malawi or Lake Victoria which are similar genetically but not 

morphologically (Meyer 1993; Bowers et at 1994; Moran et at 1994). The Tropheus 

cichlids of Tanganyika provide a counter-example, where there is tremendous genetic 

divergence that is belied by conservative morphology (Meyer 1993). Because the SZ 

populations were a separate clade in these analyses and encompassed many differences 

between populations, they may have branched off relatively early from others in the 

Lavigeria nassa group. 

Certainly the deepest branch within Lavigeria (as the genus is currently diagnosed) 

is the tuberculate group, TD and SD. This branching event may be the oldest separation 

in the genus. This clade was differentiable in all the analyses and was relatively robust to 

decay in examining trees of greater length. It is supported by differences in shell 

morphology, microstructure, reproductive mode, radulae, anatomy and habitat (Chapters 

3, 4 & 5). The separation between SD and TD is shallower and perhaps younger. These 

two species are distinguished primarily on shell shape, though other differences may be 

revealed with further investigations since there were no TD available for anatomical or 

radular studies. Their distributions are often sympatric, although their shell shapes are 

quite different. Because the TD group retained geographic ordering in the relationships 
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among populations, it may be younger than the SO clade. This should be tested by 

expanding the number of TO populations examined. Within the SO clade there was little 

order to the branching between populations, which might indicate that this group radiated 

a very long time ago and subsequent evolution or dispersal has overprinted biogeographic 

patterns of genetic relationship. 

There is a similarity in the overall pattern of genetic diversification of the 

Tanganyikan Lavigeria gastropod radiation and the cichlids of Lake Malawi which was 

interpreted to indicate different ages of the radiation (Moran et aI. 1994). Moran et al. 

(1994) found that among species and genera of cichlids there are some lineages with 

minute genetic differences but many morphologically distinctive species that produced 

poorly resolved branches on a genetic cladogram. These were interpreted to be recent 

radiations. This is similar to the pattern in the ''L. nassa" clade. Other lineages of cichlids, 

referred to as oligotypic, were both morphologically and genetically distinctive but 

encompassed few species. These were interpreted to be older radiations. This parallels 

the pattern in the deep-water clade. The populations within SO were unexpectedly 

different from each other in the genetic analyses, indicating a group that is morphologically 

conservative and yet genetically diverse. In Lake Tanganyika, the cichlid genus Tropheus 

is also genetically diverse and morphologically conservative (Sturmbauer & Meyer 1992). 

Tropheus is considered to be an older radiation than the cichlid genera that vary 

morphologically but not genetically. Rates of molecular evolution are known to be 

generally much slower among molluscs than other organisms, although there are no 
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geologically calibrated estimates for prosobranchs (Schilthuizen pers. comm.). The species 

flock of pulmonate land snails Partula has an estimated allozymic divergence rate of 0.13 

Neils D/my (Johnsonet al. 1986), whereas another land snail, Albanaria, clocks in at a 

much slower 0.02 Nei's D/my (Schilthuizen pers. comm.). 

Methods of phyloienetic analysis 

The fourth group of questions I set out to examine concerns the relative 

effectiveness of different methods of phylogenetic analysis. There is a problem in 

eval~ating these techniques for a data set where the correct results are not known a priori~ 

Because this is a biological system where morphology is probably genetically determined 

and evolution has proceeded in situ, I assume that a pattern that structures the data by 

morphology or by geography is more probably correct than one which is random with 

respect to these characters. But I do not assume that it is either geography or morphology 

alone that carry the signal of speciation events. The results showed that shell morphology 

left a much clearer trace of evolutionary events than geographical relationships - shell 

morphology and anatomy correlate better with the genetic trees than geography in all 

cases. Thus, with some qualification, I prefer the techniques which bring the 

morphological structuring into sharpest relief. On this criterion, the neighbor-joining tree 

. ' 

was the most effective. The other techniques were variously strong in some clades and 

weaker in others, indicating that they were picking up slightly different aspects of the 

similarities among popUlations and that the distinctions between clades were not 

completely clear. Because I used populations of Lavigeria as the electrophoretic controls 
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and not manufactured standards of known migration rates, some of the poor resolution of 

the data may be due to heterozygosity or polymorphism in the control group. Farris 

(1978) and Moran & Kornfield (1993) pointed out that this is a problem in parsimony 

analyses where the outgroups or ancestors are heterozygous. 

Based on the treelengths from each method calculated on presence/absence 

character state data, the shortest trees were produced by parsimony analyses of 

presence/absence data. Other coding techniques did not produce shorter trees when 

measured on the presence/absence data base. This method also produced the fewest 

number of trees and the consensus trees were somewhat more structured (with fewest 

polytomies and closest match to morphological hypotheses of relationship). Among the 

coding techniques used in my parsimony analyses, presence/absence coding seemed to be 

the most effective. However, this technique did create ancestors that lacked states for 

some characters, as evidenced by the mct that the trees were shorter than those found with 

a step matrix, calculated on the same data base. Lack of a character state for an ancestor 

can be interpreted either as the biological impossibility of lacking the character, or as the 

condition that the ancestor has a character state not included in the choices among the data 

set. Frequency information in neighbor-joining methods produced the tree that was closest 

to the predicted relationships based on shell morphology. For radiations of closely related 

species such asLavigeria, allele frequency data is the most sensitive to lineage differences. 

The consensus trees produced by the step matrix calculations were only slightly 

less structured than those in the presence/absence coding even though there were many 
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more of them for each consensus. This indicates that the step islands of equally 

parsimonious trees were relatively densely populated by similar trees whereas the 

presence/absence islands were populated by fewer trees which differed more in their basic 

topology (like islands of aspens compared with islands of oaks). Their minimum treelength 

based on step data was very short because there were fewer step matrix characters than 

either polymorphic locus or presence/absence characters. When calculated on 

presence/absence data, the tree lengths from the step matrix analysis were not much 

different than for trees from the polymorphic coding. Step matrix analyses were also very 

time consuming for this number of taxa and characters. Although there are 

methodological justifications for step matrices, they were impractical for this application. 

The range of equally parsimonious trees produced using the polymorphic coding 

of the loci was enormous (effectively infinite for this analysis) and thus essentially 

uninformative. The consensus trees were not structured in sensible ways. Coding the 

locus as a polymorphic character was the least useful technique in this study and may have 

even produced somewhat misleading results. 

In judging the methodologies that I used in this study, I had to use an external 

standard of correlation of the results, a proposed hypothesis of morphological (or 

geographical) signal to the relationships. I preferred the results from the frequency 

analyses, but this method is crippled by the fact that the programs that execute parsimony 

on frequencies or neighbor-joining on distances could only do limited phylogenetic 

searches. For this reason, it is advisable to include searches using PAUP for supportive 
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information. Results from data coded as presence/absence were acceptable in this regard, 

although the basis of their small differences with step coded results deserve further 

exploration. Coding data as polymorphic loci should be avoided. 

Conclusions 

After working extensively on the Lavigeria fauna I was initially surprised at the 

lack of resolution in the genetic data, but it makes sense in the context of this radiation of 

sympatric endemics. In the field and under the microscope there are a number of ways in 

which the species differ that I thought would be reflected in even greater differences in 

protein electromorphs. Also, the results on a gel-by-gel basis, for example in the cross

lake comparisons or sympatric species comparisons, made me anticipate a clear separation 

between species. However, in the fmal combined analyses, these species are not as 

genetically distinct as I'd predicted. This may have some methodological basis through 

loss of precision from the controls and separate periods of running gels. In a closely' 

related radiation, precision is paramount. Alternatively and more interestingly, there may 

be a real biological basis to these results. They may indicate that this species flock has a 

much different kind of genetic structure than a group of species that are more spatially 

separated. The pattern I have found is of greater differences between populations than I 

expected and less distinction between species. This may fit well with a model of the 

species acting as "metaspecies", loosely linked by limited gene flow around the lake, yet 

with a low level of hybridization with sympatric congeners. 
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The species ofLavigeria are not elements of one widely panmictic species. There 

are separate genetic lineages, but their relationships to each other are difficult to determine 

either because they are currently hybridizing or because lineage sorting has left ancestral 

polymorphisms in the genome. The populations share more in common with others of the 

same species, yet there may be some genetic exchange trickling through from other species 

which may overprint some of the larger scale patterns. I would characterize them as 

species with "fuzzy boundaries", each one fuzzed in a slightly different way depending on 

the other species with which it was sympatric or from which it was derived. Furthermore, 

there is a possibility that some species as currently described, such as SD, include enough 

genetic variation among lineages that they are more correctly referred to as homoplastic 

species. My electrophoretic data was not sensitive enough to test these predictions. But 

in future work on the mitochondrial sequence divergence in Lavigeria I will explore the 

nature of the genetic similarities .. I will also use these electrophoretic results as a model 

for setting up the sampling design for future morphological studies to look for more 

sensitive indicators of genetic divergence. 



Table 1 
ENZ)'MES ASSAYED with ELECfROPHORESIS 

ENZYME 
6-Phosphoglucose Dehydrogenase 
alpha-Glycerophosphate Dehydrogenasea
Adenylate Kinase* 
Aldehyde Oxidase* 
Catalase 
Esterase 1 * 
Esterase 2* 
Esterase 3 
Glucose-6-Phosphate Isomerase 
Glucose-6-Phosphate Dehydrogenase 
Glutamate Pyruvate Transaminase 1 
Glutamate Pyruvate Transaminase 2 
Hexokinase 1 
Hexokinase 2 
Isocitrate Dehydrogenase 
Malate Dehydrogenase 1 
Malate Dehydrogenase 2 
Mannose-6-Phosphate Isomerase 
Octopine Dehydrogenase 1 
Octopine Dehydrogenase 2 
Phosphoglucomutase 1 
Phosphoglucomutase 2 
6-Phosphoglucose Dehydrogenase 
Superoxide Dismutase 1 
Superoxide Dismutase 2* 
Xanthine Dehydrogenase 

Buffer Systems and Running Parameters 

SYMBOL 
6PGD 
GPDH 
AK 
AO 
CAT 
ESTI 
EST2 
EST3 
GPI 
G6PD 
GPTI 
GPT2 
HKl 
HK2 
IDH 
MDHI 
MDH2 
MPI 
OPDH 
OPDH 
PGMI 
PGM2 
6PGD 
SODI 
SOD2 
XDH 
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BUFFER 
TEB9 
TEB9 
TEB9 
TEB9 
TEB9 
TC6.3/fC6 
TC6.3/fC6 
TC6.3/fC6 
TC6.3/fC6 
TEB9 
TEB9 
TEB9 
TEBB 
TEBB 
TC6.3/fC6 
TC6.3/fC6 
TC6.3/fC6 
TM7.4 
TEBB 
TEBB 
TM7.4 
TM7.4 
TEB9 
TEB9 
TEB9 
TEBB 

TC6: Tris 0.24M, Citric Acid 0.OB5M, pH 6.0 with NaOH, run at 35ma for 2.5 hours 
TC6.3: Tris 0.24M, Citric Acid 0.OB5M, pH 6.3 with NaOH, run at 30ma for 2.5 hours 
TEB8: Tris 0.50M, Boric Acid 0.65M, 0.02M EDTA, pH B.O with NaOH, run at 35ma 

for 3 hours 
TEB9: Tris 0.09M, Boric Acid 0.02M, O.OOIM EDTA, pH 9.0 with NaOH, run at 35ma 

for 4 hours 
TM7: Tris 0.1OM, Maleic Acid 0.1OM, O.01M EDTA, O.OIM MgCI2, pH 9.0 with NaOH, 

run at 125v for 4 hours' 



147 

Table 2. Examples of coding methods for electrophoretic data. Full data sets are listed 
. A d' AE In lppen ICes - . 

Chamcter Chamcter State Real Data Coded as ... Comments 
Example for 1 
locus: e.g. GPI 

Allele Presence! AB: population #1 Pop #1: used for many 
Absence of each contains alleles GPIa:1 PAUP analyses in 
allele a&b, but not c GPIb:l this study 

GPIc:O 

Loc~ Patterns of population #1 Pop#1:pattern or code many different 
Alleles, contains AB, pop. 1; variants, only step 
unweighted #2 BC,pop#3 Pop #2: code 2; matrix used in this 
tmnsitions AA,pop#4CC Pop #3: code 3; study in PAUP, 

Pop #4 code 4 examples discussed 
in text 

Locus Patterns of as above Pop #1: code 5; pop #2: step matrix 
Alleles, code 9; pop #3: code 0; weightings shown in 
tmnsitions pop #4: code 2 AppendixB. 
weighted with Analysis checks 
step matrix code against 

weighting in 
reconstructin2 trees 

Loc~ Polymorphic as above Pop #1: A&B; Pop used in this study in 
chamcter codes #2:B&C; Pop #3:A; PAUP but produced 
for each allele Pop#4:C poor results 

Loc~ Allele frequency Pop #1: lOindiv Pop #1: A:0.57 used in FreqPars 
AA,5AB,7BB B:0.43 and Neighbor-

C:O.OO joining analyses in 
this study 
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T bI 3 0 r a e . ut meo f d' co mgan d r ana VSlS sampJ mg pattern, 

Analysis and coding Number of Specless included Number of Comments 
method populations loci 

included 

Neighbor-loininlZ 36&46 all 21 based on Nel's distance 

FreqPals 36 all 21 missing values coded as 0 

PAUP: step matrix 36 all 19 very slow analyses, couldn't 
run 46 pOpulations 

PAUP: allele-as-character 36&46 all 21 heuristic search 

PAUP: locus-as-character 36&46 all 21 heuristic search 

PAUP: step matrix 14 SD&lD 19 branch & bound search 

1>,\ TTJ), .... n ",.M .. 10 nnnl" IQ hron,.h Jb hnlln" CJO • ..,.h 
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Table 4. Number of steps for mapping ecological and geographical characters on neigbor
jo·· t mmg ree. 

# steps for correct shortest random mean correlates with 
CHARACIER character state character mapping character tree 

mapping 

species 11 20 24.7 * 
substrate 9 10 15.1 * 
side 10 6 11.3 

section 15 11 14.4 

basin 6 4 5.8 

reproduction 1 5 9.3 * 
depth 7 11 16.7 * 
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Table 5. Sampling pattern for study of effect of number of alleles and type of coding on 
. I Jarslmony_ analyses. 

# of alleles, type of Loci included Number of trees 
coding found, Rohlfs CI 

for strict consensus 

1-3, step MDHb, OCIb, HEXb, 10,000 (aborted), 
MPI, GPTa, GPTb, PDG, 0.011 
AGPD, PGMb, PGMc 

1-3, presence/absence same as above 22,700 (aborted), 
0.085 

4-5, step GPI, MDHa, XDH, SOD, 3294,0.349 
HEX, CAT, IDH, G6PD, 
EST 

4-5, presence/absence as above 404,0.049 

4-6, presence/absence as above, plus PGM and 420,0.312 
OCT 
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T hI 6 All a e . ozyme 1 erences among popu a Ions run on d'fti I l' th e same ge. 

SpecIes SIte (populations listed In order of elosest relatioll'lhip, basal to Loelln whleh there was a Date 
compared distal) consistent difference run 
onsame~el 

SD BullS 9Oem3 (Millla). Bemba SOD OPI ESIb MDHa 2f}2 

SD Bemba, 9Oem13 km29 IDH MOH XDH,OPI 8(2 

SO 8gem3 8gem4, 9Oeml, Luhanga POM, OCT IDH 2/21l 

SO 90eml 9Oem13 OCT 7(25 

TO 90eml TDS9Oem3 Kalemie no real differences (maybe PGM) W 

TO TF9OemI6, 9Oem16, 9Oeml, TDS9Oem3 OCT, OPi. CAT. Adkln, XDH. 2/21l 
SOD 

0 90eml (Millla) 9Oem6 (Bemba) POMa 2f}.3 

0 9Oem2, 9Oem6, 9Oem13 no dIfferences 7(25 

0 LuhanQa, KlQoma, 9Oeml&2, 9Oem27, 9Oem13 9Oem16 no differences (possibly PaM) 7130 

CR km5S Uvlra OCT HEX 2f26 

SL 8araka, km29 no dIfferences 2119 

SZ Klgoma, 9Oem27, Bemba XDH, MPI OPI, ESIb 7(27 

FR TIFR9OemS, km29. 9Oem13, 9Oem16, 9Oem21 possible dIfference In IDH for one 8/4 
POP. (weak results) 

O&SZ KlQoma XDH,OPI 7(23 

O&FR 9Oem13 XDH(lJnly31oci run) 7(24 

O&TY Cameron Bay ESTe, CAT, OCT, OPT, AO, 3/5 
aOPO 

O,LCR& 9Oem4 only SCR different: CAT, POMa, 3/14 
SCR PGMe 

O,SO& Luhanga & Bemba OPI, ESTa, ESIb, CAT, OPT. 12/21 
CRstp IDH, HEX, SODb 

SO & CRstp Bemba 151001 12119 

SZ,SCR, Bemba OPI, 6PGO, POMa, POMb, POMe, 12/20 
CRstp OPT ESTa 06PD XDH 

SL&CRstp Bemba OCT CAT IDH 3n 

TM&TYF 9Oem4 & 90emS CAT aOPO 3/5 

FR&CR km29&km22 ESIb, ESTc, CAT. XDH, OPT, 12118 
HEX 

FR&CR km29&km22 CAT HEX 2115 
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T bl 7 D'ffi a e . I erences m mappmg 0 specIes on f erently reso ve trees, diffi I d 

Tree # of steps to # of steps on # of steps spanned by 
map species polytomous random character 
on Resolved tree state mappings: 

tree (* resolved 
indicates (polytomous) 

Maiority Rule) 

Neighbor-joining 11 - 20-28 

PAUP step matrix - 12 8 19-27 (11-18) 
all trees 

PAUP step matrix - 12 9 19-27 (15-27) 
island #1 

PAUP step matrix - 12 9 19-27 (17-25) 
island #2 

PAUP pres-abs - 12 9 18-27 (13-21) 
all trees 

PAUP pres-abs - 13 11 18-27 (13-21) 
island #1 

PAUP pres-abs- 11 9 17 -25 (15-22) 
island #2 

PAUP locus - all 13 8 19-28 (8-11) 
trees 
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Table 8. Tree numbers, tree lengths, tree islands and consistancy indices for analyses on 
d'fi d' h d d'fi b f I erent co mgmet o s, I erent num ers 0 taxa. 

Analysis Total Minimum Treelength Number of RohlfsCI 
number Treelength calculated islands (# for 50% 
trees in original from presence- trees in Majority 

search absence data each) Rule 
Consensus: 
all trees 
(island #1, 
island 
#2 ... ) , 

Step matrix: 36 taxa 2077 200 284-296 2 (1508, 0.61 (0.69, 
569) 0.54) 

Presence-absence: 60 277 277 2 (30, 30) 0.29(0.72, 
36 taxa 0.29)· 

Presence-absence: 336 308 308 2 (192, 0.85 (0.93, 
46 taxa 144) 0.92)· 

Loci: 36 taxa 7174+ 258 282-305 1 (7174+) 0.65 
(aborted) 

Loci: 46 taxa 12000+ 286 * 1 (12000) not 
(aborted) calculated 

Step matrix: 14 taxa, 12 87 * 2 (11,1) 0.73 (0.85, 
SD and TD 1.0) 

Step matrix: 10 taxa, 33 27 * 1 (33) 0.17 
G 

Neighbor-joining: 1 (no - 301 - -
36 taxa search) 

FreqPars 1 (no - 316 - -
search) 
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T bl 9 D " fr H d W' b a e . eVIatlOn om ar ly- em erg equi I f1um or severa Tb' £ II' OCI. 

Loci cru2 degrees of probability 
freedom different from 

predicted by 
chance 

IDHa 11.95 2 p«O.Ol 

XDH 51.5 5 p«O.Ol 

MDHa x XDH 489 17 p«O.Ol 

MDHa:SD 10,01 1 p«O.Ol 
only 
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Table 10. ALLELE FREQUENCIES BY POPULATION. Sample 
sizes for each locus shown above frequncies. 

POPULATION 

------------------------------------------------------
LOCUS G90em1 Glubanga SD90em1 SDlubanga SZbemba SZkigoma FRbu29 
--------------------------------------------------------------

MDHa 
(N) 9 10 13 4 14 5 6 
1 0.000 0.000 0.500 0.375 0.000 0.000 0.000 
2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
3 1.000 1.000 0.500 0.625 1.000 1.000 1.000 

XDH 
(N) 9 10 13 4 14 5 6 
1 1.000 1.000 0.000 0.000 1.000 0.000 0.000 
2 0.000 0.000 0.231 0.375 0.000 0.000 0.000 
3 0.000 0.000 0.769 0.625 0.000 1.000 1.000 

PGi 
(N) 9 10 13 4 14 5 6 
1 0.000 0.000 0.538 0.000 0.071 0.000 0.000 
2 0.000 0.000 0.462 1.000 0.929 0.900 0.000 
3 0.500 0.500 0.000 0.000 0.000 0.000 0.000 
4 0.000 0.000 0.000 0.000 0.000 0.100 0.000 
5 0.500 0.500 0.000 0.000 0.000 0.000 1.000 

GPT 
(N) 9 10 13 4 14 2 6 
1 1.000 0.000 1.000 1.000 0.000 0.000 0.000 
2 0.000 0.000 0.000 0.000 0.929 0.500 1.000 
3 0.000 0.000 0.000 0.000 0.071 0.500 0.000 
4 0.000 1.000 0.000 0.000 0.000 0.000 0.000 

JDH 
(N) 9 10 7 2 14 5 a 
1 0.000 0.000 0.000 0.000 0.286 1.000 0.000 
2 0.000 0.000 0.000 0.000 0.714 0.000 0.000 
3 1.000 1.000 1.000 0.000 0.000 0.000 0.000 
4 0.000 0.000 0.000 1.000 0.000 0.000 0.000 

ESTc 
(N) 9 10 13 4 14 5 6 
1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2 1.000 1.000 0.346 0.000 0.036 0.000 0.667 
3 0.000 0.000 0.654 1.000 0.643 1.000 0.333 
4 0.000 0.000 0.000 0.000 0.321 0.000 0.000 

OCT 
(N) 9 10 13 4 14 5 6 
1 0.000 0.000 0.500 0.000 0.036 0.000 0.000 
2 0.000 0.000 0.462 0.500 0.071 0.000 0.000 
3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
4 0.056 0.000 0.000 0.500 0.357 0.300 0.000 
5 0.944 1.000 0.038 0.000 0.500 0.200 0.500 
6 0.000 0.000 0.000 0.000 0.036 0.500 0.500 

--------------------------------------------------------------



Table 11. Genetic variability at 7 loci in populations 1-6, at 6 
loci for population 7 (missing IDH). Standard error~ (in 
parentheses) are large, indicating that some loci are not in H-W 
equilibrium, while others are in equilibrium. SD populations are 
borderline deviation from H-W equilibrium, perhaps indicating more 
population subdivision in this morphospecies. 

MEAN HETEROZYGOSITY 
MEAN SAMPLE MEAN NO. PERCENTAGE 

SIZE PER OF ALLELES OF LOCI DIRECT- HDYWBG 
POPULATION LOCUS PER LOCUS POLYMORPHIC * COUNT EXPECTED** 

1. G90eml 9.0 1.3 28.6 0.159 0.092 
0.0) (0.2) (0.141) (0.075) 

2. Gluhanga 10.0 1.1 14.3 0.143 0.075 
( 0.0) (0.1) (0.143) (0.075) 

3. SD90eml 12.1 1.9 71.4 0.198 0.348 
( 0.9) (0.3) (0.125) (0.093) 

4. SDluhanga 3.7 1.4 42.9 0.214 0.235 
( 0.3) (0.2) (0.138) (0.111) 

5. SZbemba 14.0 2.3 71.4 0.163 0.262 
( 0.0) (0.5) (0.129) (0.097) 

6. sZkigoma 4.6 1.6 42.9 0.171 0.222 
0.4) (0.3) (0.141) (0.121) 

7. frbu29 6.0 1.3 33.3 0.167 0.172 
( 0.0) (0.2) (0.167) (0.109) 

------------------------------------------------------------
* A LOCUS IS CONSIDERED POLYMORPHIC IF MORE THAN ONE ALLELE WAS DETECTED 

** UNBIASED ESTIMATE (SEE NEI, 1978) 
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Table 12. Polymorphic loci in each population. Significance levels 'of 
deviation from H-W equilibrium shown using Fisher's exact 
probabilities. Below the probability the heterozygote excess is shown 
with +, balance with 0, deficiency with -. 

~ 

PQlZy)atiQD MQHi! XDH PGM GPT IQH ESTc ocr 

G90eml 0.011 1.00 
+ 0 

Gluhanga 0.007 
+ 

SD90eml 0.003 0.001 0.020 0.088 0.034 
+ 

SDluhanga 0.429 0.429 0.314 
+ 

SZbemba 1.000 0.037 0.000 0.000 0.027 
+ + 

SZkigoma 1.000 0.037 0.000 0.000 0.027 
+ + 

FRbu29 0.03 0.091 
+ 
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Figure 1. Tectonic and substrate map of Lake Tanganyika. Tectonic features are on base map, legend on 
lower left. Major substrates are mapped on overlay. Substrate changes are on the order of 10's of 
kilometers. 
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Figure 2. Site map for allozyme samples. Boxes indicate site name. species 
abbreviation and number of specimens from each species run. 
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Figure 3. Bathymetric map of Lake Tanganyika. Shaded areas show the three basins that 
were separate lakes when the water level was 600m below present (Scholz & Rosendahl 1989). , 
These separate basins have been proposed as a major driving force in the radiation of the I 

Tanganyikan endemic fauna. I tested for a biogeographic signiture of this historic event in the . 
genetic relationships of Lavigeria. 



Treelength 

Figure 4. Distribution of treelengths for 10,000 random 
equiprobable trees based on allele presence-absence data. 
This distribution was suggested for testing the statistical 
significance of the trees produced from the data analyses, 
but the trees from all analyses fall into the extreme left tail 
of this distribution. Statistical deviation from the normal in 
this distribution does not help choose trees. 
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Figure 5a. Neighbor-joining tree. Groups correlate with 
species designations, which are mapped on as independent 
characters, shown as patterns on the branches. Consistent 
species groups (possible monophyletic groups) are indicated 
with a bar above the populations. The small chart indicates 
how randomized species designations require far more steps 
when mapped on this tree than the correct species 
designations. This indicates support for the correlation of 
shell morphology-based species and allozyme relationships 
deterf!1ined by neighbor-joining. 
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Figure 6. Mappings of independent characters on neighbor-joining tree. 
Number of steps needed to map character on neighbor-joining tree shown 
just below label of character mapped on. Mean and standard deviation are 
for randomized character states mapped on to tree. Characters shown here, 
in a-c and in Figure 5, fit the tree well as indicated by the significant 
differences between the number of steps to map them on the tree and the 
number of steps for randomized combinations of those character states. 
Shell morphology, depth, substrate and reproductive mode all have biological 
significance, in contrast to the distibutional characters in Figure 6 d-e, 
which do not map on to the tree closely. 
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Figure 6 - continued. Mappings of biogeographic characters on the neighbor
joining tree. Explanation of diagram on previous page. 
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Figure 8. Consensus from islands in PAUP analyses. a) step data consensus of island #1, 
1508 trees, and b) island #2, 569 trees. c) presence/absence data consensus of island #1, 30 trees. 
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of PAUP analyses. a) loci with 1-3 alleles, step coding. b) loci with 4-5 
alleles, step coding. c) loci with 1-3 alleles, presence/absence coding. 
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a) 

Figure 10. a) Consensus of 12 tree from branch-and-bound search on 
step data for only tuberculate species SO and TO. b) Consensus of 33 
trees from branch-and-bound search on only G populations. 
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Figure 12. "Ideal trees" based on morphological criteria. These act as 
hypotheses for testing the fit of electrophoretic data. a-c) are increasingly 
constrained. a) Tree topology determined by morphology only, clades are 
polytomous. b) Within clades there is structuring of the populations, but 
relationships between clades are unconstrained. c) Relationships within 
clades structured by geography, relationships between clades structured 
by habitat and shell morphologic similarities. 
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Figure 14. Decay indices for consensus trees. a-d) presence-absence trees. 
e-h) step trees. The trees are consensuses of trees that are 1,2,'and 3 steps 
longer than the most parsimonious trees. Because the clades decay relatively 
quickly, we can conclude that the data is not very robust to changes. 
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Appendix A. Examples of species from each population used in this study. 
Pictures are arranged in the order in which the sites occur around the lake. i) 
Small darks (SO). No picture available for 8gem3. ii) Tall darks (TO). TOS has 
a light shell color and brown or purple strips, but sculpture and shape like other 
TO. iii) Grandis (G). Adults have a thickened apperture lip. iv) The Fine-ribbed 
group, including Fine-ribbeds (FR), Tall Medium-ribbeds (TM), Tall Yellow (TV) 
and Tall Fine-ribbbeds (TF). In the population from 90em16 the TF definition 
turned out to include some animals that looked like TOs. This showed up in 
some of the genetic relationships as well. Three examples from this site are 
shown. v) Coarse-ribbeds (CR) and small coarse-ribbeds (SCR). CR is highly 
variable species designation that may include species nested within it or is 
highly variable morphologically. Some CR animals meet the description of L. 
paucicostata while others are more unassau like in form. Variation between 
these shell shapes, however, is not discontinuous so I used a Single designation 
for the CR group. SCR are smaller with a thinner shell than CR. vi) Large 
Coarse-ribbeds (LCR), Sand Lavigeria (SL) and Small Zaires (SZ). LCR are the 
size of G but have much less inflated whorls and more pronounced ribs. SL are 
usually very small and have thin shells even when sexually mature. SZ have 
thickened aperture lips when mature and look like small FRs. 
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IAF AG AH AI AJ AK Al 'AM AN AO lAP AQ AR AS Al AU A'IJ 

(") 'd' .... .... C\l (") 'd' III CD .... C\l (") ,... 
cu cu .c cu cu cu cu cu cu 

~ ~ ~ ~ 
,... 

~ x x .... C\l (") :2 :2 :2 :2 :2 :2 I-
w w n: n: n: C!J C!J C!J C!J C!J C!J n. ct 

~ :::c :::c :::c :2 :2 :2 n. n. n. n. n. n. C!J C!J C!J C!J U 

2 1 a a a a 1 a 1 a a 1 a 1 a a a a 
3 a 1 a a a 1 a 1 a 1 a a 1 a a a 1 
4 1 a a a a 1 a 1 a 1 a a 1 a a a 1 
5 ? ? a 0 0 1 ? ? ? ? ? ? ? ? ? 0 0 

6 ? ? a a a 1 ? ? ? ? ? ? ? ? ? a a 
7 a 0 0 0 0 1 0 0 1 1 0 o ? ? ? o ? 
8 0 0 0 a 0 1 0 0 0 0 1 0 0 1 0 a 0 
9 a a 0 a a 1 a a 1 1 0 a 1 a a a a 

10 ? ? 0 a a 1 a 0 1 a 0 0 1 0 0 a a 
11 0 0 0 0 a 1 a 0 1 1 0 a 1 a 0 a a 
12 ? ? 0 0 0 1 ? ? ? ? ? ? 1 0 0 0 a 
13 0 0 0 0 0 1 0 0 1 0 1 a 1 0 0 a a 
14 0 0 a 0 0 1 1 0 a 0 0 0 1 0 0 0 1 

15 0 0 0 0 a 1 0 0 1 0 1 a 1 o~ a a 
16 1 a 0 a 0 1 1 0 0 0 a 0 a 1 a a a 
17 0 0 a 0 0 1 1 a a a a a 1 0 a 0 1 
18 a 0 1 a a 1 0 1 a a a a 1 a a a a 
19 a a 0 a a 1 a 1 0 a 0 0 0 1 a a ? 
20 0 0 a a a 1 a 1 a a 1 a ? ? ? a a 
21 a 0 0 0 0 1 0 1 0 0 0 0 11~ 0 0 0 

22 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 o ? 
23 0 0 0 1 0 1 0 1 0 0 0 a 0 1 0 a a 
24 0 a 1 a a 1 1 1 a a a a 1 1 a 0 0 
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U U U C C C C C n. n. n. C!J 

1 a a a a 1 a a a 1 1 1 
a 1 a a a a 1 a ? ? ? a 
a 1 a a a a 1 o ? ? ? a 
0 1 0 0 0 1 0 o ? ? ? 0 

a 1 a a a 1 a a ? ? ? 0 
? ? ? ? ? ? ? ? 1 1 a 0 

0 1 a 1 a a a 1 0 1 0 1 

a 1 1 ? ? ? ? ? ? ? ? ? 
1 a a ? ? ? ? ? ? ? ? ? 

a 1 o ? ? ? ? ? ? ? ? ? 

0 1 o ? ? ? ? ? ? ? ? ? 
0 1 a a 1 0 0 0 0 1 0 0 
0 0 0 0 1 0 0 0 0 1 0 0 
a 1 o ? ? ? ? ? a 0 1 a 
0 1 0 0 0 a 1 a 0 a 1 a 
a 0 o ? ? ? ? ? 0 1 a a 
a 1 a a 0 1 0 a a 1 o ? 

? ? ? a a 1 0 o ? ? ? ? 

