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Abstract. Cichlids from the tribe Eretmodini , endem ie to Lake Tanganyika, provide a unique 
example of diet-associated differences in dentition (especially tooth shape) within a group of closely 
re lated species. He re , we examine the tooth pattern and sequence of tooth replacement in four repre­
sentative eretmodine taxa, as a stm·ting point of a new study that will focus on the mechanisms 
responsible for ontogenetic and phylogenetic divergence of tooth shape. New teeth are formed in 
adjacent positions labial to but alternating w ith older ones in waves that sweep from mesial to distal. 
Only a mi nor shi ft (different spacing of newly developing germs) is necessary to produce the diffe­
rent dental arcades observed in eretmod ine cichlids. The positi on and state of development of the 
replacement teeth, as weil as loca lized growth and resorption of the jaw bone, add hi sto logica l evi­
dence in support of the replacement pattern described fo r the four taxa. The tooth replacement pat­
tern proposed here is uncommon among te leosts . 
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• 1 INTRODUCTION 

Vertebrale teeth provide exc iting material to biologists of disciplines as diverse as 
paleontology, taxonomy, funct ional morphology and developmental biology. Morpho­
logical cbaracteristics, and in particular shape, of vertebrale teeth have been considered to 
have a ·high ileritability and have therefore been wide ly used as taxonomie characlers 
defining species in many taxa ofloothed vertebrales (e.g., GR.EENWOOD, 1981; THENIUS, 
1989). Yet, recent studies have shown that dental characters of vertebrales that replace 
the ir teeth throughout li fe , may be susceptible to environmentally-induced variation (e.g., 
HuvsSEUNE, 1995). Moreover, pbylogenies based on taxonomie characters such as tooth 
shape have turned out to be in conf:li ct with mo lecular-based phylogenies as is nj cely illus­
trated by recent stuclies of cichlids of the tribe Eretmod ini , endem ie to Lake Tanganyika 
(East-Africa) (VERHEYEN et al. , 1996 ; RüBER, 1998) . 
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The tribe Eretmodini , as defined by PoLL (1986), comprises four nominal species cur­
rently assigned to three genera: Eretmodus cyanostictus Boulenger, 1898, Spathodus eJy­
throdon Boulenger, 1900, S. marlieri Poli , 1950, and Tanganicodus irsacae Poli , 1950. The 
shape of the oral teeth is the main defining character to delineate taxa within this tribe 
(POLL, 1986). The teeth of Eretmodus are spatula-shaped with a slender 11eck region, those 
of Spathodus are cylindrical-shaped with tlattened and truncated crown, and those of 
Tanganicodus are slender and pointed. ln a recent phylogenetic study of the tribe 
Eretmodini using mitochondrial DNA (mtDNA) sequences, six genetically distinct lineages 
were observed (lineages A-F) (RüBER, 1998). Genera and species are polyphyletic, sug­
gesting the occurrence of cryptic species in this tri be, and the need for a reconsideration of 
the generic classification based mainly on tooth shape. The results have further indicated 
that the resemblance in tooth shape between some lineages might be the result of parai! el 
evolution rather than common ancestry. This claim is further substantiated by genetic and 
morphological differences between E. cyanostictus andE. cf. cyanostictus. The eretmodine 
cichlids thus provide an excellent mode! to study what causes the apparent conflict between 
high heritability and strong adaptive potential of teeth. Be fore such a study can be under­
taken, however, and before any experiment can be conceived, it is necessary to understand 
how, and in what orcier, new teeth arise in their dentitions, i.e. , to know their replacement 
pattern (cichlids, like most teleosts, replace their teeth throughout li fe). 