1 1 a a 0 0 1 a 1 1 0 0 

1 1 1 0 0 1 0 o ? ? ? 0 

? ? ? 0 0 1 1 o ? ? ? ? 
1 1 0 a 0 1 1 1 0 1 0 0 

1 a a a a 1 0 a a 1 O? 
~~~- .. - -- -- -- --- -
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AF AG AH AI AJ AK AL AM AN AO lAP AQ AR AS AT AU A\J AVo. 
25 0 0 1 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 

26 0 0 0 0 0 1 0 1 0 1 0 0 1 0 0 1 0 0 

27 0 0 1 0 0 1 0 1 0 0 0 1 1 0 0 0 0 0 

28 0 0 0 0 0 1 0 1 0 1 0 0 1 0 0 1 0 0 

29 0 0 0 1 0 1 0 1 0 1 0 0 0 1 1 0 0 0 

30 0 0 0 1 0 1 1 1 0 1 0 0 0 1 0 0 0 0 

31 ? ? o ? ? ? 0 1 0 1 0 o ? ? ? 0 0 0 

32 ? ? 0 1 0 1 0 1 0 1 0 0 0 0 1 0 0 0 

33 0 0 0 0 1 0 0 0 0 0 0 1 ? ? ? o ? ? 
34 0 0 o ? ? ? ? ? ? ? ? ? ? ? ? 0 0 0 

35 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 

36 0 0 0 1 1 0 1 0 0 0 0 0 0 0 1 0 0 0 

37 0 0 0 0 0 1 0 1 0 0 0 o ? ? ? 0 0 0 

38 0 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 

39 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 0 

40 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 1 

41 0 0 1 ? ? ? ? ? ? ? ? ? 1 0 o ? ? ? 
42 ? ? ? ? ? ? ? ? ? ? ? ? 1 0 o ? 0 0 

43 0 o ? 0 1 0 0 0 0 0 0 1 ? ? ? ? ? ? 
44 0 0 0 0 0 1 0 1 0 0 0 1 1 0 0 0 1 0 

45 0 0 0 0 0 1 0 0 1 1 1 0 1 0 0 0 0 0 

46 0 0 0 0 0 1 0 0 0 1 0 0 1 0 1 0 0 0 

47 ? ? ? 0 0 1 0 1 0 1 0 o ? ? ? ? 0 0 
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lAX AY IAZ SA 88 OC 1!3D EE SF 
1 0 0 0 0 1 0 0 1 

1 0 0 0 0 1 0 0 1 
1 0 0 0 0 1 0 0 1 

1 0 0 0 0 1 0 0 1 

1 0 1 0 0 0 0 0 1 

1 0 1 1 0 0 0 0 1 
1 0 0 1 0 0 0 0 1 

1 0 1 0 0 0 0 0 1 

? ? 0 0 1 0 0 1 1 

1 0 0 0 0 1 o ? ? 
1 0 0 0 0 1 1 0 1 

1 0 0 0 0 1 1 0 1 

0 1 0 0 1 1 o ? ? 
0 1 0 1 0 0 o ? ? 
0 1 0 1 0 0 0 0 1 
0 0 1 0 0 0 o ? ? 

? ? 0 0 1 0 0 0 1 

1 0 1 0 0 0 o ? ? 
? ? ? ? ? ? ? 1 1 

1 0 0 0 1 0 0 0 1 

1 0 0 1 0 0 0 0 1 

1 0 0 1 0 0 0 1 1 

1 0 0 0 0 1 o ? ? 
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IF 180 ffi BS BT 8U BV BlI ex 

N C') '<2' I.t) ..- N C') ..- 'c1 
~ ~ ~ {:. J:l J:l J:l (J 

:E :E :E :E :E 

1 
en C!J C!J C!J C!J C!J 

w w w w a. a. a. a. a. 
2 1 1 0 0 0 1 0 1 0 

3 1 0 0 0 0 1 0 0 0 

4 1 0 0 0 0 1 0 0 0 

5 1 1 0 o ? ? ? 0 0 

6 0 1 0 o ? ? ? 0 0 
7 1 0 0 0 0 0 1 0 0 

8 1 1 0 0 0 1 0 1 0 
9 1 0 0 o ? ? ? 0 0 

I-
10 1 0 0 o ? ? ? 0 0 

11 1 0 0 0 0 0 1 0 0 

12 1 0 0 o ? ? ? 0 0 

13 1 0 0 o ? ? ? 1 a 
14 1 a 0 a ? ? ? a a 
15 1 a a a ? ? ? 1 0 

16 0 a a 0 a 1 a 1 0 

17 0 0 0 o ? ? ? 0 1 
18 1 1 0 o ? ? ? 0 a 
19 a 1 0 a a 1 0 a 1 
20 0 1 0 1 1 0 0 0 0 

21 1 1 0 a a a 1 a 0 

22 a 1 a 0 a 1 0 0 1 

23 a 1 0 1 a 1 1 a 1 

24 11 1 01 a 0 0 1 a a 

IF 80 ffi BS BT BU BV B'II ex 
25 a 1 a a ? ? ? a a 
26 1 a a o ? ? ? ? ? I 
27 1 0 a a ? ? ? 0 0, 
28 1 a 0 a ? ? ? a a 
29 0 1 0 o ? ? ? 0 a 
30 a 1 0 0 1 0 a a 1 
31 1 1 0 a ? ? ? a a 
32 a 1 a o ? ? ? 0 a 
~ a a 1 a a 1 0 0 a 
~ a a 1 a ? ? ? 0 0 
35 0 a 1 a ? ? ? 0 0 
36 0 0 1 o ? ? ? 0 0 

2Z- 0 1 0 o ? ? ? 0 0 
38 1 0 0 0 0 1 0 0 0 
39 1 1 a 0 1 1 a 0 0 
40 1 1 0 0 0 1 0 0 a 
41 1 0 a a ? ? ? ? ? 
42 1 a a a 0 a a a a 
43 0 0 1 a 0 1 1 a a 

r-!!- 1 0 a 0 0 1 0 1 a 
45 1 0 a a 1 1 0 1 a 
~ 1 0 0 0 1 1 0 1 0 
47 ? ? ? ? ? ? ? ? ? 
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Appendix C: Step matrix and data coded by step matrix values for 
36 populations. A) Example of step matrix showing weights, or 
number of steps required to go between character states or allele 
patterns shown above the matrix. B) Data coded with step matrix 
values. C) Character states for each locus. Loci with many 
alleles have many character transitions which make analysis of 
this data set very slow. 

A) 
ABCDEAAAABBBCCDAAAAAABBBCAAAABA 

BCDECDEDEEBBBCCDCCDDBBBCCB 
CDEDEEDEEECCDDDC 

DEEEED 
E 

USERI'YPE alIo5 STEPMATRIX = 31 
0123456789ABCDEFGHJKLMNPQRSTUVW 
.2222 1 1 1 133 3 333 2 222 2 2 4 4 443 3 3 3 5 4 
2 .22 2 1 3 3 3 1 1 1 3 3 3 222 444 2 2 243 3 3 534 
2 2 .22 3 1 3 3 133 113 244 2 2 4 2 242 3 3 533 4 
222 .23 3 1 3 3 1 3 1 3 1 4 2 4 242 2 4 2 2 3 533 3 4 
2 2 2 2 . 333 133 1 3 1 1 4 4 2 4 2 2 4 2 2 2 533 334 
11333 .22 2 2 2 2 4 4 4 1 1 1 3 3 3 333 5 2 2 2 443 
1 3 1 3 3 2 .22 2 4 4 2 2 4 1 3 3 113 3 3 5 3 2 2 4 2 4 3 
1331322 .24 242 423 1 3 1 3 1 3 5 3 3 2 4 2 2 4 3 
1 3 3 3 1 2 2 2 . 4 4 2 422 3 3 1 3 1 1 5 3 3 3 4 2 2 243 
3 113 3 2 2 4 4 . 222 2 4 1 3 3 3 3 5 1 1 3 322 4 4 2 3 
31313 242 4 2 . 2 2 423 1 3 353 1 3 1 3 2 4 2 423 
313 3 1 2 442 2 2 .42 2 3 3 153 3 3 113 422 4 2 3 
3 3 113 422 4 2 2 4 .22 3 3 513 3 1 3 3 1 2 4 4 2 2 3 
3 3 1 3 1 4 2 4 2 2 4 2 2 .23 5 3 313 3 1 3 1 4 2 4 2 2 3 
333 1 1 4 4 2 2 4 2 2 2 2 .53 333 1 3 3 114 4 2 2 2 3 
2 2 2 4 4 1 133 1 3 3 335 .22 2 2 4 2 2 4 4 113 3 3 2 
2 2 4 2 4 1 3 1 3 3 133 532 . 2 2 4 2 2 424 1 3 1 3 3 2 
2 2 4 4 2 133 133 153 3 2 2 . 422 4 2 2 4 3 113 3 2 
24224 3 113 3 3 513 3 224 .22 2 4 4 2 133 132 
2 4 2 4 2 3 1 3 1 3 533 1 3 2 422 . 242 423 1 3 132 
24422331153 3 3 3 1 4 2 222 . 4 4 2 2 3 3 113 2 
4 2 2 2 4 3 3 3 5 1 1 3 1 3 322 4 244 . 222 1 3 3 3 1 2 
422423353131313 242 4 2 4 2 .22 3 1 3 3 1 2 
4 2 422 3 533 3 113 3 142 2 4 4 2 2 2 .23 3 1 3 1 2 
442225333 3 3 3 1 1 1 4 4 4 2 2 2 2 2 2 . 3 3 3 1 1 2 
3 3 3 3 5 2 2 2 4 2 2 4 2 4 4 1 1 3 133 1 3 3 3 .22 221 
333 5 3 2 2 4 2 2 4 2 4 2 4 1 3 1 3 1 3 313 3 2 . 222 1 
3 3 533 242 2 4 2 2 4 4 2 3 113 3 133 1 3 2 2 .22 1 
353 3 3 4 2 2 2 4 4 4 2 2 2 3 3 3 1 1 1 3 3 3 1 2 2 2 .21 
533 3 3 4 4 4 4 2 2 2 2 2 2 3 3 3 3 3 3 1 1 1 1 2 222 . 1 
4 4 4 4 4 3 333 3 3 3 3 3 322 2 222 2 2 2 2 111 11. 



Appendix C- part B) 
Input data matrix 

Node 

CR22 
CR55 
CRuvira 
FRycambay87 
FR29 
Gkigoma 
G90ern13 
G90em4 
LCRluhanga 
LCR90em4 
SCRbernba 
SD89em3 
SD115 
SD29 
SD90em13 
SD90em3 
SDbernba 
SD90em1 
SDluhanga 
SL29 
SLbernba 
SLbaraka 
SZkigoma 
SZbernba 
SZ90em18 
sz90em27 
TDkigoma 
TD90em1 
TDS90em3 
TF90em16 
TM90em4 
TYcambay87 
TYF90em5 
CRstpbernba 
G90em1 
Gluhanga 

1111111111 
1234567890123456789 

9?21221201195?10329 
21212312016?1210431 
21212912016?1210331 
21252012?1?51210A?1 
2122201211215110309 
2120211201C??2103?1 
21202112012??220311 
2?21211201211?10?11 
2120101201011210411 
2121211201221?10??1 
2?21?21211221110330 
J12931020121??11229 
2129151211????11122 
9522?012?1913601C3D 
95223112019?3221C2N 
3122301211????113C2 
J12R351611913211CQD 
652931025111?221229 
612931020121??11232 
2120211200211210335 
2120210201211210131 
2120211200211210335 
2122211691211011E02 
2120201611295001G52 
21222?1??1211611419 
21222?1621211011402 
912?2011?1??3210J23 
91511111212132102E3 
91015115212132102E3 
21212112?13?99103C2 
?2212112013??210311 
2F2A201211315950319 
22212112011?1910A09 
C120211201611610121 
2520211251211250311 
9520211201212650319 

C) Character status 

character States 

l.MDHa 
2.MDHb 
3.OCTb 
4.XDH 
5.S0DA 
6.HEXA 
7.HEXB 
8.MPI 
9.GPra 
10.GPrb 
11.CAT 
12.PGD 
13.G6PD 
14.AGPD 
15.PGMb 
16.PGMc 
17.GPI 
18.IDH 
19.ESTc 

2369CJM 
125F9 

:' 025 
61259AR367CFGJM . 

I 12350 
012359A 

01 
1256 

01259 
01 

012369C 
1259 

123590A 
01269 

0125 
01 

1234ACEGJ07LMPQ 
01235CEQ47A 

012359DN46ABCF 
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Appendix D - Polymorphic by locus data for all 36 populations 

A 8 C D E F G H I J K L M 

as .a 
~ C§ ~ ~ ~ ~ :J: :J: :J: 

~ ~ ~ 1 
0 0 0 0 
~ ~ 0 >< en :J: :J: CJ CJ 0 

2 CR22 8&C' ? C 8 C C 8 C A 8 8 8&C 

3 CR55 C 8 C 8 C D 8 C A 8 A&C ? 

4 CRuvlra C 8 C 8 C 8&C 8 C A 8 A&C ? 

5 FRycambay87 C 8 C A&8 C A 8 C ? 8 ? A&8 

6 FR29 C 8 C C C A 8 C 8 8 C 8 

7 Gklgoma C 8 C A C 8 8 C A 8 C&D ? 

8 G90em13 C 8 C A C 8 8 C A 8 C ? 

9 G90em4 C ? C B C 8 8 C A B C 8 

1 0 LCRluhanga C 8 C A 8 A 8 C A 8 A 8 

11 LCR90em4 C 8 C 8 C 8 8 C A 8 C C 

12 SCRbemba C ? C 8 ? C 8 C 8 8 C C 

13 SD8gem3 A&C&D 8 C 8&C D 8 A C A 8 C 8 

14 SD115 C 8 C 8&C 8 A&8 8 C 8 8 ? ? 

15 SD29 8&C A&8 C C ? A 8 C ? 8 8&C 8 

16 SD90em13 8&C A&8 C C D 8 8 C A 8 8&C ? 

17 SD90em3 D 8 C C D IA 8 C 8 8 ? ? 

18 SDbemba A&C&D 8 C A&8&C&D D A&8 8 A&C 8 818&C 8 

19 SD90em1 A&C A&8 C 8&C D 8 A C A&8 8 8 8 

~ SDluhanga A&C 8 C 8&C D 8 A C A 8 C 8 

21 SL29 C 8 C A C 8 8 C A A C 8 

22 SLbemba C 8 C A C 18 A C A 8 C 8 

23 SLbaraka C 8 C A C 8 8 C A A C 8 

24 SZklgoma C 8 C C C 8 8 A&C 8&C 8 C 8 

25 SZbemba C 8 C A C A 8 A&C 8 8 C 8&C 

26 SZ90em18 C 8 C C C ? 8 ? ? 8 C 8 

27 sz90em27 C 8 C C C ? 8 A&C C 8 C 8 

28 TDklgoma 8&C 8 C ? C A 8 8 ? 8 ? ? 

29 TD90em1 8&C B A&8 8 8 8 8 8 C B C 8 

30 TDS90em3 8&C Ei A 8 A&8 8 8 A&8 C ·8 C 8 

31 TF90em16 C B C 8 C 8 8 C ? 8 D ? 

32 TM90em4 ? C C 8 C 8 8 C A 8 D ? 

33 TYcambay87 C A&8&C C 8&D C A 8 C 8 B D 8 

34 TYF90em5 C C C B C 8 8 C A 8 8 ? 

35 CRstpbemba C&D 8 C A C 8 8 C A 8 A&C 8 

36 G90em1 C A&8 C A C 8 B C A&8 8 C 8 

37 Gluhanga 8&C A&8 C A C 8 8 C A 8 C 8 
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Appendix 0 - Polymorphic by locus data for .all 36 populations 

N O. P Q R S T U V 

c ~ ~ ~ ~ ~, {2. Q. 

~ 
::I: 

1 
(I) 

~ en 0 
C} Q w 0 

2 A&B ? B A 0 C B&C B&E I A&C&D 
3 B C B A E 0 B B&D 0 

4 B C B A 0 0 B B&D A&D 
5 B C B A B&D ? B C&D C&D&E 
6 A&B B B A 0 A B&C E A&C&D&E&F 
7 ? C B A 0 ? B C&D C&D&E 
8 ? C C A 0 B B C&D D&E&F 
9 B ? B A ? B B C&D D&E 

10 B C B A E B B A C&E 

1 1 B ? B A ? ? B C&E D&E 
12 B B B A 0 0 A A A 
13 ? ? 8 B C C B&C B A&B 
14 ? ? B B B C C B B 
15 0 A&C A B C&D 0 C&E B A&B&D 
16 0 C C B C&D C B&C&E B A&B&E&F 
17 ? ? B B 0 C&D C B A&B 
18 0 C B B C&D IC&D&E C&E B A&B&C&D&E 
19 ? C C B C C B&C A&B A&B&E 
20 ? ? B B C 0 C B B&D&E 
21 B C B A f-_. 0 D A&B B&D A 
22 B C B A B 0 B B&F C&E&F 
23 B C B A 0 0 A&B B&D A 
24 B A B 8 D&E A C B&D D&E&F 
25 A&B A A B A&B&D A&B C A&B&D A&B&D&E&F 
26 B A&C B 8 E B B&C B&D C&D&E 
27 B A B B 
f-

E A C B&D D&E 
28 0 C B A A&C&D C 0 F E&F 

29 0 C B A C D&E 0 B D&E&F 
30 0 C B A C D&E 0 A D&E&F 
31 B&C B&C B A 0 C&D C B D&F 
32 ? C B A 0 B B C D&F 
33 A&B B&C A&B A 0 B B&C E A&B&D&E 
34 B B&C B A B&D A B&C B D&E 
35 B A&C B A 8 C B B&F C&D&E&F 
36 B C A&B A 0 B B C&D&E B&C&D&E 
37 C A&C A&B A 0 B B&C 0 E 
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A B C 0 E F G H I J K L M N 0 P Q R 
1 Species CR CR CR CR CR fr fr fr fr fr 9 9 9 9 9 9 9 

S 

~ E >; co 
C') ... ,.. .. C') 

CI ... 
,~ 

co CD ... N N N ... ... 
]! .Q Q') :c Q') :::: Q') 

g; co co E co E E E co E E 
~ 

u .. CI E Q') u CI '<!' CI CI U CI CI "> cD C'I 2 CI ~ \I) 0 ,~ m CI 0 :.iil 0 0 CI 0 0 
UI 'C \I) :I Q') N N 'C Q') Q') Q') 'C Q') Q') 

3 GPll 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 GPI2 100 0 0 0 0 01 0 0 9 0 0 0 0 0 0 0 0 

5 GPI3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

r-L GPI4 0 100 100 0 0 100 100 100 91 100 100 100 100 100 100 100 100 

7 GPI5 0 0 0 100 100 0 0 0 0 0 0 0 0 0 0 0 0 

8 MDHAl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 MDHA2 0 50 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 

10 MDHA3 100 50 100 100 100 100 100 100 100 100 92 100 100 100 100 100 100 

1 1 MDHA5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 MDHBl 0 0 0 0 0 01 0 0 0 0 3 0 8 0 0 0 17 

13 MDHB2 100 0 0 100 100 100 1100 100 100 0 97 100 92 100 0 100 83 

14 MDHB3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15 OCTl 0 81 88 0 61 0 0 0 3 0 1 0 8 0 0 0 0 

16 OCT2 0 0 0 0 0 01 0 0 0 0 6 0 0 0 0 17 0 

17 OCT3 33 0 12 0 0 01 50 50 3 0 0 16 4 0 0 0 0 

18 OCT4 0 19 0 100 39 01 21 50 34 0 7 16 14 0 0 25 8 

19 OCT5 17 0 0 0 0 81 I 29 0 48 50 74 68 70 100 100 581 84 

20 OCT6 50 0 0 0 0 191 0 0 12 50 12 0 4 0 0 0 8 

21 OCTB1 0 0 0 0 0 01 0 0 0 0 0 0 0 01 0 0 0 

22 OCTB2 0 0 0 0 0 01 0 0 0 0 0 0 0 0 0 0 0 

23 XDHl 100 0 0 0 0 01 0 50 0 0 100 100 100 100 0 100 1100 

24 XDH2 0 100 100 100 100 100 0 50 0 0 0 0 0 0 0 0 0 

25 XDH3 0 0 0 0 0 0 0 0 100 100 0 0 0 0 0 0 0 

26 XDH4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 

27 SODAl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 SODA2 0 0 0 0 0 01 0 0 0 0 0 0 0 0 0 0 0 

~ SODA3 100 100 100 100 100 0 0 100 100 100 100 100 100 100 0 100 100 

30 SODA4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 

31 HEXAl 0 0 0 0 0 0 0 100 100 100 0 0 0 0 100 0 0 

32 HEXA2 100 0 0 0 78 0 0 0 0 0 100 100 100 0 0 100 100 

33 HEXA3 0 100 100 0 22 0 0 0 0 0 0 0 0 0 0 0 0 

34 HEXA4 0 0 0 100 0 01 0 0 0 0 01 0 0 0 0 0 0 

35 HEXBl 0 0 0 0 0 01 0 0 0 0 o· 0 0 0 0 0 0 

36 MPll 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

37 MPI2 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 

38 MPI3 100 100 100 100 100 100 100 100 100 100 95 100 100 100 0 100 100 

Appendix E. Data coded as Allele Frequencies 
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A B C 0 E F G H I J K L M N 0 P Q R 

39 PGMl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

40 PGM2 50 12 12 50 50 0 0 0 0 0 1 0 0 0 0 0 0 

41 PGM3 0 0 0 0 0 0 0 75 0 0 0 56 31 100 0 61 25 

42 PGM4 0 0 0 50 50 0 0 25 6 0 99 44 46 0 0 0 75 

43 PGM5 0 88 88 0 0 0 0 0 94 100 0 ,0 23 0 0 39 0 

44 PGM6 50 0 0 0 0 0 0 0 0 0 0 .'0 0 0 0 0 0 

45 GPTl 100 100 100 100 100 0 a a 0 0 100 100 100 100 0 98 100 

46 GPT2 0 a a a 0 a a 0 100 100 0 a a a 0 2 0 

47 GPT3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 

48 GPTBl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

49 CATl 100 0 0 37 11 0 0 0 0 0 0 0 0 0 0 0 0 

50 CAT2 0 100 100 0 0 0 0 0 0 0 0 0 o 100 0 0 0 

51 CAT3 0 0 0 63 89 100 100 0 100 100 100 75 100 0 100 100 100 

52 CAT4 0 0 0 0 0 0 0 0 0 0 0 25 0 0 0 0 0 

53 IDHl 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 

54 IDH2 0 0 0 0 0 01 01 0 0 0 100 0 100 0 100 100 0 

55 IDH3 100 100 0 0 0 100 100 0 0 0 0 0 0 0 0 0 0 

56 IDH4 0 0 0 100 100 0 0 0 0 0 0 0 0 0 0 0 0 

57 IDH5 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 

58 PGDl 0 0 0 0 0 0 0 25 0 0 0 0 0 0 100 0 0 

59 PGD2 100 50 25 0 0 0 01 75 100 100 100 0 100 0 0 100 0 

60 PGD3 0 50 75 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

61 G6PDl 0 0 6 0 0 0 0 0 18 50 0 0 0 0 0 0 0 

62 G6PD2 100 100 94 100 100 100 100 100 82 50 0 0 100 0 0 100 0 

63 G6PD3 0 0 0 0 01 0 0 0 0 0 100 0 0 0 0 0 0 

64 G6PD4 0 0 0 0 0 01 0 0 0 0 0 0 0 0 0 0 0 

65 AGPD1 0 0 0 0 0 0 0 0 0 0 10 0 0 0 0 0 0 

66 AGPD2 0 0 0 0 0 100 100 100 100 0 0 0 0 0 01 0 0 

67 AGPD3 100 0 o 100 100 0 0 0 0 0 90 100 100 100 o 100 100 

68 ESTCl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

69 ESTC2 100 100 67 100 100 50 0 100 37 0 95 100 100 100 100 100 100 

70 ESTC3 0 0 33 0 0 50 100 0 63 100 5 0 0 0 0 0 0 

71 ESTC4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

72 ESTC5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

73 ESTC6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

74 PGMB1 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 33 0 

75 PGMB2 0 100 100 100 100 0 0 0 100 100 94 0 100 0 0 67 0 

76 PGMB3 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 100 

77 PGMCl 0 0 100 0 0 0 0 0 100 o 100 0 0 0 o 100 0 

78 PGMC2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Appendix E. Data coded as Allele Frequencies 
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S T U V W X Y Z AA AS AC AD AE AF AG AH AI AJ AK 
1 9 9 Ilcr Icr scr scr sd sd sd sd sd sd sd sd sd sl sl sl sz 

0) 

(Q IV CO) E ,.. '<l' CI '<l' 0) '<l' CO) It) 0) ... CO) 
0) 

,.. Q) '<l' 

E E c E E E ,.. cD E E E 0) ... , IV CD E CD CD E -Q) Q) Q) u a, Q) 
,.. C\I Q) Q) u Q) 0) '<l' .c :I .c cD .. CI 2 0 0 0 Q) 0 0) :I 0 0 Q) Q) 0 Q) IV 

0) en .a 0) '0 en CD III .c en en .c '0 en .a C\I .c .c :;;: 

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 100 0 0 

5 0 0 0 0 0 o 100 0 44 12 0 0 42 100 100 0 0 0 0 

6 100 0 0 0 100 0 0 0 56 88 100 100 58 0 0 100 0 100 17 

7 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 83 

8 0 0 0 0 0 0 30 0 0 0 0 0 15 50 37 0 0 0 0 

9 0 0 0 0 0 0 0 0 9 18 0 0 0 0 0 0 0 0 0 

10 100 100 100 100 100 100 60 100 91 82 0 54 83 50 63 100 100 100 100 

1 1 0 0 0 0 0 0 10 0 0 0 100 46 2 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 37 8 0 0 0 10 0 0 0 0 0 

13 100 0 100 100 0 0 100 100 63 92 100 100 0 90 100 100 100 100 100 

14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 01 0 0 100 0 40 01 3 23 75 33 35 50 0 100 0 100 0 

16 0 0 0 0 0 21 60 100 I 78 50 25 50 12 47 37 0 0 0 0 

17 0 0 50 0 0 0 0 0 0 0 0 0 25 0 0 0 17 0 0 

18 50 50 0 42 0 21 0 01 19 0 0 17 0 0 50 0 0 0 30 

--1..9 50 50 50 58 0 58 0 01 0 10 0 0 10 3 13 0 50 0 20 

20 0 0 0 0 - 0 0 0, 01 0 17 0 0 18 0 0 0 33 0 50 

~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 01 0 0 0 0 0 0 0 0 0 0 0 

23 100 0 100 0 0 0 0 0 0 0 0 0 5 0 0 100 100 100 0 

24 0 100 I 0 100 100 100 60 25 0 0 0 15 0 16 37 0 0 0 0 

25 0 0 0 0 0 0 40 75 100 100 100 85 75 84 63 0 0 0 100 

26 0 0 0 0 0 0 0 01 0 0 0 0 20 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 100 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 

29 100 100 0 100 01100 0 0 0 0 0 0 0 0 0 100 100 100 100 

30 0 0 0 0 0 0 100 01 0 100 100 100 100 100 100 0 0 0 0 

31 0 0 100 0 0 0 0 94 100 0 100 67 100 0 0 0 0 0 0 

32 0 100 0 100 0 100 100 6 0 100 0 33 0 100 100 100 100 100 100 
.' 

33 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 0 0 0 0 0 0 100 0 0 0 0 0 0 100 100 0 100 0 0 

~ 0 0 0 0 0 0 0 0 0 0 0 17 31 0 0 0 0 0 42 

37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

38 100 100 100 100 100 100 100 100 100 100 100 83 69 100 100 100 100 100 58 

Appendix E. Data coded as Allele Frequencies 
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S T U V W X Y Z AA AS AC AD AE AF AG AH AI AJ AK 
39 0 0 100 0 100 100 0 0 0 0 0 0 0 64 0 0 0 0 0 

40 0 0 0 0 0 0 100 100 84 100 100 100 100 36 100 97 50 63 92 

41 0 50 0 50 0 0 0 0 0 0 0 0 0 0 0 a 0 0 0 

42 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 37 8 

43 0 50 0 50 0 0 0 0 16 0 0 0 0 /0 0 0 0 0 0 

44 0 0 0 0 0 0 0 0 0 0 0 0 0 '0 0 0 50 0 0 

45 100 100 100 100 0 100 100 0 0 100 0 o . 0 68 100 100 100 100 0 

46 0 0 0 0 100 0 0 100 0 0 100 100 100 32 0 0 0 0 50 

47 0 0 0 0 0 0 0 0 0 0 a 0 0 0 0 0 0 0 50 

48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 100 0 

49 0 0 100 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 

50 0 0 0 0 0 0 0 0 83 27 0 40 37 100 0 0 0 0 0 

51 100 100 0 100 100 0 100 0 17 27 0 60 63 0 100 100 100 100 100 

52 0 0 0 0 0 0 0 0 0 46 0 0 0 0 0 0 0 0 0 

53 0 0 0 0 0 0 0 0 0 0 a 0 0 0 0 a 0 0 100 

54 0 100 100 0 0 0 0 0 0 0 0 0 0 0 0 a 0 0 0 

55 0 0 0 0 0 0 100 100 0 100 50 17 0 100 0 0 0 0 0 

56 0 0 0 0 100 0 0 0 100 0 50 83 83 0 100 100 100 100 0 

57 0 0 0 0 0 0 0 0 0 0 0 0 17 0 0 a 0 0 0 

58 0 0 0 0 0 0 0 0 50 0 0 0 01 0 0 a 0 0 0 

59 0 100 100 0 0 100 100 0 50 0 01 0 100 1100 100 100 100 100 100 

60 0 0 0 100 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

61 0 0 0 0 0 0 0 0 0 0 0 0 01 0 0 0 0 0 0 

62 0 100 100 100 100 100 0 0 0 0 0 0 0 0 0 100 100 100 100 

~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

64 0 0 0 0 0 0 0 0 100 100 0 100 100 0 0 0 0 0 0 

65 0 0 0 0 0 0 0 0 60 0 0 0 01 0 0 0 0 0 100 

66 0 0 0 0 100 0 0 0 0 0 0 0 100 I 0 0 0 0 0 0 

67 100 0 100 0 0 0 0 0 40 100 0 100 0 100 0 100 100 100 0 

68 0 0 0 0 100 100 0 0 0 0 0 0 0 0 0 80 0 33 0 

69 100 100 100 100 0 0 70 0 0 15 0 0 0 24 0 20 100 67 0 

70 0 0 0 0 0 0 30 100 93 82 100 75 50 76 100 a 0 0 100 

71 0 0 0 0 0 0 0 0 0 0 0 0 01 0 0 0 0 0 0 

72 0 0 0 0 0 0 0 0 7 3 0 25 50 0 0 0 0 0 0 

73 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

74 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 

75 0 0 0 0 100 0 0 100 0 0 100 100 0 0 0 0 0 0 0 

76 0 0 0 0 0 0 0 0 0 100 0 0 100 100 0 0 0 0 0 

77 0 100 0 100 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

78 0 0 0 0 0 100 0 100 0 0 100 100 100 0 0 0 0 0 0 

Appendix E. Data coded as Allele Frequencies 
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AL AM AN AO AP AQ AR AS AT AU AV AW 
1 sz sz sz td td td tds tf tm Ity tyf zcr 

CD ,... 
111 CD CD 

~ E ..- N E ..- ..- M ..- '<I' It) 

E E E E E E E .c E c 
E 0 E 0 

QI QI Cl QI QI QI QI QI QI U 
2 QI 0 0 32 

0 0 0 0 0 111 0 .. .c 0) 0) 0) 0) 0) 0) 0) N 0) N 

3 3 0 0 12 0 0 0 0 0 0 0 0 

4 3 0 0 0 0 0 0 0 0 0 10 100 

5 0 0 0 22 40 100 100 0 0 0 0 0 

6 94 0 0 66 60 0 0 100 100 100 90 0 

7 0 100 100 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 9 0 50 18 0 0 0 0 0 

10 100 100 100 91 100 50 82 100 0 100 100 4 

11 0 0 0 0 0 0 0 0 0 0 0 96 

12 0 0 0 0 0 0 0 0 0 9 0 0 

13 100 100 100 100 100 100 100 100 0 37 0 100 

14 0 0 0 0 0 0 0 0 100 54 100 0 

15 3 0 0 0 0 0 0 0 0 19 0 0 

16 7 0 0 0 0 0 0 0 0 19 0 0 

17 0 17 0 0 0 0 0 0 01 0 0 0 

18 36 33 50 0 0 50 8 50 50 31 50 2 

1 9 50 50 50 50 921 40 88 50 50 I 31 50 48 

20 4 0 0 50 8 10 4 0 01 0 0 50 

21 0 0 0 0 50 95 100 0 0 0 0 0 

~ 0 0 0 0 50 5 0 0 0 0 0 0 

23 100 0 0 0 0 0 0 0 0 0 0 100 

24 0 0 0 o 100 100 100 100 1001 37 100 0 

25 0 100 100 0 0 0 0 0 01 0 0 0 

26 0 0 0 0 0 0 0 0 01 63 0 0 

27 0 0 0 0 50 0 18 0 0 0 0 0 

28 0 0 0 0 0 100 82 0 0 0 0 0 

29 100 100 100 100 50 0 0 100 100 100 100 100 

30 0 0 0 0 0 0 0 0 0 0 0 0 

31 100 0 o 100 0 0 0 0 o 100 0 0 

32 0 0 0 o 100 100 100 100 1001 0 100 100 

33 0 0 0 0 0 0 0 0 0] 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 

35 0 0 0 0 0 0 0 0 0 0 0 0 

~ 18 0 50 0 0 0 15 0 0 0 0 0 

37 0 0 o 100 0 100 85 0 0 0 0 0 

38 82 0 50 0 0 0 o 100 100 100 100 100 

Appendix E. Data coded as Allele Frequencies 
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AL AM AN AO AP AQ AR AS AT AU AV AW 
39 7 0 0 0 0 o 100 0 0 0 0 1 

40 90 50 25 0 0 100 o 100 0 o 100 63 

41 0 0 0 0 0 0 0 o 100 0 0 0 

42 3 50 75 0 0 0 0 0 0 o : 0 0 

43 0 0 0 0 0 0 0 0 0 100 0 0 

44 0 0 o 100 0 0 0 0 0 0' 0 36 

45 0 0 0 0 0 0 0 o 100 o 100 100 

46 100 I 0 0 0 0 0 0 0 o 100 0 0 

47 01 o 100 0 0 100 100 0 0 0 0 0 

48 0 0 0 0 0 0 0 0 0 0 0 0 

49 0 0 0 0 0 0 0 0 0 0 0 94 

50 01 0 0 0 0 0 0 0 0 0 100 0 

51 100 1100 100 0 100 100 100 0 0 0 0 6 

52 0 0 0 0 0 0 0 100 100 100 0 0 

53 171 0 100 0 0 0 0 0 0 0 100 0 

54 83 100 0 0 0 0 01 o 100 100 0 0 

55 0 0 0 100 0 0 0 67 0 0 0 100 

56 0 0 0 0 100 90 95 33 0 0 0 0 

57 01 0 0 0 0 10 5 0 0 0 0 0 

58 01 0 r--- 0 20 0 0 0 0 0 0 0 0 

59 43 100 100 80 o 100 100 0 0 100 0 100 

~ 57 0 0 0 0 0 0 0 0 0 0 0 

61 57 0 0 0 0 0 0 0 0 20 0 0 

62 43 100 100 0 0 0 01 43 0 80 100 100 

63 0 0 0 0 0 0 0 57 0 0 0 0 

64 01 0 0 100 100 100 100 0 0 0 0 0 

65 100 50 100 0 0 0 0 0 0 0 0 13 

66 0 0 0 0 0 0 0 25 0 90 20 0 

67 01 50 0 100 100 100 100 75 100 10 80 87 

68 01 0 0 0 0 0 0 0 0 0 0 0 

69 0 50 0 0 0 0 0 o 100 12 70 100 

70 100 I 50 100 0 0 0 0 100 0 88 30 0 

71 0 0 0 100 100 100 100 0 0 0 0 0 

72 01 0 0 0 0 0 0 0 0 0 0 0 

73 0 0 0 0 0 0 0 0 0 0 0 0 

74 1001 0 0 0 0 0 0 0 0 10 0 0 

75 0 0 o 100 0 0 0 o 100 90 100 100 

~ 0 0 0 0 0 0 0 0 0 0 0 0 

;!.L 0 0 0 0 0 0 0 0 0 0 0 100 

78 100 0 0 0 0 0 0 0 0 0 0 0 .. 
Appendix E. Data coded as Allele Frequencies 
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s::: 
0 

CIl 0:: - 0 
as s::: ::s til ... "C - 0 .s::: CIl 
til 0:: s::: 0 'u .c CIl 'iii ~ ~ "C 0 

~ ::s 
'iii CIl as CIl CIJ 

til til .c ... "C til 

CR22 sand e Mal-Ruz north vivi shallow-mid CR 
CR55 sand e Mal-Ruz north vivi shallow-mid CR 
CRuvira sand w Ruz-Mili north vivi shallow CR 
FRYcambay87 ? w Zambia south vivi shallow-mid FfI 
FR29 rock e Mal-Ruz north vivi shallow-mid FfI 
Gkigoma rock e Mal-Ruz north vivi shallow G 

G90em13 rock e MaJ-Mah south vivi shallow G 

G90em4 rock w Ruz-Mili north vivi shallow G 

LCRluhanga rock w Ruz-Mili north vivi shallow-mid L.CR 
LCR90em4 rock w Ruz-Mili north vi vi shallow-mid L.CR 
SCRbemba sand w Ruz-Mili north vi vi shallow CR 
SD8gem3 stroms w Ruz-Mili north ovi deep SO 
SD115 stroms e Mal-Ruz north ovi deep SO 
SD29 stroms e Mal-Ruz north ovi deep SO 
SD90em13 rock e MaJ-Mah south ovi deep SO 
SD90em3 stroms w IRuz-MiIi central ovi Ideep SO 
SDbemba rock Iw IRuz-MiIi north ovi deep SO 
SD90em1 stroms w I Ruz-Mili north ovi deep SO 
SDluhanga stroms w I Ruz-Mili north ovi deep SO 
SL29 sand e Mal-Ruz north vivi shallow SL 

SLbemba rk-snd w Ruz-Mili north vi vi shallow SL 

SLbaraka sand w Ruz-Mili north vi vi shallow SL 
SZkigoma rock e Mal-Ruz north vivi shallow-mid SZ 
SZbemba rock w I Ruz-Mili north vivi shallow-mid SZ 
SZ90em18 rock e MaJ-Mah north vivi shallow-mid SZ 
SZ90em27 rock e Mal-Ruz north vivi I shallow-mid SZ 
TDkigoma stroms e Mal-Ruz north ovi Ideep TO 

TD90em1 stroms w Ruz-Mili north ovi Ideep TO 

TDS90em3 stroms w Ruz-Mili north ovi deep TO 
TF90em16 rock e MaJ-Mah central ? shallow-mid FfI 
TM90em4 rock w Ruz-Mili north ? I shallow-mid FfI 
TYcambay87 ? w Zambia south ? ? FfI 
TYF90em5 rock w Ruz-Mili north ? shallow-mid FfI 
CRstpbemba rk-snd w Ruz-Mili north vivi shallow-mid CR 
G90em1 rock w Ruz-Mili north vivi shallow G 

Gluhanga rock w IRuz-MiIi north vi vi shallow G 

Appendix F, Codings of Independent Biological and Geographic Characters 



~!I. :<I ~1 ~ ~ :<I 
f>~~~ H~' I'~~~~ #.~I'I'.~I'~"~ ~.f.'~ "~~,,,~;~~f\~,~. ,,1 .f..~,,~ f\'I'~H~''''' "" .. , ~.#~~I'.#I'~ 1'1'.' #.~~",~<?:"J> 

c.~~~~:~~/-:~?~~~~~~~~~~~~s.~~$~~~~~~~~~'" c.~~~~~~~i~~~-$:/-:~~:;~~~1q;9-~~~~-$~$1'4>~~$~~4l 

~~ ,1!1. :<I 
~f>~~ ~~:~~$-I'cf."~~~' '-:':'tf.", ~'''''~~~I't ~I'.' .#~~",~;#."J> 

~~~~~~~~~4"<I~~c1'&~~~~c.~~~1~~~'4>~~~$~~~~~4l 
~~ ,1 t." 

f>~~ f\~t~I'~' I' .s>..~" "I' H~ ,,:<1 '.'\ ~" "",' "~.",,,,~"J> 
c.~~~~:~~~.t~~~~$-$$~$~$~:l~:;S.~~~~~c&~:~~4l· 

Appendix G. Trees from step coding for 36 populations. a) Strict and b) 50% majority rule 
consensus for all 2077 trees. c) majority rule consensus for island #1, 1508 trees, and d) 
island #2, 569 trees. 
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Appendix H. Trees from presence/absence coding for 46 populations. a) Strict and b) 50% majority 
rule consensus for all 60 trees. c) Majority rule for island #1,30 trees, and d) island #2, 144 trees. 
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Appendix I - continued. Trees from presence/absence coding of 46 populations. 
c) Strict and d) 50% majority rule for island #1, 192 tree·s. e) Strict and f) 
majority rule consensus for island #2, 144 trees. 
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Appendix J. Trees from branch & bound search on tuberculate clade. 
a) 50% majority rule for all 12 trees. b) "Strict consensus" on #1, 
1 tree (so this is no t really a consensus tree). c) Strict consensus and 
d) majority rule for island #2. 
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Chapter 3: DIFFERENCES IN THE RADULAE OF LAVIGERlA: WHAT DO 
THEY TELL US ABOUT THE PHYLOGENY AND ECOLOGY OF THIS 
GASTROPOD SPECIES FLOCK? 

ABSTRACT 

Diverse feeding structures among sympatric taxa may be a result of selection in situ 

that allowed coexistence by trophic divergence, or may simply be a remnant indicator o~ 

independent evolutionary origin of the taxa. I quantified variation in radulae of six species 

of the Lavigeria gastropod species flock from Lake Tanganyika to assess these two 

possibilities. Using multivariate measures in a canonical functions analysis, I found that 

there are statistically significant differences among these species that correlate with other 

measures of species differences. These correlations indicate that the radula provides a 

useful species-level systematic character for Lavigeria, however I can not yet distinguish 

the causal basis for the differences. The proposed non-lacustrine sister genus has a 

strikingly similar radula, suggesting phylogenetic conservation at the generic level. 

However, the tricuspate tooth morphology of these micro-algal rock grazers is similar to 

that ·of sympatric grazing fish in the same lake and to marine grazing gastropods, implying 

that the major features of tooth morphology also have a functional basis. Furthermore, I 

tested for character displacement among populations of two species, and found that this 

can not be dismissed as a force in changing radular morphology on a local scale. The 

effects of opposing evolutionary forces of constraint and selection are manifest at different 

levels of comparison in the morphology Lavigeria radulae. 
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INTRODUCTION 

In hyperdiverse lakes, such as those in the east African Rift, we often find closely 

related species sharing the same habitat. In most of our Meccas of endemic diversity, such 

as the Galapagos or the Hawaiian islands, evidence clearly supports allopatric mechanisms 

of divergence and diversification (Carson 1983; Grant 1986; Lange 1992). But the 

common sympatry in long-lived lakes challenges our ability to apply exclusively aIIopatric 

models based on current distributions. As a result, various sympatric speciation models 

have been proposed for these munas (Kosswig 1947; McKaye et aI. 1984; Dominey 1984). 

Models of resource competition and subsequent trophic specialization are sometimes 

invoked to explain sympatric coexistence. Trophic specialization has been suggested as 

either a speciation mechanism or as an explanation for divergence after secondary contact 

(Grant 1986). To assess this possibility, I quantified the variation in the feeding 

apparatuses, or radulae, of diverse endemic gastropods of the genus Lavigeria that' are 

sympatrically distributed in Lake Tanganyika. This is the first step in determining a) 

whether the pattern of differences in the radulae provide useful systematic characters and 

b) whether the process of trophic specialization might have been important in the evolution 

of this clade. 

The idea of trophic divergence has recieved the most attention in studies of the 

cichlid fishes of the African rift lakes because cichlids form the most diverse vertebrate 

species flocks known and have great differences in mouthparts (Fig. 1; Fryer & Iles 1972; 

Liem 1980). Some workers have hypothesized that there has been sympatric speciation 
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based on competitive speciation, or maintenance of diversity after speciation through 

competitive divergence. Could these mechanisms apply to the radiations of other taxa in 

the same lakes? In this paper I address the question whether trophic specialization is 

integral to the rampant diversification in Lake Tanganyika by examining a gastropod 

species flock as a model. Assuming that morphology reflects utility and there is no 

variation in gastropod radulae between species, we can conclude that trophic partitioning 

is not likely to be critical to the formation of all Tanganyikan species flocks. 

LA VIGERIA RADUIAE - STRUCTURE, FUNCTION AND SYSTEMATIC CONTEXT 

Lavigeria are mesogastropods in the filmily Thiaridae and thus possess a chitinous 

taenioglossan radula (Houbrick 1987b). This type of radula functions as a scraper or 

rasper using fewer teeth and a less complex musculature than the sweeping rhipidoglossan 

radula of arch eo gastropods (Fretter & Graham 1962). With this rasper, mesogastropods 

can use considerable force in applying the radula to the substrate to graze tougher 

surfaces. The rachidian (central) tooth is used in food gathering, making the precise 

position of the radula less important than the amount of force applied (Fretter & Graham 

1962; Steneck & Watling 1982). The morphology of the rachidian tooth may reflect the 

forces applied to the algal mat during grazing and thus could be an important indicator of 

feeding specialization (padilla 1985). This tooth is permanently anchored in the radular 

ribbon, whereas the lateral and marginal teeth are movably articulated (Fretter & Graham 

1962). The lateral and medial teeth act with a raking movement, which cuts algal filaments 

while sweeping the food towards the esophagus. With this radular morphology, 
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taenioglossans have exploited a wider range of herbivorous food items than other grazing 

gastropods (Steneck & Watling 1982). 

Lavigeria possess a typical taenioglossan radula with a rachidian tooth flanked by 

one pair of lateral teeth and two pairs of marginal teeth (Fig. 2). The rachidian and lateral 

teeth each have a central cusp that is larger than the other cusps that generally occur to its 

medial or lateral sides. Note that lateral cusps may occur on both rachidian and lateral 

teeth (Fig. 2). I refer to these smaller cusps as 2° if they are next to the central cusp, or 

3° if they flank the 2° cusps. 

Malacologists have long felt that the radula is critical in systematics (eg., Fretter 

and Graham 1962). As early as the middle of the last century Troschel suggested that 

radulae have the most important characters for unravelling the "natural system" of 

gastropods (Bandel 1984). Radular characters, especially on the central tooth, figur~ 

prominently in taxonomy of other genera of Tanganyikan gastropods and among species 

ofMelanoides, a related cosmopolitan thiarid (LeLoup 1953; Brown 1980; Fig. 3). Some 

species are defined primarily on radular differences. However, recent work, including 

some of my results on Lavigeria, suggests that we can not assume that all radular variation 

indicates deep evolutionary divergence. Differences in radulae may be the product of 

directional selection or even ecophenotypy, so that radular characters could indicate 

resource use more than they indicate common descent. Surprisingly, few studies test the 

ecological correlates ofradular variation in a phylogenetic context. I review the literature 
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on this topic and conclude that future research on the gastropod feeding structure must be 

grounded in a comparative phylogenetic context. 

The radula has figured prominently in discussions of the systematics of Lavigeria 

and its relatives (Fig. 3), although the supergeneric classification of Lavigeria is under 

revision (Houbrick, West, Brown, pers. comm.). Based on the radula, Brown (1980) 

separated Lavigeria from the other Tanganyikan gastropods in the subfamily 

Paramelaniinae and placed them in the subfamily Paludominae with Cleopatra, 

Pseudocleopatra and Potadomoides, all cosmopolitan genera that do not occur in Lake 

Tanganyika proper (Fig. 4). He described the radulae of Cleopatra and Pseudocleopatra 

as being relatively small, the central tooth as having at least seven cusps and lacking basal 

cusps. Cleopatra and Pseudocleopatra are united by other features as well. Radulae of 

Lavigeria and Potadomoides strongly resemble each other (Fig. 4). I have found that 

most of the Lavigeria species have three cusps on the central tooth, like that shown for 

Potadomoides. The lateral and marginal teeth are also very similar in their denticulation. 

Some Lavigeria (L. grandis) have multiple denticles on the central tooth, perhaps 

making them resemble Cleopatra in the Paludominae, but in this way they also resemble 

Rey'!'ondia sp. A and Spelda zonata (Fig. 3). These are two other shallow water thiarids 

endemic to Lake Tanganyika that Brown (1980) placed in the Paramelaniinae and are not 

closely related according to West (Fig. 3; West 1991). Variation in Potadomoides radulae 

is not discussed by Mandel-Barth (1967) or Brown (1980). From the published diagrams 

it is not clear that the Lavigeria-Potadomoides radulae are more similar to the other 
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branch of Paludominae (Fig. 4) than to other Tanganyikan gastropods found in the 

Parmelaniinae (Fig. 3). Furthermore, Lavigeria and Potadomoides both have a paucispiral 

operculum and ovoviviparous reproduction, while the other branch of Paludominae has 

concentric operculum with a spiral nucleus and is probably oviparous (Brown 1980). 

The subdivisions of the family Thiaridae are not well-defined in general and the 

subfumilies may be para- or polyphyletic (Brown & Mandel-Barth 1987; Houbrick 1988; 

West pers. comm.). Brown's (1980) book has been the definitive source for recent 

taxonomy of African freshwater gastropods; it maintained subfamilial designations. The 

subfamily Paramelaniinae is heterogeneous and the species seem to share primarily the 

character of being monotypic endemics in Lake Tanganyika that do not fit into either 

Paludominae or Syrnolopsinae. Radular characters do not map closely on the cladograms 

proposed by West (1991) for the Tanganyikan endemics (Fig. 3). These cladograms were 

derived independent of radular information. Lavigeria and Cleopatra were not closely 

related in any of West's proposed cladograms (Fig. 3). Lavigeria was consistently more 

closely related to the outgroupMelanoides than Cleopatra (Potadomoides was not tested 

as an outgroup). In more recent work, Brown (Brown & Mandel-Barth 1987; Brown in 

press) and West (1991 and pers. comm.) omitted all reference to subfamilial designations. 

I concur, and suggest that the radular similarities that united Paludominae are not 

compelling enough to warrant separation of these four genera into a separate subfamily. 

However, it is likely that further work will reveal that the Tanganyikan thiarids can be 

separated into different subclades. The radula is useful character to include in examining 
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thiarid relationships, but the problems of including Lavigeria in the Paludominae 

demonstrate why it should not be the exclusive character. 

The similarities between Lavigeria and Potadomoides radulae are striking 

however, and deserve consideration as indications of relatedness. The ecology of these 

two genera is very different. Lavigeria is found only in Lake Tanganyika proper, to depths 

of 50m, and primarily on hard substrates, although some species occur on sand. No 

species occur in mud or areas of still water. Potadomoides is a fluvial genus. The single 

species found near Lake Tanganyika, P. pe/seneeri, lives on "vegetable debris in a calm 

bay in 30-40cm of water" in the delta region of the Malagarasi river (Brown 1980). The 

algal flora and water chemistry differs substantially between these two environments 

(Coulter 1991; Cocquyt et a!. 1991). Presumably Potadomoides is not a grazer of hard 

substrates. It seems unlikely that the similarities between Lavigeria and Potadomoides 

radulae are the product of functional convergence. 

Lavigeria are microalgal grazers, generally found on rocks covered with aufwuchs 

in clear water, although some species are found in a wide range of habitats whereas others 

are more restricted (Table 11
). Lavigeria gastropods seem to be the major invertebrate 

grazers on the surfuce of submerged rocks, whereas other gastropod genera are common 

on the undersides of rocks (Reymondia), or at the air-water interface (Spelda), or on soft 

1 Lavigeria taxonomy has not yet been officially revised, so I will refer to the species 
by descriptive monikers of Small Dark, Grandis, Fine Ribbed, Coarse Ribbed, Large 
Coarse Ribbed, and Small Zaire. For illustrations of shell morphologies, see Chapter 2 -
Appendix A, Chapter 5 - Table 1, Figures 6-11 for distributions, and Chapter 6 -
taxonomic outline with synonymies and character definitions. 
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substrate (Parameiania, Tiphobia). Chironomid insect larvae are present in the lake, but 

are not common grazers in these habitats. Grazing competition probably also exists from 

the cichlid fish in the same habitats (Yamaoka 1991). 

In this paper I discuss variation among Lavigeria radulae, how they differ from 

radulae of other species in the same family as well as from other snails in the same habitat. 

Because the significance of variation in radular morphology is not clear, I discuss the 

variation observed in Lavigeria in relation to what is known from radular studies in other 

gastropods. As it is likely that there may be competition among freshwater grazing 

herbivores, I consider the literature addressing this issue. Finally, I discuss the possible 

mechanisms of competitive displacement and divergence among Lavigeria species. I 

conclude that there is some evidence that competitive speciation may be a force in the 

evolution of the Lavigeria species flock. Furthermore, I found that radular variation 

correlates \yith other indicators of species differences, indicating that this character is 

taxonomically informative for the Lavigeria group. 

MATERIALS AND METHODS 

SPECIMEN COLLECTION AND PREPARATION 

I collected samples of six species of Lavigeria from seven sites along the Lake 

Tanganyika shoreline (Fig. 5). I selected a representative size range of each species. At 

some sites, several species are sympatric whereas at others there was only one species 

present. I sampled between 14 and 21 individuals per species, as shown in Fig. 5. In 
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preparation, SEM examination and measurement, I chose samples in random order to 

avoid biases of clustering species in the sampling process. 

I measured variables of shell height (maximum distance along longitudinal axis), 

shell width (maximum distance perpendicular to longitudinal axis), aperture lip thickness 

(minimum, or inter-sculptural thickness at point of maximum distance from longitudinal 

axis) and body length (dissected from shell, uncoiled length, Chapter 4) for each individual, 

then removed the radula and preserved it in 70% EtOH. I prepared the radulae for 

examination by dissolving surrounding tissue with 5% NaClO (bleach). NaClO is 

preferable to other tissue degraders such as H20 2 or KOH because it distorts the radular 

ribbon less (padilla, pers. comm.). To help dissolve tissue between the teeth I sonicated 

each radula for 10 seconds while it was in the bleach bath (floating the petri dish of bleach 

in the water of the sonicator). When most, but not all of the tissue had fallen off, I stopped 

the digestion by rinsing the radula in three baths of distilled water. This ensured that the 

teeth themselves were not digested. During the second rinse I sonicated the sample again 

for ten seconds. This removed residual tissue and NaClO from between the teeth. 

SPECIMEN MOUNTING AND ORIENTATION 

I placed the cleaned radula on a glass slide while the radula was stilI wet, pulled it 

flat (so that it was neither over-elongated nor compressed) and measured its length with 

a calibrated ocular micrometer. To mount the radula on an SEM stub I made a thin film 

of 50% Elmer's Glue on a coverslip and placed the damp radula on it. I then gently spread 

the marginal teeth to .. expose the lateral and central teeth before the radula dried into 
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position. Several radulae fit on one cover slip which I mounted on an SEM stub, air dried, 

and coated with 3-4 layers of 30nm gold sputter. 

Lavigeria teeth are smooth and strongly recurved, with a number of cusps (or 

denticles) on the cutting edge. This presents problems for determining homologous 

landmarks for morphometries. Even if one assumes that the cusps are homologous, there 

are no landmarks on the leading or anterior edge, as it is formed purely by the angle of 

curvature and the angle of view of the tooth (Fig. 2). Furthermore, the micrograph 

foreshortens the image, creating problems in comparability between individuals. It is 

difficult to differentiate between a long surface that is angled back, parallel to the plane of 

view, from a short surface that is perpendicular to the plane of view. For this reason I 

standardized the mounting to be flat and the angle of view to be without tilt for all 

specimens except those from the species SD. SD rachidian teeth are almost perpendicular 

to the plane of view which means that to observe any of the rachidian surface the teeth 

must be tilted (Fig. 6). Radulae from SD were consistently tilted 2()O toward the camera 

so that more of the anterior surface was visible. Even with this correction the length 

measurements of SD teeth were shorter than the other Lavigeria species. The differences 

between SD and other Lavigeria could be either real differences in the lengths of the teeth, 

or indirect measures of the differences in perpendicularity. At any rate, the need to tilt 

means that the documented differences are a minimum, and any error in SD tooth 

measurements are an underestimation of their distinctiveness from other species. 
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Using an lSI scanning electron microscope I photographed 3-4 rows of teeth for 

each sample, framing the two lateral teeth and the rachidian, or central tooth, at 

magnifications ranging from 250-700x at a standardized viewing angle of 90°. I also 

photographed the marginal teeth in profile, but found that it was difficult to make 

repeatable measures and I did not observe quantifiable differences. Thus I did not use 

marginal teeth in this analysis. I examined only teeth that were fully formed and cured, yet 

had not be used for feeding, in the region approximately 60% of the length from the 

generative region. Worn or immature teeth can be visually distinguished and were not 

used in this study. No samples showed evidence of stress-induced changes in the radular 

ribbon (Smith & Russell-Hunter 1990; Fujioka 1985). 

MEASUREMENTS 

From the photographs, I measured six distance variables: lengths and widths of the 

three cusps on the rachidian (central) tooth (Fig. 7). The rachidian tooth is bilaterally 

symmetric and is relatively flat from its sides to center, thus the measures are likely to be 

in the same plane. In contrast, the lateral teeth angle forward on their medial edge, and 

tilt back on their lateral edge, making measurements more difficult. On the lateral teeth 

I counted the number of medial and lateral cusps on either side of the main cusp. I 

repeated the measures in each of the three rows and then obtained an average for each 

measure to compensate for variation in orientation of individual teeth. From the electron 

microscope screen I measured length per row of teeth by measuring the distance for 7-12 

rows, then dividing by the number of rows. I measured the width of the radular ribbon at 
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the junction of lateral teeth with the radular ribbon, a repeatable landmark. The screen 

measures were both taken along the horizontal axis of the screen by turning the sample to 

avoid possible problems of differential distortion in the vertical direction (Bentley, pers. 

comm.). All radulae were examined with the same protocol on the same microscope so 

that the variables are directly comparable between them. 

DATAANALYS[S 

I analyzed the multivariate relationships between log-transformed values of the 

measurements with a canonical discriminant analysis to look for clustering of the data with 

species designation as a discriminant. My goal was to determine whether there are 

systematic differences between the Lavigeria species in radular morphology. I did each 

of these analyses on the data from all six species, then on a subset of the four most similar 

species. I analyzed the data separately as: a) measurement data; b) meristic data; and c) 

ratios of the measurements (fable 2). Because of the problems of curvature, I used ratios 

to derive a general description of the relative shapes of the teeth. Dramatic differences 

behyeen the ratio and measurement analyses might indicate a significant effect of 

foreshortening on the measurements. The results based on measurements should be given 

more weight as it is generally acknowledged that statistics on ratios can be suspect 

(Bookstein et al. 1985). 

To examine the effects of the animal's size on radular shape I derived a size factor 

from the first factor (prin 1) of a principle components analysis (peA) of the shell and 

anatomical characters (shell height, width, lip thickness, body length). It is clear that Prin 
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1 primarily describes size because it explains the majority of the variation in all four 

variables and all the variables load strongly and positively on it (fable 3). I then looked 

for patterns of covariance of the canonical functions with the size factor and tested the 

correlation of the canonical functions by regression on the size factor. 

I tested statistical significance of the separation of classes in each canonical 

discriminant analysis in two ways. First, I performed analysis of covariance (ANCOYA) 

with the size factor and the first two canonical functions, then analysis of variance 

(ANOY A) of the first two canonical functions, followed by a nested ANOY A of the 

canonical functioJ.ls by site and species. 

I then tested the multivariate significance with a randomization test of the 

differences of the Mahalanobis distances between the centroids of each group (R. Strauss~ 

E. Dyreson, pers. comm.). These distances are rescaled with reference to the pooled 

within-population covariance matrix, and thus are the most appropriate measure of 

difference among populations when there is a chance that the variables covary (Manly 

1986). Randomization methods are the best statistical test of significance for this kind of 

morphometric data because they are not sensitive to distributional assumptions of 

multivariate normality or random sampling and because they are powerful with small 

sample sizes (Edgington 1980). This method generated a null distribution of distances for 

each pair of groups by randomizing group assignments of the original multivariate data 

points (retaining original group sizes) and recalaculating Mahalanobis distances between 

centroids (SAS IML program by E. Dyreson; Edgington 1980). The null distribution was 
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derived with 10,000-15,000 randomizations. The observed distances were then compared 

with the null distribution of distances. Probability values indicated whether the observed 

differences fell within the range of values that were due to chance alone, or were 

significantly greater, indicating species divergence in radular morphology. These 

significance values are reported as pair-wise comparisons as well as with the Bonferroni 

adjustment to the p-value for the group comparison. 

I analyzed the number of cusps on the lateral teeth with a non-parametric analysis 

of variance using a Kruskal-Wallis test and with ANDV As. I also tested for a pattern that 

might indicate character displacement has occurred with the same statistics of ANDY A 

on canonical function values. I did this on the measurement variables from two species, 

FR and LCR, that occur sympatrically at one site and occur separated at two other sites 

(Fig. 8). 

RESULTS 

DESCRIPTIVE DIFFERENCES 

The radulae from different species ofLavigeria differed visually. These differences 

were also quantified in the morphometric study. Four species, FR, CR, SZ and LCR have 

similar looking radulae that differ quantitatively in size and in details of the shape. SD and 

G are both extremely distinctive from each other and the other four species. 

FR - (Fig. 9 - Fine Ribbed) cusps on rachidian tooth point posteriorly, relatively 

long, flat, and squared-off at end, central (1J cusp more squared than lateral cusps 



219 

(2' on rachidian tooth, but all three may be squared off, central cusp is dominant, 

flanked by 1 pair of lateral cusps approximately 33% its size, other lateral cusps 

(3°) extremely reduced (or nonexistent) and may point up (anteriorly) to form a 

link with flanking lateral tooth, lateral teeth also have 3 dominant cusps (1° and 2°) 

with other cusps (3°) reduced or nonexistent but pointing down (posteriorly) if 

present, teeth close but not overlapping, distances between bases of rachidian and 

lateral teeth approximately 1/3 width of rachidian tooth, lateral teeth approximately 

10% larger than rachidian, marginal tooth #1 shaped like a mitten with large 

central cusp, smaller medially flanking cusp approximately 1/4 its size, another 

much smaller medial cusp and tiny lateral cusp jutting off the side 

CR - (Fig. 10 - Coarse Ribbed) rachidian tooth shape similar to FR, lateral cusps 

on lateral teeth (3°) often larger than FR, there is occasionally another cusp (4°)~ 

lateral teeth are approximately 25% larger than rachidian, medial teeth similar to 

FR 

SZ - (Fig. 11 - Small Zaire) rachidian tooth shape similar to FR, lateral cusps on 

lateral teeth (3°) often larger, often distinct, rarely another cusp (4°), lateral teeth 

appear to be approximately 10% larger than rachidian, medial teeth similar to FR 

LCR - (Fig. 12 - Large Coarse Ribbed) rachidian tooth shape similar to FR, lateral 

cusps on lateral teeth (3°) are larger, frequently another cusp (4°), lateral teeth 

appear to be approximately 25% larger than rachidian, medial teeth often less 
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mitten shaped and more glove shaped in that cusps are of more comparable sizes 

to each other 

G - (Fig. 13 - Grandis) teeth all extremely robust, edges more rounded, appear as 

one large, curved spatulate form with a scalloped edges rather than each tooth 

bearing three separated cusps, rachidian tooth is strongly posteriorly pointing 

(considerable surfuce area is perpendicular to the plane of view), divisions between 

cusps not very deep (leading to scalloped appearance), central cusp extremely 

large relative to lateral cusps, additional lateral cusps (3°) are common on both 

rachidian and lateral teeth, lateral teeth similar to rachidian in that central cusp very 

wide, divisions between cusps similarly shallow, marginal tooth #1 approximately 

between LCR and FR in shape 

SD - (Fig. 14 - Small Dark) radular ribbon extremely long relative to size of 

animal, very fragile, teeth widely spaced (the rachidian and lateral teeth are 

separated by a distance as great as the width of the rachidian tooth), teeth point 

essentially ventrally (very little surface is perpendicular to the field of view), teeth 

seem to be very thin, edges fine, end of cusps are rounded or pointed, not squared 

off: rachidian tooth central cusp extremely wide relative to lateral cusps which are 

small but flare out separately from central cusp (unlike G), additional lateral cusps 

(3°) may be present and may even be quite enlarged and flared out to form a 

possible link with lateral tooth (could not be definitively determined due to 
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preparation difficulties with these extremely delicate structures), marginal tooth #1 

mitten shaped 

OVERALL VARIABILITY AND MARGINAL TEETH 

The central three radular teeth of Lavigeria were relatively invariant at the 

individual and species level, which allowed me to make general descriptions of their 

morphology. Although I did not quantify the variation, this appeared to be the case for 

the marginal teeth as well. Marine grazing gastropods in the family Littorinidae have 

similarly invariant marginal teeth (padilla pers. comm.). However, this is not always the 

case for gastropod teeth. Another marine grazing gastropod, Lacuna, has is significant 

variation within individual radulae among the marginal teeth (D. Padilla pers. comm.). 

West (pers. comm.) reported considerable variation in cusp shape and number within 

, 
populations of Paramelania and Tiphobia, which live on soft substrates in Lake 

Tanganyika. These two genera have many more cusps on each tooth than do Lavigeria~ 

At the generic level there appear to be significant differences in marginal teeth among 

different Tanganyikan genera (Fig. 3). Further work should verify the invariability of the 

marginal teeth of Lavigeria. 

MORPHOMETRIC ANALYSES 

In this section I consider the statistical relationships of the radular variables: first 

the factor loadings and plots in order to determine the effect of animal's size on radular 

morphology, then statistics to test for species separations on measured, meristic and ratio 

.. _------_._-
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variables, and finally a test for character displacement that examined whether sympatric 

species are more different than allopatric species. 

Statistical Description of the Variables - Plots & Factor Loadings 

All analyses showed separation of species by radular characters, with SD and G 

consistently the most distinctive taxa. Measurement and ratio analyses mirrored each other 

fairly clearly, with similar multivariate plots for the discriminant functions (Figs. 15 a&b, 

16 a&b), although statistics for ratio values sometimes showed both fewer and less 

significant differences (Table 4). 

The ratios were used to test whether the curvature perpedicular to the plane of the 

ribbon is decreasing the relative importance of length measures in this plane and thus 

misrepresenting the shape of the teeth. Length measures loaded differently in ratio 

analyses than in measurement analyses. I compared the factor loadings for the characters 

most affected by length in the direction perpendicular to the ribbon (Le, LL, LR for 

measures and Ll../LC, LR/LC, ALLRILC for ratios). I found that for ratios, relative length 

variables explained more variation in the first canonical factor than in the second and 

relative length also explained more variation for the analysis of all six species than the 

analysis of four species (Table 5). The ratio analyses showed that curvature perpedicular 

to tqe plane of the ribbon is most important in the distinction of SD and G from the other 

species. However, these two species were highly distinctive in measurement analyses 

anyway, thus the ratios showed that the differences found in the measurement analyses 

were minimum differences. I found that for measurements, in the six species comparison 
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the length of the central cusp explained more variation between species in the first 

canonical factor than length of the lateral cusps, whereas the length of the lateral cusps 

loaded more heavily on the second canonical factor. Cusp lengths did not figure 

prominently in variation in the four species analysis. Because the factor plots were similar 
I " 

between measurement and ratio analyses, I conclude that curvature does not cause a major 

loss of information in this study. Table 5 presents factor loadings for each of the four 

analyses (measurements and ratios for six and four species). In the analysis of all six 

species, Can 1 for measurements reflected size of the radula (RadL, W3/teeth, Urow) and 

size of the central cusp (WC and LC) and clearly distinguished species G from the other 

taxa (Fig. 17a). Can 1 correlated strongly with size (Fig. 17a) for all species except G, 

where differences in the central cusp explained more variation than size alone. Can 2 

described the relative shape of the lateral cusps on the rachidian tooth (WL, LL, WR, LR) 

and was the factor that clearly separated species ~D. Can 2 was independent of size (Fig. 

17b). Ratio loadings gave similar information on variation, except that Can 1 was 

negatively related to size because the smaller number was usually in the numerator (Fig. 

17 c&d). The ratios did not achieve independence from size influences, illustrating why 

the traditional use of ratios to factor out size is in error. 

The species G and SD dominated the variation described in the analysis of six 

species. I eliminated them and compared the four remaining species. Here, Can 1 was 

effectively a size factor (Fig. 18 a&c, Table 5), and, as in the analysis of six species, 

described variation in the whole radula and the width of the central cusp. Can 2 described 

--" --------
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relative shape differences in the lateral cusps and was free of the influence of size (Fig. 18 

b&d). Factor loadings of ratio characters indicated that the relative width of the cusps was 

again the most important measure. The plot of ratio values gave a clearer visual separation 

between species, although ratios were not more statistically separable. 

Results of Statistical Tests 

All of the six species sampled were statistically separable in at least one test, often 

in many of the statistical comparisons, indicating that the radular differences are 

quantifiable in this clade. In overall pair-wise comparisons, most of the species were 

significantly different, but when adjusted for group-wide significance levels, some 

differences became non-significant. When I excluded the two outlying species, the 

Mahalanobis distances between the other four species increased by up to 25%. Canonical 

functions 3 and 4 did not statistically separate the species. 

ANCOVAandANOVA 

In all four analyses (measurements and ratios for four and six species) Can 1 was 

correlated with the independently derived size factor (Prin 1). The ANCOVA revealed 

that for Can 1, both Prin 1 and species designation (the classification variable) significantly 

explained variation between species in all four analyses (Table 4). Can 2, however, was 

independent of size variation and the ANCOV A showed that significant differences 

between species did not co-vary with size. The ANOV A (Table 6) verified that for all 

analyses the classification variable of species significantly separated the data for both Can 

1 and Can 2. In the pair-wise comparisons between species by canonical function, all 



225 

species were statistically distinguishable from each other in at least one comparison and 

most are distinguishable in several comparisons. The Bonferroni correction for 

simultaneous inference applied only within the six or four species comparisons (not 

between them), thus since FR and LCR differed from each other in only one comparison 

between the two analyses it is possible that a correction for the complete number of 

comparisons would render them not significantly different. But the LCR was 

unequivocally distinguished from the other species in a separate test on the meristic data 

shown below; thus all the species were statistically separable. 

Nested ANOVA 

The nested ANDV A of site within species showed that there was no significant 

effect of site on the differences seen in this canonical functions analysis. This was true 

whether the analysis was of six or four species, for Can 1 or Can 2 (O.13<p<O.96). This 

argues against convergence of radular morpholgies based on ecological conditions at 

individual sites. 

Randomization Tests of Significance of Mahalanobis Distances 

In general, the randomization test of significance of Mahalanobis distances gave 

more significant differences between species than the ANDV As (Table 7). Analyses of 

measurements gave more significant differences than analyses of ratios, although the 

Mahalanobis distances were somewhat smaller, thus in multivariate space the ratio analyses 

had a wider scatter of data. This analysis again demonstrated the distinctions among 

Lavigeria species in radular characters. 
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In the analyses of six species, both measurements and ratios differed significantly 

in all pair-wise comparisons between species (at p<O.OS) except LCR-FR for both 

measures and ratios, and CR-LCR and CR-FR for ratios (Table 7a&b). However, the 

Bonferroni correction for group probability decreased the significance of some 

comparisons. This correction made CR-FR statistically indistinguishable in the 

measurement analysis. FR-SZ were significantly different at p<O.05 after correction 

whereas before correction p<O.Ol for this comparison. For ratios, SZ became 

indistinguishable from both CR and FR with Bonferroni correction. The distances 

themselves, however, may be more informative about radular similarity between taxa. SD 

and G both had extremely large Mahalanobis distances when compared with the other 

taxa, as can be clearly seen in the factor plot as well. FR was not clearly distinguished 

from other taxa; for FR the Mahalanobis distances were small, probably as a result of high 

variance. The measurement analysis indicated that all species pairs for the four species 

except LCR-FR were distinguishable in pair-wise comparisons (Table 8 a&b). After 

Bonferroni correction the pairs of CR-FR and FR-SZ were significantly different at the 

level different at p<O.05 whereas LCR-CR were no longer significantly different. Ratio 

values significantly distinguished SZ from CR and LCR even after Bonferroni correction 

and from FR before correction. Ratios did not successfully distinguish the other three 

species from each other. 
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The Meristic Characters - Lateral Cusps 

There was variation between species in the number of cusps on the lateral and 

medial sides ofthe lateral teeth (Fig. 19). The most critical result of this analysis was the 

distinction ofLCR from other species. The Bonferonni T -test revealed that at p <0.05 the 

nuniber of lateral cusps separates LCR from all species except G (Table 9). This same 

character also separated CR from G and SD. The number of medial cusps separated the 

species G from all the others (not shown). Using a Kruskal-Wallis non-parametric 

ANDV A, I found that the number of lateral cusps on both sides of the lateral teeth was 

significant (p<O.OOOl) in all tests. 

CHARACTER DISPLACEMENT 

I tested for character displacement between the two species FR and LCR that 

occur both sympatrically and allopatrically in different populations in the collections I 

made. The results of this study are preliminary because the sample sizes were small, but 

I in~lude it here to give an indication of interesting trends in the data and directions for 

work in the future. When plotted against Prin 1 (the size factor extracted from principal 

components analysis of sheD and body characters), I found that Can 1 was independent of 

size, whereas Can 2 contained a size component (Fig 20 a&b) for these comparisons. Can 

1 mainly described variation in the whole radula (W3teeth, L/row, RadL, not rachidian 

tooth measures, Table lOa). FR and LCR differed in their overall radula shape, but less 

in the shape of the rachidian teeth. Radula width (W3teeth) also loaded heavily on Can 

2 which described some of the variation in length of rachidian cusps (LC, LL, LR). 
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The factor plots (Fig. 21) and ANOVAs (Table lOb) revealed that separation 

between FR and LCR was mainly along Can 2, but the two populations of LCR were 

highly divergent along Can 1. The ANCOV A that included independently derived size 

factor Prin 1 as a co-variate, showed that for Can 1, variation was significantly explained 

by population (p<O.OOOl) in these four groups while size did not explain variation 

(p<O.07). However, for Can 2, the population did not effectively explain variation 

(p<O.87) whereas the size factor, prin 1, did co-vary with this factor (p<O.0009). The 

Mahalanobis distances (Table 11) gave an indication that there may be some character 

displacement occurring because the distance between the sympatric FR and LCR was 

greater than for any of the other comparisons, with the exception of between the two LCR 

species. The randomization test of significance of these distances did not show a 

significant difference between these two species in sympatry, but that may be a result of 

the small sample sizes involved in this comparison. Alternatively, one could focus on the 

differences between the two LCR populations as an indication that there was local 

selection for differences in radular shape. This comparison of LCR and FR suggests that 

we should consider hypotheses of ecophenotypy or competitive displacement in modelling 

the fine-scale morphology ofLavigeria radulae. Phylogenetic constraint and genetic drift 

are not the sole processes that regulate radular morphology. However, the larger-scale 

study of all six species indicated that there is greater similarity in radular morphology 

within species than between species from the same site, so I conclude that phylogeny is the 
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primary determinant of radular morphology whereas local ecology may fine-tune the 

existing differences. 

DISCUSSION 

This study asked: what kind of information does the variation in Lavigeria radulae 

give us? On what scale is radular variation determined by primarily by phylogeny, what 

radular variables reflect ecology, and how do phylogeny and ecology interact? In this 

section, I begin with a review of the literature on radular variation in gastropods, then 

address studies ofthiarid radulae specificaUy, and conclude with a discussion of the results 

onLavigeria and consider the alternative that local competition influences radular form. 

REVIEW OF LITERATURE ON RAnUIAE 

The radula has long been the focus of attention for malacologists because of the 

potential ecological and evolutionary information content in this feeding structure. Yet 

the meaning of variation in the gastropod radula is different among taxa and across 

taxonomic levels. Table 12 presents a survey of the recent literature on radular variation. 

Sometimes the radula is heralded as a pivotal taxonomic character, sometimes it is 

presented as a labile ecological indicator, and sometimes it is suggested to be 

phylogenetically so conservative that it is evolutionarily relatively inert. These 

contradictory interpretations are the result of differences in a) the taxonomic scales of 

investigation; b) the radular characters examined; c) the evolution of the radula among 

clades; and of course, d) the interpretations of the authors. 
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ECOLOGICAL OR PHYLOGENETIC INFORMATIVENESS? 

I surveyed the literature by radular character, taxa and taxonomic level hoping to 

reveal that some radular characters are reliable conservative indicators of phylogeny and 

could be used to determine relationships among Lavigeria species, whereas others are 

reliable indicators of trophic specializations, and could be used for assessing ecological 

overlap and divergence among Lavigeria species. Currently it seems that there is no such 

clear separation of the utility ofradular characters. I attribute this partly to real biological 

differences in the changability of radulae and partly to differing perspectives of the authors 

of each study. In this section I present a dichotomous outline of results of the literature 

study between phylogenetic and ecological informativeness. This is, in some sense, a false 

dichotomy, because obviously both factors are at work in any species. However, by 

polarizing results this way, I had hoped to extract a pattern from the tangle of 

interpretations. This pattern was not revealed and will require rigorous phylogenetic 

comparisons to be clarified. Current phylogenetic work on the diverse Tanganyikan 

thiarids will show which taxa are sister clades and will be appropriate comparisons for 
~ 

understanding radular change. 

The two poles that characterize studies of radulae conclude either that the radula 

is primarily informative as a character molded by ecology, either ecophenotypy or strong 

selection, or that radular morphology is phylogenetically constrained, with differences 

largely a function of ancestry. Correlation of radular form with food type could result 

either from local selection or from phylogenetic constraint to remain in a particular habitat. 
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If sister taxa are found in the same habitat, it is difficult to separate the effects of 

phylogenetic constraint and selection. The presence of constraint or selection must be 

determined in a phylogenetic context. By comparing the evolutionary origin and utility of 

homologous characters in sister taxa and independent lineages, we can test for adaptation 

(Sober 1984). Unfortunately, none of the studies of radulae that I examined use a 

phylogenetic test for adaptation. I interpreted these studies for their general trend, adding 

the caveat that neither constraint nor adaptation has been rigorously demonstrated in any 

case. 

Studies that favor an ecological explanation for radular variation can be further 

broken down into studies documenting a) ecophenotypy (Bleakney 1990; Fujioka 1985; 

Jensen 1993; Potter & Schleyer 1991), b) ontogenetic changes (Houbrick 1991; Nybakken 

1990; Page & Willan 1988; Thomas et a1.. 1985; Bleakney 1990; Chester 1993; Fujioka 

1985), c) convergence (Falniowski 1990; Hickman 1984; Moens & Rasse11985; Solem 

1973; Solem 1972), and d) general correlation of morphology with food type (Bleakney 

1989; Franz 1990; Kesler et al. 1986; Jensen 1981 & 1980; Moens & Rasse11985; Yonge 

1938; Ruesink & Harvell 1990; Steneck & Watling 1982; Berthold 1990a). 

Studies in which the radula was taken to be primarily phylogenetically informative 

can be broken down into a) those that found no correlation of radular variation with die~ 

(Barnese et a!. 1990; Koo11987; Smith 1989a & b; Smith & Russell-Hunter 1990; Fujioka 

1985), and b) those that used radular differences in species definitions, either on traditional 

taxonomic grounds or because radular variation followed patterns of variation in other 
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phylogenetically informative characters (Mastro et at. 1982; Brown & Mandel-Barth 1987; 

Sitnikova 1987). 

RAnULAR CHARACTERS 

There are few radular characters that are informative about exclusively ecology or 

phylogeny for gastropods as a group. The exceptions are extreme examples. For 

example; ecology largely defines the kind of wear patterns on radular teeth, with variation 

strongly influenced by food material (padilla 1987). On the other hand, relationships 

between subclasses of gastropods include the number of rows, columns and relative sizes 

of teeth in their defining characters. Because differences between rhipidoglossate, 

docoglossate, taenioglossate, and primitive radulae correlate with other independent 

indicators of relationship (especially if they span a range of environments), they are 

considered phylogenetically informative. 

Between these extremes lies the huge range of variation in radulae that is 

sometimes ascribed to phylogeny, sometimes to ecology. It would be useful if the varied 

conclusions reached by the authors in Table 12 on the source of radular variation depended 

only on which characters they studied, however that is not the case. Radular tooth 

morphology is phylogenetically informative in some cases (Reid 1991; Jensen 1991; Dillon 

& Davis 1991; Heller & Dempster 1991; Smith 1989b, 1990; Smith & Russell-Hunter 

1990; Kool 1987, 1988; Dillon 1984b; Mastro et al. 1982; Fretter & Graham 1962; 

Mandel-Barth 1967; Leroi 1984), whereas in other cases tooth shape seems to be 

ecologically sensitive (Houbrick 1991; Cattaneo & Balduzzi 1991; Nybakken 1990; 
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Falniowski 1990; Hickman 1984; Franz 1990; Kesler 1986; Moens & Rassel 1985; 

Steneck & Watling 1982; Bleakney 1990; Jensen 1993). Radular shape, size or large-scale 

interlocking features also appear to sometimes be a function of phylogeny (Dillon & Davis 

1991; Smith 1990; Koo11987; Dillon 1984a; Mandel-Barth 1967), other times a function 

of ecology (GuI'Bin & Shadrin 1991; Kantor & Taylor 1991; Cattaneo & Balduzzi 1991; 

Potter & Schleyer 1991; Solem 1972, 1973; Ruesink & Harvell 1990; Thomas et al. 1985; 

Smith & Russell-Hunter 1990). Finally, behavior, or radular biomechanics, is also variable, 

sometimes following phylogeny (Steneck & Watling 1982), but more frequently 

interpreted as correlated with ecology (Lambert 1991; Blinn et al. 1989; Hickman & 

Morris 1985; Thomas et al. 1985; Smith 1986, 1989; Petraitis & Sayingh 1987; Steneck 

& Watling 1982). There are no general sets of characters on the radula that are 

phylogenetically versus ecologically informative. 

GASTROPOD TAXA 

When does the radula limit the diet of the snail and when does the diet select or 

mold the form ofthe radula? Is the radula more likely to be ecologically responsive in one 

trophic group versus another? This kind of difference can be seen, for example, in birds, 

where beak morphology varies greatly among closely related seed eaters or nectar eaters, 

but not as much among carnivores. In gastropods, I found that neither carnivores nor 

herbivores tend more towards ecological responsiveness or phylogenetic conservativeness 

of the radula. Although carnivory is a derived character among gastropods and there are 

fewer studies of radulae of predators than herbivores, the literature shows no tendencies 
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for radular characters from one trophic group to evolve differently than the other. Of 26 

studies that support ecological explanations for radular morphology, 9 were of predatory 

groups, 18 of herbivores. Of the 19 studies that concluded phylogeny is most critical, 4 

wer~ of predators, 15 of herbivores. However, we might predict that within herbivores, 

radular characters would have different patterns of evolution between functional groups. 

For example, browsers and grazers emphasize different teeth and use them in very different 

ways. We might postulate that rachidian and lateral tooth morphology might be under 

more direct selection among taenioglossans where the grazing is accomplished by direct 

pressure on the central teeth, when compared with the rhipidoglossans which use a slicing, 

scythe-like action of the marginal teeth (Steneck & Watling 1982). Steneck & Watling 

(1982) discuss the informativeness ofradular teeth within trophic "functional groups" that 

were determined from radular form. This is a very useful approach, but one that should 

be verified with,functional data and extended to a phylogenetic context to determine if we 

can make evolutionary generalizations about radular characters. 

Are there large-scale patterns in the informativeness of different radular characters 

in one clade versus another, comparing among similar taxonomic levels? What emerges 

from the literature is that the radula has the potential to be extremely informative, but 

should be approached with caution and its utility measured in the context of the rest of the 

clade and in comparison with other characters. Radular characters that are stable 

autapomorphies for one clade may be homoplastic in another. For example, there is a 

lateral flange on the outer marginal teeth of all the Thiaridae and Planaxidae but only 
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occasionally among the Potamididae, Batillariidae, and Cerithideidae (Houbrick 1988). 

This flange is one of the characters that unites thiarids and Planaxids in a clade, but is not 

useful at this level in the other families. 

Numerous authors have noted that variation in radular characters is differently 

informative at different taxonomic scales. For example, Fretter & Graham (1962) said that 

the number and shape of teeth vary between prosobranch species while remaining constant 

within a single species, whereas Hyman (1967) added that the arrangement of teeth is not 

informative for prosobranchs. Lindberg (1988) echoed the usefulness of radulae for 

species designations in prosobranchs, but cautions that higher level relationships can not 

be inferred from radulae because there may be convergence due to shared ecological 

conditions. But radular characters are commonly found in family level descriptions as well 

(e.g. thiarids). From the literature surveyed there is no clear pattern of which radular 

characters are good for species designations and which for familial designation. Within 

clades with variable numbers of teeth, tooth number is often a reliable phylogenetic 

character (e.g. Lindberg 1988), but for clades like the taenioglossans where the number 

is relatively constant, variation is most notable in tooth shape. 

THE RADUIA IN SUPERFAMILY CERITHIOIDEA AND FAMILY THIARIDAE 

In the clades that include Lavigeria, are radular characters more informative about 

currrent ecological conditions or about shared phylogenetic history? The literature 

suggests that at the species leve~ it is reasonable to accept radular differences as indicators 

of differences in phylogeny in thiarids. Variation in teeth is used as a taxonomic criterion 
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from the level of species to superfamily among cerithioideans, albeit sometimes under 

protest. Houbrick (1988) used the two characters of a narrow basal plate on the rachidian 

tooth and a marginal flange on the outer marginal tooth to unite the families Thiaridae and 

the Planaxidae in a branch on the cerithioidean cladogram. However, he cautioned that 

these characters (and the other character in the osphradium that unites these two groups) 

may be homoplastic, which means this is not necessarily a robust clade. Although there 

are general radular distinctions between families, Houbrick (1988) characterized 

cerithioidean radular characters as diverse, highly homoplastic and difficult to polarize. 

Houbrick (1988) did not comment on the utility of radular characters at lower taxonomic 

levels, although in other work he found generic level differences in Planaxid radulae 

(Houbrick 1987b) and frequently reported group-specific variation in radular characters 

in his other work on other cerithioidean species and genera. Brown (1980), Brown and 

Mandel-Barth (1987) and Leloup (1953), all used similarity in the radulae to support the 

separation of subfamilies within Thiaridae. Brown (1980) listed radular features as 

species-designating characters, sometimes the critical ones, for many of the Tanganyikan 

and other African thiarids. Although most authors concentrated on how radulae are 

similar within species, Abbott (1952) reported that the number of denticles may vary 

within Thiara granifera. Variation is most obvious in the marginal teeth, but also exists 

in the central tooth and, to a lesser extent, among the lateral teeth .. 



237 

LAVIGERIA 

My results indicated clear statistical and descriptive differences in radular 

morphology among Lavigeria species that followed differences in shell morphology, 

genetics, and soft-part anatomy (Chapters 2 & 4). A discriminant analysis on the radular 

. variables that I collected correctly identified the animals to species over 95% of the time. 