The ana tom y of the feeding apparatus , the feeding behaviour and the evo lution of the 
Eretmodini has been studied before by LIEM ( 1979). YAMAOKA et al. ( 1986) have exa­
mined the dentition and ecomorphology of three of the four nominal eretmodine species 
and have come to the conclusion that differences in dental morphology (as weil as the 
position of the mou th and the morphology of the dental arcade) are related to trop hic dif­
ferences. Dietary differences range from algae scraping in E. cf. cyanostictus and S. mar­
lieri to invertebrate picking in T irsacae, whereas S. erythrodon is thought to have a more 
intermediate feeding behaviour (POLL, 1956; YAMAOKA et al., 1986). Jn the same paper, 
YAMAOKA et al. ( 1986) present, in a schema tic way, the manner in whi ch tee th are replaced 
in E. cf. cyanostictus (the taxon that was investigated in their stucly) and S. marlieri, and 
state that T irsacae rep laces its teeth in a different, yet unexplained, way. A critical exam­
ination of the schemes proposed by Y A MAO KA et al. ( 1986) reveals, however, that they 
contain features unlikely to occur cluring tooth replacement in any cichlid. 

We therefore reexamined the tooth replacement pattern and col'fe~ted additional hi sto­
logica l data of the replacement teeth in four eretmodine taxa: E. cyanostictus , E. cf. 
cyanostictus, S. erythrodon, and T. cf. irsacae. The results of this stucly will form the start­
ing point for future investigations that will focus on the mechanisms responsible for onto­
genetic and phylogenetic divergence of tooth shape within the retmodin i. 

MATERLAL AND METHODS 

Natural populations were sampled in 1996 during an expedi tion along the western 
Lake Tanganyika shorelines. The specimens were fixed and stored in 80% ethanol. The 
fo llow ing, ad ul t, speci mens werë used: 
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- Eretmodus cf. cyanostictus (lineage A): 3 specimens ( 46.S , Sl.S and S2.S mm standard 
length, SL); 

-E. cyanostictus (lineage C): 3 specimens (SI.S, S3.0 and S6.S mm SL) ; 

- Spathodus erythrodon (lineage F): 3 s;>ecimens: SO.O, S3.0 and S3.S mm SL); 

- Tanganicodus cf. irsacae (lineage E): 3 specimens: 41.S, 44.0 and 44.S mm SL). 

The four lineages studied here are derived from a mtDNA-based phylogeny that 
defined six genetically distinct lineages within eretmodine cichlids (RüBER, 1998; RüBER 

et al. , unpublished data) . 

The oral jaws were examined both before and after dissection. Some jaws were rinsed to 
eliminate the ethanol and were fixed and decalcified in l.S % paraformaldehyde-g1utaralde­
hyde in 0.1 M cacodylate buffer, containing O. J M EDTA. Subsequent( y, they were rinsed in 
the same buffer, dehydrated in a graded series of ethanol, cleared in propylene oxide and 
embedded in epon. Sections of 2 11m thickness were eut with a glass knife and stained with 
toluidine blue. The terminology used here is represented schematically in Fig.l. 

RESULTS 

On the oral jaws, teeth are present on the premaxillary and dental)' bones. Since the 
characteristics of the oral jaw dentition bave been described by YAM AOKA et al. ( 1986), only 
the data relevant for the interpretation of the tooth replacement pattern are presented here. 

In ali four taxa studied, both the premaxillary and the dentary teeth are implanted in 
what we have cal led tooth groups, arranged in adjacent oblique tiers (Figs 1, 2a-f, 3a,b, 
4a,b, Sa). The number of tooth groups differs between the taxa, between specimens of a 
taxon, and even between left and right si de of an individual. H ranges from 3 to S in E. cf. 
cyanostictus , from S to 7 in E. cyanostictus, and from 3 to S in S. ety throdon. ln T cf. 
irsacae, there are usually 2 or 3 weil identifiable groups. YAMAOKA et al. ( 1986) reported 
the presence of only 2 to 4 groups in E. cf. cyanostictus. 

The angle between the aligned teeth within each tooth group and the occ lusa l swface 
of the bone differs among the taxa (Figs 1, 2a-t~ 3a,b, 4a,b, Sa). 1t is steep in E. cyano­
stictus and E. cf. cyanostictus (Figs 2a,b, 3a,b) and sha llow in S. erythrodon (F igs 2c,d, 
4a,b) and T cf. irsacat:. (Figs 2e,f, Sa). Because of this di ffere nce in angle, the most lin­
gual position within a tooth group in S. erythrodon and T cf. ir acae i more mes ial than 
in Eretmodus. The groups consist ofmaximally three erupted teeth in Eretmodus (Fig. 3b) 
and maxima.lly four erupted teeth in S. erythrodon (F ig. 4b) and T cf. irsacae (F~g . Sa). 
These data fit with th ose of YAM AOKA et al. ( 1986). ln add ition , tooth germs are visible by 
transparancy within the medu ll ary cav ity of the bone in a il three spec ies . 