The radula is phylogenetically consistent and taxonomically informative at the species level 

in this clade. The resemblance between the radula of Potadomoides and Lavigeria argues 

that there is an element of phylogenetic consistency in radular form (assuming that they 

are good sister taxa). 

However, there are three kinds of indications that there could be adaptive 

significance to the morphology of Lavigeria radulae: a) convergence with the shape of 

teeth from other grazers, b) correlation of extreme radular morphologies with dramatic 

differences in habitat and c) results from my test of character displacement. 

Figure 22 shows teeth from several different cichlid fish that graze on aufwuchs (a 

mixed algaVinvertebrate carpet). They were originally given as examples of convergence 

between cichlids of similar trophic status from different lakes and from different clades 

(Liem 1981). Liem (1981) suggested that rock grazers need flexible teeth to scrape this 

substrate. The tridentate or multicusped tooth morphology is common among the rock 

scrapers in different taxa (Fig. 1, Fig 22a:i-iii) but not seen in those that graze on plants 

and need rigid teeth (Fig 22a:iv). The fish teeth also seem to show striking convergence 

with the teeth of grazing gastropods. Padilla (pers. comm.) pointed out that the Lavigeria 
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radulae are overall quite different from their thiarid relatives in Lake Tanganyika (Fig. 3) 

but are surprisingly similar to the teeth of Littorina. This marine gastropod genus has a 

range body sizes similar to Lavigeria and grazes rocks primarily in the intertidal zone. I 

present these examples to emphasize that although radular variation in Lavigeria varied 

with other independent indicators of phylogenetic relationship like soft part anatomy and 

electrophoretic similarity, we should test whether the radular morphology is influenced by 

selection. To do this we need a wider ranging comparison of variation among sister taxa 

and correlation with the algal resources or other possible selective agents. The similarity 

of Potadomoides and Lavigeria radulae is probably evidence against purely adaptive 

explanations of radular form, but this should be tested with further phylogenetic 

comparisons. 

The extreme differences in the radulae of the SD and G present another argument 

for possible adaptive function in radular variation. These two species occur in very 

distinctive habitats that have a different kinds of algal flora. We know that the upper limit 

on the distribution of SD, for example, usually coincides with the shift from predominantly 

blue-green to green algae in the aufwuchs (often 10m depth). SD teeth are small, thin and 

less tightly spaced than in other Lavigeria, which might allow the radula to be more 

flexible to rasp of the interstices of the calcified stromatolites. In deep water, where 

current action is limited, much of the food material may be loosely attached to the rock 

surface or deposited from the overlying water column. It is conceivable that there are finer 

.and perhaps fewer filamentous algae, more diatoms and perhaps fungi that can be 
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effectively rasped with small, flexible teeth. G lives in a contrasting environment, on the 

surfaces of boulders in the areas of heavy wave action within several meters of the surface. 

The algae must be tougher, more resistant to physical stress than in calmer waters, and 

anchored to the rock. The lake waters in this environment are more likely to winnow 

away food material than to deposit it. The heavy, scalloped teeth of G probably allow 

greater purchase on the algal mat and can move filamentous food towards the stomach. 

The four other Lavigeria species overlap in distributions somewhat with SD and G, but 

the centers of their distributions are in littoral habitats with less extreme conditions. The 

habitats of these other four species are similar or overlapping. These species also have 

teeth that are more similar to each other. The examples of convergence with grazing fish 

teeth and divergence correlated with habitat shifts suggest that there may be adaptive 

significance in the radular variation in this clade. 

A final alternative is that the SD radula is actually highly convergent with the other 

Lavigeria radulae because this branch of what we now consider one clade is actually 

polyphyletic in origin. There is anatomical evidence that the tuberculate species lay eggs 

instead of brooding its young (Chapter 4; Michel 1991a&b). The most likely sister group 

that lays eggs is Paramelania, which live primarily on soft substrate and have radulae that 

are very different from Lavigeria. H future work on sequence similarities shows that SD 

is more closely related to other Tanganyikan gastropods than to the rest of the Lavigeria 

species, this will present a compelling case of radular similarity between species that have 

different phylogenetic origins. However, at this point, it is still most parsimonious to 
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consider the tuberculate species as part of the Lavigeria clade based on electrophoretic, 

conchologic and anatomical characters (Leloup 1953; West 1991; Michel 1991a&b; 

Chapters 2 & 4). Furthermore, there are sites where Paramelania and SD are sympatric 

on the same stromatolites and where they both have radulae typical of their currently 

specified taxonomic groups. 

ToE ALGAE ON WHICH LA VIGERIA FEED 

Does taxonomic variation or patchy distribution of the algal flora explain the 

diversity in Lavigeria species? On a large scale this is unlikely. The pattern of high 

endemicity and often patchy distributions of most Tanganyikan organisms has not been 

found in the algal flora of the lake proper, so at this point we are not warranted in using 

patchy distribution of species-specific resources as an explanation for the diversity of the 

primary herbivores (Futuyma 1986). From a functional standpoint, it is more likely that 

algal growth forms, attachment type, substrate type and wave energy have more effect on 

the food resources available to grazing gastropods. In comparisons of stomach contents 

from the cichlid fish algal herbivores, taxa that differ in tooth morphology and feedin~ 

behavior can be separated as specialists on unicellular algae, filamentous algae, or micro

fine filamentous algae (probably blue-greens) (Yamaoka 1991). Furthermore, although 

the Tanganyikan algal flora is quite distinctive from the flora of other African lakes 

(Cocquyt & Vyverman in press) and variable between habitats (Coulter 1991), there is not 

a great difference between sites with similar physical profiles. Cocquyt (1991; pers. 

comm.) found 104 diatom taxa on stromatolites at two deep-water sites in Burundi. The 
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diatoms spanned a range of shapes and sizes, but there was little difference between depths 

of 24 and 36 meters and between sites separated by 8Skm. This indicates relative 

consistency within and between stromatolite sites. Within this same stromatolite habitat 

one may find up to five species of Lavigeria in sympatry (Michel & Cohen 1988). The 

epilithic algal flora of the lake proper where most Lavigeria occur is just being surveyed 

(Cocquyt pers.comm.) 

The idea that ecological differences, especially in food resources, precede 

evolutionary divergence is common in studies of lacustrine species flocks (Smith 1991). 

A fine-scaled study of variation in the algal flora and the distribution of herbivores would 

address more precisely whether microallopatric differences have prompted ecological 

divergence of Tanganyikan gastropods. Such a micro-environmental approach might 

reveal whether the herbivores are highly specialized and bound to a particular food 

resource, forming tightly knit communities. We should also attempt a functional 

verification of the effects of tooth morphology on selective feeding of these gastropods. 

In some taxa there is a significant difference in food consumed by animals with different 

radulae, while in others tooth morphology seems inconsequential. Alternatively, the 

patchy distributions ofLavigeria herbivores might be better explained by a metapopulation 

model of shifting distributions that result in transient ecological alliances of 

"metacommunities" (Cohen 1994). In this scenario, Lavigeria diversity is likely to be 

independent of algal diversity (see discussion in Cohen 1994). 
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THE INFLUENCE OF COMPETITION ON DIVERGENCE 

How important is competition in endemic divergence in general? Trophic 

competition is frequently invoked as an explanation for specialization and endemic 

diversification of sympatric animals (Greenwood 1981; Lowe-McConnell 1987; Liem & 

Stewart 1976; Liem 1980; Schluter & McPhail 1992; Lack 1947; Grant & Grant 1982; 

Schluter & Grant 1984; Yamaoka 1991; Rosenzweig in press; Smith 1991). However, 

competition may take two forms: direct competition and character displacement (within 

lineage change), or competitive exclusion and extinction (lineage sorting). In other words, 

if resources are limiting, sympatric species must avoid competition, either by shifting 

niches so that they no longer overlap or through selective extinction (or lack of 

colonization success) of species that overlap too much to coexist (Futuyma 1986 and 

references therein). Only niche shift has bearing on cladogenesis and divergence, and it 

requires very specialized conditions to occur. Distinguishing between change within a 

lineage and lineage sorting requires historical and phylogenetic information that is often 

noi available or not synthesized. 

What is the likelihood that competition exists in freshwater snail communities? At 

the community level, there are documented patterns of competitive exclusion of species 

in snail communities in a small lake (Dillon 1987, 1981) and in an endemic radiation in a 

large river (Hoagland & Davis 1979), though whether this is effected through evolutionary 

or ecological processes is not clear. Most work on the ecology of freshwater community 

interactions of grazing invertebrates has been done on stream faunas. From this literature 



243 

there is strong evidence that grazers compete for resources (Meyer-Lassen & Madsen 

1989; Lamberti et al. 1987; Underwood et al. 1992; Hart 1987; Osenberg 1989). Hawkins 

& Furnish (1987) experimentally showed that snails were the competitive dominant in 

grazing ecosystems and limited the abundance of other species and of algal biomass. Blinn 

et al. (1989) showed that freshwater limpets selectively harvest adnate diatoms, suggesting 

that the freshwater microflora presents °a range of possible niches for herbivores that may 

or may not be filled in different communities. Dethier & Duggins (1984) demonstrated 

indirect commensalism in marine algal grazers, where selectivity of one grazer benefits 

other algal species and thus gives a boost to sympatric grazing species that specialize on 

the other algae. Steinman (1991) documented competition between large and small snails 

within populations, whereas Underwood et al. (1992) stated that "it is known that intra

and 0 inter-specific competition for food is an important factor in determining snail 

densities". Brown (1982) demonstrated competition between species that overlap in diet 

and habitat and furthermore, that conspecific densities had the greatest effect on growth 

rates. Lam & Calow (1989) showed that growth rate and reproduction are tied to food 

availability. In a small lake, Osenberg (1989) showed that not only do snails compete 

exploitatively for food resources but also that their reproduction was more limited by food 

availability than predators. Other species also may compete exploitatively for these 

resources as well, such as caddisflies (Hart 1987; Lamberti et al. 1987), leading us to 

realize that coevolution between competitors is likely to be diffuse (Futuyma 1986). Some 

authors showed nonselectivity in gastropod diets so that even species with very different 
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radulae may be competing (Reavell 1980; Dillon & Davis 1991; Barnese et at. 1990), 

whereas others showed selectivity in feeding that may in turn dramatically affect the 

microfloral composition (Steinman et al. 1987a, 1987b; Steinman 1991, 1992; Steinman 

et at. 1991; Steinman et at. 1992) or result in resource partitioning (Blinn et at. 1989). 

When there are differences between sympatric species we should be cautious in 

invoking competitive explanations until we know that morphological differences between 

sympatric species are greater than those expected from drawing species at random from 

the available pool of gastropod colonists of the lake (e.g., Simberloff 1983, Strong et at. 

1984). This requires a broader-scale phylogenetic comparison than is generally undertaken 

in studies of adaptation. It calls for a measure of how morphospace is filled in the clade 

of potential colonists and in the sympatric endemics. Measures of morphospace are not 

yet well developed (Foote 1993). This issue could become very clouded if the source 

colonists are also highly sympatric and divergent as a result of competition and character 

displacement. 

Furthermore, it seems that in some cases specializations are not necessarily trade

offi;. For example, a number ofTanganyikan cichlid fish species have dentitions that seem 

to be specialized to allow them better exploitation of a particular food resource, yet they 

are able to (and do) simultaneously consume a wide and overlapping range of items 

(Greenwood 1981; Lowe-McConnell 1987; Liem 1980, 1981, 1991). Taper & Case 

(1985) demonstrated that among competing species subject to character displacement, the 

degree of niche separation should be smaller than the amount of character separation. 
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Examples of competitive displacement are rare and competitive speciation is 

controversial, perhaps because these are difficult phenomenon to demonstrate 

satisfactorily. Schluter & McPhail (1992) outlined criteria that should be satisfied to 

demonstrate competitive displacement: 1) the differences must not be due to chance alone; 

2) the phenotypic differences must have a genetic basis; 3) the enhanced differences must 

be due to selection, not competitive exclusion or introgression; 4) phenotypic differences 

should reflect differences in resource use; 5) sites of sympatry and allopatry should be 

comparable; 6) there should be independent evidence of competition for the resource. 

Even though Schluter & McPhail (1992) presented a compelling case for competitive 

displacement in diversification of stickleback fish, they were not able to demonstrate the 

last two of these criteria. 

Fenchel (1975) did a study on grazing hydrobiid snails that is frequently referenced 

as an example of competitive displacement. This work seemed to show that not only was 

there a notable displacement in size between two species when they were sympatric that 

did not exist when they occurred alone, but also that this size difference corresponded to 

different food consumed. Although they grazed the same rocks covered with the same 

aufwuchs, Fenchel showed that different spacing in their radular teeth meant that they were 

partitioning the diatom resources based on the frustule size, verified by examining fecal 

material. Further work has shown that Fenchel's study did not meet Schluter & McPhail's 

:fifth criterion of comparability between sites of allopatry and sympatry. Cherrill & James 

(1987) demonstrated statistically that there is an effect of site on variation in size in the 
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populations Fenchel examined that obliterates the pattern of character displacement. 

Saloniemi (1993) expanded the sample base and conclusively demonstrates an 

environmental effect on snail sizes that is independent of possible competitive interactions, 

so it remains undemonstrated whether trophic divergence occurred between the two 

Hydrobia species in this study. 

GRAZING COMPETITION IN LAKE TANGANYIKA 

The grazing communities where Lavigeria species are found, often sympatrically 

with each other and other thiarids, are ideal settings for competitive interactions between 

these species. Trophic competition has not yet been demonstrated, but is plausible for 

both the cichlid fish (Yamaoka 1991) and gastropod epilithic grazers in Lake Tanganyika. 

Both fish and gastropod population densities are high, the rate of energy transfer through 

trophic levels may be rapid, and the lake has existed for a long enough time for community 

level interactions to coevolve. We know that the productivity of the benthic aufwuchs is 

remarkably high, but we do not know about the selectivity or competition between 

grazers. At 5gm C/m2/day, benthic productivity is higher than many eutrophic lakes 

(Takamura 1988). In the Tanganyikan pelagic ecosystem the productivity is not 

particularly high, yet the efficiency of energy transfer is the highest measured in any 

tropical lake (Hecky et al. 1981; Hecky & Fee 1981) with most of the biomass in the top 

of the trophic pyramid rather than at the bottom. Hecky et al. (1981) proposed that these 

efficient pelagic interactions have evolved through intense selection for the most efficient 

consumers over the long life span of the lake. Furthermore, there is extreme variability 
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both in temporal and spatial scales of pelagic productivity (Hecky & Fee 1981), perhaps 

causing crises in availability of food resources. Although it has not yet been investigated, 

if this pelagic energetic efficiency is primarily a function of evolutionary time, it seems 

probable that a similar situation of high energy transfer rate might exist in the benthic 

habitat, setting the stage for competitive interactions. Takamura (1988) suggested that the 

Tanganyikan benthic fish biomass is associated with the algal productivity. Is there a 

relationship between rate of energy transfer and diversity as well? 

There is a great diversity of cichlid fish that feed on the algal aufwuchs. They 

provide models for how we might interpret gastropod feeding differences and are also a 

source of potential competitors or perhaps even mutualists for Lavigeria. Yamaoka 

(1991) suggested that there are closely coevolved mutualisms between some of the algal 

grazers, browsers, scrapers, and "tappers". Each of these catagories describes a different 

method of food aquisition - each ends up consuming different part of the algal flora. 

Yamaoka (1991) described how Petrochromis polydon, a grazer, consumes most of the 

sand in the algal carpet when it feeds. This leaves grit-free filamentous algae behind, that 

is preferred by the browser Tropheus moorii. Yamaoka (1991) proposed that this is a 

mutualism, completed by Tropheus cleaning Petrochromis. Could there be similar 

relationships among the gastropods, or between gastropods and other grazers? 

Liem (1991) presented an alternative interpretation for the differences among 

herbivorous cichlids. He pointed out that we should not assume that the differences 

between the grazers are the result of finely-tuned adaptive differences. A phylogenetic 
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interpretation shows that Tanganyikan cichlid grazers come from a number of separate 

clades, and that their differences may be the result of independent phylogenetic heritage 

and constraint. He offered adaptive explanations for similarities in tooth morphology using 

functional arguments, but suggested that differences are not necessarily adaptive. 

Preliminary results from my morphometric study of variation in the radulae of 

sympatric species indicate that there may be an increased divergence, but on a relatively 

fine scale, in the radulae ofFR and LCR when they are sympatric. This variation does not 

contradict the utility of radular characters in phylogenetic analyses of this clade because 

the ·variation among species is independent of, and exceeds, the variation among 

populations. To verify the observation of character displacement, the study should be 

repeated in several different sites and with other species that occur both in sympatry and 

allopatry. Furthermore, the documentation of a radular synapomorphy within the clade 

would demonstrate higher level constraint on some characters. Ideally, we should attempt 

to meet Schluter & McPhail's (1992) criteria for competitive displacement (see p. 5) as 

they apply to radular morphologies and Lavigeria's food resources. 

The distinctive radulae of SO and G reflect adaptive differences that may be tied 

to their special habitats. But in the case of SO, it is possible that this special radula makes 

it an inferior competitor with other Lavigeria in shallow water. I base this conjecture o~ 

the fact that at a few sites I have found SO in very shallow water where there seem to be 

few other Lavigeria, so it is possible for them to survive there. In transplant experiments, 

I found that SO survived considerable lengths of time in shallow water (most for several 
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months, one individual for over a year), so presumably they are able to feed. Whether 

their general absence from shallow water is a result of competitive displacement, however, 

will require a much more thorough study of Lavigeria ecological relationships. 

CONCLUSIONS 

In this study I have described the variation in radular morphology in six species of 

the Lavigeria clade. I addressed two major questions: 

1) is the radula of La vi geri a phylogenetically informative? 

The answer to this is affirmative. Within the larger clade of thiarids, the radula provides 

phylogenetically useful characters that are relatively invariant between species. 

Comparison with my other data on Lavigeria species shows that patterns of radular 

character are reflected in other morphological characters of shell and soft-part anatomy, 

and that differences in radulae are correlated with these other species indicators and not 

with the sites where they were collected. These results are mapped on to a phylogeny in 

Chapter 6. 

2) can competition explain the differences in Lavigeria radulae? 

From the comparison of the six Lavigeria species, we know that ecophenotypy or 

selection by the local environment does not explain the majority of variation in Lavigeria 

radulae. But there is a fine-scale component of variation that may be the result of local 

competitive interactions. Because sympatric Lavigeria seem to be independent 

evolutionary units, or "good species", there may well be competition between them for 
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food resources. Selection may operate on them causing divergence in their feeding 

apparatuses. This comparison provides preliminary results that may make a basis for 

further tests of the efficacy of competition in accelerating diversification in rift lake species 

flocks through character displacement. Brooks (1950: 170) summed up this point of view 

in his classic paper on lacustrine species flocks. He said that the only reasonable 

explanation for the formation of species flocks is that, after subpopulations undergo 

isolation and reproductive isolation (from transient conditions of allopatry), there follows 

"subsequent interspecific competition (that) results in the accentuation of adaptive 

differences. The high degree of ecological specialization which characterizes many 

lacustrine species flocks is thus attained through the competition of closely related 

species". 

To pursue Brooks' suggestion further, we should replicate tests for character displacement 

in allopatric and sympatric populations, determine the genetic basis of variability in 

radulae, and examine the functional differences in radular types. 
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Table 1. Summary of habitat differences among the taxa in this study, Co-occuring taxa 
. includes only those in this study, Taxon abbreviations: G = Grandis, SD = Small Dark, 

FR P' Ribb d CR Co R'bb d SZ S lIZ' LCR La C 'bb d = me e , = arse I e , = rna alre, = rge oarse n e , 

Species Depth range Predominant Predominant Current or wave Co-occurring taxa 
Ahrnl tvoes Substrates enenzv 

G 0-6m gI"een boulders high LCR 

SD 7-3Om blue-green stromatolites low occasionally FR, 
LCR 

FR usually 0- green rocks variable occasionally CR, 
10m LCR,SL,SD 
occasionally 
to 30m 

CR 0-7m, green sand, rocks, variable occasionally FR, 
occasionally vegetation LCR,SZ,SL 
to 20m 

, 

SZ 0-3m green rocks variable occasionally CR, 
LCR 

LCR O-lOm, green rocks and variable G,FR,SZ 
occasionally boulders 
to 20m 



TABIE2 
VARIABLES USED IN RADULA STUDY 

Measured Variables 
Length of Radula 
Width of Radula 
Length per Row of Teeth 
Cusps on Rachidian Tooth 

Width of Central Cusp 
Length of Central Cusp 
Width of Left Cusp 
Length of Left Cusp 
Width of Right Cusp 
Length of Right Cusp 

Meristics - # Cusps on Lateral Tooth 
medial to major cusp 
lateral to major cusp 

Ratios 
Width of Left Cusp/Width of Central Cusp 
Width of Right Cusp/Width of Central Cusp 
Width of Average Cusp/Width of Central Cusp 
Length of Left Cusp!Length of Central Cusp 
Length of Right Cusp!Length of Central Cusp 
Width Left+Right+Central Cusps/Width of Radula 
Ave. Length of Left & Right Cusps/Length Central Dent 
Area of Central Cusp 
Area of Left Cusp 
Area of Right 
Average Area of Left & Right 
Area of Left/Area of Central Cusps 
Area of Right/Area of Central Cusps 
Average Area of Left & Right/Area of Central Cusps 

Abbreviation 
RadL 
W3teeth 
L/row 

WC 
LC 
WL 
LL 
WR 
LR 

LatIn 
LatOut 

WIjWC 
WR/WC 
WAL&R/WC 
LL!LC 
LRILC 
WLRC/W3 
LAveL&RlLC 
AC 
AL . 
AR 
AAveL&R 
WAC 
ARlAC 
AAveL&RlAC 
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Table 3 - Factor loadings for Prin 1, an independently derived size factor (proportion 
variance explained in parentheses). 

6 species 4 species 
(77%) (92%) 

Height 0.82 0.94 

Width 0.81 0.92 

Lip Thickness 0.93 0.98 

Body_ Length 0.74 0.87 
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Table 4 
Analysis of covariation (ANCQV A) of canonical functions, species and an independently 
derived size factor, Prin 1. 

Species Size 

Can 1 0.0001 0.0001 

Can 2 0.0001 0.7920 
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T bI 5 F t Lo d' fi 11 a e - acor a mgs ora analyses 

MEASUREMENT ANALYSES .. _ .... _ .................................................................................................................................................................................. 
Six Species Analysis Four S~cies Analysis 

VARIABLE CAN 1 CAN 2 CAN 1 CAN 2 

WC .9795 .0887 .7428 .2365 

LC .7816 .5921 .51149 .6490 

WL .4906 .7409 .4932 .5127 

lL .4147 .7849 .3072 .5326 

WR .3881 .8057 .5047 .5571 

LR .4359 .7806 .2270 .6093 

W3teeth .7861 .3304 .9307 .2053 

Urow .7520 .3004 .7883 .2038 

RadL .8176 -.0057 .7954 .4545 

RATIO ANALYSES ._ ............... -_ .................... _. _ .. _ .......................... .. ............................. .................................... ....................................... 

WUWC .8478 .4730 .4403 .4206 

WR/WC .8423 .4927 .4434 .4899 

WAveL&R/WC .8573 .4930 .4680 .4850 

LULC .7635 .1247 .3517 -.0725 

LR/LC .7511 .0786 .3630 .0992 

WLRC/W3 -.4989 .1552 .4024 .2721 

LAveL&RILC .7780 .1028 .3735 .0199 

AC -.9286 .3519 -.7232 .2511 

AL -.4637 .8061 -.5020 .4154 

AR -.4243 .8346 -.4775 .4863 

AAveL&R -.4563 .8283 -.4985 .4585 

AlIAC .8731 .3633 .4748 .2349 

AR/AC .8731 .3699 .4690 .3407 

AAveL&R/AC .8843 .3733 .4938 .3032 
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Table 6 

ANOV A DIFFERENCES BETWEEN Species, BONFERRONI T -TEST 
S' 'fi t 005 19m cance a p< , 

MEASUREMENT ANALYSES RATIO ANALYSES 
H.HH ...... H ...... _ ..... H_ ... H_H .............. H'" ........ _ .................................. _. _ _ ....................................................................................... 

Six Species Four Species Six Species Four Species 

Species CANl CAN 2 CANl CAN 2 Can 1 Can 2 Can 1 Can 2 

G-SD *** *** - - *** *** - H_ 

G-CR *** ns - - *** ns - -
G-FR *** *** - - *** *** - -
G-LCR *** *** - - *** *** - -
G-SZ *** ns - - *** ns - -
SD-CR ns *** - - ns *** - -
SD-FR ns *** - - ns *** - -
SD-LCR ns *** - - ns *** - -
SD-SZ *** *** - - *** *** - -
CR-FR ns ns *** *** ns ns ns *** 

CR-LCR ns ns ns *** ns ns ns *** 

CR-SZ *** ns *** ns *** ns *** *** 

FR-LCR ns ns ns ns ns ns *** ns 

FR-SZ *** ns *** ns *** *** *** ns 

LCR-SZ *** ns *** ns *** *** *** ns 
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Table 7 
MAHAIANOBIS DISTANCES (in lower left of matrix) with RANDOMIZATION lEST of PROBABIUTY 
values (upper right of matrix) that centroids are significantly different: (pair-wise comparisons in parentheses) 
Bonferroni-corrected comparisons below pailWise data. 

a) Mahalanobis distances with probability values (pair-wise) corrected 
MEASURES All 6 S . 10 000 d . . , ;peCles, , ran omlzahons 

CR fR G LCR SO SZ 

CR - (0.018) (0.000) (0.037) (0.000) (0.000) 
0.270 0.000 0.555 0.000 0.000 

fR 2.981 - (0.000) (0.494) (0.000) (0.001) 
0.000 > 1.0 0.000 0.015 

G 43.506 46.908 - (0.000) (0.000) (0.000) 
0.000 0.000 0.000 

LCR 2.849 1.107 41.179 - (0.000) (0.000) 
0.000 0.000 

'SO 24.448 32.444 59.127 34.768 (0.000) 
, 

-
0.000 

SZ 6.031 3.947 64.424 7.353 30.168 -

b) Mahalanobis distances with randomized probability values that centroids are significantly different: (pair
wise) Bonferroni-corrected 
RATIO . bl 6S . 10000 d . . vana es, ;pecles, , ran omlzahons 

CR fR G LCR SO SZ 

CR - (0.077) (0.000) (0.164) (0.000) (0.004) 
> 1.0 0.000 > 1.0 0.000 0.060 

fR 3.394 - (0.000) (0.636) (0.000) (0.042) 
0.000 > 1.0 0.000 0.630 

G 45.592 47.528 - (0.000) (0.000) (0.000) 
0.000 0.000 0.000 

LCR 3.175 1.593 41.212 - (0.000) (0.000) 
0.000 0.000 

'SO 28.205 36.191 
. 

59.656 38.592 - (0.000) 
0.000 

SZ 5.787 3.493 64.784 8.059 28.452 -
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Table 8 - MAHALANOBIS DISTANCES (lower left of matrix) with RANDOMIZATION 
TEST OF PROBABll..ITY values (upper right of matrix) that centroids are significantly 
different: (pair-wise in parentheses) Bonferroni-corrected below pairwise data 

a) MEASURED variables, 4 Species, 15,000 randomizations 

CR FR LCR SZ 

CR - (0.003) (0.034) (0.000) 
0.020 0.206 0.000 

FR 4.048 - (0.362) (0.003) 
>1.0 0.016 

LCR 3.156 1.402 - (0.000) 
0.000 

SZ 7.972 3.911 7.588 -

b) MAHALANOBIS DISTANCES with randomization test of probability values that 
centroids are significantly different: (pair-wise) Bonferroni-corrected 
RATIO . bl 4S . 10000 d . . van a es, ~peCles, , ran omlzatIons 

CR FR LCR SZ 

CR - (0.030) (0.078) (0.001) 
0.180 0.465 0.004 

FR 4.463 - (0.306) (0.014) 
>1.0 0.084 

LCR 4.212 2.554 - (0.000) 
0.000 

SZ 7.755 4.686 10.208 -
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T bl 9 B m a e - 0 errODl 'T -test or 1 erenc:e In t e num ~ d'f:£ • h b ft ero atera cusps on I t ral teeth, ae 

CR FR LCR SD SZ G 

CR - ns *** *** ns *** 

FR - - *** ns ns *** 

LCR - - - *** *** ns 

SD - - - - ns *** 

SZ - - - - - *** 

G - - - - - -



260 

Table 10 

a) CHARACTER DISPLACEMENT - Factor loadings for canonical functions, 
Mea surement variables (% variation explained) 

MEASUREMENT ANALYSES 

VARIABLE CAN 1 (81%) CAN 2 (12%) Can 3 (7%) 

WC .2735 .3570 .2420 

LC .0937 .4314 .0544 

WL .3045 .1168 .2477 

LL -.2565 .4514 .3103 

WR .1810 .3298 .5662 

LR -.1982 .5765 .4297 

W3teeth .5165 .7295 -.1456 

L/row .7103 .4649 -.1238 

RadL .8568 .2895 .2183 

b) Bonferonni test of differences between sympatric and nonsympatric FR and LCR species: 
FRs=sympatric wI LCR; LCRs=sympatric with FR; FRn=not sympatric wi LCR; LCRn=not 
sympatric wi FR 

Species Comparison Can 1 Can 2 

FRs-LCRs *** *** 

FRn-LCRn *** ns 

FRn-LCRs *** ns 

FRs-LCRn *** *** 

FRs-FRn ns ns 

LCRs-LCRn *** ns 
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Table 11 

Character displacement - randomization test of probability that centroids are significantly 
different between sympatric and nonsympatric FR and LCR species: FRs=sympatric wi 
LCR; LCRs=sympatric with FR; FRn=not sympatric wi LCR; LCRn=not sympatric wi FR, 
10,000 iterations 

FRo FRs LCRn LCRs 

FRo - (0.527) (0.005) (0.009) 
p>1.0 0.027 0.050 

FRs 3.571 - (0.111) (0.015) 
0.666 0.090 

LCRn 9.380 9.054 - (0.000) 
0.000 

LCRs 8.101 14.332 27.803 -



Table 12. Literature survey of studies of gastropod radulae. The column labeled "ecological or phylogenetic informativeness" 
summarizes whether the variation among the groups· compared in each study is attributed to ecological impacts (through 
ecophenotypy or strong selection - ecol) or to morph~logical conservativism in the face of environmental variation (Phylo). None 
fthese studies emnlovs a strict comnarative nhvl .. 

Ecologic:alor Predator Taxon Level of Comparison Numbero! Radulae Similar or Different llimctec Examined Reference 
Pbylogenetic or Taxa 
Informativeness Herbivore 

Ecol Preda!or Nucella within species - differen! !ad size Gul'Bin &. Shadrin 1991 

6:01 bo!h Columbellidae • species-ttophic~ro~ marJj'_ differen! radwid!h Kan!or &. Taylor 1991 

6:01 Predator nudibraochs I sympatric genera 4 differen! too!h type. behavior Uunbert 1991 

iEcol Herbivore Potamididae oolORenetic 2 differen! !oolhshape Houbrick 1991 

16:01 Preda!or Doridina genera 28 differen! !ad width, tooth shape no! clear Cattaneo &. Balduzzi 1991 

6:01 Predator Conus oo!ogenetic 4 species differen! !oo!hshape Nybakken 1990 

6:01 Herbivore Rissoidae genera 2 similar - centtal !oolh shape FaInioYooo 1990 
convefJtent 

E:oI Preda!or Toxoglossa clades ? simil.1C- lIlalEinal !ee!h Kantor 1990 
convefJten! 

6:01 Herbivore Ferrisia symp.llric species ? differen! !ad shape and behavior Blinn e! a!. 1989 

6:01 bo!h assemblage sympamc species 23 differen! rad measures? Dillon 1981. 1987 

6:01 Preda!or P1eurotomarids ~ species 2 simiL1r tooth sh.1pe, convefJtence Hickman 1984 

6:01 Herbivore FlSUrdla sympauic species 3 differen! wearpauem Franz 1990 
!oolh sh.1pe 

E:oI Herbivore Tegula I species? ? diffen:n! behavior Hickman &. Moms 1985 

6:01 Herbivore Jlulmon.1!eS genus 2 differen! !oo!hshape Kesler e! aI. 1986 

E:oI Herbivore IJtto,ina _sym~c~es 2 differen! !ad lenglh Potter &. Schleyer 1991 

EcoI Herbivore slUl!S &. snails eenera 6 differen! !oolh shaoe tooth number Moens &. Rassel 1985 
tv 
0\ 
tv 
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I Ecologit:.1l or Predator Taxon Level of Comparison Nwnberof RaWlae Similar or DiCCerenl Charncter Examined Reference 
. Phylogenetic or Taxa 
IlnfOntlativeness Herbivore 

15:01 
Herbivore Pulmooates families 4 similar - convel'!!,ent tooth interlock Solem 1972 1973 

Herbivore! Tanganyikan families, genera (genera diCCerent general- adaptive radiation of berbivoces Yonge 193& 5:01 many 
Detritivore endemics discussion) 

5:01 Predator CypJ.oma species 2 diCCerent radshape Ruesink &. Harvell 1990 

5:01 Herbivore BiompJ.alaria ontogenetic 1spccies diCCerent radsize Thomas et a!. 1985 
behavior 

5:01 Herbivore lIelisoma I pops 5 diCCerent rad velocity Smith 1986 

5:01 Herbivore S1UI1;S fumilies 10 diCCerent l1.eneral - converl/.ence Juol1.bluth et a1. 1985 

5:01 Herbivore Ullorina species 3 similar rasping rnte Petraitis &. Sayingh 1987 
environmental8rndienl 
within species 

5:01 Herbivore PI«iJa populations 4 different based on plant tooth JJ.l!IIber and shape Bleakney 1990 I 

tiardritica (ecophenotypy) 
(Opisthobranch) 

5:01 Herbivore Sacoglossans species 55 diCCerent (ecophenotypy &. tooth shape, denticulation (determined by Jensen 1993 
adaptation) cell wall of plant) 

5:01 Herbivore Elysia "ridis individuals diCCerent (learned responses) feeding technique Jensen 1989 
(Qpisthobranch) 

Phylo Herbivore Cerithium species 35 species similar rachidian tooth shape Houbrick 1992 

Phylo Herbivore P1anaxidae species 20 species similar basal cusps on rachidian tooth H~iick 1987b 
in 6 l1.enera 

Phylo Herbivore Utopidae (Aloha genera 2 genera similar shape of rachidian tooth and (X'eSence of Houbrick 1987a 
andUtiop-") buttress 

Phylo Herbivore Rossiinae species new diCCerent tooth shape Reid 1991 
(Scpiolidae) species 

desaip 

Phylo Herbivore Paella I species 2 diCCerent allometric coefficients Paredes &. Acuna 1991 
N 

Phvlo Pred~tor Tunidae ~~~rollll'< 3~1M diffcl't'nt tooth ~mwth mte Kantor&' Svsoev 1991 ~ 



Ecological or Predator Taxon Level of Comparison 
Phylogenetic or 
Infonnativeness Hecbivore 

Phvlo Hecbivore Sacoglossa I species & EMera 

PbIyo Hecbivore 5tream-dwelling sympatric species 
species 

Phylo Hecbivore Trochids sympatric species 

, Phylo Hecbivore p.1Imonates & sympatric species 
Prosobl3Ochs 

! 

I Phylo Hecbivore Helisoma species 

I 

Phylo Hecbivore Helisoma species 
IXoI 

Phylo Predator Thaididac species 

Phylo Hecbivore Gon;obasis races (geneticalll y 
defined) 

Phylo Predator Plit:opurpura genus 

Phvlo Hecbivore [jttoriocs symp.1tric species 

Phylo Both Prosobranchs species - general 
discussion 

Phylo Hecbivore Potathma, genera 
Potadomoider 
and Cleopatra 

Both Hecbivore Hdisoma pops 

Both Hecbivore Ascoglossans species 

Number of RaWlae Similar or Different 
TaXa 

many different 

3 very different (no differences 
in food consumed) 

2 different 

6 different 

3 differenL •• _ •. _ ••.... _.> 
similat .. _ .. _._._._._.> 

1 same •••••••••••••••••••••• > 
differenL .....•......• _.> 

16 different 

3 different 

new genus different 
def 

2 s1ill/lt differences 

- different 

3 m~ly different (similarities 
basis of relatedness) 

21 different 

55, form 3 adaptive radiation of 
ma:pholog ascoglossans result of trophic 
cal groups specializations, some 

ronv_etltence jJIlll!ied 

Character Examined 

tooth shape 

size, tooth shape, ki nd of radula 

central tooth sha~ 

manydilIs 

tooth shape 
ribbon architecture 

tooth shape 
rows & length 

rnd & tooth shapes COlT wI anatomy, not 
food 

rad length, width, one tooth length 

tooth shape (all teeth) 

tooth sizes 

"number and sh.1pe of teeth vary between 
species but an: constant within species" 

radula length, tooth shape 

tooth shape does not carelate with food 
differences. but radular velocity does 

tooth sh.1pe 

Reference 

Jensen 1991 

Dillon & Davis 1991 

Heller & Dempster 1991 

Bamese ct aI. 1990 

Smith 1990 

Smith & Russel-Hunter 1990 

Kool1987 

Dillon 1984a 

Koo11988 

Mastro ct a!. 1982 

Frener & Graham 1962 

Mandel-Barth 1967 

Smith 1989a&b 

Jensen 1993 

i 

tv 
0\ 
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Ecological or Predator Taxon Level of Comparison Number 0 

Phylogenetic or Taxa 
I Informativeness Herbivore 

II Both Herbivore Ascoglossans species, genera 12 

I 

Both Predator Thaidinae species (subgenera) 21 (10) 
(MlI'icids) 

I 

? Herbivore Sagda sympatric species 4 
(pulmonate) 

? Ilerbivore Epilonium onJo&env 1 

? Herbivore Helisoma species ? 