Within eacb tooth group, the tooth located at the highest leve! of the bone (the occlusa l 
surface) is found in a lingual positio n. The teeth in lingual po itions show various degrees of 
wear (as shown by the reducecl amou nt of orange-col ou red enameloid) and can be considered 
to be the functional teeth. The other teeth within a group are ofthe same size as the f1mctional 
teeth, except in T cf. irsacae, wbere tooth s ize within a group dimiJ1 i hes labially. Unlike the 
fu nctional teeth , they appear to be un worn, and the degree to whi ch they protrude from the 
bone. d iminishes in a lab ial direction (rather d istal in S. erythrodon and T cf ir.· rcae). These 
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teeth can be considered to represent erupted replacement teeth. Teeth of more posterior groups 
are smaller than th ose of an teri or groups; this is more pronounced in T cf. irsacae, where 
tooth size distinctly decreases from the second group onwards. Fljncti9nal teeth and erupted 
replacement teeth ali show separa te perforations of the oral mucosa. ·. 

positions along 
dental arcade 

lingual 

Fig. 1. - Ori entation termin ology used for the oral dentition of the eretmodines, shown on a 
schema tic representati on of an E. cf. cyanostictus le ft dentary dentition. (a) occlusa l view ; 
(b) labial view; (c) fronta l view (in situ) . ln (b) broken !ines connect teeth located on the sa me 
pos ition along the denta l arcade ; arrowed !ines in terconnect teeth of a ingle tooth group. 
Arrows in (c) indicate adjacent tooth pos itions aLong the dental arcade. 

Tooth replacement 

For every single spec im en of each of the fo ur taxa, and fo r ali fo ur bone in each peci ­
men (two premax ill aries, and two cl enta ri es), the tooth pos itions, along with the state of 
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development at a particular position (non-erupted germ visible in transparàn_cy, or erupted 
tooth) were recorded on a two-dimensional cbart. On these charts, tooth groups were set 
out on li nes, and tooth positions were evenly spaced within a group. From these individual 
charts, we have deduced a general chart for each of the four taxa, which is discussed be low 
(Fig. 6a,b ). Ascending numbers on the general charts reflect the mere order of develop­
ment of the teeth, and are significant only as a ranking deviee to compare individual teeth ; 
they do not reflect a true number in the dentition (tooth no 1 is""not the first tooth ever­
formed in the animal 's li fe , but the oldest possible tooth of a dentition at a given !ife-stage 
of an individual). Moreover, individual dentitions never express the full range of this gene­
ral chart (meaning that not ali the tooth numbers ever develop in a dentition). ln ali cases 
examined, however, numbers that are lacking occur only at the mm·gins of the dentition, 
i.e., in mesial, distal and labial positions, in accordance with the extent of the dentition 
( i.e., the number oftooth groups). When the general chatt is used as a template, individual 
charts are found to match the general chart in different areas. We fitted the individual chart 
as much as possible into the area w ith lowest numbers, to make comparisons easier (see 
Figs 3c, 4c, Sb). 

E. cyanostictus and E. cf. cyanostictus 

Fig. 6a shows the general chart as deduced from the observation of24 bones of the two 
taxa with Eretmodus-like spatula-shaped teeth. According to th is chatt, starting from tooth 
no 1, the next teeth to form lie labia l to th is tooth in an anterior (mesia l) and posterior (d is­
tal) direction (teeth 11°2 and 3, respectively). New teeth will develop in the same re lative 
positions w ith respect to tee th 11° 2 and no 3, yielding tee th ll0 S 4 , 5 and 6. Thi s process is 
repeated and produces the pattern depicted in Fig. 6a. ff this chatt is used as a template 
onto which the chatt of a particular bone is grafted, tooth numbers on the template can be 
copiee! on the individual chatt. Such a superimposition of individual and general (tem­
plate) chatt is shown for a left dentary bone of an E. cf. cyanostictus specimen in f ig. 3c. 
ln nearly ali the jaw bones of the specimens exami nee! , the tooth that is, by ranking, the 
oldest tooth according to the template ch art, a Iso shows the heaviest degree of wear. Su ch 
teeth are always lingua lly s ituated in a tooth group, but do not necessarily belong to the 
most anterior tooth group. They most like ly represent the first teeth to be shed. E.g. , in 
Fig. 3c, the oldest tooth (tooth 11°3) is placecl lingua ll y in the th ircl tooth row ; upon inspec­
tion of the de ntition, it appears that th is tootb is a lso the most worn tooth as indicated by 

the severe ly reduced amou nt of orange-co loured enamelo id (Fig. 3a). 

From the general chart, it appears that new teeth develop in adjacent positions a long 
oblique li nes, with teetb on one oblique li ne a lternating in pos itio r1 w ith those of a more 
lingualline. ffthe oblique !ines are consideree! waves o f tooth development, labia l waves 
are initiated after more li ngual ones. The oldest teeth are found lingually, the younge t 
teeth a long the labial s i de of the dentition. 

The inclividua l charts of both E. cyanostictus and E. cf cyanostictus can be grafted on 
the sa me template ch art. A wicler a rea of the template is, however, expressed in E. cyanos­
tictus, because these specimens contain more tooth groups . ln the same way, although left 
or ri ght bone, or premax ill ary o r clentary bone of one s icle, do not necessarily show the 
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same pattern, their individual charts can still be grafted on the same general chart. The 
observed differences relate to !osses of lingually placed teeth and/or a delay in appearance 
of germs on the labial si de. ... 

S. erythrotlon 

The chart drawn after the observation of 12 bones of S. erythrodon (e.g. , Fig. 4a,b) differs 
slightly from the chart for Eretmodus (compare Fig. 6b with 6a). The major difference resides 
in a larger (mesio-distal) distance between newly developing germs. Therefore, the oblique 
!ines that connect adjacent teeth are less steep than in Eretmodus. For this taxon too, tooth 
positions on every single bone can be grafted onto the general chart, and the oldest positions 
in the template correspond to the most heavily worn teeth in the dentition (e.g. , Fig. 4c). 

T. cf. irsacae 

The observations on 12 bones of T cf. irsacae (e.g ., Fig. Sa) fit with a chart that is iden­
tical to the one for S. ery throdon. ln each of the 12 bones examined, tooth size and degree 
of eruption diminish in a labial (distal) direction within each tooth group. This matches the 
order of appearance as suggested on the general cha11 (Fig. Sb, 6b) . As for the other three 
taxa, the teeth on the« oldest »positions on the general ch art are the most heavily worn tee th. 

Histological observations of the jaws 

Light microscopical observations on seriai sections through the premaxillary and den­
lary bones of the four taxa studied revealed the presence of replacement teeth in various 
phases of development within the medullary cavity of the bone. In the two taxa with the 
Eretmodus-like tooth shape, numerous germs are present (Fig. 7a). ln Tanganicodus, onl y 
a few replacement teeth are observed in the medullary cavity. The position of the germs, 
and the ir state of development, fits with wh at can be expected from the general ch art ( com­
pare Figs 6a and 7a). The tips of the germs are located labiall y in the medullary cavi ty; 
however, their proximal ends lie more lingually. 

Col lars of attachment bone (ovals in the section shown) are found at different leve ls in 
the medullary cavity (Fig. 7a). They consist of a compact bone ring firml y anchored to a 
mass of cancellous bone that fi il s thi s part of the medull ary cav ity (F ig. 7a) . Col lars still in 
the process of depos ition lie deepest with respect to the ora l epithelium. They support full y­
grown teeth, the tips of which erupt more labially (and Jess apica ll y) along the jaw bone than 
do those suppo1ted by attachment bone that li es nea.rer to the surface. So far, we have not 
been able to trace the ori gin of the replac ing teeth, whether it is from a denta l lami na asso­
ciated with the predecessor, or whether it is totally separate from the ora l epitheli um . 