? Herbivore Benedictiids genera, Slbgenera & 14 species 
I species 

? Herbivore Placida populations (geographic 16 
(Opistlxlbranch) differentiation over 

&lob.lI distnbution 1 

? Herbivore Goniobasis populations (both 2S 
proxima genetically and 

environmentally 
different) 

Radulae Similar or Different O!aracter Examined 

similar w/ecology . .> -size of teeth 
Ascobulla similar to other -shape of teeth 
ascogloss:1/lS 

different._ .. _ •••••. _.> shape & size of teeth (seasooal. sex and 
growth changes) 

similar .. _ •..• _._ ••.. _.> number of cusps (evol trend towards 
simil~lification)' 

slight differena:s tooth shape 

different tooth shaiJe 

differenL_> tooth shape 
similar._ .. > rad ribbon 

wx:lear differences (too much shape of radular teeth 
variation?) 

different tooth & denticle shape, rows of tedh, loose 
teeth in ascus 

different rnd length, width. one tooth length 

Referena: 

Jensen 1981 

Fujioka 1985 

, 

Goodfriend 1986 

Page & Willan 1988 

Smith 1988 

Sitnikova 1987 

Bleakney 1989 

- -----Dillon 19s4b 

I 
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Figure 1. The cichlid fishes of Lake Malawi are often presented as an example of an endemic radiation in an African 
rift lake where there has been great trophic specialization and divergence of mouthparts. This diagram from Fryer & 
lies (1972) shows groups of trophic specialists, with evolutionary relationships implied between them. Specialists on 
grazing algae from rock surfaces (Petrotilapia tridentiger, Labeotropheus fuel/eborni, Pseudotropheus zebra) have 
tridentate teeth that are somewhat rounded. Liem (1980) argues that this has a functional explanation (see Fig. 21). 
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Figure 2. Parts of the Lavigeria radula. Central tooth with central cusp and lateral cusPS. symmetrical on left and 
right sides. Lateral tooth with lateral cusps to the sides of the central cusps. There are 20 lateral cusps closest to the 
central cusp (which is the 10 cusp). 30 lateral cusps next to them and rarely a 40 cusp flanking on the distal side. There 
are two marginal teeth that alternate and overlap in their placement at the edge of the radula. The teeth in this diagram 
are slightly more separated from each other than they occur in lire. . 
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Figure 3. Radulae from other Tanganyikan endemics and related 
thiarids mapped on to a cladogram from West (1991). The purpose is to 
illustrate the known variation in radulae within the endemics of this lake 
and provide an evolutionary context for interpretation of the variation in 
Lavigeria. This unrooted cladogram is based on electrophoretic and 
morphologic data and is not definitive, but is likely to be accurate in the 
broad scale relationships of the taxa. Taxa on black branches were not 
included in West's (1991) analysis. I added them because radular 
information was available, aOnd placed the branches based on taxonomic 
discussions of Brown (1980) and my own estimation of relationship based 
on shell morphology. Further work in progress at the generic level will 
result in a more robust cladogram .. Most of the radulae were redrawn from 
LeLoup (1953) where they were originally drawn with a camera lucida from 
a light microscope. Their accuracy should be verified with SEM 
examination. From my experience examining radulae, the following 
diagrams are especially suspect: lateral teeth of Cleopatra, Stormsia 
minima, Reymondia sp. A, Anceya giraudi, Syrnolopsis lacustris, 
Limnotrochus thomsoni, Melanoides tuberculata. The distinction between 
marginal teeth 1 & 2 is not clear in LeLoup's (1953) diagrams, so I placed 
the more denticulate tooth in the position of Marginal Tooth #2. It is not 
clear that orientation of the teeth, especially the marginals, was consistent 
in LeLoup's work. LeLoup's drawing of Paramelania damoni represents 
West's P. crassigranulata and P. imperialis on the cladogram. Not all of 
LeLoup's variants for Bridouxia giraudi are shown. Two variants of 
Syrnolopsis lacustris are diagramed. Only marginal teeth are shown for 
Stanleya neritinoides. The LeLoup diagram for Cleopatra is of C. 
bulimoides, and not C. ferruginea which was examined by West as an 
outgroup to the Tanganyikan thiarids. Neothauma is in the family 
Viviparidae, not Thiaridae, but is an endemic in Lake Tanganyika. For 
photographs and discussion of the variation in Lavigeria, see this paper; 
in the cladogram only one set of tooth morphologies is shown for 
Lavigeria. Brown (1980) was the source of diagrams for Melanoides 
victoriae and M. anomala. 
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Figure 4. This cladogram represents my interpretation of Brown's (1980) 
description of the Thiarid subfamily Paludominae. It is comprised of the genera 
Cleopatra, Pseudocleopatra, Potadomoides, and Lavigeria. Lavigeria and Potadomoides 
are considered distinct from the subfamily Paramelaniinae (which encompasses most 
of the other thalassoid Tanganyikan endemics) based on their radulae, that Brown 
(1980) observed is very similar between the two genera. Brown (1980) said that 
Cleopatra and Pseudocleopatra have similar radulae with many cusps on the central 
tooth. I suggest that this subfamily should be revis~d (see text). Diagrams here are 
of generalized Lavigeria "Fine Ribbed" form (this paper), Potadomoides bequaerti 
(Mandel-Barth 1967), Pseudocleopatra dartevelli (Mandel-Barth 1973) and 
Cleopatra pi/ula (Mandel-Barth 1967). C. guillemei is the only Cleopatra species 
recorded from a river that feeds into Lake Tanganyika (Brown 1980), but no 
diagrams of its radula were available. No marginal teeth were diagramed in the 
original drawing for Cleopatra pilula, but LeLoup (1953) indicates that for 
Cleopatra ferruginea, both marginal teeth look similar to marginal tooth #2 for 
Potadomoides. I have outlined them in dotted lines to indicate that there are marginal 
teeth of uncertain morphology. 
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Figure 5. Sampling sites for this study. Box indicates species 
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Figure 6. a) SZ radula showing common orientation 
of Lavigeria teeth when radula is viewed untilted, 
b) untilted SO radula showing how teeth have little 
reflexed curvature, c) untilted SO central teeth, d) SO 
central teeth tilted 20 degrees to expose flat surface 
of rachidian tooth. Scale bars above are 1 00 urn, 
right are 50 urn. 
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Figure 7. Variables taken from a typical Lavigeria radula. a) Measurements of cusps on me central tooth: WC=width 
of central cusp from tops of grooves between cusps, LC=length of central cusp taken to intersection with WC, WL=width 
of left cusp, LL=length of left cusp, WR=width of right cusp, WL=width of left cusp. Meristics from lateral teeth: count 
of number of lateral cusps on the medial and lateral sides of the central cusp. From whole radula (not shown): overall 
radula length taken when mounting the radula, radula width from lateral base of lateral teeth taken from SEM screen, 
radula length per row of teeth taken from SEM screen by measuring length for approximately 7-12 rows and dividing by 
the number of rows. tv 
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Figure 8. Map of sample sites and sample sizes for FA and LeA 
used to test for character displacement. 
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Figure 9. Radula of FR. Central teeth shown above, 
marginal teeth at left. Scale bars are SOum each 
(the two pictures are at slightly different 
magnifications and are from different specimens). 
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Figure 1 O. Radula of CR. Central teeth above, 
marginal teeth at right. Scale bars are SOum each. 
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Figure 13. Radula of G. Central teeth above, marginal 
teeth at left. Scale bars are 1 00 urn each (these 
radulae are quite large relative to other Lavigeria). 
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Figure 15. Plots of the discriminant canonical factors for 6 
species a) measurement analyses b) ratio analyses. Percentage 
variation explained by each canonical factor in parentheses. SO 
and G are very distinctive in both analyses, whereas the other four 
species are harder to distinguish. The ratio and the measurement 
analyses are essentially mirror images of each other. 
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Figure 16. Plots of the discriminant canonical factors for 4 
species a) measurement analyses b) ratio analyses. Percentage 
variation explained by each canonical factor in parentheses. The 
centroids of these canonical function spaces for each species are 
all statistically separable with the exception of LeR. 
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Figure 21. Plots of canonical functions used to describe variation 
in the comparison of the sympatric and allopatric populations of 
FR and LeR to look for character displacement. The distance 
between the centroids of sympatric FR and LeR is greater than 
between the centroids of allopatric FR and LeR. 
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Figure 22. Teeth from several different algae-grazing cichlids 
that have independently converged on a tridentate tooth 
morphology. Three of these fish are from Lake Malawi (i -
Petrotilapia tridentiger, iii - Pseudotropheus zebra, iv -
Hemitilapia oxyrhynchus), one from Tanganyika (ii -
Petrochromis polydon). Liem (1980) suggests that the tridentate 
morphology is lends the flexibility necessary to graze rock 
substrates. Teeth in diagram iv), that are not tridentate, are 
from a fish that grazes on plants. (Drawn from Liem 1980. No 
scale bar given, but teeth are on the order of several millimeters 
in width). There is remarkable similarity in tooth shape among 
rock grazers; compare these fish teeth with the Lavigeria 
gastropod teeth in Figures 2, 9-14. 
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Chapter 4: ANATOMICAL DIFFERENCES AMONG LA VIGERIA SPECIES: A 
NEW PERSPECTIVE ON ANATOMICAL DATA IN GASTROPOD RADIATIONS 

Abstract 

The traditional t\Jol for defining freshwater gastropod taxa is soft-part anatomy. 

In searching for unique characters to define the species in the Lavigeria radiation, I found 

only one discrete character set that separated off the clade of tuberculate species. An 

oviposition groove and gland provides a startling contrast with the rest of Lavigeria 

which brood their young in an internal pouch. Because it is a major reproductive 

difference, this character may be the basis for defining a new genus. Within the remaining 

species, I used a multivariate morphometric approach and found significant size-

independent differences among the shell-defined species. The use of measurements at the 

species level for gastropods is a contentious topic; usually only qualitative differences in 

organs are sought, while measurements of neural characters are sometimes used. My 

results run counter to these tenets. I found more informative differences in body and 

organ measurements and less in neural measures when the effect of size is factored out. 

The contrast between my results and standard dogma may be because a) morphometric 

approaches have been poorly explored in gastropod taxonomy, b) previous workers have 

not factored out the effect of size on anatomical measures, or c) the order of utility of 

anatomical characters is the reverse at the level of closely related species of the order at 

the more frequently explored generic and familial levels. 
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Introduction 

Anatomical characters are central in analyses of gastropod systematics. However, 

at the species level there are often few discrete anatomical characters among closely 

related taxa. Can quantitative anatomical characters be used to unravel species 

relationships in gastropods? My goal is to outline the degree of divergence and 

phylogenetic relationships among the species in the gastropod genus Lavigeria which 

forms a species flock in Lake Tanganyika. In this paper I describe the basic anatomy of 

Lavigeria and present a morphometric analysis of anatomical characters. I describe the 

presence of an oviposition groove and gland that distinguishes one group of Lavigeria 

species from the others. Using multivariate morphometrics on soft-part anatomy, I was 

able to demonstrate size-independent differences among the other species species that 

were not readily discernable in qualitative investigations. 

I used a null hypothesis that variation in anatomical characters does not partition 

with the species differences delineated by differences in allozymes, radulae and shell , 

morphology (Michel et al. 1992; Michel in prep). The factor plots from multivariate 

analyses can be thought of as a kind of time slice through the end of the phylogeny. The 

phylogeny is a hypothesis of the events that have contributed to these groups becoming 

different and the path of changes they have· followed in diverging - the factor plot is a 

measure of disparity among the divergent evolutionary units. It is my ultimate goal to 

present anatomical differences in a phylogenetic context to determine directions of 
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character state changes. This will contribute to our ability to use gastropods as models of 

evolutionary change. 

As systematists we search for characters that maximize both evolutionary 

informativeness and distinctions between taxa. The standard approach in malacology has 

been to use qualitative characters for most soft-part anatomical analyses and use mensural 

data only on parts of the nervous system. My results suggest that this approach is not 

always the most useful one, in that measures of body characters were more informative 

about species differences than were neural measures. The utility of measures of anatomy 

has been overlooked in malacology in general, perhaps because multivariate techniques 

have not been adequately explored. Specifically, if the effects of size are not factored out, 

the shape variation may be swamped, leaving the relatively confounded result of similarity 

among animals of the same size. This further exploration of morphometric techniques 

bodes well for gastropod systematics. 

Previous work on Lavigeria anatomy 

" ... it will be readily accepted that in Nassopsis [an old name for Lavigeria] 

we are presented with an animal which in the future will probably constitute one 

of the most important prosobranchiate archetypes of which we are in search. II 

J.E.S. Moore (1899, p. 188) on the anatomy of 

Lavigeria 

Moore's enthusiasm for Lavigeria anatomy was based on his conviction that it would 

provide the critical link between the Tanganyikan freshwater thiarids and Jurassic marine 
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gastropods. He hypothesized that Lake Tanganyika was a remnant sea with a relic fauna. 

Moore (1899) did detailed dissections on live animals while working at Lake Tanganyika 
• I 

and published the most thorough anatomical descriptions of Tanganyikan thiarids to date. 

He found that Lavigeria anatomy differed considerably from other Tanganyikan thiarids 

although concho logically it seemed similar. The shells of some Lavigeria species seem to 

form almost a morphological continuum with shells of some Paramelania species, but 

Moore (1899, p. 188) said " ... holding the opinion that the conchological method of 

determining relationships is utterly unsound, it is with the greatest satisfaction that I am 

here enabled, by a detailed account of the anatomy of Nassopsis and Bythoceras 

[paramelania], to show that even in their wider phylogenetic sense these genera bear no 

relation to each other. II The Lavigeria species dissected by Moore was ilL. nassa", a 

shallow-water brooder that lives on rocks, while the Paramelania lives on soft substrate 

in deep water, and lays eggs. Surprisingly, Leloup (1953) undertook a revision of 

Lavigeria without redoing any anatomical studies. He decided that the great variability 

in shell morphology fell into distinguishable "formes", but not separate species, yet did not 

investigate the variation in anatomy, wherein more profound systematic differences might 

lie. 

Materials and Methods 

I dissected specimens ofLavigeria from a range of species to obtain a perspective 

on variation within this group. I diagrammed major organ shapes and locations, with a 
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special focus on the pallial gonoduct and the nervous system. The reproductive and 

nervous systems are often the most informative for gastropod systematic differences 

(Fretter & Graham 1962; Houbrick 1988). My objective was to search for discontinuous 

characters that would be useful in phylogeny reconstruction. 

For quantitative analyses I dissected and pinned freshly extracted animals with a 

procedure that I found produced consistent orientations among different animals and was 

repeatable in the same animal. I dissected the mantle cavity with a cut along the edge of 

the osphradium. I took measurements with an ocular micrometer on body and neural 

characters, listed in Table 1 and shown in Figures 1 and 2, on 14-21 specimens from each 

of six species. I used landmarks for measurement standards whenever possible. For neural 

characters the ganglia are often pigmented or have a clear inflection point at their ends. 

The samples came from seven sites (Fig. 3) around the northern end of Lake Tanganyika. 

I log transformed and analyzed these data for analysis in a canonical discriminant analysis 

(CDA). Some structures were frequently difficult to measure or were destroyed in some 

dissections. Because a multivariate analysis requires a complete set of data and excludes 

all data for specimens when one variable is missing, I reduced the analyzed data set to the 

twenty variables that are indicated with asterisks in the last column. Furthermore, I 

analyzed the data in two separate groups - body characters and neural characters - to 

minimize the impact of missing data and because the data were taken at different 

magnifications. Data taken at different scales confounds multivariate analyses. 
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I am interested in determining how Lavigeria species vary in anatomical shape 

independent of simple variation in size. Size is one of several characters used to determine 

species in my initial categorization and it influences variation in the characters of interest, 

so it is important to factor out size effects. To do this I determined a size vector based on 

characters independent of the CDA, but from the same specimens. Before breaking the 

shell for the dissection I measured a number of shell characters. I did a principle 

components analysis (PCA) on shell height, width and soft-part body length. The first 

principle component (PC1) is essentially a size vector (because all variables loaded 

positively and heavily on PC1). I then regressed the anatomical variables against the 

within-group size vector and used their residuals as the data for the CDA. This produces 

a data set that retains the structure of the original data, but is independent of the size 

vector (Dos Reis et al. 1990). 

The distances between the centroids of the species clusters in multivariate space 

were expressed as Mahalanobis distances. I tested whether these distances were 

statistically significant with bootstrapped randomizations of the Mahalanobis distances, 

repeated 5000 times each to establish the null distribution. The probability that these 

distances are significantly different is reported with the Mahalanobis distances between 

species pairs (see Chapter 3 for further explanation of statistical methods). 

Parasitization can cause radical changes in anatomy and shell morphology (Davis 

et a!. 1988). Some species of freshwater gastropods are heavily parasitized, and 

geographic patterns of parasitized popUlations have sometimes mislead malacologists into 

------- ------- -
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proposing evolutionary bases for what later turned out to be the pathological differences 

in morphology. Lavigeria are occasionally parasitized by a trematode in the reproductive 

tract. These animals had long tails, pear-shaped heads, obvious eyes, and were highly 

active. They were primarily in the gonads. When the infection was very heavy they also 

filled the pallial gonoduct. Another parasite or stage of the same parasite occurred in the 

form of small round balls in the reproductive tract. I recorded the rate of parasitization 

among species at each site, but did not use any parasitized animals in any of the anatomical 

analyses. Parasitization did not cause dramatic differences (gigantism or aberrant coiling) 

in shell morphology in any of the ,specimens I examined. 

Results 

Descriptive Analyses 

Lavigeria is a member of the prosobranch family Thiaridae. Their anatomical 

ground plan is similar to that of Littorina littorea described by Fretter & Graham (1962). 

In his analysis of cerithioidean phylogeny, Houbrick (1988) outlined characters that are 

typical of the superfamily Cerithioidea and the component rnmily Thiaridae, many of which 

are found in Lavigeria. 

External Morphology 

Lavigeria are microalgal grazers, as are most cerithioideans, with a dark-brown to 

black head-foot that is occasionally banded or slightly speckled with unpigmented areas 

(Fig. 1). The long, broad snout is "retractable but not protrusable" (Moore 1899) and may 
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be slightly bilobed ("Lavigeria group") or blunt (Tuberculate group). The foot is relatively 

large, presumably because of their sessile rock-dwelling habit. The largest species (to 

30mm shell height) occur in the shallowest, most wave-washed habitats (Chapter 5, Table 

, ' 

1; Chapter 6, taxonomic outline). Large size may be advantageous in high energy 

environments because a large foot surface area can gain better purchase on the rocky 

substrate. The sole of the foot is unpigmented with white granules visible in it. A pedal 

mucus gland opens along the anterior half of the sale. The operculum is ovate and 

paucispiral with an eccentric nucleus. The cephalic tentacles are long and tapering - at full 

extension they reach the end of the snout. The eyes are at the base of the tentacles on 

secondary papillae. 

Head and Buccal Mass 

Moore (1899) called the buccal mass "tolerably well developed" (Fig 4) in 

comparison with other gastropods. The radula has relatively stout teeth, typical of rock 

grazing gastropods. The allary processes are relatively wide. I discuss radular variation 

at length in Chapter 3. There are esophageal pouches, which are not usually found in 

other cerithioideans (Houbrick pers. comm., 1988). The coiled tubes of the salivary gland 

are generally above and anterior to the nerve ring, but ramose glands may also be found 

posterior to the buccal ganglia. 

Mantle Cavity Organs 

In Lavigeria the mantle margin ranges from slightly scalloped to smooth (Fig. 1). 

The mantle margin scallops are occasionally pigmented with brown or yellow dots, 



297 

perhaps indicating some sensory function. In other thiarids the mantle papillae may be 

quite long and fringe-like (Houbrick 1988). 

The ctenidium has triangular (deltoid) gills that are slightly more acute (fin-shaped) 

at the anterior end, approximately equilateral with flexible folds along the middle and 

major part of the ctenidium, and acutely peaked with an extension of the lateral ridge (fin

shaped) on the posterior end (Fig. 5). The leaves of the thiarid ctenidium are described 

as being long, but in Lavigeria they are relatively short, although they have the triangular 

shape common to thiarids. I did not notice gross differences in ctenidium shape between 

the deep (SD) and shallow water species ("Lavigeria" clade), which is a bit surprising 

since they may be living in environments of very different oxygen concentrations. 

The osphradium is a thin cord with pigmented lines (Fig. 4) along the sides that lies 

in a groove and extends from a half to the full length of ctenidium (Fig. 1). Occasionally 

the anterior end of the osphradium is bulbous or has a lump, but is never branched. 

Houbrick (1988) called the hypobranchial (mantle cavity mucus) gland (Fig. 1) poorly 

developed in thiarids in general, however Moore (1899) called it well developed in 

Lavigeria. It does not exhibit a great deal of glandular development, but I found in 

dissections of live animals that it is very productive. 

Reproductive organs 

Lavigeria are gonochoristic; males are aphallate and females have a closed pallial 

oviduct and a seminal receptacle (spermatophore bursa) (Fig 6a-d). There are differences 

among the species in the anatomy of the pallial oviduct. In the typical female of the 
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"Lavigeria group" (clade discussed in Chapters 2 & 6), the pallial oviduct (PO) contains 

a spermatophore bursa (SB) that is folded and rugose on the inside (Fig. 6 a&c). The 

floor of main body of the oviduct is also folded and rugose, with a deep oviducal groove. 

The pallial oviduct opens in a single, relatively small, slit facing laterally (away from) the 

rectum. Just inside the PO against the medial wall (next to the rectum), is the sperm gutter 

which forms the opening to the spermatophore bursa. The spermatophore bursa extends 

approximately two thirds the length of the pallial oviduct. It often has one or two laminae 

that run up the length of the SB, forming an eave over the main cavity of the oviduct. I 

have found white or chartreuse green spermatophores, which look like dehiscent pods 

(Fig. 7), inside the spermatophore bursa. The SB appears to end in a blind tube, without 

opening to the proximal end of the oviducal groove. However, at the end of the 

spermatophore bursa, the flat laminae along its side fuse and continue along the medial 

wall to the end of the pallial oviduct, around the proximal end of the PO, to join the lateral 

wall and also insert into a lateral lamina. This forms a small tucked pocket in which I have 

also found large quantities of sperm. I suspect that the laminae along the side of the SB 

act as a conduit for sperm to be moved to the proximal end where fertilization occurs. The 

lateral wall of the PO also has laminae which run most of the length of the PO. In a cross

sectional view, the lower lamina is wider, but thinner than the upper lamina, and forms a 

covered rooffor the main pallial cavity. I have drawn it to look fairly smooth, but it may 

be highly folded and thin when the pallial cavity is filled with a brood. The upper lateral 
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lamina begins just at the opening of the pallial oviduct, whereas the lower lamina begins 

somewhat more distally, sometimes with an extra nubbin on the end. 

In some species (LCR and G) the lateral laminae appear more robust and narrower 

(Fig. 6c). The lower lateral lamina acts as an attachment point for drapes of fine tissue 

which hang between embryos as they are brooded in the pallial oviduct. 

The male gonoduct is relatively very simple (Fig. 6d). The proximal end is an 

expanded cavity with a folded floor. I have drawn it with longitudinal folds which are 

most common, but it may also have lateral folds. In its distal third, the gonoduct becomes 

constricted, folds are transverse, and the floor is somewhat thickened. The textures and 

occasionally colors of the upper and lower parts of the male gonoduct are quite different 

but both regions appear to be glandular. The lower chamber may contain the glandular 

tissue that secretes the casing for the spermatophore. 

The female reproductive anatomy of the tuberculate species, SD and TD, is quite 

different from the "Lavigeria group" just described (Fig. 6b). There are a number of 

indications that they form an independent group that lays eggs and does not brood young. 

I have dissected perhaps 100 individuals, and extracted the soft parts from hundreds more, 

and have not found a brood inside the mantle cavity. West (pers. comm.) reported seeing 

an egg pop out of a pit on the dorsal side of the neck-foot, above the operculum. This pit 

is indistinguishable when it is not extruding eggs and may be a connecting tube to a 

glandular pit in the head. There is a ciliated groove along the right side of the head that 

leads from the opening of the pallial oviduct to a glandular pit in the foot, which is 
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probably an ovipositor (Houbrick pers. comm.). The ciliated groove is less pigmented 

than the skin around it, making it possible to distinguish females from males without 

extracting the animal from the shell. Males sometimes have a corresponding unpigmented 

strip where the ciliated groove would be for females, but they lack the glandular pit at the 

bas~. The pallial oviduct lacks the lateral and medial laminae found in other Lavigeria 7" 

the pallial oviducal cavity is undivided. Presumably this allows eggs to pass unimpeded 

to the ovipositor. The floor of the pallial oviducal cavity is thickened, and may be a 

capsule or albumen gland. The spermatophore bursa is slightly shorter than in other 

Lavigeria and the sperm gutter is also shorter. At the terminus of the spermatophore 

bursa a lamina continues along the medial wall and around the proximal end of the pallial 

oviduct, terminating in a small sac. This sac appears to be a blind tube with its opening 

directed proximally towards the opening of the oviduct. As I have often found this sac 

filled with sperm, it is clearly involve in fertilizing eggs as they are delivered into the pallial 

oviduct. In most animals examined the medial spermatophore bursa was closed, but in a 

few cases it seemed that it may have been open at the proximal end. The male gonoduct 

is not different than in other Lavigeria. 

"Upper coil" organs 

The stomach has two chambers: a posterior or main chamber, and anterior chamber 

or style sac (Fig. 8). Moore (1899) described a "very curious and striking double 

hemispherical caecum" on the base of the stomach. This condition is also figured in Digby 

(1902). In all the animals I looked at there was a large convoluted pad nestled below the 
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longitudinal fold, but I did not find a caecum. The crystalline style is essentially pear

shaped to round. The kidney is large and is often purple or indigo blue. The heart has a 

thin-walled auricle and thick walled ventricle with a short aortic trunk. The gonad is 

impressed over the digestive gland in the uppermost whorls of the body. I did not find 

differences among species in these organs. 

Nervous system 

Moore (1899) presented a thorough description of the nervous system of 

Lavigeria (Fig. 2). He called it one of the most archaic taenioglossate types of nervous 

systems known, with similarities to a rhipodoglossate nervous system. Houbrick (1988) 

said that in the nervous system, zygoneury (direct connection between esophageal and 

pleural ganglia) is not present in thiarids. However, Moore (1899) said that Lavigeria is 

strongly zygoneurous on the right side. Houbrick mentioned that zygoneury is a very 

homoplastic character in cerithioideans and may have strong selection potential, so this 

character may be present only in a few members of Thiaridae. 

A highly concentrated nervous system is hypothesized to be more evolutionarily 

derived than a more elongated series of neural connections (Fretter & Graham 1962, 

Houbrick 1988). There is no evidence to support this at the species level for Lavigeria. 

I mapped neural character state changes on the tree generated by neig!tbor-joining 

allozyme distances (Chapter 6). No pattern of primitive or derived conditions revealed 

itself. Most species had a somewhat more compact nervous system, whereas one probable 

derived species (G) and one basal species (SZ) were less compact. Dissections of G neural 
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rings were described as "flat and opened up", when compared with FR which was 

"bunched", thus there are differences in neural centralization within this group. 

Morphometrics verify that there are quantitative differences in neural anatomy, although 

they are not extreme. 

Quantitative Analyses 

When anatomical differences were analyzed without factoring out the size vector, 

all pair-wise comparisons were significantly different at p<O.OO1. There were enormous 

differences between species in anatomy. This is not surprising, since size was a 

determinant of species. This is not a profoundly enlightening result because size 

differences are weak indicators of phylogenetic divergence. Differences in the proportions 

of organs to each other, Le. shape variation, is more closely tied to evolutionary 

divergence than is size variation. 

There were size-independent distinctions in body and neural characters among 

species. Plots of the first two canonical functions from the canonical discriminant analysis 

of the body and neural characters (Figs. 9 & 10) showed that there is overlap of the 

polygons describing variation in each species group, however they are statistically 

separable in multivariate space. Loadings on the first two canonical functions are shown 

in Table 2. For body characters the Mahalanobis distances (Table 3a) are significantly 

different at p<O.Ol between nine out of the fifteen species pairs and at p<0.05 for one 

additional pair. Thus, there were size-independent differences in body characters in the 

Lavigeria group. Some ofthese differences were between species that are similar in size, 
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such as SZ and SD, that are both small. Other differences were among species which may 

be found in the same habitat such as FR and LCR. For neural characters there were also 

significant differences between centroids of many species (Table 3b). However, the 

differences were not as large: FR differed at the p<0.011evel from all other species, but 

the other comparisons differences were at the p<O.OS level, or not significantly different. 

It is notable that SD, which differed greatly in all my other morphological and genetic 

analyses, was not the outlier group in these tests. 

In my quantitative analysis the relative proportions of body measures were overall 

more useful in species distinction than were neural measures. This is a reversal of standard 

dogma for malacological characters (Houbrick 1988). It is usually suggested that 

measures of soft-body parts will not be informative of patterns of divergence, wherea~ 

measures of the nervous system are commonly used. Specifically, a ratio of measurements 

on several nerves is often used in species descriptions (RPG ratio of Davis et al. 1976). 

However, the RPG ratio should be treated with caution, as it is subject to many of the 

statistical problems inherent in ratios in morphometrics. Ratios may cause spurious 

correlations among characters and multiply error rates. When taxa are closely related, as 

in the Lavigeria species flock, the morphological differences may be subtle and require 

statistical analyses to expose them. 

Parasitization 

The rate of parasitization was higher for females than males (Table 4). In this 

anatomical study, when the sex ratio was biased there were always more females than 
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males. However, I have collected more extensive data on sex ratios and found that 

generally the proportions of males to females were not significantly different or in some 

species the ratio was male-biased (Michel unpub. data). When there was parasitization, 

the rate was often relatively high in many categories, enough so that we might consider it 

an active selective agent. Bemba (Zaire) was the only site where no individuals were 

parasitized. Interestingly, at Bemba there are underwater hydrothermal springs that release 

thallium and selenium in the water. We have found it to be devoid of benthic ostracods 

as well, so perhaps the water is toxic to small organisms at this site. Because the parasites 

had obvious eyes and were capable swimmers, they are likely to have an active dispersal 

stage. In this and other data (Michel unpub. data) there are very high parasitization rates 

in a few populations of some species, especially SD. 

Discussion 

This study revealed anatomical characters that support a major division within the 

Lavigeria radiation. The tuberculate species that are typical of deeper water reproduce 

by laying eggs, whereas the more diverse group of species, found predominantly in shallow 

water, brood their young. The "tuberculate group" has an oviposition groove, oviposition 

gland and associated changes in the pallial oviduct which contrast strongly with the 

"Lavigeria group". Because it is a major reproductive difference and correlates with other . 

differences in shell and radular morphology (Michel et al. 1992, Chapter 3), this 

anatomical data may be the basis for defining a new genus. 
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Paramelania is the next most diverse gastropod genus in Lake Tanganyika after 

Lavigeria and there are some reasons to consider this genus as possibly related to 

Lavigeria. The strongest connections between the genera are conchological. One can 

arrange an artificial continuum of shell shape between some Lavigeria species and some 

Paramelania. However, conchology is a poor indicator of higher level systematic 

relationships. Alternatively, we might consider including only the "tuberculate Lavigeria" 

withinParamelania because both are oviparous. Their pallial oviducts are similar in their 

relative simplicity compared with the "Lavigeria group" (Moore 1899, West pers. comm.) 

and West reports that SD extrude individual eggs out of the dorsal side of the foot (just 

above the operculum) in the same manner as Paramelania. Paramelania species are 

generally found in deep water, as are the "tuberculate Lavigeria". There are some 

qualitative similarities in the regularity of sculpture between tuberculate Lavigeria and 

some Paramelania species(P. iridescens and P. minor). However, the shell 

microstructure is different between the two groups (West & Cohen in press). The 

tuberculate Lavigeria representative in West & Cohen's study had two-crossed lamellar 

layers like Spekia, Reymondia and Stormsia, whereas the other Lavigeria ("nassa group" 

representatives) had three layers like P. iridescens. Finally, in a survey of allozyme 

relationships among Tanganyikan genera, West (1991) found that Paramelania and 

Lavigeria are on different branches of the endemic tree. I conclude from this that the 

evidence is too weak to include the "tuberculate Lavigeria" with Paramelania. 
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An argument can be made for separating the tuberculate Lavigeria from the other 

species now considered to be congeners. The tuberculate group differs greatly in radular 

morphology (Chapter 3), in shell morphology, and in ecology. They are commonly found 

in deep water, but at certain sites they may be found in very shallow water (TD may be at 

2m in the southern lake) and it appears that this occurs when there are fewer of the other, 

shallow water Lavigeria present. There may be a competitive relationship between these 

two branches of Lavigeria. 

Within the "Lavigeria clade", multivariate morphometric analyses revealed 

significant size-independent differences in soft-part anatomy among the shell-defined 

species. The use of measurements at the species level for gastropods is a contentious 

topic; usually only qualitative differences in organs are sought, while measurements of 

neural characters are sometimes used. My results run counter to these tenets. I found 

more informative differences in body and organ measurements and less in neural measures 

when the effect of size is factored out. The contrast between my results and standard 

dogma may be because a) morphometric approaches have been poorly explored in 

gastropod taxonomy, b) previous workers have not factored the effect of size on 

anatomical measures, or c) the order of utility of anatomical characters is the reverse at th~ 

level of closely related species of the order at the more frequently explored generic and 

familial levels. 

Some anatomical characters in Lavigeria differ from Houbrick's (1988) general 

analysis ofthiarids. The Tanganyikan thiarids may be a single independent radiation where 
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some characters have been progressively modified from the ancestral thiarid condition, or 

differences may be a result of polyphyly (Houbrick pers. comm., Brown 1980, Brown & 

Mandel-Barth 1987, West pers. comm.). The ciliated groove and ovipositor that Houbrick 

said is common to Thiarids is found only in the tuberculate species of Lavigeria - the 

species in the "Lavigeria group" lack this structure. This reproductive difference indicates 

a major division in the Lavigeria clade. 
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Table 1. Characters included in Canonical Discriminant and Principle Components 
An I amyses. 

, 

Character Abbreviation Included 
inCDA 

Body length BL (* -PCA) 

Digestive gland length DG * 

Gonad length GL * 
Mantle cavity length MC 

Osphradium length OS * 
Ctenidium length CT * 
Pallial gonoduct length PG * 
Spermatophore bursa length: SBI 
I-proximal end to opening, 2-sperm gutter SB2 
length 

Buccal mass length BM * 
Cerebral ganglia, left & right, length and LCL, LCW, RCL, **** , , , 
width of each RCW 

Cerebral commissure length CC * 

Pleural ganglia, left & right, length and LPL, LPW, RPL, * * * * , , , 
width of each RPW 

Pleuro-Subesophageal connective length PSB * 
Subesophageal connective SG * 

Pleuro-Superesophageal connective length PSC * 

Supraesphageal ganglion SUG * 
Pedal ganglia, left & right, length and width PDLL,PDWL, 
of each PDLR,PDWR 

Pedal commissure length PC 
, 

Statocyst diameter SD 
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Table 2. Factor loadings of residuals of variables after factoring out the effects of size 
with PCA Body characters are in upper half of table and were analyzed separately from 
neural characters, in lower half of table. 

Character Can I Can 2 

Body length -0.303 0.440 

Digestive gland length· -0.122 0.267 

Gonad len~th 0.014 0.185 

Osphradium length -0.134 0.377 

Ctenidium length -0.393 0.824 

Pallial ~onoduct len~th 0.063 0.134 

Buccalmasslen~th 0.944 0.266 

Left Cerebral ganglion - length -0.076 0.015 

Left Cerebral gan~lion - width 0.155 0.133 

Right Cerebral ~anglion - length 0.244 -0.177 

Right Cerebral ganglion - width 0.219 0.080 

Cerebral commissure 0.513 -0.198 

Left Pleural ganglion - length -0.347 0.006 

Left Pleural gan~Iion - width 0.159 -0.357 

Right Pleural ~an~lion - len~th 0.554 -0.121 

Right Pleural gan~lion - width -0.351 0.204 

Pleurosubesophageal connective 0.404 0.653 

Sub esophageal connective 0.119 0.157 

Pleuro-Superesophageal connective 0.185 -0.182 

Supraesphageal ganglion -0.281 -0.072 
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Table 3a. Canonical discriminant analysis of body characters. Upper half of matrix is the 
bootstrapped probabilities that the centroids are significantly different. Lower half of 
matrix is Mahalanobis distance between centroids in paIr-wise comparisons. 

CR FR G LCR SD SZ 

CR o 0.434 0.018 0.001 0.175 0.000 

FR 1.082 0 0.006 0.001 0.004 0.000 

G 3.131 2.316 o 0.114 0.001 0.212 

LCR 5.515 3.502 1.773 o 0.000 0.093 

SD 1.924 3.567 3.900 5.214 o 0.000 

SZ 7.403 5.657 1.336 2.058 8.603 o 

Table 3b. Canonical discriminant analysis of neural characters. Upper half of matrix is the 
bootstrapped probabilities that the centroids are significantly different. Lower half of 

. . M h I b· d· b ·d . . matnx IS a a ano IS Istance etween centrOl s 10 paIrwIse com Jan SODS. 

CR FR G LCR SD SZ 

CR 0 0.000 0.012 0.201 0.086 0.053 

FR 9.941 0 0.001 0.001 0.000 0.007 

G 6.135 6.409 0 0.027 0.018 0.873 

LCR 4.050 8.195 4.698 0 0.177 0.277 

SD 5.843 13.366 6.178 4.506 0 0.053 

SZ 8.183 9.656 1.954 5.055 8.430 0 
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Table 4. Parasitization by species, site and sex. Four cases of parasitization were severe 
enough that sex was uncertain, but scored as female. Generally there were more females 
than males and their rate of parasitization was higher. 

Species Site Female Males Parasitizatio Parasitization 
parasitization parasitization n rate (total rate by site 
rate 110tal NI rate (total NI N) (total N) 

SD km29 0.27 (11) 0.25 (8) 0.26 (19) 0.15 (33) 

FR km29 0.00 (8) 0.00 (6) 0.00 (14) 

CR km18 0.11 (9) 0:00 (5) 0.07 (14) 0.07 (14) 

LCR Bemba 0.00 (4) 0.00 (1) 0.00 (5) 0.00 (9) 

SZ Bemba 0.00 (1) - 0.00 (1) 

SD Bemba 0.00 (2) 0.00 (1) 0.00 (3) 

FR Luhanga 0.00 (3) 0.00 (1) 0.00 (4) 0.10 (21) 

LCR Luhanga 0.00 (1) 0.00 (2) 0.00 (3) 

G Luhanga 0.18 (11) 0.00 (3) 0.14 (14) 

SZ Kigoma 0.10(10) 0.00 (7) 0.06 (17) 0.12 (33) 

G Kigoma 0.25 (4) 0.00 (2) 0.17 (6) 

LCR Kigoma 0.40 (5) 0.00(5) 0.20 (10) 

SD all sites 0.23 (13) 0.22 (9) 0.23 (22) 

FR all sites 0.00 (12) 0.00 (7) 0.00 (19) 

LCR all sites 0.20(10) 0.00_(8) 0.11-'18) 

G all sites 0.20(15) 0.00 (5) 0.15 (20) 

SZ all sites 0.09 (11) 0.00 (7) 0.06 (18) 

CR (one site) 0.11 (9) 0.00(5) 0.07 (14) 

Total all sites 0.14 (70) 0.05 (41) 0.11(111) 
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Figure 1. Anatomy of body characters. Animals range from 10-40mm in length. Left diagram: mantle cavity opened on animal's left side, 
below osphradium, and reflexed open over right side. Right diagram: external morphology. SN - snout, FT -foot, TN - tentacle, EY - eye, 
OP oviposition pore, CG - ciliated groove, MM - mantle margin, CT - ctenidium, OS -osphradium, ES - esophagus, MC - mantle cavity, PG -
pallial gonoduct, RC - rectum, HG - hypobranchial gland, G - gonad, DG - digestive gland, ST - stomach, K - kidney, CM - columellar muscle, 
o -operculum, BL - body length. 

w ..... 
tv 



313 

Figure 2. Anatomy of nerve ring. CC - cerebral commissure, LC - left cerebral ganglion, RC 
right cerebral ganglion, LP - left pleural ganglion, RP - right pleural ganglion, SG -
subesophageal ganglion, PSC - pleuro-superesophageal connective, SUG - supra esophageal 
ganglion, PSB - pleuro-subesophageal connective. Not shown: pedal ganglia and statocysts. 
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Figure 3. Map of seven sites where populations of six different morphospecies were collected. 
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Figure 4. Filaments of ctenidium and cross-section of osphradium, Sides of osphradium are 
darkly pigmented. 
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Figure 5. Dissection of Lavigeria head. NR - nerve ring, SG - salivary glands, 8M - buccal 
mass, R - radula, AP - a1lary process, T - tentacle, E - eye, EP - esophageal pouch, ES -
esophagus. 
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Figure 6. a) Cross sections of pallial oviduct ofFR, representative of female reproductive 
anatomy of "Lavigeria" group. These have extensive lateral and medial laminae. b) Pallial 
oviduct of SD, representative of Tuberculate group. There are few laminae and a well
developed proximal sac. c) Central cross-section of pallial oviduct of G or LCR. Lateral 
laminae are thicker and have more pendant curtains of tissue. d) Cross-sections of male 
gonoduct, all species. SG - sperm gutter, SB - spermatophore bursa, ML (A&B) - medial 
laminae, 0 - oviduct, PT - proximal tuck, OG - oviducal groove, LL(A&B) - lateral 
laminae, GO - gonoduct opening, PS - proximal sac, LLC - lateral lamina curtain, VD -
vas deferens, UC - upper chamber of male gonoduct, LC - lower chamber of male 
gonoduct." 



318 

Proximal 

A 
PT 

Medial 

Lateral 

GO 

Distal 

Figure 6. 



319 

ML ~o 

B 

S8 

c 
S 

Figure 6. - continued 

-------------.-



320 

o 

UC 

LC 

Figure 6. - continued 



321 

A 

3mm • 

• 

Figure 7. Spermatophores. a) hypothesized series of dehiscence, producing irregular shapes 
seen in b) and c). b) spermatophores extracted from morphospecies CR. c) spermatophores 
extracted from SO. 
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Figure 8. Dissected stomach of Lavigeria. K - kidney, Fu - fundus, GS - gastric shield, DGO -
digestive gland opening, EO - esophageal opening, LF - longitudinal folds, T - edge of 
typhosole, CS - crystaline style, CSS - crystaline style sac, Es - esophagus. 
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Figure 9. Plot of canonical functions 1 and 2 from discriminant analysis on 
body characters. Drawings at corners indicate which characters change along 
each axis. Bold indicates increase, italics indicates decrease. 
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Chapter 5: A TEST OF RIFT LAKE SEPCIATION HYPOTHESES: 
BIOGEOGRAPHY OF THE LA VIGERIA GASTROPOD RADIATION 

Abstract 

I examined two hypotheses of allopatric speciation using the distribution of 

Lavigeria species around Lake· Tanganyika. To determine whether faunal similarity 

between sites is a function of distance, I compared a matrix of species similarity indices 

between sites with a matrix of site distances. The similarity indices were examined for 

regions of particularly low similarity, indicating a possible major barrier which promoted 

divergence during the history of the clade. I reject the hypothesis that all species found 

in different basins of the lake are more closely related to each other than to similar-looking 

species in other basins (large scale convergence). Of the two hypotheses, existing 

substrate changes correspond best with current species distributions, whereas ther~ 

remains weak evidence that the division of the lake into three separate basins influenced 

gastropod divergence. These results indicate that either the effects of allopatric division 

have been erased by later dispersal or other speciation processes have created the current 

diversity in this gastropod species flock. The shoreline of Burundi has a significantly lower 

diversity, suggesting that anthropogenic impacts have caused local extinctions in 

Lavigeria. 
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Introduction 

Rift lakes are known as hotspots for evolution, containing extraordinary numbers 

of endemic species. Is this a result of their geologic history? The three most biologically 

diverse lakes in the world, Tanganyika, Baikal and Malawi, have the same unusual 

elongated shape because they were formed by tectonic rifting. Linked half-graben basins, 

often with alternately opposing faults, created the depressions holding the lakes, which 

have very deep basins separated by higher sills between the basins. It has been suggested 

that this configuration fueled biological divergence when the lakes split into separate basins 

during climatic warming and drying, as water levels fell below the sills. The separated lake 

basins could then be reunited when water levels rose and the separating ridges were 

flooded, recombining fuunas that had been separated long enough to become evolutionarily 

isolated (Brooks 1950, Poll 1952, Hubendick 1957, Livingstone 1965, Greenwood 1964, 

Serruya & Pollinger 1983, Coulter 1991, Sturmbauer & Meyer 1992). Alternatively, it has 

been proposed that these lakes are hyper-diverse because the alternating fault and platform 

structure of half-graben basins creates large-scale substrate diversity that isolates 

populations around the lake (Fryer & lIes 1972). We would expect that if one or the other 

of these mechanisms is the primary driving force for diversification, there would be a 

biogeographic signature in the phylogenetic relationships among the endemic fauna. 

In this study I examine the distribution of a clade of endemic gastropods in Lake 

Tanganyika for traces of a geological history that may have fueled evolutionary radiation. 

Lake Tanganyika is biologically one of the richest freshwater bodies in the world, with 

extremely high levels of both diversity and endemism in most of the animals that inhabit 

it (Coulter 1991). The gastropod genus Lavigeria is morphologically the most diverse 

mollusc in the lake (Leloup 1953), so I am using it as a model system for exploring the 

lacustrine diversity in general. I compare my results with the distributions of a cichlid fish, 

Tropheus, which lives in the same habitats as Lavigeria and has a comparable level of 

diversity. 
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Lake Tanganyika is physiographic ally typical of large rift lakes. It is steep sided 

as a result of the half-graben faults that create its shorelines. It stretches 650km length, 

making it one of the world's largest lakes and it has a maximum depth of 1470m, making 

it the second deepest lake in the world (Coulter 1991). Because of its tropical location, 

year-round warm temperatures, and great depth, the bottom waters do not mix. The 

boundary between anoxic and oxygenated water is at 100-200m, depending on the part of 

the lake and the season. This creates a narrow habitable area for benthic organisms that 

rings the lake; the center of the lake is a barrier to dispersal between the eastern and 

western shores (Fig. 1). The shoreline substrates vary; some areas are rocky, some sandy, 

some very marshy. The substrates vary on different scales, but in general one can typify 

large sections of shoreline (on the order of lOIs to 100's of kilometers) as rocky, sandy or 

marshy depending on the underlying tectonic features (Fig. 2). The lake is fed by two 

major and ancient rivers, the Ruzizi and the Malagarasi which are both at least of 

comparable age to the lake basin (9-12 million years, Cohen et al. 1993). 

The genus Lavigeria is a freshwater prosobranch gastropod of the family Thiaridae 

in the superfamily Cerithioidea. This superfamily is known for many endemic radiations 

and its diversity in shell morphologies (Houbrick, 1988; Michel 1994). In Lavigeria there 

are at least 12 readily distinguishable and often sympatric shell morphologies. There is 

genetic, anatomical and radular data that indicates that these shell morphologies 

correspond to separate species, thus I will refer to them as species (Michel et al. 1992, 

Michel in prep). Lavigeria has had a tumultuous taxonomic history. In early studies on 

beach collected shell material, the infamous French splitter Bourguignat (1890) named 

approximately 75 new taxa (both genera and species) to describe what are now recognized 

as only the shallow water Lavigeria. More recent work by LeLoup (1953) and Brown and 

Mandelbarth (Brown, 1980; Brown & Mandel-Barth, 1987) grouped the species together 

into two hypervariable species, L. nassa and L. grandis, based primarily on shell samples 

from dredge hauls and museum collections. Brown & Mandel-Barth (1987) moved one 

species into the genus Hirthia. My studies of genetics and anatomy of this group 
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(Chapters 2, 3, & 4) suggest that the actual number of species falls between these two 

extremes. 

Shell morphology is an appropriate measure of diversity in Lavigeria for several 

reasons. First, it is the most readily apparent character distinguishing populations in the 

field. There are discrete groups of animals, often sympatric, which are similar in shell 

sculpture, shape an~ size. Multivariate morphometric studies have shown that many of 

these shell species are statistically discrete (Johnston & Cohen 1987; Michel et al. 1992) 

and allozyme studies have shown that they correspond to genetic differences (Michel 

1991a; Chapter 2) and size-independent anatomical differences (Michel 1991b; Chapters 

3 & 4)). However, allozyme differences do not correspond to shell morphological 

differences in a simple way. Work by previous researchers was based only on hard parts, 

and museum collections of rift lake endemic molluscs are predominantly shell material. 

Future studies can compare the distribution of species today with those in the historical 

past, either through collections or the published literature. Finally, gastropods have the 

potential for leaving a good fossil record of their hard parts; allowing a perspective on 

morphological change through evolutionary time. This comprehensive documentation of 

the morphological distribution of Lavigeria can act as an analogue for fossil endemic 

radiations and will :facilitate future comparisons with fossil Lavigeria from the Tanganyika 

basin. The most striking aspect of this group is its extreme morphological disparity 

compared with other equally diverse gastropod clades in comparable environments. In this 

study I document the biogeography of this morphological variation in Lavigeria. 

Hypotheses 

This study uses two contrasting hypotheses as a structure for examining the 

biogeographic data. 

1. Local habitat fragmentation resulting from substrate barriers is sufficient 

to allow speciation in situ. Major discontinuities in habitat have been 

responsible for isolating populations, allowing intralacustrine speciation 

(Fryer & lies 1972). 



2. Division of the lake into its separate basins by changing lake levels has 

fueled the formation of species flocks. Populations are segregated into 

separate basins as water levels drop. They evolve quickly and become 

genetically isolated and thus evolutionarily independent when water levels 

rise and populations are rejoined (Greenwood 1964). 
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Because these hypotheses invoke external causes of speciation, they are applicable 

to all the organisms with similar life history characteristics that live in the same lake. It is 

appropriate that these hypotheses be used to examine the gastropod species flocks which 

are substrate-bound brooders, like the cichlid fish for which these ideas were first 

developed. The first model predicts coincidence of distributions with substrate boundaries. 

The second model predicts "ghosts" of the separation mechanisms. That is, the boundaries 

between the species today are not explicable by existing physical barriers to dispersal, but 

instead reflect historical allopatric divisions in separate basins. The models of habitat 

fragmentation and lake basin partitioning produce contrasting predictions about where 

large-scale changes in species composition should occur along the lakeshore. 

Habitat fragmentation results largely from substrate differences in Lake 

Tanganyika. A map of the major substrate types (Fig. 2) shows the basis of predictions 

for the habitat fragmentation model. The scale of this diagram is on the order of tens of 

kilometers because substrate barriers of a few kilometers or less are ineffective in isolating 

Lavigeria species (Johnston and Cohen 1987). One would expect that the deltas of 

perennial rivers would act as impassable barriers as a result of changes in substrate, water 

chemistry, turbidity and flow regime at their input. However, this is only true for the 

deltas of the two largest rivers, the Malagarasi and the Ruzizi. Wombwell (1986) showed 

that water chemistry is largely invariant along the shoreline even around the perennial 
" 

smaller rivers, probably because the inflowing waters sink below the lake waters and are 

mixed before being transported downshore. Inflowing waters are generally denser than 

lake water because their discharge is small compared to lake volume and they are colder 

and carry considerable suspended sediment. These results suggest that Lavigeria disperse 
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the short distances around the smaller river deltas, either by passive transport or active 

dispersal in deeper water below the delta plume. 

The changing lake level model, originally invoked for Lake Victoria, envisioned 

local out-pocketings in which divergence of cichlid fish species proceed rapidly. Lake 

Victoria is a shallow basin where this might have happened numerous times, forming 

relatively short-lived satellite lakes. Because the sides of Lake Tanganyika ar~ very steep, 

small peripheral isolates formed in this manner are unlikely. But the lake probably has 

been subdivided on a larger scale, when more dramatic changes in lake level separated 

basins for longer periods oftime. For example, we know from seismic reflection data that 

the lake was divided into three separate basins between 50,000 - 100,000 years ago when 

lake level dropped approximately 700m (Scholtz & Rosendahl 1988). This kind of 

division is likely to have occurred many times in the 12 million-year history of lake 

Tanganyika (Coulter 1991, Lezzar et at. submitted). If basin separation (Fig. 3) was 

influential in the evolution of the tremendous diversity of organisms in Lake Tanganyika, 

we might expect that the fauna would show distinct remnants of the three basin division 

in both their genetic and morphologic relationships. Furthermore, it is known that the 

central basin was the first to be formed, followed by the southern and northern basins, in 

that order (Cohen et al. 1993b). These geological data allow us to predict that if the 

radiations in Lake Tanganyika are as ancient as the earliest basins, their phylogenetic 

branching patterns might reflect the historical geographic divisions. Terminal taxa in the 

central basin would be more basal, and northern and southern taxa more recently derived 

from the central area. On a more proximate time scale, we can also predict that if the deep 

basins acted as refugia during times oflow water, the areas that were then dry but are now 

shoreline, such as the northern and southern-most ends of the lake (Fig. 3), will have lower 

diversity and will be colonized by the species that disperse most effectively. 

I present these alternative hypotheses of allopatric separation as heuristic devices 

for uncovering patterns in the distributional data on Lavigeria. Clearly, these are not the 

only possible causes of morphological diversification in rift lake organisms. Many 
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influences on intralacustrine speciation have been discussed (see reviews in Ribbink, et aI., 

1983, Fryer and TIes, 1972, Greenwood, 1974) which include behavioral mechanisms such 

as mate choice, habitat preference, competitive speciation, genetic plasticity, and trophic 

specialization. It is likely that if any of these other factors are important in promoting 

diversification in general, they have had a large effect on the rapidly diversifying African 

rift lake faunas. They may work in concert with geographic influences on diversification. 

However, my biogeographic data addresses only the hypotheses of allopatric separation. 

Other speciation mechanisms must be tested with different kinds of data (Michel in prep, 

West et aI. 1991). 

Methods 

I examined shell samples of La vi geri a from a range of depths at 90 sites (Figs. 6-

11). All specimens were collected alive using SCUBA during the course of several 

expeditions from 1986-1992 by A Cohen, M. Johnston, R. Bills and myself. Several other 

sites were added from the collections made by Leloup in 1946-47 when he specified that 

the material was collected alive from areas where we were not able to collect. I used only 

data from living shell material because post-mortem transport alters shell morphology and 

may influence dead shell distributions in this lake (Cohen 1989). Collections were 

concentrated on the east side of the lake, especially the northern half which has been 

sampled several times. The south-eastern side was less intensively sampled and the 

southern Zaire coast was poorly sampled because it is currently inaccessible. 

Species assignments were largely qualitative for this study, based primarily on 

differences in shape and sculpture, then size, color and variability of some characters. I 

showed that several of these species are quantitatively distinct in a multivariate study of 

shell variation (Michel 1989; Michel et aI. 1992). These morphological differences 

correspond with genetic differences, although the relationship is complex (Michel et aI. 

1992; Chapter 2). Decisions on morphologic groups were made by considering how they 

cluster as discrete morphological units in the field. Some species are clearly separable 
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based on very fine differences in morphology - their variance is low - whereas other 

species are more variable. Species designations encompassed these differences. As these 

species are not as yet formally described as species, I have used descriptive names that 

refer first to the shape variable and then the sculpture variable (a more extensive 

taxonomic review is presented in Chapter 6). The species names, descriptions and 

ecological information are presented in Table 1. 

I statistically analyzed changes in the faunal composition by looking for clustering 

of sites by similarity indices. Fager's index of affinity (Southwood, 1966) was calculated 

between each pair of sites to quantify the frequency with which species occurred in 

common. The index is given as: 

lab = 2J/(Na+Nb) 

where J=number of joint occurrences, Na=number of species in A, Nb=number of species 

in B. This similarity index has the advantage of minimizing the effect of missing values'. 

Because some of these sites were repeatedly sampled and others sampled only once, there 

is inequal probability of having discovered all the species present at each site. I used this 

index to produce a diagonal matrix of similarity between all sites. I compared the 

similarity matrix with a matrix of shoreline distances between all sites using a Spearman 

Rank Correlation test and a Mantel's test of similarity between matrices (Dietz 1983). In 

addition, a cluster analysis (upGMA in SAS) was done on the matrix of similarities to 

determine the sets of sites which have the most similar faunas. Clustering of sites would 

indicate the natural breaks in species distributions, which can be interpreted as allopatric 

divisions driving speciation. 

Based on large-scale substrate changes along the shoreline, I predicted areas that 

could act as major barriers to dispersal for gastropods (Fig. 4). These hypothesized 

barriers are based on the presence of large stretchs of sand (barriers 3, 5, 6, 7, 9, 10, 12,. 

13, 15) or the presence of marshes where there is permanent fluvial inflow (barriers 1, 2, 

4, 8, 11, 14, 16). I divided the shoreline into regions separated by the major substrate 

barriers, indicated as numbered sections in Fig. 5. A finer scale resolution of sections 
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separated by all proposed barriers is shown in the lettered sections. Detection of patterns 

in a large and complex data set can be strongly influenced by the scale of examination, so 

I used these two scales of geographic separation with the expectation that one of them 

might reveal a geographic pattern if it exists. 

There are several regions that might have acted as munal corridors when lake levels 

dropped 700m below current levels. Corridors 3 and 4 (Fig. 4) are sills that divide the 

basins. These corridors would have connected opposite sides of the lake when lake levels 

were 700m below present. They are structural features which have probably been 

relatively stable through the past 100,000 years. Corridor 1 is another structural sill that 

would have made a connection between the east and west shores at the northern end of 

the lake when water levels were a minimum of 300m lower. Corridor 2 is the current 

northern end of the Kigoma Basin and would have formed the northern edge of the lake 

at -500m lake levels. It may have shifted southward with time as sediment accumulated 

from the Ruzizi. At times of -700m lake level the southern lakeshore would have moved 

to the north. 

I coded the distance between adjacent sites (in the counterclockwise direction) 

using both the current lake margin distances and also the distances between adjacent sites 

from when Lake Tanganyika was subdivided into three separate paleolakes. These 

"paleodistanceslt differ only for the sites that are at points of contact for the cross-basinal 

sills and those at the northern and southern ends of the lake. For example, the current 

distance from 86mj19 to its next closest site, 90em19 Ngambo, is 10 kilometers. But if 

these sites were in separate basins, the next closest site to 86mj19 in the counterclockwise 

direction would be 91pv2 Tembwe. Sediment core data suggests that the southern and 

probably northern platforms were dry land during two independent 400m drops in lake 

level approximately 30-20,000 years ago (Gasse et al. 1989) which would have allowed 

cross-lake dispersal of populations of benthic organisms at both ends of the lake 

(Sturmbauer & Meyer 1992). For sites now arrayed along the northern and southern 
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lakeshores I arrayed their "paleo" positions to be equally spaced along the paleoshoreline. 

I coded each site by the basin it would have been in at times of lowered lake level. 

Sites less than approximately 100 kilometers from the current northern and southern ends 

of the lake would not have been underwater during lake level stands lower than -400m. 

They are coded as belonging to the northern and southern basins nonetheless, because 

those are the most probable sources of their colonizing faunas. Thus, each site is coded 

for a number of geographic descriptors: major and minor section based on substrate 

barriers, current and "paleo" distance from the next site and topographic basin (Appendix 

A). 

I used predictive matrices of similarities among sites generated from each of the 

geographic co dings described above and compared these matrices as null models with the 

true faunal similarity matrix and the site shoreline distance matrices using a Mantel's test 

(Dietz 1983). Sites that occurred in the same substrate region (numbers or letters in Fig'. 

4) were given a matrix value of 1, and sites in different regions scored as O. The same 

coding philosophy was used to group sites that would have been in the same basin (coded 

as 1), and those that would have been in different basins (coded as 0). Because there was 

a large component of shoreline distance in the determination of these geographic 

hypotheses, I used the method suggested by Smouse et al. (1986) to factor out the effect 

of shoreline distance on the matrix comparisons. I used partial matrix correlations that 

factored out alternately the matrix of extant shoreline distances and paleoshoreline 

distances between sites. The statistical significance of the Mantel's statistic for these 

correlations was determined with 5000 randomizations of the matrix comparisons(IML 

program on mainframe SAS written by E. Dyreson). 

Distributions of the cichlid fish Tropheus were compiled from H. Dieckhof (pers. 

co~m.), Konings (1988) and Brichard (1989) and compared graphically with Lavigeria 

distributions. Tropheus diversity is an appropriate comparison for Lavigeria because 

Tropheus are highly stenotopic in the same rocky habitats, are also algal grazers, have a 
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comparable level of diversity, and brood their young. The cichlids differ from the snails 

in that their color and behavior is known to have a large effect on their mate selection, they 

vary primarily in color and behavior and not in shape, and they have lower levels of 

sympatry among sister species or races. Although this genus of cichlid does not contain 

great differences in shape, there is an extreme amount of mitochondrial DNA sequence 

divergence among many of the color-defined species (Sturmbauer & Meyer 1992), 

suggesting that the species of this clade have been separate for a long time. It is difficult 

to compare dispersal ability between the snails and fish. Both are known to be poor 

dispersers (Brichard 1989; Johnson & Cohen 1987), but obviously fish have the potential 

to disperse actively over substrates and distances that would be prohibitive for a gastropod 

to trave~ whereas gastropods may disperse more effectively by passive means because of 

their small size. However, most evidence to date indicates that their is relatively little 

active or passive dispersal by either the fish or the gastropods. The taxonomy and 

systematics of the Tropheus cichiid species is not yet well-defined. Many cichlid workers 

(eg. R. Lowe-McConne~ H. Greenwood, A Ribbink, T. Goldschmidt, pers. comm.) agree 

that there are approximately twelve species in this genus. Six are currently described, 

whereas many others are described as color races. However, not all color races 

correspond with suspected species. The sources I used for Tropheus distributions were 

from dealers in the tropical fish trade who have defined the limits of the distributions of 

these fish for much of the lakeshore. Although they provide the most detailed maps of the 

diversity, their treatment of the taxonomy of Tropheus is not as current as in the published 

scientific literature. For this, the reader is referred to works by M. Poll (1952), H. 

Greenwood (1981), A. Meyer (1993), C. Sturmbauer (1990). 

Results 

Descriptive Analyses - General 

Graphical analysis of the distribution maps (Figs. 6-11) showed that most 

Lavigeria species are found over a wide range of sites around the lake. Several species 
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distributions stop in areas that are interpretable in the context of either the basin 

partitioning or habitat fragmentation model. But the most common termination of species 

distributions is in the area south ofBurund~ which does not coincide with predictions from 

either hypothesis. This area of range terminations may be a result of extinctions following 

large-scale anthropogenetic impacts on the Burundi lakeshore. Gastropod diversity 

decrea~es as sediment impact increases, and the Burundi shoreline has been heavily 

impacted by increased sediment deposition from the eroding hillsides bordering the lake 

(Cohen et aI. 1993a; Michel & Cohen 1994). Moreover, there are records of L. grandis, 

a species sensitive to low oxygen conditions (Michel pers. obs.), in southern Burundi 

(Leloup 1953) where it is no longer found. The area with the highest diversity is around 

Kigoma, Tanzania (site 90em28) where 12 species occur. To the north of Kigoma the 

gastropod diversity decreases, reaching a minimum in Burundi. Because we have collected 

most extensively in Burundi, this observation is not a collecting artifact. 

Descriptive Analyses - by Species 

SD was found around the lake, sometimes sympatric with TD, in most areas except 

in southern Tanzania, south of Isonga. TD was found around the lake except in the 

northern part of the northern basin. It was absent on both the Zaire and Burundi coasts 

north of the Cape Banza sill. MN was found in all areas except in Burundi north of the site 

emkm104. The northern-most occurrence of TM was just south of the Malagarasi river. 

MCR was common at many sites that are somewhat sandy, whereas FR was common at 

rockier sites, around the lakeshore. SZ was found only in the northern basin, and on the 

east side does not occur north of Kigoma. TF occurred only south of Kigoma, but was 

found at sites that were part of each of the three basins. G was found in all appropriate 

rocky habitats except north of Kigoma in northernmost Tanzania or Burundi. LCR was 

found in many rocky habitats in the northern basin, but, like G, was not found north of 

Kigoma in northernmost Tanzania or in Burundi. SCR was found in all three basins, but 

only in the northern part of the southern basin. SL was recorded from only a few sites in 

the nort,hern basin, but this may have been an artifact of collection, as this is a tiny animal 
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that is difficult to find. It has patchy distributions in sandy areas where gastropods are 

normally rare and collecting has been spotty. 

There are a few other species (HG and SP) that I found only at single sites and did 

not include in the analyses. Another species, a large coarse-ribbed animal that looks like 

a robust PC occured on sand in deep-water in southern Burundi, but was not included in 

the analyses. A very distinctive form of G with large ribs, referred to by Leloup as "forme 

coronata", was found only as de~d shell material at the southern end of the Ubwari 

Peninsula and in Kigoma, the ends of Corridor 2. Because no living animals were found, 

coronata was not included in the analyses. The distributional information, including depth 

and substrate for each site, is presented in the Appendix. 

Descriptive Analyses - by Geoiraphic Feature 

The distributions of all the species with respect to the barriers and corridors are 

shown schematically in Fig. 12. The most effective barrier is 15, the sandy platform at 

Kalemie. There are four range terminations of species that occur to the north, but not to 

the south of this barrier. Barrier 15 is a major tectonic platform dominated by sandy 

substrates. It may have been in existence since formation of the central and oldest basin. 

The river at Barrier 15 is the outflow of the lake, thus there is no delta of exogenous 

material nor input of river water along the lakeshore. This indicates that substrate changes 

alone may act as effective barriers for gastropods, independent of other fluvially induced 

changes (such as changed water chemistry). The second most discrete barrier effect is at 

the fuflow of the Ruzizi River, or Barrier 1. Three species ranges extend along the western 

Zaire shore and terminate at the Ruzizi delta. This extensive marsh area has probably 

existed as long as the lake has, creating a major substrate barrier at the end of the lake 

since the northern basin was formed. Barriers 7 and 11 coincided with the termination of 

two species each. Other than these examples, most of the range terminations are diffuse 

and do not strictly coincide with major substrate barriers. Corridor 3, the sill between the 

northern and central basins, had eleven species that were found on both ends. Corridor 

5, the end of the southern basin, had seven species on each end. Corridor 4, the sill 



338 

between the central and southern basins, had only five species on each end. However, this 

low 'number of common occurrences sampling artifact, since the Zaire coast was poorly 

sampled. Corridor 2 had five species which were found on both ends, whereas Corridor 

1 had only four species on each end. This is surprising since the shallow Corridor 1 must 

be a more recent and recurrent connection than the deeper Corridor 2. 

Quantitative Analyses 

Matrix correlations between the predictive matrices (basin, major and minor 

substrate section) and the matrices of faunal similarities and site distances were all 

significant at the level ofp<O.005. This indicates that sites that are 1) closer to each other, 

2) in the same basin, and 3) in the same substrate-bound area are more similar to each 

other in faunal composition than to sites in different areas. However, this analysis 

confounds the effect of distance with possible effects of basin and substrate-bound section. 

A regression of distance on similarity is statistically significant, despite apparent scatter, 

because there are a large number of sites at the extremes, that are very close and similar, 
, ' 

and very far and dissimilar. When extant shoreline distance is factored out in the partial 

matrix correlation analysis, neither substrate nor basin categories explain faunal similarities 

among sites (Table 2). However, when paleodistance is factored out there are significant 

relationships among the section matrices and the faunal similarity matrix at approximately 

the p<O.05 level. These statistical results indicate that neither of the two hypotheses of 

divergence explains morphological diversity among Lavigeria species better than simple 

divergence with shoreline distance. However, there may be a complex relationship 

between the paleogeography of the lake with current diversity that may be clarified with 

comparison from independent data sets. Cohen & Johnson (1987) observed that many of 

the most diverse endemics in Lake Tanganyika have patchy distributions. They suggest 

that population continuity is broken up by local extinctions caused by periodic fluctuations 

in the lake's anoxic layer. 

The cluster analysis further demonstrates that there is no exclusive grouping of 

faunas from different basins or substrate areas (Fig. 13). Sites that are widely separated 
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in space, in different basins, and different substrate sections cluster together. One might 

expect that sites that have the same substrate would cluster together exclusively if species 

are an ecophenotypic phenomenon. But there are soft substrate sites scattered throughout 

the dendrogram. Because Lavigeria are primarily hard-substrate species, the majority of 

the sample sites are from rocky areas. Some sites include a range of depths and others are 

depth limited (usually to shallow water because occasionally we could only collect using 

snorke~ not SCUBA), thus it may be that the similarities among sites at a single depth are 

obscured. However, the index of similarity was selected to minimize the effects of this 

collecting artifact. 

Cichlid Comparison 

Tropheus distributions did not reveal any striking parallels with Lavigeria 

distributions. T. brichardi is distributed in the northern basin and one section of the 

central basin. It's northern limit corresponds to Corridor 2, so its distribution may be a 

relict of lowered lake levels. T. spp. aft. brichardi I, formally described as a race of T. 

moori, is limited to the shallower parts of the lake to the north of Corridor 1. If this 

distribution is indicative of its phylogenetic history, it may be derived from T. moori in the 

northern basin (not shown in my distribution maps, but present in some collections). A 

clinal distribution of color races of T. moori stretches around the shoreline of the southern 

basin. Only in the central basin are the distributions of T. moori races described as being 

discontinuous. T. duboisi is found only on the eastern side of the northern and central 

basins, which counters the idea that cross-corridor distributions are more likely than same 

side distributions. This species has a relatively high amount of divergence from the other 

Tropheus species in the slowly evolving cytochrome b gene (Sturmbauer & Meyer 1992), 

so it is unlikely that this single-side, 2-basin distribution is the result of recent origin. Two 

different sources record T. annectens from either the central basin (Konings 1988) or from 

the northern end of the southern basin (Sturmbauer & Meyer 1992), but not both. T. 

karilani and T. polli are only found along the eastern shore of the central basin. 
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Substrate barriers coincide with some of the distribution limits of Tropheus species, 

but do not appear to be critical in determining distributions. Barrier 1, the Ruzizi River 

delta, coincides with a gap in the distribution of T. duboisi, which is missing from the 

Burundi shoreline like Lavigeria species G and SZ. Barrier 2 could coincide with a diffuse 

southern limit of T. spp. aff. brichardi I, but it is not clear from the cichlid distributions 

presented. The same two species are found on both sides of two barriers, 3 and 4 (which 

include the Malagarasi River delta). Between Barriers 5 and 6 the Tropheus diversity is 

at its highest, with T. polli and T. karilani found only in this section along the Mahali 

peninsula. Both Barriers 6 and 7 correspond to discontinuous changes in T. moori races 

(or species) (II. Dieckhof pers. comm.). But from Barrier 7 all the way to Barrier 15 on 

the Zairean shoreline, the change among T. moori races is relatively clinal (Dieckhof pers. 

·comm., Konings 1988). (Note however that Sturmbauer & Meyer 1992 report an 

occurrence of T. annectens in the middle of this cline, which contradicts Konings 1988). 

The most striking difference between the distributions of Lavigeria and Tropheu~ 

species is the higher levels of sympatry and diversity of Lavigeria. However, there is a 

similarity in that both genera have high levels of diversity between Barriers 5 and 6. There 

are 12 Lavigeria species (Fig. 12) and 4 Tropheus "species". For Lavigeria this diversity 

continues northward to Kigoma, but for Tropheus it is limited to the Mahali peninsula. 

This area might be a nucleus for diversity because it is the oldest part of the lake and the 

extensive rocky coastline provides a variety of rocky habitats. However, the rocky area 

around the Kavalla islands (MiliJa and Kibige) across Corridor 3, which is presumably the 

same age, has very high Lavigeria gastropod diversity, but only a single species of 

Tropheus. Cohen (pers. comm.) has suggested we should consider that the Tanzanian 

Mahali coastline may be more diverse because it has been protected from fishing by the 

ornamental cichlid trade while the Kavalla islands were fished by two competing 

businesses. However, I hesitate to implicate this cause, because the records I used of 



341 

species presence-absence probably predate the increase in fish trade, yet show a striking 

difference in diversity between these two areas. 

Discussion 

Habitat fragmentation and basin partitioning are the two most likely models of 

large-scale allopatric processes that might have driven divergence in Lake Tanganyika. 

My analyses of the distribution of the species of Lavigeria, the most diverse gastropod in 

the lake, do not support either hypothesis strongly. Predictions from the model of habitat 

fragmentation by substrate differences correlate with some existing species distributions, 

but not on a scale adequate to explain the diversity within the Lavigeria clade. There is 

some indication that there has been exchange of species across the corridors that are 

predicted from the basin partitioning model, but only on a limited scale. 

In more fine-scaled morphometric work I have found that popUlations of Lavigeria 

species that are limited to rock are more different in shell shape across barriers than are 

populations of other species that navigate sandy substrates (Michel 1989; Michel et al. 

1992). This result, combined with the fact that there are more species that are limited to 

rock than to sand, indicates that there is a feedback effect of substrate specificity and 

divergence potential. Greater substrate stenotopy leads to more divergence in the 

Lavigeria clade (Michel 1994). Highly stenotopic and sometimes specialized groups 

predominate in species flocks found in long-lived lakes in general (Michel 1994). This 

indicates that, at least at a local level, there might be in situ divergence of Lavigeria. The 

possibility of sympatric divergence for many species remains a tenable but untested 

hypothesis. If the differences among species are based on selective advantages (as 

opposed to drift effects in independently established propagules), we may find patterns of 

character displacement among sympatric species. 

I envision the evolutionary history of this group was a cascade of divergence 

events, some intitiated by isolation followed by dispersal, then continued divergence from 

population subdivision (drift) or competitive interactions. Alternatively, dispersal may 
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have been followed by hybridization, formation of new variants, and the potential for 

hybrid taxon formation. Further biogeographic and genetic work will clarify which of 

these patterns predominated. Genetic similarities (Chapter 2) indicate close relationship 

among morphologically similar Lavigeria even when they are found at widely distant 

locations. In contrast, morphogically different, but neighboring Lavigeria (Fig. 15) are 

usually more distantly related to each other. Morphology is an indicator of species in 

Lavigeria. 

A number of patterns typical of e1inal divergence (Endler 1977) and complex 

metapopulation-metaspecies interactions are evident among Lavigeria species. On a large 

scale, species function as independent evolutionary units, but their boundaries are fuzzy 

perhaps due to some reticulation with other species. In this analysis I used models that 

assume that divergence occurred when species were subdivided, but Endler (1977) pointed 

out that diversity is higher and divergence may occur faster in large continuous areas 

(continents in his terrestrial example) than on islands. The majority of the divergence in 

Lake Tanganyika may have occurred when it was a unified lake, rather than during those 

times when it was subdivided into multiple lakes. In the fossil history of other major 

endemic gastropod radiations Runnegar & Newell (1971) and Geary (1990) noticed that 

the larger inland basins (e.g. the Parana and Caspian) harbored more diverse and 

phylogeneticaUy deeper radiations of gastropods than smaller basins (e.g. the Pannonian). 

Endler (1977) pointed out that geographic differentiation or even simple distance, not 

complete aUopatry, are aU that is necessary to initiate speciation. Further divergence may 

occur along relatively steep clines, even when the geographic differentiation is not so 

abrupt. Furthermore, the limitation of gene flow even in one ~irection by the presence of 

a barrier can catalyze the differentiation of the abutting population. This can then act as 

a center of differentiation for neighboring populations (Endler 1977). 

Clines can form when the distance of gene flow is small (from individual to 

individual), even if the rate of gene flow is high and there is no geographic differentiation 

(Endler 1977). This means that very stenotopic species such as Lavigeria may be prone 
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to clinal divergence. My sampling to date has not been on a scale designed to detect local 

clines, but this may be a fruitful research area for the future. Parameiania, another diverse 

Tanganyikan endemic gastropod, varies primarily clinally, and has relatively low levels of 

sympatry. Endler maintained that clines are most likely to form between genotypic optima 

occupied by the end-members of a cline. The most noticeable differences among 

Lavigeria species are in shell shape and sculpture. West et al. (1991) documented that the 

highly sculptured shells of Tanganyikan gastropods are a selective advantage against 

durophagous predators. I suggest that there may be a trade-off between, for example, 

growth rate and amount of protective sculpture laid down by the shell. The optima may 

be morphological, so that coarse-ribbed or tuberculate species may live in sympatry with 

a genetic cline between them and fine-ribbed species. I attempted to document differences 

in growth rates among species with mark-recapture studies in situ in Lake Tanganyika. 

Although I wa~ able to maintain good recapture rates, there was too much variability in 

growth rates to be conclusive at this point. 

Based on species boundaries, distributions of Lavigeria and Tropheus are not 

coincident in ways that indicate that a common allopatric cause of speciation in these two 

clades. Sturmbauer & Meyer (1992) suggested that the Tropheus clade underwent two 

radiations, the second of which was triggered by changes in lake level and was dominated 

by diversification of one of the original lineages (a complex of T. moori and T. brichardi 

species). They based this conclusion on their finding that all the Tropheus lineages fall into 

two categories of molecular divergence in the control region: high divergence of 8% 

sep~rating "original" lineages, and lower divergence of 2.7% separating the "secondary 

radiations". Because their sampling of these lineages was uneven among the Tanganyikan 

basins (partly because most of the representatives of these lineages have limited 

distributions), and mapping of the cladogram on the lake does not tie closely to geographic 

boundaries, it is difficult to ascribe a large-scale vicariant cause to the secondary radiation 

of Tropheus. Sturmbauer & Meyer (1992) posited that the T. moori - T. brichardi lineage 

that diversified most in the second radiation was an excellent disperser and its members 
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have displaced other Tropheus species that originally inhabited parts of the lakeshore. 

Support for this hypothesis must come from more detailed sampling of Tropheus. 

The diversity of both Lavigeria and Tropheus are very high in the central part of 

the lake along the coastline of the Mahali peninsula. This area is steep-sided and is the 

oldest part of the lake, which may indicate that both the gastropod and cichlid clade are 

as old as the central basin, and have increased in diversity with that area acting as a 

nucleus. 

It is difficult to establish hypotheses on the ages of the Tanganyikan gastropod 

radiations because there are few exposed fossils. The steep-sided Tanganyika basin has 

not been conducive to forming large terraces of sediments along its shoreline. However, 

there are some exposed sedimentary sections around Lake Rukwa, which was probably 

connected to Lake Tanganyika in the early Holocene (Grove 1983, Wescott et al. 1991, 

Y. Kustner pers. comm.). A deep lake was known to have existed at Rukwa between 

12,000-4,000 years ago. There are subfossil Lavigeria (the fine-ribbed species FR) in the 

sediments deposited by that paleolake which are dated at 6340 years old (Grove pers. 

comm. and 1983). Further exploration of the outcrops at the northern end of Rukwa may 

result in more fossils of Tanganyikan gastropods (Grove pers. comm.). Terrace deposits 

33,000 years old indicate the last outflow of Rukwa into Tanganyika (Haberyan & Hecky 

1987, Coulter 1991), which is presumably the most recent time when Lavigeria moved 

between Rukwa and Tanganyika. Although it seems intuitive that Lavigeria moved from 

Tanganyika to Rukwa because the greater diversity exists in the larger lake, it is 

conceivable that Lavigeria originated in Rukwa, then expanded to Tanganyika and 

diversified, meanwhile going extinct in the original lake. This hypothesis would be best 

tested with a more complete fossil record. Nonetheless, these fossils establish a minimum 

age for Lavigeria (although one so recent as to be practically uninformative - I suspect 

that this clade could be as much as 2 orders of magnitude older than the Rukwa fossils). 

They also demonstrate that this group had a wider distribution in the past. Most of my 

discussion has been focussed on testing for effects of a past history of range contractions 
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and separation (for much of its history Tanganyika had lower levels than at present, 

Coulter 1991), but these fossils remind us that in a few regions their ranges may have been 

expanded. Species distributions do not give any indication of different patterns in the 

region around Karema, (Ikamba River delta) where the connection would have existed 

with Rukwa. 

The early timing and patterns of diversification of the radiation and more generally 

all the endemic thiarids of Tanganyika is under debate. Brown (1980) suggested that 

Potadomoides, a thiarid found today in the Zaire river drainage, is the most likely ancestral 

genus. It is also commonly found as a fossil in the Kaiso Beds, the deposits of a Mio

Pliocene rift lake north of Tanganyika that had a diverse endemic mollusc fauna (Van 

Damme 1984, Coulter 1991). Because the early phases of the Kaiso beds appear to 

represent multiple small lakes, the radiation here, like Tanganyika, might not have been 

strictly intralacustrine. Houbrick (pers. comm.) has suggested that Melanoides is a more 

likely ancestor for the Tanganyikan thiarids than Potadomoides, in which case there is no 

fossil evidence of ancestry. Based on analogy with fossil radiations, Van Damme (1984) 

suggested that the pattern of evolution in Lake Tanganyika was punctuated, with brief 

periods of diversification separated by long periods of stasis. He favored the idea that 

bursts of diversification occurred in the many small proto-Tanganyikan lakes, so that when 

the main graben opened the inoculating fauna was already somewhat diversified. 

However, Leloup (1953) and Boss (1978) favored a gradual mode of evolution of the 

endemic fauna, attributing the species flocks to the age of the basin and not its early 

subdivision (Coulter 1991). 

The pattern ofLavigeria diversity in Lake Tanganyika is different from that in the 

two other ancient lakes which harbor notable gastropod radiations, Baikal and Ohrid. 

Tanganyikan shells in many genera, including Lavigeria, are far thicker and more heavily 

sculptured, probably a result of far more intense predation pressure (West et al. 1991, 

West & Cohen in press). A coevolutionary arms race between cichlid and crab predators 

and gastropod prey may have been enabled by the carbonate-saturated waters of 
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Tanganyika and its warm temperatures, both allowing strong calcification. Biotic forces 

of divergence could produce a more complex pattern of distribution of species. The 

greater levels of sympatry evident in Lavigeria are congruent with hypotheses of multiple 

mechanisms of escape from predation pressure. In Lake Baikal the mollusc density is 

extremely high, but predation pressure seems to be insignificant (Sitnikova pers. comm.)'. 

Unlike Tanganyika there are no specialized molluscivores. Morphological disparity is 

more limited in Baikal, although there are a few rare and unusual shell morphologies. 