Depending on the pl ace along the jaw bone, pec ia li zed ce ll types li ne the bone ti ssue. 
Numerous osteoc las ts engul f the free bone marg ins be low the ora l mucosa (F ig. 7b). At 
the oppos ite s ide of the jaw bone, numerous inten ively basophilie o teo blasts surrou nd 
the end of the free bone spicul es or are arranged in a pseudo- pithelial manJler along the 
bone surface (F ig. 7c). 
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Fi g. 2. - Lab ia l view of d issected premaxillar ies (a,c ,e) and clentaries (b,d,f) of E. cf. cyanos­
tictus (a,b), S. e1y lhroclon (c,d), and T cf. irsacae (e, t) . The dark t ips of the teeth are tJ1 e 
(orange-colourecl) ename loicl caps. Note the presence of tooth ge rms tn the meclulla ry cavity, 
visibl e in transparancy (arrowheads) . In (b), (cl) and (t), aster isks indi cate tee th belonging to 
a sing le tooth group. Scale bars in (a) to ( f) = 1 mm. 

163 
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Fig. 3.- Le ft dentary of an E. cf. cyanostictus (5 1.5 mm SL), shown in situ (a, arrow; frontal 
view) and after di ssection (b, labi r;~ l view). l11 (c) the dentition of this left dentary is depicted 
schematically to show how the scheme of the replacement pattern relates to actual morphol­
ogy. Erupted teetb are indi cated by triangles, tooth germs within the m~dullary cavity (at least 
those visible in transparancy) by circles. T he teeth are set out accord ing to the general cbart 
as presented in Fig. 6a. Tooth numbers are tb en added and retlèct the orcier of development of 
the teeth. Lines interconnect success ively clevelop ing teeth. ln (b) an arrowhead point to the 
most heavily worn tooth on the lingual s icle of the dentition. Sca le bar in (a) = lmm, in (b) = 
0.5 mm. 
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Fig. 4. - Left dentary of a S. erythrodon.(53 mm SL), sbown in situ (a, arrow) and after di s­
section (b). ln (c) the dentition is shown schematica ll y and grafted onto the general chart 
sbown in Fig. 6b in the same way as was done for Fig. 4c. In (b) an arrowhead points to the 
most heav ily worn tooth (note the reduced amount of enamelo id). Sca le bar in (a) = 1 mm, in 
(b) = 0.5 mm. 

165 
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Fig. 5. - (a) Left, di ssected, dentary of a T cf. irsacae (44 mm SL). The most anterior tooth 
was broken during preparation. The same dentary, and its contra lateral counterpart, are al so 
shown on F ig. 2f. ln (b) the dentition is shown schematically and grafted onto the general 
chart shown in Fig. 6b in the same way as was clone for Fig. 4c. Scale bar in (a) = 0.5 mm. 

Legend to the figure (see opposite page) 

Fig. 6. - Genera l charts of th e adult dentiti on in Eretmodus (a) , and i.n S. e1y throdon and 1: cf. 
irsacae (b) . T be fi gures are app.li cable to left premaxillary and dcntary, and the mirror images to 
right premax illary and dentary. Teetb (unerupted and erupt d) are indicatcd by circles. Oblique 
li nes connect successive! y deve lop ing tee th . The numbcr oftooth group n charts (a) and (b) cor­
responds lo the max ima l number of tooth groups observed in the respective taxa (7 in E. cyano­
stictus, 5 in S. erythrodon). ln (c) , tbe repl acement pallcrn in E. c f. cyanostictus, as erected by 
YAMAOK A et al. ( J 986), is redrawn to match the graphi cal representation uscd here. According to 
thi s scheme, A,.succeeds to A, which itselfs ucceeds to A, . 
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Fig. 7. - Microphotograph of a vertical section parallel to the mesio-distal axis through tbe 
rigbt dentary of an E. cf. cyanostictus (a) and details ofthe occlusal (b) and opposite, basal (c) 
side ofthejaw bone. Mesial is to the left. Note the presence of numerous osteoclasts (arrows) 
resorbing the free mm·gins of the bone surface (arrows) and abundant, intensively basophilie 
osteoblasts on the opposite si de of the jaw (arrowbeads). ab: young attachment bone of labial, 
erupted tooth ; cb: cancellous bone ; oe: oral epithelium ; rt : replacement tooth. Scale bar in 
(a) = 0.5 mm ; in (b) and (c) = 50 ~tm. 

DISCUSSlON 

Tooth replacement pattern in eretmodine cichlids 

Based on 48 indi vidua l ch arts of tooth pos itions, we have been able to deduce general 

charts that fit for ali specimens of each taxon, irrespective of the bone consideree! (Figs 

6a,b). These charts indicate the orde r in wh ich teeth have developed at a g iven stage and 

in which they will replace o lder teeth. Below we w ill discuss the evidence that supports 

the proposed patterns of tooth replacement. 

Firstly, it appears that new tee th develop labia l from older ones. The youngest tooth 
germs are found a long the labia l s ide of the dentition, the oldest, functiona l, teeth a long 
the lingual side of the dentition. These observations agree with our histolog ical findings, 

indicating that tooth germs develop and e rupt labia l to a ider teeth. T he labia l formation of 
new germs is uncommon amo ng te leosts ; usually teeth develo p lingua lly from funct iona l 
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teeth (e.g. in Amia: MILLER & RADNOR, 1973; in Sa/mo gairdneri: BERKOVITZ, 1977; in 
Serrasalmus: BERKOVITZ & SHELLIS, 1978; see a1so FINK, 1981 ). In cichlids the most 
common situation is that teeth, at !east those of the outer row, are rep1aced within the same 
row and that replacement teeth develop from below (SNOEKS, persona! communication). 
In rare cases, such as in Prionurus, replacement teeth develop both lingual and [·abia! to 
the functional teeth (WAKITA et al. , 1977). 

Secondly, if one assumes that the speed of development of gen11S is constant along the 
mesio-distal axis of the dental arcade, the order in which teeth become functional should 
be a retlection of the order oftooth development. Since it is likely that functional teeth are 
more or less equally submitted to wear, teeth showing the heaviest wear should therefore 
represent the oldest teeth. Our observations show that this is the case: the teeth showing 
the heaviest wear always coïncide with the oldest teeth. These may weil be in the poste­
rior region of the dentition , e.g. in a situation when teeth nos 1 to 5 are shed, and tooth no 6 
is the oldest persisting tooth in the dentition, as observed on severa! occasions. 

The oblique !ines that connect the positions of successively f01·ming teeth represent 
successive waves of tooth development. New germs alternate along these waves with 
respect to teeth along a previous (older) wave. If the space between teeth of a s ingle tooth 
group is considered to be constant, as in Fig. 6a,b, the place along the dental arcade where 
new germs will fonn along the oblique li nes depends on the slope of these li nes . ln the 
Eretmodus-like dentitions, germs form successively at every third position along the den­
tal arcade. In S. erythrodon and T cf. irsacae, where the slope is very shallow, new germs 
arise at only every seventh po~ ition along the dental arcade. Inevitably, this raises the 
question of whether and how teeth in a particular position are replaced. lnterestingly, the 
sections reveal that erupted teeth, even those that emerge low along the lab ial si de of the 
jaw bone (e.g. the third or fourth tooth of a tooth group), are firmly anchored to attach­
ment bone deep within cancellous bone of the medullary cav ity, and that they have sepa­
rate perforations through the oral mucosa. lt is highly unlike ly that teeth w ill become 
detached from this attach.ment bone and move upward to take a more apica l position on 
the bone, i. e., more towards the occ lusa l surface. In such a process, the tooth would repea­
tedly become loose and again attached. lt is unlikely that tooth replacement would proceed 
in such an inefficient way. We suggest that the most likely ex.planation for our observa­
tions is that the tooth does not move once its attachment bone has been deposited. Rather, 
the j aw bone is remodeled to expose the most apical tooth in a tooth group once an even 
more lingua lly placed tooth of that tooth group has been shed. The presence of numerous 
osteoc lasts indicating severe reso rption a long the apical ( occlusa l) s i de of the bone, and 
intense osteoblastic act iv ity indicative of new bone formation along the opposite si de, sup­
port this hypothesis . We therefore propose that, as waves are lost lingua ll y through shed­
ding of the teetb , the next wave will de li ver the next functiona l teeth, wi thout these having 
to move but with bone remode ling instead to expose them. That teeth become functional 
in such a passive way by ex posure resul t ing from bone resorption progress ing apica lly and 
lingua ll y, and deposition basa ll y and lab ia ll y, appears to be a novel mcchan ism, to our 
k.now ledge not prev ious ly repo rted in any bony f ish. It req ui res thal the rate of bone 
remode li ng be tuned to the rate o f tooth fo rmation. T his can be tested by injecting bone 
markers in 1 iv ing tish. 
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A fier three waves have been shed in the Eretmodus-like dentitions (seven in Spathodus 
and Tanganicodus), a tooth eventually ends up in the position along the dental arcade pre­
viously taken by a tooth of a more posterior group; e.g. in Fig. 6a, tooth no 15 will even­
tually succeed no 5 on that position along the dental arcade. A tooth in a certain position is 
thus « replaced » by a tooth of an anterior tooth group (i.e., between-group replacement). 
Within-group replacement (e.g., in the same example, tooth no 15 succeeding no 8) is 
unlikely because teeth would have to move continuously into more mesial positions. 
Should this occur, replacement teeth should often be found in intermediate positions along 
the dental arcade; this is not the case (e.g. on Fig. 6a, teeth nos 5 and 15, or 3 and 12, are 
aligned in one position along the dental arcade, compare with the in situ view on Fig. 3a). 
ln addition, within-group replacement cannot explain other features such as the presence 
of incomplete tooth groups (not possessing the full number of erupted teeth). Evidence for 
between-group replacement can also be drawn from left-right comparisons. If between­
group replacement is operating, the large tooth (tooth no 1) on the dentition shown in Fig. 
Sa, will be replaced by tooth no 17. This is exactly what is found on the contralateral side 
(cf. Fig. 2e). This observation also suggests that a phase difference may exist between both 
sides. The tooth germs which succeed each other at a given position along the dental 
arcade constitute tooth families sensu R EIF (1982, 1984) (i.e., a functional tootb and its 
successors). So far, we have not been able to trace any epithelial links between these tooth 
germs, unlike what could be expected from teeth of a single tooth family (the germs are 
separated by three, or even seven, waves). 