Levels of sympatry within genera are low. However, the phylogenetic divergence among 

Baikalian gastropods seems to be profound (Sitnikova 1994) based on anatomical and 

genetic characters. In both Tanganyika and Baikal there is an association of species with 

substrate type. Coulter (1991) said that there is much stronger faunal depth zonation in 

Baikal than Tanganyika, although I suspect that finding should be reexamined with new 

data from Tanganyika. More diversification appears to have resulted from the exploitation 

of new deep water habitats that required new adaptations by originally littoral species. As 

it is oxygenated to the bottom, Baikal presents many more deep-water habitats (Michel 

1994). Furthermore, the littoral zone « 8m) is an extremely harsh environment because 

it is frozen in the winter and wave-battered in the summer (far more than Tanganyika).. 

Lake Ohrid differs from both of the two larger rift lakes in that the primary determinant 

of species distribution is depth and not substrate. Endemic species are distributed in 

concentric depth zones. Ohrid gastropod diversity is at a much lower level than either 

Tanganyika or Baikal (Hubendick pers. comm., Boss 1978). 

Conclusions and Future Research 

To summarize, this analysis of gastropod species distributions has revealed that 
, 

neither a habitat fragmentation model nor a changing lake level model based on modem 

substrate boundaries and basin configurations are sufficient to explain the distribution of 

Lavigeria morphologies in Lake Tanganyika. Some habitat barriers such as the Ruzizi 

river (1, Fig. 4) appear to have been effective at blocking the dispersal of some species, 
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but others, such as the Malagarasi (4, Fig. 4), which appear to be equally capable of 

separating populations do not currently coincide with species boundaries. The areas of 

greatest faunal change, the borders of the Burundi shoreline, do not coincide with major 

substrate changes, but are congruent with changes in anthropogenic impacts (Cohen et al. 

1993a; Michel & Cohen 1994). Conversely, there are similarities across the lake which 

indicate that times of lowered lake level and sep~rated basins have had limited influence 

on current distributions of benthic animals. 

In future research I will test these biogeographic conclusions in greater detail 

across the two historical "bridges" (3 and 4) with morphometric and genetic comparisons .. 
of the species on either side of the lake. There are other biogeographic hypotheses 

suggested by my results that will be pursued further. For example, the Malagarasi may 

have been an effective barrier, but was circumvented by cross-lake faunal corridors (2 and 

3), which can be tested with morphometric and genetic comparisons. Animals from 

Kigoma, for example, should be more similar to those from Kavala than those from south 

of the Malagarasi if this were the case (see discussion in Chapter 2). Furthermore, recent 

evidence indicates that the configuration of the basins has not been static through time 

(Lezzar et al. submitted). Future tests of the effects of paleolake morphology on the 

endemic fauna will integrate this new evidence. 

If the Lavigeria clade is particularly "evolutionarily labile" and prone to speciation, 

then the distribution pattern may not be explicable in terms of only one or the other of my 

two hypotheses. The results so far indicate that there are several factors promoting 

divergence concurrently, including geographic history. The first steps to unraveling this 

problem are a) continued investigation of the relationship between genetic and 
• I 

morphological divergence, b) detailed collections from areas of hypothesized faunal 

transition to determine the historical role of geography, and c) description of whether the 

geographic nature of species boundaries is abrupt or clina!. I predict that with more 

sophisticated techniques and detailed sampling we will find that for all of these questions 

there is no single answer for the Lavigeria radiation. So far, I can say that some shell 
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morphologies correlate tightly with genetic differences, that there is a limited signal of 

geography revealed in faunal relationships, and that boundaries between some species in 

some places are abrupt, whereas at others they are clinal. Finally, we can look to other 

causes beyond simple physical allopatry such as mate selection, competition, predation as . . 
possible catalysts for divergence. 



Table 1. 

Abb Full Descriptive Shell Characteristics 
revia Moniker 
tion 

SD Small Dark Tuberculate (axial and spiral 
elements equal). Squat, extremely 
thickened aperturallip. Purple to 
dark brown. 10-1Smm tall. 

TO I Tall Dark I Tuberculate. High spired, aperture 
occasionally flared. Purple to dark 
brown, occasionally white or white 
with colored stripes. 13-20mm tall. 

MN I Medium-ribbed, I Medium nbbed, axial nbbing 
Nassa form dominant with occasional spiral 

nbbing. Medium spired. May be 
beige with brown stripes or light 
brown, lS-2Omm tall. 

TM I Tall, Medium- I Medium nbbed, high-spired, 
nbbed occasionally dark background with 

axial nbs, 20-25mm tall. 

MC I Medium 
R Coarse-nbbed 

I Coarse nbbed, shape like nassa 
form, beige with brown stripes, 15-
20mm tall. 

Shell and 
scale 

t 
I Geographic I Substrate I Depth Range 

Range 

all lake rocks, 16-50m, usually in 
except stromatolites, shell deep water 
southern lags 
Tanzania 

All lake I rocks or 1
1

O-
S

Om, except stromatolites rarely as shallow 
Burundi as 3m 
and N. 
Zaire 

all around rocks, 0-6m, 
lakeshore stromatolites, occasionally to 

occasional sand 24m 

Southern I rocks, occasionally 10-2Om, rarely to 
2/3 of sand 32m 
lakeshore 

Most of primarily cobbles 0-7m, 
lakeshore or rocks in sand or occasionally to 

sand 20m 

W 
.&=> 
to 



SL I Sand Lav I Small, often very fine scupture, or 
some populations have slightly 

• 
coarser ribs. Thin shelled, 
sometimes appear orange in life 
because mantIe shows through. 
Nassa shape (medium spired). no 
appertural lip thickening, light 
brown, generally no stripes. 8-
12mm tall. 

PC Paucicostata Fine shelled, coarse nbbed, 
occasionally tranluscent. Beige- 6. black, generally no stripes. 8-
12mm tall. 

North of 
Kigoma, 
Burundi 
and 
northern 
Zaire. 
Often 
overlooked 
in past 
collections 
because 
they are 
small and 
somewhat 
similar to 
FR. 

Found in 
widely 
spaced sites 
around the 
lake, so far 
only on 
eastern 
shoreline 

sand or rocks in 
sand, vascular 
plants. 

I sand, mud and 
shell lags, plants 

10-3m 

10-20m 

w 
CJ"l 
o 



FR I Fine-ribbed I Fine nbbed, medium spired, axial 

• 
Most of rocks, boulders, usually 10-30m, 

ribbing slightly-strongly dominant, shoreline stromatolites occasionally to 
Burundi form more robust than except N. 30m 
other areas. Yellow, beige or Zaire 
brown, thickens apperturallip, 
often has heavy algal growth, 15-
20mm 

SZ I Small Zaire I Smaller, slightly higher spired 

t 
Tanzania: I rocks . 10-3m 

version of FR, often mature North of 
without thickened aperturallip, 10- Mahali 
15mm tall. mountains 

to Kigoma, 
Zaire: 
North of 
Kavala 
Islands to 
~uzizi 

TF Tall Fine Fine nbbed, high spired, light £ South of I rocks l0-8m 
brown - yellow, 15-2Omm tall. Kigoma in 

Tanazania, 
Zambia and 
Zaire to 
Kavala 
Islands 

G Grandis Medium to heavy nbbing, some All I Boulders in wave- I 0-6m, generally 
populations have small tubercles on lakeshore swept zones, rocks very shallow 
nbs. Axial nbbing slightly to except 
strongly dominanL Beige-brown north of 
with fine regular brwon stripes Kigoma 
coincident with spiral sculpture. and in 
25-3Omm tall. Burundi. 

" 
w 
"c.n 
-' 



LCR I Large coarse- I Heavily nbbed, axial ribbing 
nbbed dominant. Light brown to beige 

with dark brown bands of either 
irregular or very fine regular widths 
(varies among populations). 20-
30mm tall. 

SCR I Small coarse- I RIbbing generally coarse, but may 
nbbed be fine, usually with very thickened 

• 
appertural lip and decrease of 
sculpture in final 1/4 whorl. Shape 
generally like nassa, sometimes 
flared aperture. Often irregular 
dark brown bands on lighter 
brown/beige background. 10-17mm 
tall. 

North of 
Mahali 
Peninsula 
to Kigoma, 
and Kavalla 
Islands to 
northern 
Zaire 

Central & 
northern 
Tanzania, 
Burundi, 
northern 
Zaire 

Boulders and 
smaller rocks, 
sometimes 
sympatric with 
Grandis but with 
greater depth 
range 

I cobbles and sand 

1-30m 
(fine striped 
morph in 
deeper water, 
sympatric with 
SD) 

10010m 

c.t.J 
(.l' 
~ 
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Table 2. Matrix correlations among faunal similarity matrix, distance matrix and three 
predictive matrices. Significance levels are shown above, in bold, and Mantel's R
statistic is printed in the below, in the same cell. Significance is based on comparison 
with 5000 bootstrapped randomizations. I present only the statistical relationships 
between the matrix of faunal similarity indices and the predictive matrices of distances, 
basins, and sections. The first column shows simple matrix correlations, without the 
compensation for the effect of shoreline distance between sites. The second column 
shows partial matrix correlations, with the effect of current shoreline distance factored 
out. The third column shows the partial matrix correlations with the effect of paleo
distance factored out. 

Simple Partial matrix Partial matrix 
matrix correlations, no correlations, no 
correlations current distance paleo distance 

current 0.000 - -
distance 0.206 

paleo 0.000 - -
distance 0.204 

basin 0.001 0.180 0.056 
0.092 0.021 0.050 

major section 0.000 0.120 0.046 
0.141 0.027 0.038 

minor 0.000 0.150 0.061 
section 0.122 0.032 0.041 
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Figure 1. Ring of oxygenated waters that occurs above the 1 DO-200m isobath. This is the only 
area that is habitable for benthic organisms because the lake remains stratified year round and 
bottom waters do not mix. 
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Figure 2. Substrate map of the Tanganyikan basin. Substrate types are mapped on a scale 
of tens of kilometers. Rivers drawn on this map flow year round. The largest rivers like the 
Ruzizi and Malagarasi have extensive marshes at their deltas. Substrate data primarily from 

"Coenen (1993), also Cohen and Michel (pers. obs.). 
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Figure 3. Bathymetry of Lake Tanganyika. Shaded areas indicate isobaths greater than 700 
meters which would have been three independent basins during times of low lake level. The 
central basin is the oldest. and the southern and northern basins opened successively. This 
map'i!? from Capart (1952). but does not differ in major points from a recent seismic survey 
(Rosendahl 1988). . 
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Figure 4. Predicted barriers along the lakeshore, based on areas of large-scale substrate 
change. Predicted corridors at times of lowered lake level, based on basin bathymetry and 
tectonic structure. Corridors 3 and 4 are major sills that would have been exposed when lake 
level was 700 meters lower than current levels, forming lakeshore connections between the east 
and west coasts. 
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Figure 5. Substrate-bound sections of the lakeshore. Faunal composition is predicted to be 
more similar within sections than between them, based on a model of substrate partioning 
driving divergence. Numbers indicate major substrate areas, separated by the largest barriers 
and encompassing many sites. Letters indicate the minor substrate areas which are separated 
by smaller barriers. 



Fig. 6. Dis1ribution of tuberculate species, SO and 10. 
These maps· show species that are found In more than one area; 
several single occurrence species are not shoWl. The data 
are presented on separate maps only to facilitate viewng and the 
grouping of species together does not Imply association 
be1\\een them. 
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Figure 7. Distributions of medium-ribbed species, MN and TM. 
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Figure 8. Distributions of smaller species that are some'Aklat 
sand tolerant, SCR, SL and Fe. . 
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Figure 9. Distribution of MeR. 

.... : 

o 

,,;',:" 

"'~.--

362 

80 .~', -. " 

~t:::==gN~~ Motonctwe Is. 
911b25 CNtuta Bay ,> 

MpulLIlgU "," ~ . 
911b8&27 Nkunbula b. 

91rb19 

........... . ..... ", .. ~ 

.' j 
.i 

! 
.. 1 

'; 



363 

Figure 10. Distributions of fine-ribbed species, F, SZ and TF. 
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Figure 11. DIstributions of the larger species, G and lCR. 
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Figure 12. Schematic diagram of distributions of all 13 morphospecies from previous maps. 
Barriers are arrayed clockwise from north to south to north. Each morphospecies that occurs 
at more than one site is shown arrayed across the top. Distributions that are interpreted to be 
continuous on both sides of a barrier are shown with a line. Abrupt terminations of distributions 
are indicmed with a horizontal bar. Range terminations that are far from a predicted barrier are 
shown with a dotted line. Dotted lines for the distribution indicate that the occurrences of that 
morphospecies are few in that region - continuity of distribution is interpreted between the 
points. Corridors are shown in the lower half of the diagram. Filled dots indicate that the 
morphospecies is found on both ends of a predicted corridor. Empty dots indicate that the 
morphospecies occurs on only one side of the corridor, either west (left side of bar), or east 
(right side of bar). A bar without dots indicates that the morphospecies does not occur on either 
end of the corridor. 
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Figure 14. Distribution of species and distinct color races of Tropheus. Sources: a) H. 
Dieckhof, pers. comm., b) Konings (1989), c) Sturm bauer & Meyer (1992). The taxonomy ofthis 
group is not clear. For example T. spp. aft. brichardi I (Konings 1989) is referred to as T. maori 
by Sturm bauer & Meyer (1992). My purpose is to indicate relative levels of diversity and 
terminations of distributions, so I have used information from the sources that seem to be based 
on the most extensive sampling (fish dealers), although they use nomenclature that is not 
formally accepted. 
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Distance Lower Lake Distance 
Side Major Minor from Levels, no with 

of Substr. Substr. Previous Separate Separate 
Site name Lake asi Sec. Sec. Site Basins Basins 
emkm15 E n 1 a 39.1 2 2 
emkm19 E " 1 a 4.5 2 2 
emkm22 E " 1 a 4.7 2 2 
emkm26 E " 1 a 6 2 2 
emkm29 E " 1 a 2.4 2 2 
emkm32 E " 1 a 3.7 2 2 
emkm36 E " 1 a 4 2 2 
emkm40 E " 1 a 5.6 2 2 
emkm55 E " 1 a 17.7 2 2 
emkm58 Resha E " 1 a 3.4 2 2 
emkm75 Rumonge E " 1 a 19.1 2 2 
emkm104 E " 2 b 30.7 2 2 
emkm109 E " 2 b 5.7 5.7 5.7 
emkm115 E " 2 b 1.3 1.3 1.3 
86ac5 E " 2 b 30 30 30 
90emGombe E " 2 b 8.8 8.8 8.8 
86mj13 E " 2 b 5 5 5 
90em28 Kigoma E " 2 b 30 30 30 
90em27 Ulumbolo E " 2 e 25.2 25.2 25.2 
90em26 E " 3 e 10 10 10 
90em25 E " 3 e 10 10 10 
90em24 E I " 3 e 13.7 13.7 13.7 
86ac8 Kibwe bay E " 3 e 12 12 12 
90em23 E " 3 e 10 10 10 
90em22 E " 3 e 17 17 17 
90em21 E " 3 e 6.3 6.3 6.3 
86mj16 Kungwe Ba E I n 3 e 12.7 12.7 I 12.7 
86mj17 E n 3 f 12 12 12 
90em20 Rosange E n 3 f 6.3 6.3 6.3 
86mj18 E " 3 f 10 10 10 
90em19 Ngambo E I" 3 f 10 10 10 
86mj19 E c 3 f 11 11 110 
86mj21 E c 3 f 3 3 3 
90em18 Kalilani E c 3 f 3 3 3 
86mj20 E c 3 f . 3 3 3 
90em17 E c 3 f 10 10 10 
90em16 E c 3 f 18 18 I 18 
90em15 E c 3 f 25 25 25 
90em14 Sibwesa P E s 4 9 5 5 200 
90em13 Isonga E s 4 9 24.7 24.7 24.7 
86mj24 E s 4 9 10 10 10 
86mj25 E s 4 h 22 22 22 
LL 122 Karema E s 4 h 16 16 16 
86mj26 E s 4 i 4 4 4 
86mj27 Kabwa E s 4 i 30 30 30 
Appendix A. 
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LL 127 Utinta Bay E 5 4 i I 10 10 10 
86mj28 E 5 4 j 12 12 12 
86mj29 Manda Is. E 5 4 j 30 30 30 
86mj30 E 5 4 j 3 3 3 
86mj31 E 5 4 j 10 10 10 
86mj32 E 5 4 j 55 55 55 
86mj33 E 5 4 k 10 i 10 10 I 

86mj34 E 5 4 k 12 / 12 12 
LL209 Kasanga E 5 4 I 52 52 52 
91 rb25 Chituta B E 5 5 43 4 4 
91rb21 E 5 5 3.5 4 4 
91 rb26 Motondwe E 5 5 5 4 4 
91 rb8 Nkumbula I E 5 5 6 4 4 
91 rb27 Nkumbula E 5 5 3 4 4 
Mpulungu E 5 5 1 4 4 
91rb19 E 5 5 5 4 4 
91rb28 w 5 5 12 4 4 
91rb6 w s 5 3.5 4 4 
91rb4 w s 5 22 4 4 
91rb10 w 5 5 12 4 4 
91rb16 w 5 5 4 4 4 
91 rb13 Cape Chit w 5 5 5.5 4 4 
86mj36 Inangu w 5 5 16 4 4 
86mj35 Cameron B w 5 5 I m 68 4 4 
91rb9 w 5 5 I 3 4 4 
86mj37 w 5 5 m 7 4 4 
LL218 Mafiro w 5 5 m 23 23 23 
LL 167 Vua Bay w 5 5 m 15 15 15 
90pv1 Kigamba w c 5 m 72 147 55 
LL 175 Mtoto Bay w c 5 I n 95 20 20 
90pv2 Tembwe w c 5 0 27 27 27 
90em3 Milifa Is. w n 6 I P 110 110 80 
90em1 Kibije Is. w n 6 p 5 5 5 
89EM3 S. Cape Ba w n 6 p 105 105 105 
8gem4 w n 6 p 50 50 50 
8gem5 N. Cape Ba w n 6 I p 10 10 10 
8gem10 Baraka w n 7 q 71 71 71 
89EM7 Bemba w n 7 q 50 50 50 
87EMZS 37.S Luha w n 7 q 10 10 10 
87EMZ432km w n 7 q 5 5 5 
87EMZ327.5kin w n 7 q 5 . 5 5 
87EMZ2 22.5km w n 7 q 5 5 5 
87EMZ1 14.5km w n 7 q 7 7 7 
86MJ38 Uvira w n 7 q 3 3 3 
Ruzizi Delta E n 7 r 12 12 12 

Appendix A. 
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Chapter 6: WHAT ARE THE EVOLUTIONARY UNITS IN A SPECIES 
FLOCK?: SUMMARY AND IMPLICATIONS FOR THE EVOLUTION OF 
LA VIGERIA IN LAKE TANGANYIKA 

Introduction 

When biologists confront the problems of systematic division of evolutionary taxa, 

we often model the hypothesized evolutionary relationships with the faith that evolution is 

knowable, definable, and leaves a clear trace of its actions. But we know that this is not 

always the case - biological diversity is often messy and difficult to describe, even using 

impeccable models. I have had to confront this conundrum head on in my work on an 

hyperdiverse radiation of gastropods in Lake Tanganyika. My struggle to fit this species 

flock into a dichotomous branching relationships has been like putting a large octopus into 

a small pair of trousers. 

But perhaps species flocks are not the pariahs for systematics that they first appear. 

The problems presented by hyperdiverse, sympatric groups are lineage sorting and 

hybridization. But these problems may simply be more evident in species flocks, and 

therefore more tractable. With appropriate methodology, species flocks could become 

paradigms for the practical and conceptual difficulties that underlie studies of biological 

diversification in general. 

. When we recognize that a group of organisms is highly diverse, how do we define 

the units within it and what is the metric by which we identify its diversity as being unusually 

high? These questions are central to clarifying the phylogenetic relationships within the 

endemic radiation of gastropods in the genus Lavigeria. I choose to call this group highly 
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diverse and species-rich, despite the fact that there may not be the many tens of species 

found in some cichlid species flocks, but rather about twelve evolutionary taxa that only 

loosely fit common species definitions. The diversity in this clade is surprising and warrants 

special nomenclature because a) all of the diversity is contained within the basin of Lake 

Tanganyika (and in fossil form in nearby Lake Rukwa) and very likely evolved in the 

Tanganyika basin, b) much of the diversity occurs in sympatry, c) levels of morphological 

difference are elevated with respect to other lacustrine gastropod taxa, d) there are a 

number of independent character sets that point to the existence of many previously 

unrecognized species boundaries within the genus, e) there is great endemic diversity in 

other taxa in the same habitats, indicating that diversification may have a general explanation 

in Lake Tanganyika. 

A model system for exploring diversification of molluscs in rift lakes would help 

unite paleobiological and neontological studies of evolutionary biology. Lavigeria may be 

such a system. In this chapter I review my findings on morphologic and allelic divergence 

in Lavigeria and conclude that the genus Lavigeria encompasses a number of independent 

evolutionary taxa, which are most conveniently and conventionally called species. 

There are four parts to this chapter. Firstly, I describe the units of evolution in a 

preliminary taxonomic review. This includes character differences I found among species. 

Secondly, I describe several hypotheses of the evolutionary history of the Lavigeria 

radiation. Using a tree generated from genetic data, I explore character evolution in this 

genus. I describe the problems that plague phylogenetic reconstrucion. I also speculate on 
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how evolution formed these species and what their true relationships might be. Thirdly, I 

address what we now know about the processes behind the radiation of Lavigeria and what 

is still to be learned. Finally, I present a philosophical discussion of what constitutes 

species, and how existing concepts can be modified to be more practical and still 

philosophically robust. 

Species Definitions 

In my analyses of the Lavigeria radiation I have found independent character sets 

from anatomy, radula and molecular genetics that indicate phylogenetic group boundaries 

that coincide with differences in shell morphology. These results were described in 

preceding chapters. I interpret the discontinuities in character states to be the character 

transitions that indicate evolutionary taxa united by a common phylogenetic trajectory. I 

call these units species and describe them below. 

The results of these data sets all indicate that the Lavigeria clade encompasses a 

large number of evolutionarily distinct taxa. The existing taxonomy of Lavigeria names 

only two hypervariable species, which is clearly a great underestimate. My results indicate 

that a revision will define approximately twelve new species. There are two major sub

clades, one which is highly diverse, the other much less diverse. Surprisingly, the two 

species named in the extant literature do not correspond to representatives from each of the 

sub-clades. 
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I have retained the descriptive terms for the species because the synonomies have 

not yet been worked out. Some of the groups that appear to be OTUs (operational 

taxonomic units or evolutionary taxa) based on current data may turn out to encompass 

several taxa or be part of a larger taxon based on other data. 

, To provide continuity between my work and previous studies, I have included a 
preliminary taxonomic synopsis for each species. This review is preliminary because many 

of the species are not illustrated in the literature and will require comparison with type 

specimens. Bourguignat (1890) illustrated many, but not all, of his descriptions of the 
, 

Lavigeria species he defined. Unfortunately his work was completely based on minor shell 

differences and malacologists generally agree that he greatly over-split the group (Ancey 

1906; Smith 1906; Pilsbry & Bequaert 1927; Darteville & Schwetz 1948; Leloup 1953; 

Brown 1980). The later work on Lavigeria was more attuned to shell differences that 

might be minor growth or color vari.ants and included some anatomical and ecological 

investigations. These later works lumped Bourguignat's (1890) many taxa, but lackeq 

illustrations and sometimes even descriptions of most of the members of each category. 

This has made it difficult to identify taxa named earlier with the species outlined by my 

results. 



Taxonomic Outline with Comments 

Phylum - Mollusca 

Class - Gastropoda 

Family - Thiaridae 
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Basal plate of rachidian tooth has lost basal extensions, weak hypobranchial 

gland, salivary glands anterior to nerve ring, closed oviduct (Houbrick 1988). 

It is likely that Thiaridae, which is a large and heterogeneous freshwater 

family, is poly- or para- phyletic as it is now constituted (Houbrick 1988). The 

Tanganyikan thiarids will playa central role in defining the limits of this family, as 

they encompass a wide range of shell morphologies, anatomies and reproductive 

strategies (R. Houbrick & K. West pers. comm.). All the Tanganyikan endemic 

gastropods were placed in the Thiaridae by Leloup (1953), but it is unlikely that 

they should all remain in this family (Brown in press, Houbrick pers. comm.). In his 

1980 book Brown divided the family into six subfamilies (Thiarinae, Paludominae, 

Syrnolopsinae, Paramelaniinae, Melanopsidae, Melanatriinae), but abandoned these 

subfamilies in his current revision. In Brown's earlier scheme (1980), Lavigeria was 

included in the subfamily Paludominae with Cleopatra, Psuedocleopatra and 

Potadomoides because of similarities in radulae (Chapter 3), operculae and their 

ovoviviparity. Conchologically, some Lavigeria are similar to Paramelania, which 

lead some early workers to group these two genera together. Pilsbry & Bequaert 

(1927) united some taxa that are now called Lavigeria (Edgaria, loubertia and 
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Randabelia) with other Tanganyikan endemics in Melaniidae based"on anatomy. 

Pilsbry & Bequaert (1927) reported that Moore put Lavigeria (in the older, limited 

sense, not including Edgaria, Joubertia and RandabeJia) in the family Purpurinidae, 

while Thiele placed this genus in its own family, Lavigeridae. West's phylogenies 

(1991) indicated that Lavigeria are most closely related to Tiphobia, with which 

, they do not share many shell or ecological similarities. Thus, the higher level 

classification of this genus is uncertain. 

Genus - Lavigeria 

Shell elongate or ovate, with spiral and axial sculpture, paucispiral 

operculum, radular teeth short, with few cusps on laterals and rachidian, many on 

marginals. Shell morphology variable, including wide range of sizes, sculptures, 

colors. Adult sizes range from 7-35mm in different species, however each species 

achieves reproductive maturity at a consistent and relatively limited range of sizes. 

Sculpture ranges from very fine regular ribs to tubercles to heavy ribs, widely spaced 

ribs that may even form stout spines. Color varies from dark brownish purple, to 

many shades of brown and beige, to spiral stripes of browns or purple on lighter 

background. Occasionally ribs are light-colored over darker background. Color may 

be white in some individuals, but generally is consistent within species and 

populations. 

The species currently considered to be in the genus Lavigeria were originally 

separated into several genera, Edgaria, Lavigeria, Joubertia, Parameiania, 
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Randabelia and Nassopsis by Bourguignat (1890). Other generic names have been 

used for members of what we now believe to be Lavigeria, such as Melania 

(Melanella)J Melania (Paramelania), Tiphobia (Paramelania) (Smith 1881), and 

Pyrgulifera (Woodward 1859). The name Lavigeria has precedence by its 

occurrence in the original descriptive text (Bourguignat 1890, p. 178) and by first 

occurrence in the literature (Bourguignat 1888, PI. 13, from Brown & Mandahl-

Barth 1987). There currently appear to be two major groups in Lavigeria that I 

believe further work will reveal to be sister clades. I think that the differences 

between them are significant, so that separate generic designation is warranted for 

the "Tuberculate clade". 

"Tuberculate clade II - potential new genus based on oviparity, distinctive tuberculate shell 

morphology (lacking ribbing), usually dark shell colors, fine radular teeth, consistent 

allozyme differences from other Lavigeria (two multistate allele shifts!), two crossed 

lamellar layers in the shell of Tuberculate species, not three as in other Lavigeria (West & 

Cohen 1994). Corresponds closely to Leloup's (1953) description of L. llassa forme 

spillulosa, however the voucher specimens in the Royal Belgian Institute of Natural 

Sciences are not consistent with this description. Synonymy2: loubertia spillulosa1J 

1 I use the term "allele change II to indicate an unambiguous character state change (e.g. 
from allele B to q, whereas I use the term "multistate allele shift II to indicate what 
MacClade calls an ambiguous change (e.g. from B&C in a population to fixed for B). 

2 I have followed the major references for taxonomy of this group, but these are starting 
points for the full history of the nomenclature and may not be complete. a - bibliography 
and discussion in Pilsbry & Bequaert (1927); b - Darteville & Schwetz (1948); c -
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Edgaria arenarumQ
, Edgaria crassilabris"'b, Nassopsis gui!lemeio,b. It appears that if this 

is named as a separate genus, the name J oubertia has priority. Currently comprised of two 

species, Small Dark and Tall Dark. 

Species - (presented in order of: descriptive moniker, (abbreviation), shell description, 

substrate, depth, radula, reproduction, soft anatomy, allozyme differences based on 

neighbor-joining tree3
). 

Small Dark (SD) - Shell: tuberculate (axial and spiral elements equal), squat, 

thickened aperturallip, purple to dark brown, 10-15mm tall, two crossed lamellar 

layers. Substrate: rocks, stromatolites, shell lags. Depth: 6-50m, usually in deep 

water. Radula: highly distinctive, teeth thin, delicate, widely spaced, angled 

perpendicular to radular ribbon (pointed ventrally), rachidian tooth has three 

rounded denticles. Reproduction: probably oviparous. Soft anatomy: pallial 

oviduct lacks brood flaps and sperm gutters, quantitatively distinctive (ctenidium 

relatively shorter). Allozymes: Two multistate allele shifts (pGMc, SODa) from 

common ancestor of TD and SD. Synonymy: It is very strange that this species is 

not illustrated or discussed in Leloup (1953), because it is one of the most common 

Bourguignat (1888, 1890); d - Martel & Dautzenberg (1899); e - Pilsbry & Cockerell 
1933; f - Vandenberghe (1936). 

3 I combined the character states found in each morphospecies into a simplified matrix of 
11 representatives for each OTU in this tree. I then used MacClade's trace states function 
to show the character state changes along each branch. It is easier to see the structure in 
this simplified version (Fig. 6), however there are more character state changes evident in 
the original plot (Fig. 5 in Chapter 2). Thus the allozyme differences presented here are 
a minimum. 
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and easily recognized gastropods in Lake Tanganyika and dominates the deep water, 

rock substrate malacofauna. 

Tall Dark (1)>) - Shell: Tuberculate, high spired, Aperture occasionally flared~ 

purple to dark brown, occasionally white or white with colored stripes, 13-20mm 

tall, microstructure unknown. Substrate: Rocks or stromatolites. Depth: 10-50m. 

Radula: highly reduced rachidian tooth, lateral and marginals more similar to other 

Lavigeria than to SD. Reproduction: probably oviparous. Soft anatomy: not 

quantified, however, exploratory dissections reveal that it is similar to SD. 

Allozymes: two allele changes (GPT, ESTc) and three multistate allele shifts (XDH, 

MPI,PGMc) from common ancestor of SD and TD. Synonymy: Joubertia 

spinulosa, Paramelania crassilabris Bourguignat (1890), a few specimens of 

Leloup's Edgaria nassa forme spinlilosa (1953) resemble TDs, however other 

members of his spinulosa "forme" are quite different. 

"Lavigeria4
" clade - Encompasses great range in shell sizes and forms, all appear to be 

brooders, complex folds in pallial oviduct, radular teeth relatively similar within member of 

this group (with the exception of grandis) with three rounded or squared denticles on 

rachidian tooth, teeth sturdy and pointed posteriorly. Three crossed-lamellar layers in the 

two species examined. Differs by two multi state allele shifts (G6PD, SODa) from common 

ancestor of "Lavigeria" and "Tuberculate" clades. When I refer to the formal definition of 

4 Currently when I refer to the formally designated genus Lavigeria which includes both 
the Tuberculate and "Lavigeria" clades, I present the name in italics. When "Lavigeria" 
is non-italicised and in quotation marks (for emphasis) it refers to a sub-clade. 
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the genus Lavigeria I present the name in italics, Synonymy5: 37 species of Edgaria, 6 

species ofParameiania, 2 species ofJoubertia, 1 species ofRandebelia. Within this clade 

it is difficult to trace synonymy because earlier works either lumped synonymies or were not 

well illustrated. Thus, where possible, I present synonymies from Leloup (1953) and 

Bourguignat (1890), but they are not definitive. 

Small Zaire (SZ) - Shell: Smaller, slightly higher spired version of FR, often 

mature without thickened aperturallip, 10-15mm tall. Substrate: rocks. Depth: 0-

3m. Radula: Distinctive from other Lavigeria in that central tooth is somewhat 

smaller, central denticle relatively smaller, and overall radula width and length are 

relatively smaller (when controlled for size). Anatomy: Neural morphology distinct 

from SD, CR, FR and LCR and similar to G in having relatively longer PSC 

(pleurosubesophageal connective). Buccal mass is relatively small, as for G and 

LCR, which contrasts with FR and CR. Allozymes: differs from root of "Lavigeria 

clade" by three multistate shifts (!DH, PGMc, XDH). Synonymy: Edgaria nassa 

Woodward 1859 (Leloup 1953-formes typica and spinuiosa). 

The following four species (CR, FR, TF, SCR) are united in a polytomy 

which differs from their common ancestor with the G, LCR and SZ group 

by two allele changes (OCTa, PGMa) and by two multistate allele shifts 

(HEXa, XDHa). 

5 from Leloup (1953). 
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Medium Coarse-ribbed (MCR or CR) - Shell: Coarse ribbed, shape like nassa 

form, beige with brown stripes, 15-2Omm tall. Substrate: primarily cobbles or rocks 

in sand or sand. Depth: 0-7m, occasionally to 20m. Radula: standard "Lavigeria-
, 

clade" tooth morphology, relatively large rachidian tooth, with central denticle 

relatively small compared to FR and LCR. Anatomy: distinctive from FR, G and SZ 

in neural characters (seems to have more compact pleural ganglia), distinctive from 

G, LCR, and SZ in measured body characters (seems to have relatively long 

ctenidium and buccal mass). Allozymes: within the polytomy, this species has one 

allele change (GPTa) and one multistate allele shift (HEXa). Because this species 

is not strongly substrate-specific, it is likely that there is considerable mixing among 

populations and perhaps species. I see this species as most likely to be a 

"promiscuous mixer", perhaps crossing with other species and able to negotiate 

substrate changes between populations. This prediction is based on variation iIi 

allozymes, shell morphology and distribution. Synonymy: Edgaria paucicostata 

E.A Smith (in Bourguignat 1890 and Darteville & Schwetz 1948), E. nassa forme 

paucicostata (Leloup 1953), E. callopleuros, E. monceti, E. littoralis, Paramelania 

formosa, P. duveyrieriana, P. ledoulxiana, P., tim ida, P. lacunosa, P. smith~ P. 

venusta, P. mabilliana, P. randabeli Bouguignat (1890). 

Fine-ribbed (FR) - Shell: Fine ribbed, medium spired, axial ribbing slightly-strongly 

dominant, Burundi form slightly more shouldered than other areas. Yellow, beige 

or brown, thickened apertural lip, often has heavy algal growth, 15-20mm tall. 
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Substrate: rocks, boulders, stromatolites. Depth: usually 10-20m, occasionally to 

30m. Radula: standard "Lavigeria-clade" tooth morphology, encompasses range 

of variation in rachidian tooth shape, but relatively larger rachidian tooth and central 

cusp compared with SZ in particular. Anatomy: Neural anatomy distinctive from 

other Lavigeria (including Tuberculate clade) in lengths of pleural ganglia and 

cerebral commissure. Body characters distinctive from all examined species except 

CR in relative ctendium and buccal mass size. Allozymes: One allele change (IDH) 

and one multistate allele shift (HEXa) from base of poly to my. Synonymy: Edgaria 

nassa Woodward 1859 (Leloup 1953-forme typica). 

Tall Fine (TF) - Shell: Fine ribbed, high spired, light brown - yellow, 15-

20mm tall. Substrate: Rocks. Depth: 0-8m. no data for radula or anatomy. 

Allozymes: Two allele changes (CAT, IDH) and one multistate allele shift (HEXa) 

from base of polytomy. This group should be more thoroughly explored with regard 

to genetic relationships and possible introgression with TD at 90em16. Synonymy: 

Randebelia hamyana, Joubertia baizeana, J. stanleyana, Paramelania 

bythiniformis, P. limnoea Bourguignat (1890), Edgaria nassa Woodward 1859 

(Leloup 1953-formes typica and spinulosa). 

Small coarse-ribbed (SCR) - Shell: Ribbing generally coarse, but may be fine, 

usually with very thickened aperturallip and decrease of sculpture in final 1/4 whorl. 

Shape generally like nassa, sometimes flared aperture. Often irregular dark brown 

bands on lighter brown/beige background, 10-17mm tall. Substrate: Cobbles and 
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sand. Depth: 0-lOm. No radula or anatomy data. AIlozymes: only one population 

sampled, which groups with a population of CR based on shift from HEXa allele A 

to C, PGD B to B&C, and IDH B to B&C&D. Synonymy: Paramelania singularis, 

P. obtusa, P. cameron ian a Bourguignat (1890), Edgaria nassa Woodward 1859 

(Leloup 1953-forme typica). 

Medium-ribbed, Nassa fonn (MN) - Medium ribbed, axial ribbing dominant with 

occasional spiral ribbing. Medium spired. May be beige with brown stripes or light 

brown, 15-20mm tall. Substrate: rocks, stromatolites, occasional sand. Depth: 0-

6m, occasionally to 24m. No radula, anatomy or allozyme data. Synonymy: 

Lavigeria joubert~ L. combsa, Paramelania egregia, P.injralirata, P. 

grandidieriana, P. nassatella, P. nassa, P. arenarum Bourguignat 1890, Edgaria 

nassa Woodward 1859 (in Darteville & Schwetz 1948, Leloup 1953-forme typica) 

Tall, Medium-ribbed (TM) - Shell: Medium ribbed, high-spired, occasionally dark 

background with light axial ribs, 20-25mm tall. Substrate: rocks, occasionally sand. 

Depth: 0-20m, rarely to 32m. No radula or anatomy data. Synonymy: Lavigeria 

ruellaniana, Paramelania milne-edwardsiana, P. bourguigllat~ P. giraud~ P. 

livingstoniana, P. nassatiformis, P. pulchella, P.servainiana Bourguignat (1890), 

Edgaria nassa Woodward 1859 (Leloup 1953-forme typica). 

Sand Lav (SL) - Small, often very fine sculpture, or some populations have 

slightly coarser ribs. Thin shelled, sometimes appear orange in life because mantle 
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shows through. Nassa shape (medium spired), no aperturallip thickening, light, 

brown, generally no stripes, 8-12mm tall. Often overlooked in past collections 

because they are small and somewhat similar to FR. Substrate: Sand or rocks in 

sand, vascular plants. Depth: 0-3m. No radular or anatomical data. Allozymes: No 

differentiation from root of group containing SZ, G, LCR, and CR. Differs from 

common ancestor of this group and the polytomy of FR, CR, TF and SCR by one 

allele change (GP1) and two multistate allele shifts (XDH, HEXa). Synonymy: Not 

illustrate in earlier literature. Probably was considered a juvenile. 

Grandis (G) - Shell: Medium to heavy ribbing, some populations have small 

tubercles on ribs. Axial ribbing slightly to strongly dominant. Beige-brown with 

fine regular brown stripes coincident with spiral sculpture. This is the largest 

Lavigeria, at 25-30mm tall. Substrate: Boulders in wave-swept zones, rocks. 

Depth: 0-6m, generally very shallow. Radula: very distinctive from other Lavigeria, 

teeth extremely robust, edges rounded, cusps small and numerous, making teeth 

appear scalloped as opposed to cuspate, central cusp very large, many lateral cusps. 

Anatomy: Neural morphology distinct from SD, CR, FR and LCR and similar to SZ 

in having relatively longer PSC (pleurosubesophageal connective). Buccal mass is 

relatively small, as for SZ and LCR, which contrasts with FR and CR. Allozymes: 

Differs from SL by one allele change (IDH) and one allele shift (pGMa). Does not 

form the distinct clade that was predicted by shell and radular morphology. 

Allozyme data suggests relationship with LCR and CR. Synonymy: L. diademata, 
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L. coronata, L. grandis, L. perexemia, Paramelania elongata, P. locardiana, and 

Randabelia cato:xia Bourguignat (1890), Edgaria nassa Woodward 1859 (Leloup 

1953-forme grandis). 