In most bony fish, the successor expands beneath or around the base of the tooth in func­
tion, resulting in its resorption . The mechanism of shedding in the eretmodine oral jaws is 
clearly different. Although we have obseryed wearing offunctional teeth down to below the 
levet of the enameloid cap, it is unlikely that this is the onJy way for the tooth to be shed. 
Probably resorption along the lingual side of the premaxillary or dentary bone affects the 
attachment bone as weil. Further histological studies are needed to clarify this point. 

White successive waves are !ost, tooth groups migrate in a posterior direction. Tooth 
groups are temporary assemblages, the composition ofwhich changes as successive waves 
deliver the functional te eth . Depending on the number of waves th at have been shed, tooth 
groups that lie anteriorly along the dental arcade, will eventually end up in the middle of, 
or even beyond the middle of the dental arcade. The mechanism ofbetween-group replace­
ment explains ( i) wh y le ft and right halves of the dentition often conta in different numbers 
of tooth groups: this s im ply depends on which wave has been !ost, and this does not need 
to be synchronous left and right ; (ii) wh y the dental arcade may show on ly ha lf a group at 
its anterior or posterior end, and (iii) why, upon first inspecti on of the dentition, some tooth 
groups overlap each other with one, others w ith two teeth. 

The genera l charts represent the state of the dentition in adu lts. At present, it is 
unknown to what extent the pattern of replacement re la.tes to the order oftooth appearan e 
in the larva, in other words wh ether the pattern of succession is established upon the fir t 
appearance of the teeth in the 1arva. Su ch a correspondance was found ea rl icr in p iranha 
by BERKOVITZ & SHELLIS ( 1978) , but is not al ways the case. ln cyprin ids, for exampJ , di -
t inct differe nces between larva l and adult dentitions reflect differences in tooth replace­
ment patterns (NAKAJ IMA , 1984 ). 
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Different models have been proposed to explain tooth replacement patterns in lower 
vertebrates (OSBORN, 1984). The most important models are the field mode! of Zahnreihen 
(EDMUND, 1960, 1969), and the clade mode! of local inhibition (first defined by OsBORN, 
1971, 1978, but la ter refined by WEISHAMPEL, 1991 ). Our observations seem to be at vari­
ance with bath models. At first sight, the tooth groups as defined in this study could cor­
respond to Zahnreihen. However, the Zahnreihe mode! postulates the emission of signais 
at the rostral tip of the jaw, eliciting tooth formation at regular intervals from the front to 
the back of the jaw. The observation that teeth are formed anterior to existing teeth is 
incompatible with Zahnreihen, an argument already raised by WEISHAMPEL ( 1991 ). On the 
other hand, although local inhibition may weil account for the pattern seen here, it does 
not ex plain the graduai size decrease of the teeth towards the distal si de of the dentition. 
A decrease in the number of cells with odontogenic potential from mesial to distal along 
the dental arcade is compatible with Zahnreihen. Clearly, the pattern described for the 
eretmodines must be seen as the empirical outcome of a tooth generating mechanism 
which is still not fully understood . 

As described above, the proposed tooth replacement pattern allows the frequently 
observed differences between left or right bane, or between premaxillary or dentary bane, 
to be understood in terms of a phase difference in tooth development between the jaw 
quadrants. It is interesting to note that LIEM ( 1979) fou nd th at the morphologically sym­
metrical muscular apparatus can act with pronounced asymmetrical firings of multiple 
muscles. This asymmetric firing could provoke differences in wear between left and right 
jaw bones and result in a phase difference in the replacement of the dentition. 
Nevertheless, tooth replacement has repeatedly been shawn to be independent, to a 
marked extent, in the different jaw quadrants (BERKOVITZ & MoORE, 1974, 1975; R EIF, 

1976; BERKOVITZ & SHELLIS, 1978). 

To compare the tooth replacement patterns proposed here with those from YAMAOKA 
et al. ( 1986), we have redrawn the ir scheme for Eretmodus in a way th at matches our type 
of presentation (Fig. 6c). First, they suggested that the most lingually placed tooth ofeach 
tooth group has the same age. Our observations on the overall organisation of the denti­
tion, and the state of wear of these particular teeth, suggest that this is not the case. 
Secondly, Y A MAO KA et al. ( 1986) suggested th at a tooth group consists of a fu nctional 
tooth and its successors. lnevitably, they failed to expia in how a tooth would « move up » 
(their expression) along the bane as is required according to their tooth replacement 
scbeme. According to the tooth replacement pattern described here, teeth do not « move 
up » since the replacement teeth are already positioned where they will replace the current 

functiona l tooth. 

Inter(generic) taxon comparisons 

The chart onto which the denti tions of S. erythrodon and T cf. irsacae are easily 
grafted, is essentially identical to the chart for E. cyanostictus and E. cf. cyanostictus. The 
on ly difference is the larger distance between successively initiated germs in S. etythrodon 
and T cf. ir.sacae compared to the Eretmodus-like dentitions. This results in a pattern 
where tooth groups are shifted more w ith respect to each other, because of the smaller 
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angle of tooth groups with respect to the ocë lusal surface. As a result, it seems that, 
although there is superficial resemblance between the Spathodus dentition and that of 
Eretmodus (at !east with respect to tooth size and shape), the Spathodus dentition is actu­
ally more similar to the Tanganicodus dentition. 

It appears that a single pattern explains the different dentitions observed among the 
eretmodines. Differences between taxa can be related to differences in extent of the theo­
retically possible dentition being expressed: e.g. when the two Eretmodus type dentitions 
are superimposed on the general chart, E. cyanostictus appears to express a far more exten­
sive part of the scheme compared to E. cf. cyanostictus. The same reasoning can be 
applied to the intraspecific differences that are sometimes found : these always concern 
positions at the mesial or distal margin of the dentition, and can be explainecl in terms of 
smaller parts of the theoretical pattern being expressecl. 

In conclusion, the different dental arcades in these closely related species, which allow 
them to utilize different food resources, are the outcome of a single, regular pattern of 
tooth formation and replacement. The difference in angle of the tooth groups with respect 
to the occlusal surface, the different number of tooth groups, and number of teeth within 
a tooth group, can ali be related to a small shift in spacing of the newly developing germs. 
The challenge for future stuclies will be to understancl how different tooth shapes are gen­
eratecl and genetically control led within this group of closely related species. 
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