Large coarse-ribbed (LCR) - Shell: Heavily ribbed, axial ribbing dominant. Light 

brown to beige with dark brown bands of either irregular or very fine regular widths 

(varies among populations), 20-3Omm tall. Substrate: Boulders and smaller rocks, 

sometimes sympatric with Grandis but with greater depth range (fine striped morph 

in deeper water, sympatric with SD). Depth: 1-30m. Radula: standard "Lavigeria

clade" rachidian tooth morphology, with relatively larger rachidian tooth and central 

cusp compared with SZ in particular, lateral cusps have more cusps than other 

Lavigeria. Anatomy: Neural morphology encompasses center of variation of 

Lavigeria species. Buccal mass is relatively small, as for SZ and G, which contrasts 

with FR, SD and CR. Allozymes: Five allele changes from G (SODa, HEXa, 

PGMa, CAT, GPI). More populations should be sampled to draw conclusions 

about within-species cohesion. Synonymy: Lavigeria callista, Paramelania 

lessepsiana, P. palustris Bourguignat (1890). 

Paucicostata (PC) - Shell: Fine shelled, extremely coarse ribbed, occasionally 

translucent, beige - black, generally no stripes, 8-12mm tall. This may be a coarse-.. 

ribbed variant of S1. Substrate: sand, mud and shell lags, plants. Depth: 0-20m. 

No radular, anatomical or allozyme data. Synonymy: Edgaria nassa Woodward 

1859 (Leloup 1953-formes paucicostata and typica). 
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Phylogenetic History 

The most conservative interpretation of the phylogenetic relationships among 

Lavigeria species would maintain several clear clade divisions while the finer scale 

relationships await resolution with the addition of more data (Fig. 1). There is a major 

division in the genus is between the Tuberculate and "Lavigeria" clades. This division is 

based on the following differences: 

reproductive strategy - oviparity versus ovoviviparity 

pallial oviduct anatomy - simple versus complex folds and pockets 

shell morphology - tuberculate versus ribbed sculpture 

shell variability - less variable versus more variable among and within species 

shell color - dark browns and purples versus lighter browns and wide bands 

shell layers - two versus three crossed-lamellar layers 

radular teeth - very fine and rounded versus squared 

ecology - deep versus shallow water 

consistent allozyme differences - two multistate allele shifts 

These characters are difficult to polarize within the Lavigeria radiation because the 

relationships of La vi geri a to other Tanganyikan taxa are still uncertain (West 1991). The 

several possible sister taxa include different species that have each of the character states 

(e.g. one putative sister taxon is oviparous and the other is ovoviviparous), or have not yet 

been examine for the character in question (e.g. radular variation is poorly known among 

Tanganyikan thiarids). West and others are currently working on the phylogenetic 
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relationships among Tanganyikan thiarids and will supply the much-needed, detailed studies 

of these organisms. On the higher taxonomic level, it is equally difficult to determine 

character polarity because the definition of the family Thairidae is under extensive debate 

(discussed in Chapters 2, 3, and 4). 

I currently envision the branching of the Tuberculate clade as basal because of the 

great number of character state differences between the two Lavigeria groups (a midpoint 

rooting of the Tuberculate and "Lavigeria" clades). They seem to be distinctive enough to 

warrant separate generic names and under a phylogenetic taxonomy, this would require 

monophyly of each group. However, it is possible that the Tuberculate clade is derived 

within the "Lavigeria" clade, so that the genus Lavigeria as it is currently composed is 

monophyletic. The Tuberculate taxa are specific to hard substrates, and thus might be most 

closely allied to fine-ribbed species. 

Within the "Lavigeria" clade the fine-ribbed taxa (FR, SZ, TF, & TM) are united 

with the coarse-ribbed, shallow water species (CR, SCR). These taxa are similar to each 

other, and tend to differ in the following characters, from the other Lavigeria species: 

shell morphology - gradations in similar, medium-spired shell shapes 

ecology - shallow water distributions 

radula - squared rachidian denticle, few denticles on lateral teeth 

allozymes - shared ancestral polymorphisms 
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The clearest differentiation of this group is by the radular characters. The other characters 

show potential for being derived within sub-clades of Lavigeria, but will require further 

exploration to establish which are the most reliable indicators of phylogeny. 

My analyses generated some viable phylogenetic hypotheses that are somewhat less 

conservative, relatively well-resolved, and can be used as a basis for exploring character 

state changes in this clade. Of the many phylogenetic trees generated in my analyses of the 

allozyme data, the neighbor-joining tree corresponds best to the morphol~gical indicators 

of evolutionary taxa. At this early stage of analysis of the Lavigeria radiation, the 

congruence of data sets lead me to prefer this phylogenetic tree as a basis for discussing this 

radiation. Furthermore, the neighbor-joining tree may best represent the relationships of 

Lavigeria because the analytical assumptions of this distance method may correspond better 

to the biological history of this group. Because Lavigeria species exhibit high levels of 

sympatry and sometimes lack synapomorphies defining monophyletic groups within the 

clade, it is likely that the radiation has happened quickly with respect to evolution of 

apomorphies or that there has been some hybridization after divergence. With the data I 

have, I can not discriminate between these two possibilities, but this will be a focus of future 

studies. 

As part of my exploration of possible phylogenies, I analyzed a general character 

matrix, which is a summary of morphological data (fable 2, discussed below) by running 

a heuristic PAUP search on this data alone (Fig. 4). Twenty-four equally parsimonious trees 

resulted, whose consensus was not resolved (Fig. 4, rooting specified between Tuberculate 
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and "Lavigeria" clades). As expected, the resulting trees were shorter than the neighbor

joining allozyme tree when the general characters were mapped back on (39 steps for the 

majority-rule tree versus 53 steps for neighbor-joining). However, the species relationships 

and character evolution presented in this tree (Fig. 5) were not clearer for the "Lavigeria" 

clade than in the neighbor-joining tree. Even a PAUP search on the shell characters alone 

(9 equally parsimonious trees) did not produce a highly resolved strict consensus tree (Fig. 

6). The majority-rule tree based on shell characters conforms to expectations about 

cohesion within the "Lavigeria" clade, with fine-ribbed and large coarse-ribbed, sand

dwelling species in separate clades. The widely distributed coarse-ribbed species (CR and 

SCR) are basal to the others, as might be expected if they are hybridizing with other species. 

This tree, however, is not appropriate for discussing character evolution because it is 

independent of the allozyme data and is based on the characters being discussed. 

Character State Changes on the Neighbor-Joining Tree 

The neighbor-joining tree, which was originally based on 36 populations, can be 

represented in broad strokes by the tree in Fig. 2. I have omitted two problematic groups 

of TF90em16 and the populations from 90em4&5, which were discussed in Chapter 2. I 

have interpreted the admixture of species CR, FR, SCR, and TF to be a polytomy. CR is 

also present as a sister taxon to LCR, so I have included it in both positions. Table 2 is a 

matrix of general character summaries that help define the species, including shell, 

ecological, anatomical and radular characters. 
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When these characters are mapped onto the tree it is evident that the deepest branch 

contains the majority of the changes in character states. This is the separation between the 

"Tuberculate" and "Lavigeria" clades. Within the "Lavigeria" clade there are few major 

synapomorphies. The members of the FR-TF-CR-SCR polytomy have longer ctenidia. 

The G-LCR-CR group has coarse ribs. Excepting those examples, the species are generally 

defined by autapomorphies based on this tree. Possible reasons for this are discussed in the 

previous section. 

Although character state changes do not map tightly onto the neighbor-joining tree 

at this stage (Fig. 3a-c), I can give some general descriptions of the evolutionary behavior 

of the characters I examined based on the overall results: 

In this group shell "texture" and sculpture indicate the deepest branches on the 

phylogeny. These characters may be a function of microstructural differences. Large-scale 

sculptural ribbing patterns, shell size and shape indicate the next level of branching 

relationships. However there is no one-to-one correspondence of particular shell characters 

with genetic differences. Shell color can vary on the population level. 

Anatomy 

Pallial oviduct anatomy is markedly different between the brooding "Lavigeria" clade 

and the presumably oviparous Tuberculate clade member SD. Brooders have extensive 

folds, flaps and sperm management structures that are reduced or lacking in the egg-layer, 

which has an oviposition groove and gland. Other organs do not exhibit discrete differences 
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among species, but there are quantitative differences that can be extracted. The primitive' 

condition for Lavigeria neural anatomy is compact and for the ctenidium it is short. It is 

difficult to determine polarity for other anatomical differences because anatomical studies 

were done on only six species and no outgroups, each species may have several 

autapomorphies, and the data was primarily examined in a multivariate context. Size

independent measures of body characters were more taxonomically informative than were 

measures of neural characters, a reverse of standard malacological dogma. 

Radulae 

Radular characters varied among species to the point that I could easily identify 

several species (SD, G, and LCR) by tooth size, shape, denticles, and orientation. Others 

in the "Lavigeria" clade varied more subtly, but were statistically separable based on size

independent measures of the rachidian tooth and radular ribbon. It was not possible to 

determine the primitive condition for Lavigeria radulae, for the same reasons mentioned for 

anatomical characters. 

Ecolo2Y 

The two major Lavigeria clades differ in their primary depth distributions, with the 

more diverse "Lavigeria" clade dominating shallow and medium depths and the Tuberculate 

clade in deeper area~. The Tuberculate species are rock dwellers, thus there is an 

inextricable relationship between depth, substrate, and phylogeny at this level of the tree. 

However, within the sister clade "Lavigeria" there is no consistent correlation of substrate 

with genetic relationship. This may be because of a suspected hybridization "promiscuity" 



392 

of one of the species that tolerates sandy substrates. My large-scale biogeographic studies 

and population divergence studies indicate that substrate specificity increases divergence 

potential among both Lavigeria populations and species. 

Scenarios of Character Chanie 

From the characters I've documented in Lavigeria species and a synthesis of my 

previous results, I can propose a phylogeny that is more comprehensive than any of the 

single trees produced so far. For the sake of this argument I will assume that the ancestor 

of the Lavigeria clade was Potadomoides based on similarity of radulae and reproductive 

mode. West's work (1991) on generic relationships does not provide a consensus on a 

Tanganyikan thiarid sister taxon for Lavigeria. Thus, I am assuming that the primitive 

ecology was soft-substrates and shallow water, and reproduction was ovoviviparous. 

The major division within the Lavigeria clade, between the Tuberculate and 

"Lavigeria" groups, is supported strongly by all character sets. This division may have been 

mediated by a change in reproductive strategy, which may have been selected for or allowed 

in the transition to deep water. Egg-laying may be more effective in this region of 

diminished wave energy and potentially reduced predation. Furthermore, food resources 

for algal grazers may be more limited in deep water, thus a more limited investment might 

be made in each offspring through egg-laying. 

Both of these arguments are hypothetically testable with measures of fecundity, local 

productivity, growth rates and experimental manipulation of eggs. Eggs from SD have 

rarely been seen (K. West pers. comm.), thus it will take some exploration to set the 
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groundwork for such studies. I used mark-recapture studies to examine growth rates and 

found that SD do grow somewhat more slowly than the FR that are found at shallower 

depths at the same site (Michel unpubl. data). 

There is no easy explanation for the division between TD and SD. Most simply, 

they might have diverged in separate basins at times of lower lake level, then dispersed to 

the extent that their distributions now overlap extensively. Based on my initial observations, 

I expect that further studies of the radulae of TD might reveal significant differences 

between TD and SD feeding structures. This would open the possibility that trophic 

competition accelerated divergence and subsequent trophic separation promoted 

coexistence. 

. Two other, more heretical, ideas also come to mind. Firstly, variation in TD shell 

shape and color is considerably greater than for SD. Could this variation have been 

acquired by introgression with the other, more variable clade of Lavigeria? In some 

invertebrates (e.g. sea stars) a transition between brooding and egg-laying is common and 

may even occur on a population level (D. Strathman pers. comm.). Cross-breeding between 

the two Lavigeria clades, though unlikely, is not impossible. One could look for this 

possibility in the inheritance of mitochondrial markers that might indicate maternity from 

members of what seems to be another genus (the "Lavigeria" group). To explain the high-

spired shape ofTD, the most likely candidate for introgression is a member of the FR group, 

such as TF or TM. These animals also share a habitat with TD. Alternatively, the CR . , 

species has already been identified as a likely introgressor, and may also be the CUlprit here. 
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Secondly, either TD or SD could have had a quantum origin, perhaps by polyploidy 

or some other niate-reconition mutation (such as sperm compatibility proteins, Palumbi 

pers. comm.) that was associated with a significant morphological change. If this were the 

case there has been subsequent time for TD and SD each to accumulate allozyme 

autapomorphies, but the timing of divergence is approachable with DNA sequence data. 

Population-level karyological work has not yet been done for Lavigeria. Polyploidy has 

been suggested to have isolated some populations of the diverse gastropod Benedictia, 

endemic to Lake Baikal (Sitnikova pers. comm.). 

Thirdly, the squat shell morphology of SD could be a growth change resulting from 

some recent change in lake conditions (as demonstrated for Littorina by Kemp & Bertness 

1984). The possibility of increased sediment impact springs to mind (Michel & Cohen 

1994), however this is an unlikely cause because SD occurs around the lake in a variety of 

habitats, but has a strikingly consistent shell morphology. Furthermore, fossil SD occurs 

in outcrops at the northern end of the lake (50,000-150,000 years old, Cohen pers. comm.), 

at the base of several meter-long sediment cores (at least thousands of years), and thus has 

experienced temporal changes in environmental conditions. Studies of growth rate~ 

nutrition and shell shape would shed light on this hypothesis. 

If the ancestral condition for Lavigeria was soft-substrate tolerance, I suggest that 

CR is the most primitive member of the "Lavigeria" clade. This species may have retained 

the ability to interbreed with some other species as pleisiomorphic trait. It is also the most 

eurytopic species, which is a likely condition for the ancestral group that first invaded the 
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lake. CR's radula is of the most common Lavigeria form and similar to Potadomoides. It 

is a ~rooder and has compact neural anatomy, which are the primitive conditions in 

Lavigeria. The relative proportions of its anatomy differ from the majority of "Lavigeria" 

clade species, but this might be ascribed to an expanded ctenidium for better respiration in 

turbid waters. I expect that further work may reveal genetic influences of CR in an number 

of other species. SCR is probably closely allied to CR, and may turn out to be simply a 

more defined shell morphology than is recognizable in most CR populations. 

The rock-dwelling, fine-ribbed species (FR, SZ, TF, & TM) have many similarities 

in ecology and shell morphology. This leads me to suspect that they are closely related. My 

results showing increased divergence among populations of hard-substrate species (such as 

FR) indicate that this is the group most likely to have phenotypic variants as a result of drift 

because their populations will be more subdivided. However, the number of individuals in 

each population may be very high, so these ideas should be tested with population genetic 

studies. Yuma's (1987) mark-recapture studies that estimated population parameters for 

"Lavigeria paucicostata" (CR) could serve as an model for initial field studies. DNA 

sequences of quickly evolving molecules would add measures of genetic variability among 

isolated populations. I predict that if we are able to determine a geographic pattern to 

divergence, it will be in a cluster of species like the fine-ribbed group. 

The position of the fine-ribbed, thin shelled Sand Lavs (SL) on my hypothetical 

cladogram is problematic. Their shell morphology resembles an immature FR, and they 

sometimes occur at the same sites as FR, yet they are often found on sand and sometime at 
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sites where there are no other snails. I would, on morphological criteria alone, place them 

as a sister group to the fine-ribbed species cluster. With this in mind, I would examine them 

for signs of progenetic origin. I would need to establish measures of ontogenetic change 

for Lavigeria in general. I would then look for juvenile patterns in SL radulae, organs, and 

shell structure. If progenesis caused this species differentiation, I expect to find rates of 

growth that are similar to the average-sized species, but earlier onset of maturation. 

From a selection standpoint, it is difficult to explain why the very fine-shelled SL 

animal lives in sandy areas, where it may be picked off by shell-crushing predators. It is 

likely that· they remain buried for much of their lives, like the vulnerable juveniles of other 

gastropod genera. If their emergence is only seasonal, it might explain why they were not 

collected until the mid 1980's. This might be investigated by sieve-sampling areas known 

to have SL at different times of year. Alternatively, a mark-recapture study could provide 

information on population visibility. 

I predict that there is another clade formed by the very large species, LCR and G. 

This is based on similarities in shell morphology (large and coarse ribbed), radulae (multiple 

denticles on lateral teeth), and overlap in ecology (large boulders in shallow water). It is 

easy to see how predation might select for large size. West et al. (1992) showed that coarse 

ribs and large heavy shells decrease predation risk from crabs. Both LCR and G are usually 

on exposed surfaces and may be vulnerable to predation from large molluscivorous fish 

(Lobochilotes labiatus). However, their habitat of vertical surfaces of boulders high in the 

wave-swept littoral zone is uninviting for crab predators. Alternatively, selection for large 
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size may have come for increased foot strength to withstand dislodgement by waves or 

predators, or for increased tooth size to feed upon the tougher algae that must cover wave

swept boulders. These hypotheses for selective pressures could all be examined with 

functional tests of increased advantage with size. We could measure relative shell crushing 

resistance (paralleled by jaw and suction strength of L. labiatus), foot suction strength and 

feeding efficiency of radulae of different sizes. There are examples of all these kinds studies 

in the marine literature, but, with the exception of West's work (e.g. West et al. 1991), there 

has been little research on lacustrine gastropod functional morphology. ' 

The selective agent for big, ribby shells may be external, but the phylogenetic 

mechanism might be a developmental shift. I suspect that neoteny might explain the inflated 

large sheIls of the G species. Like the investigation of heterochrony in SL, I would need to 

establish a developmental standard for Lavigeria in general, and then determine the 

developmental rates for the very large species. I would focus on radulae and shells. 

If heterochronic changes are easily accomplished in Lavigeria evolution, then the 

two big, coarse-ribbed species may have had an independent origin from different lineages. 

This idea could explain the different shell shapes of G and LCR, but is otherwise less 

parsimonious than suggesting that G and LCR are sister taxa. However, if the radular 

similarities are shown to be merely a function of increased size, then the idea of independent 

origins becomes more tenable. 
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Discussion of Phyl02enies: Causes of Rickety Resolution 

Several situations may produce evolutionary relationships that are not accurately 

reconstructed by cladistic analysis .. A clade can radiate quickly without extinction of the 

ancestor, or the descendent species may acquire character states that are seen in other 

related taxa as a result of canalization, similar selective pressures (true homoplasies) or 

hybridization. Such situations are particularly likely in studies of species level radiations and 

in island habitats (as opposed to studies of higher taxa or of clearly allopatric taxa). These 

taxa might be currently defined by pleisiomorphies or some homoplasies, but they are 

nonetheless separate evolutionary taxa. 

Trees produced by cladistic analysis of such a situation would contain soft 

polytomies of the taxa lacking autapomorphies. The reason the cladistic analysis failed to 

find evidence for monophyly may be that we have not yet documented the characters that 

record this evolutionary transition. In this case, these taxa are called negatively paraphyletic 

(because there is no direct character evidence of paraphyly, but also not of monophyly). 

Donoghue (1985) and DeQueiroz & Donoghue (1988) suggested that we can give such taxa 

the benefit of the doubt, assume that monophyly might later be demonstrated, and call these 

metaspecies. 

Archibald (1993) pointed out an alternative explanation for the lack of resolution 

in a metaspecies complex. It is not that we have not documented the autapomorphies that 

define the metaspecies as monophyletic, rather, that these autapomorphies do not exist 

because the metaspecies is the direct (patristic) ancestor of the descendent clades. If there 
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has been no subsequent evolution in the ancestor after a cladogenetic event and the ancestor 

remains extant, it will form a polytomy like a metaspecies. This scenario is likely in a 

species flock, where evolution may happen rapidly in descendent groups (e.g. peripheral 

isolates that change by founder effects) and stasis may typify extant ancestors. 

Cladistic analysis may also be inadequate for initial analyses of species flock 

relationships because it may construct misleading trees if hybridization is common. 

McDade (1990, 1992, 1995) explored the issue of hybrids and cladistics thoroughly and 

concluded that the greatest problems arise for hybrids that are defined by a) derived 

character states that are found in both parent species and simultaneously expressed in the 

hybrid, and b) derived characters that are found in only one parent and in the hybrid, 

obscuring the identity ofthe other parent. Several characters that suggest conflicting sister 

group relationships wiII compromise a phylogenetic tree beyond acceptability. However, 

McDade found that hybrids are not a complete calamity for cladistic phylogenies if their 

systematic characters are intermediate between the parental species. She recommended that 

phylogenies based on characters of intermediate expression, such as morphology, be used 

to check trees built on other data sets, such as aIIozymes, where the expression is more 

likely to fit the two problematic categories described above. 

From the kind of variation evident in the Lavigeria clade, I would not be surprised 

if there has been hybridization in some cases. To assess this, we must know which taxa are 

likely to be parental and which are hybrid descendants. There are programs under 

construction that may aid in making those determinations (Wethington, from McDade pers. 
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comm.). It may even be that hybridization has provided the variation necessary for the 

remarkable diversification in this group. If there has been subsequent evolution of a taxon 

after formation by hybridization (called a derived hybrid), it will be extraordinarily difficult 

to reconstruct the evolutionary history of the group (McDade 1995). I draw attention to 

these scenarios to indicate that the poor resolution of the phylogenies produced so far may 

well be an accurate representation of the biological situation. Future work will 

accommodate hypotheses of hybridization. 

Mechanisms of Divergence 

By what processes did Lavigeria diverge to become the most diverse mollusc in the 

confines of the Tanganyika lake basin? My data on genetics and biogeography begin to 

answer hypothesized explanations. I found that populations that had similar shell 

morphologies were more closely related to other populations that looked similar, but came 

from distant sites, than to sympatric but morphologically distinctive populations. 

Furthermore, these similarities extended around the lake, and many species have an almost 

circum-lacustrine distribution. Finally, the resolution of genetic and morphological data is 

not clear for all cases, leading me to propose that the species boundaries are fuzzy in this 

species flock, and that there may have been hybridization and lineage sorting. 

I conclude from these data that: 

1) There is no evidence of recent sympatric divergence by microhabitat specialization in 

existing habitats. If this process fueled diversification, its trace has been erased in current 
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species distributions. The genetic data definitively say that the different species at a site are 

not most closely related to each other (Chapter 2). Nearest evolutionary relatives are found 

at distant sites for most of the species (and the exceptions may be methodological artifacts). 

However, once the species had diverged and then redispersed into distributions of sympatry, 

the process of character displacement may have affected phenotypic character distributions 

(Chapter 3). 

2) Species biogeography (Chapter 5) and genetics (Chapter 2) showed almost no indication 

of a three-basin influence on divergence history. Tests for faunal similarities between sites 

(a large scale examination) and for genetic relationships among populations within species 

(a lower scale examination), showed no extant indication that the paleogeography 

determined the diversification. There is no three-basin configuration to population or faunal 

relationships, thus paleogeography either did not influence divergence, it influenced it at a 

larger scale than I could resolve, such as sub-clades, or its signature has been erased by 

subsequent dispersal. 

3) There is stronger evidence that existing major substrate barriers (inflowing rivers, 

marshes, large-scale changes from rocky to sandy shoreline) are correlated with some 

species distributions (Chapter 5). These major substrate barriers have been part of the lake's 

geography for a long time, so it is difficult to distinguish whether their effect has been 

historical, on evolutionary divergence, or whether it has been current, on recent dispersal 

and habitat selection. 
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Furthermore, I documented significant morphological differences between 

populations of species that cannot disperse across the soft-substrate barrier that separates 

them.. In contrast, species that are able to negotiate soft substrates are not significantly 

different across the barrier (Michel et al. 1992). This is a direct indication of how substrate 

barriers and substrate specificity interact to influence divergence potential. 

4) The difficulty in determining a robust phylogeny for this group may be based on 

biological phenomena, not analytical or methodological artifucts. Two factors may be at the 

root of this: 

a) retention of ancestral polymorphisms may occur if the ancestors are 

polymorphic, the radiation is rapid without evolution of apomorphies, or the 

ancestor does not go extinct. This will make it very difficult to determine ancestor-

descendent relationships. 

b) hybridization is not unlikely when closely related taxa are in sympatry. 

These processes are probably pervasive enough in the natural world that we should use 

species flocks as model systems for working out their phylogenetic effects. Currently many 

biologists have faith that diversity is the result of dichotomous branching of lineages and 

that the branching events will be recorded in character state changes. This ideal may be less 

common than we had hoped, and may be uncommon in highly diverse .• endemic radiations. 

We should use species flocks such as Lavigeria to explore these issues. 

5) There has been significant dispersal of La vi geri a species. This is indicated by points 1-2 

above (no evidence of sympatric divergence, no evidence of three basin partitioning of fauna 
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and lake-wide distribution of species). This means that even if the geography has been a 

major influence in speciation, it will. be exceedingly difficult to reconstruct the 

pWyogeographic history. For example, it is possible that the three basin division of the lake 

was a major catalyst for divergence, but subsequent dispersal of new species around the lake 

erased the signature of this event. Dispersal sets limits to the completeness with which we 

can expect to sort out the evolutionary history of this radiation. 

What are the Evolutionary Taxa Defined in this Study? 

Species groups 

There are a number of terms (Table 1) that are commonly used to describe highly 

diverse groups, each of which describes aspects of the Lavigeria radiation. It is an endemic 

radiation in a closed basin with probable ecological separation of some species but overlap 

of others. There may be hybridization among some species, causing some the boundaries 

between them to be very difficult to determine, whereas others are quite distinct. In my 

opinion, the term species flock best describes this gastropod radiation. 

Species Concepts 

The definition of species has been the source of debate since humans have engaged 

in philosophical discourse on the living world (or since Aristotle began recording it), 

because embedded in the definition of the biological unit is a statement of how we think that 

unit has arisen, how we can know it when we see it and whether it exists at all. These 

concerns about species definitions are real, but obscure the fact that there are distinct 
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clusterings of organisms in nature (both morphological and geographic) that can be 

associated with mechanisms of evolution (e.g. disjunct distributions with allopatric 

divergence, elaborate courtship with sexual selection). In order to understand the 

mechanisms of evolutionary change, we must have a definition of the ultimate unit that is 

at once philosophically robust in light of the processes we are examining and also practical 

to employ. Our definition of species is driven by the questions we ask of it. If we believed 

in very simple processes of species formation, such as special creation, then the species 

definition could be likewise simple, such as plain typology with variation due only to 

developmental noise. 

The hierarchical nature of biological clustering is a clear indication that living 

diversity is the result of lineage-splitting and descent with modification from a common 

ancestor (Darwin 1859). Thus, a species definition should be grounded in an evolutionary 

perspective. Dobzhansky's (1951) comment that "nothing in biology makes sense except 

in the light of evolution" rings in our ears here. Since the species definition is purpose

driven we are correct in searching for a way of delimiting species that best reflects the 

evolutionary processes behind it. 

Determining how evolution proceeds is largely a historical endeavor and the units 

of evolution are defined by a shared history. Because there are a plethora of forces (from 

selection and drift) acting on current popUlations, causing them to react in a multitude of 

ways, we can not determine which forces are of the greatest importance in long term 

structuring of diversity without the temporal perspective of a phylogeny. This is analogous 
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to plotting the flow of a river. Suppose we were to follow the trajectory of a molecule in 

the river. On a short time scale, thermal fluctuations and eddies would dominate the 

relatively small net downstream trend. However, on a larger time scale, only the average 

downstream motion is observed. In this example, the river is defined by the process of 

movement of its component parts (water molecules) in a common direction. There are 

molecules lost to other processes, other systems, such as evaporation to the atmosphere or 

adhesion to substrate molecules, but these do not change the overall fact the dominant long

term process is down-stream flow, creating a pattern we call a river. 

Similarly, a species is a cohesion of individuals and populations that have had a 

similar historical trajectory and will probably continue on a unified trajectory for some time 

into the future for similar reasons to those that held them together in the past. However, 

we can not predict future behavior of an evolutionary taxon or group (species), thus our 

species definition can not be based on a future-based definition of evolutionary taxa. It is 

not philosophically sound to define something based on a process that has not yet happened. 

Species Definitions 

There is little agreement on what are the most important evolutionary mechanisms, 

thus, although most biologists agree that we need an evolution-based species definition, no 

single one has achieved preeminence. Furthermore, the practical aspects of acquiring the 

characters, observations and experiments necessary to apply various species definitions are 

often overwhelming or infeasible. This has lead to dissention between more traditional 

biologists who adhere to the Biological Species Concept (ESC) of Mayr (1969) and cladists 
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who prefer the Phylogenetic Species Concept (pSC) (references in Cracraft 1989). There 

are variations and alternative species definitions, but I will focus on these two because they 

are the most common and form conceptual centers for the other ideas. 

The Biological Species Concept 

The philosophical basis of the Biological Species Concept (BSC) is that evolutionary 

unity is created almost solely by interbreeding. The BSC requires a test of interbreeding 

between two putative species groups - they are separate species if they can not interbreed. 

The ability to interbreed must be likely in nature as well, not a function of stressful artificial 

conditions. Operationally this is a geographical or behavioral definition. This means that 

the BSC can never be applied to allopatric populations, because in nature, they are not likely 

to encounter each other. However, there is a category of IInon-dimensional species ll which 

are groups of organisms that are irrefutably distinct, in that they lack the intermediate 

morphological characters that can be imagined in character space (Mayr 1957, Donoghue 

1985): These clear-cut cases are called IInon-dimensionalll because temporal and geographic 

dimensions are not necessary to delimit them. I find this definition unsatisfactory and prefer 

a more process-oriented use of the term IInon-dimensional species ll
• A non-dimensional 

species should be one that is not definable within the processes used for species definition. 

Within the BSC it seems we should call allopatric species non-dimensional, as there are no 

viable ways to delimit them. If ability to interbreed is the main species definition (the BSC 

strictly applied), then sympatric species have as many dimensions as contacts with putative 

conspecifics with which they do not cross. 
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The BSC fails to deal effectively with genetic reticulati~n (hybridization), which on 
1 .,- I ... ~'" 

many scales is a very common phenomenon among natural populations and species. All; 

clear as it is to any observer of biology that organisms fall into natural groups, increased 

scrutiny reveals that the boundaries of these units are commonly blurred by hybridization. 

By definition, groups in sympatry can not be separate evolutionary taxa under the BSC if 

they interbreed successfully, even if there are strong indications that each group retains 

substantial morphologic or genetic cohesion and distinctiveness over time. Reticulation 

among allopatric groups is, by definition, too improbable to be addressed by the BSC. 

The ~hyloienetic Species Concept 

The phylogenetic species concept (PSC) grew out of a realization that the 

correspondence between the ability to interbreed and other indicators of the evolutionary 

history of a group is sometimes very weak. Interbreeding between adjacent but distinct 

populations often persists despite considerable morphological or genetic divergence between 

these populations. Donoghue (1985) pointed out that in phylogenetic reconstruction we use 

characters that are good indicators of divergence .. , and we use as many of them as we can 

to verify our phylogenetic hypotheses. Reproductive isolation is a single "character" (or 

the manifestation of a group of possible characters) that may arise after lineage splitting, 

making it one of many acceptable characters delimiting groups. Alternatively, it may fail to 

arise - but its absence does not necessarily indicate anything reliable about the evolutionary 

trajectories of the two groups. If there are other indicators of divergence between groups 

such as morphology and behavior (that are not ecophenotypic), they provide a valid 
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alternative hypothesis because the ability to interbreed may be pleisiomorphic. 
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is based on Hennig's (1966) method of reconstructing phylogenies with shared derived 

characters to define nested hierarchical groups, or clades. Its logical conclusion is that the 

smallest definable monophyletic group is the evolutionary taxon. Characters that are shared 

within a group define the limits of the group, and the fact that they are derived implies that 

they have reached their current state by a process of evolutionary modification. The species 

boundary, then, is the point where cohesion of the evolutionary group breaks down to the 

point that the defining characters are no longer shared among entities that are not in the 

group. What creates the cohesion of character combinations within the group? It is easy 

to see how a process such as interbreeding was given a leading role in defining species, since 

the process of gene exchange can be a major cohesive force. But there are also other 

cohesive forces such as geographic proximity, shared developmental pathways, life history 

patterns and ecological preferences that promote correlated responses to selective forces 

(such as predation, competition, parasitism and habitat shifts) and that result in a shared 

phylogenetic history and shared characters. 

To return to the analogy of a river, water flows together partly as a function of 

cohesive forces between the molecules, as interbreeding could hold together a population. 

But the water flows as a river because of its encompassing environment, which provides the 

gravitational pull to flow downhill and the encompassing river bed to hold the water 

together. Not unlike living systems, the river bed is formed by interaction between the river 
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and its environment, much as evolving taxa are active components of their own selection 

environment. 

The diagnosis of which units or members make up a species is dependent on the 

presence of characters that are proxy indicators of shared history. Donoghue (1985) 

separated the process of grouping units (individuals or populations into species) and ranking 

units (proclaiming that the transitions forming the group we have just determined are the 

sharpest and most important indicators of a shared evolutionary trajectory). McKitrick & 

Zink (1988) suggested that the smallest definable monophyletic group should be given the 

rank of species. This has lead to considerable reaction against the PSC, because the logical 

conclusion of this is that the individual or even gene ends up being the smallest definable 

group. Obviously such a species definition will not help us understand the structuring of 

global diversity, because the signal of evolutionary change will be overridden by the noise 

of individual dynamics, as thermal diffusion processes at the molecular scale may override 

our ability to determine flow in a river. 

Shared Discontinuities Species Concept 

Because a complex entity, such as a species, has an enormous number of dimensions 

(in geographic and morphologic space and also in time), its definition necessitates portrayal 

of only a few of. its dimensions by representative characters. We must choose the 

dimensions to be represented based on the processes we are exploring. The idea of process-
I 

driven definitions was explored by Allen & Hoekstra (1992) and is directly applicable to 
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the species problem (B. Kendall, pers. comm.). In a discussion of ecological definitions 

Allen & Hoekstra said: 

"Phenomena in ecology, as in science in general, are manifestations of change; 

there can be no phenomena if everything is constant. Recognizing those changes 

that constitute a phenomenon must be preceded by observer decisions about what 

constitutes structure. To accommodate change, there must be some defined 

structure, a thing to change state. Our observations involve arbitrary structural 

decisions, many of which revolve around making or choosing definitions. 

Definitions are not right or wrong, but some give us more leverage against nature's 

secrets than others. . .. One might argue that species are abstractions and that their 

very abstractness is the source of their arbitrariness. However, even the most 

tangible object. ... is, in fact, arbitrary.... Definitions are generally based on 

discontinuities that have been experienced or at least conjectured .... A definition 

is a formal description of a discontinuity that makes it easy to assign subsequent 

experience to the definition. II (p. 15-16) 

In the case of species, the processes are those which resulted in a shared history of 

evolutionary change - there are many. If the actions of, for example, one of these processes 

were mapped in the multidimensional space that comprises the existence of the species, we 

would find that the process formed a surface of transition in the variables we examine. A 

discontinuity in this surface indicates a character transition. In our physical analogy, the 

processes of molecular cohesion, friction and downstream flow create a surface of a river 
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which we can perceive through abrupt changes in a number of characters. Light is reflected 

from its surface, we feel wetness as we plunge our hand in, a dragonfly nymph feels a 

change in its environmental viscosity as it emerges into the air. Each of these is an 

independent variable that signals the actions of the processes behind the flowing river. For 

species grouping we can use a similar range of variables that are commonly determined by 

differences in phylogeny. If there are multiple abrupt transitions of variables that coincide, 

we can infer the presence of phylogenetic process underlying these transitions i.e., there is 

a evolutionary taxon boundary. 

Independent variables will have different responses to the process boundary. Clines 

of transition can be differentially steep (Endler 1977). In our physical example, we know 

that the water boundary reflects some photons, slows down a diving bird, and does nothing 

to neutrinos. Similarly, there may be an abrupt transition of one morphological character 

that is paralleled by a smooth transition in another character and no change in a third 

character. Or a steep hybrid gradient may exist in one gene, a gradual mixing in another, 

and no differentiation in a third gene. It is the co-occurrence of many character transitions 

(clines) that signals the presence of an evolutionary process border, and the transitions do 

not have to be equally steep. The presence of a limited ability to interbreed could be seen 

as a shallow cline when accompanied by a steep clines in other characters. Thus the species 

grouping and ranking criterion that I advocate is co-occurrence of multiple character 

transitions. 
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This II shared character discontinuities II species concept is especially useful in 

evolutionary studies of hyper diverse groups that are not yet well known. Using this concept 

we can establish first order evolutionary hypotheses for use as bases for further testing. 

This concept differs from McKitrick & Zink's (1988) definition in being less dependent on 

absolute monophyly (which requires characters whose evolutionary behavior is known) and 

more influenced by the probabalistic description of the boundary of past evolutionary 

descent. The end result is that the group boundaries may be more fuzzy (probabalistic and 

not absolute) than in an absolute monophyletic definition. But from my observations of a 

gastropod radiation, I believe fuzzy species to more accurately represent the evolutionary 

taxa in many real biological systems. 

Conclusions 

The co-occurrence of discontinuities in a number of independent variables signals 

the existence of separate evolutionary taxa within the genus Lavigeria. Differences in shell 

morphology are an excellent first order approximation of these groups. However, genetic 

results indicate that the boundaries between the units are fuzzy; it is likely that future work 

will reveal reticulation, rapid evolution and dispersal among the taxa. I refer to these taxa 

as species or species in my work, because in the current taxonomic climate, these terms are 

the most appropriate for signalling the underlying processes that formed them. The 

collection of Lavigeria species has aspects of a species flock, species swarm and hybrid 

swarm, making it a model group for studies of endemic diversification. 
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Table 1. Definitions of terms for hyperdiverse groups based on Lincoln et a!. (1982), 
E chelle & Kornfield (1984) and McDade (1995). 

Term Geographic Hybridization Ecologica Morphological Evolutionary 
Distribution of I Diversity relationships 
Group Diversity 

Species restricted to not specified High High Monophyly 
Flock habitat islands 

Hybrid implied contained either 10 or 20 not not specified probably 
Swarm hybridization, specified, monophyly 

individuals may be probably 
backcrossesto low 

I parents and F"s or F~ 

Species Neighboring or not specified not not specified closely related 
Group overlapping specified species, but , 

I 

distributions monophyly not 
required 

Species not specified not specified low low not specified, 
Aggregate (probably occur (probably) probably 

together) monophyletic 
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Table 2. Matrix of shell morphological, anatomical and radular data. Comments and 
abbreviations (in parentheses) for character states: Ribs: Fine(F), Coarse(C), 
Tuberculate(f); Size: Smal1(S)=7-13mm, Medium(M)=12-19mm, Large(L)=24-34mm; 
Spire(Spr): Medium(M), Tall (f), Squat(S); Lip thickness(Lip): coded thick (Tk) if 
sometimes thick, Thin(Tn) if always thin; Lip flared: Yes(y), No(N); Color: Brown (Br), 
Purple(pp), Fine-striped(Fs), Wide-striped(Ws), color polymorphism did not plot on tree; 
Layers=crossed-Iamellar microstructure data from West & Cohen (1994); Depth: very 
shallow(v.s.)=O-3m, shallow(s)=O-lOm, medium(m)=2-2Om, deep=10-5Om; Neural 
anatomy(Neur): compact(C) or less compact(LC)=relative length of PSC; Reproductive 
anatomy(Repro): Brooding(B) or oviparity(O) and associated anatomical changes; 
Rachidian denticle(Rd)=shape of central denticle on central tooth: Rounded(Rd), 
Squared(Sq), Pointed(pt), ScaUoped(Sc); Lateral teeth(Lt)=number of denticles on lateral 
teeth: Few(F), Many(M). 
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SCR coarse medium squat thick yes wide striped unknown 
FR fine medium medium thick no brown&fine striped three 
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SL sand v. shallow ? brooding ? ? ? ? 

La:! rock medium compact brooding short small squared many dents 

CR-MCR rock & sand shallow compact brooding long large squared few dents 

G rock v. shallow less compact brooding short small scalloped many dents 

SCR rock & sand shallow ? brooding ? ? ? few dents 

FR rock medium compact brooding long large squared few dents 

SZ rock v. shallow less compact brooding short small squared few dents . 
SO i rock deep compact oviparous short large round few dents 

i 

TO I rock deep ? oviparous ? ? pointed ? 

TF I rock unknown ? ? ? ? ? ? 

Table 2. Generalized characters for each species for shell morphology, 
ecology, and anatomy. 
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IILavigeria Cladell Tuberculate Clade 

Figure 1. Hypothesized relationships among the 
. Lavigeria species discussed in these analyses. 
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Figure 6. Neighbor-joining tree (drawn as a phylogram) with 
combined alleles for each species mapped on. 
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