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Synopsis Dental convergence is a hallmark of cichlid fish adaptive radiations. This type of repeated evolution character
izes both the oral jaws of these fishes as weil as their pharyngeal jaws that are modified gill an;hes used to furn;tionally 
process prey like hard-shelled mollusks. To test several hypotheses regarding the evolution of cichlid crushing pharyngeal 
dentitions, we used X-ray computed tomography scans to comparatively examine dental evolution in the pharyngeal jaw 
of a diversity of New World Heroine cichlid lineages. The substantial variation in erupted tooth sizes and numbers as 
weil as replacement teeth found in these fishes showed several general patterns. Larger toothed species tended to have 
fewer teeth suggesting a potential role of spatial constraints in cichlid dental divergence. Species with !arger numbers of 
erupted pharyngeal teeth also had !arger numbers of replacement teeth. Replacement tooth size is almost exactly 
predicted (r= 0.99) from the size of erupted teeth across all of the species. Mollusk crushing was, therefore, highly 
associated with not only !arger pharyngeal teeth, but also !arger replacement teeth. Whether dental divergence arises as a 
result of environmental induced plasticity or originales via trophic polymorphism as found in the species Herichthys 
minckleyi, there appear to be general rules that structure interspecific divergence in cichlid pharyngeal erupted and 
replacement dentitions. 

lnt r oduction 

The repeated evolution of the same phenotypes often 
characterizes cichlid fish adaptive radiations (Rüber 
et al. 1999; Stiassny and Meyer 1999). For instance, 
convergence in trophic morphology is a ubiquitous 
component of c ichlid ecological special izatio n from 
the East African rift lakes to the Neotropics (Fryer 

and Iles 1972; Winemiller et al. 1995; Hulsey et al. 
2019; Arbour et al. 2020) . However, many pallerns 

of cichlid t rophic convergence have not been explic
itly examined. For instance, cichlids that are specia l
ized to exploit hard-shelled prey could commo nly 

exhibi t the repeated evolution of particular dental 
traits like !arger teeth, fewer teeth, greater rates of 

tooth replacement, and larger replacement tooth 

sizes (Herring 1993; Didier et al. 1994; Evans and 
Sanson 2006; Santana et al. 2011 ; Dumont et al. 
2012; Bemis and Bemis 2015; Burress 2016; Bemis 
et al. 2019; Soria-Barreto et al. 2019; Huang et al. 
2020). Larger teeth could be advantageous because 
they provide a g reater surface area over which crush
ing forces can be applied, but might commonly 

tradeoff with having fewer tooth numbers 
( Crompton and Hiiemae 1969; Eastman 1977; Estes 
and Williams 1984; Underwood et al. 2015; Bemis 
et a l. 2017) . Crushing predators could also lose their 
teeth more frequently and therefore have to invest 

more in constantly developing additional replace
ment teeth as weil as producing exceptionally !arge 
replacement teeth (Vermeij 1987; Hung et al. 2015; 
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Johanson et al. 2020). Altematively, !arger teeth may 
be more resilient to breakage or may be buttressed 
by neighboring teeth and need to be replaced less 
frequently (Bemis and Bemis 2015; Leuzinger et al. 
2020). To test several hypotheses regarding the evo
lution of cichlid crushing dentitions, we used X-ray 
computed tomography (CT) scans to comparatively 
examine dental evolution in the pharyngeal jaw of a 
diversity of New World cichlid lineages. 

Like most teleost fishes, cichlids possess two 
toothed jaws, the oral and the pharyngeal jaws 
(Fig. lA), and tend to replace their teeth on both 
jaws approximately once every lOOdays throughout 
their Jives (Streelman et al. 2003; Mehta and 
Wainwright 2007; Hulsey 2009; Fraser et al. 2013; 
Ell is et al. 2016; Hulsey et al. 2017; Karagic et al. 
2020a, 2020b). Cichlids' oral jaws are primarily 
used to capture prey and are largely homologous 
to mammalian jaws (Wainwright et al. 2001). Their 
toothed pharyngeal jaws are modified gill arches that 
are used to break-down or process prey (Liem 1973). 
In fact, the enhanced ability to efficiently crush hard
shelled prey may be a key functional innovation of 
the cichlid pharyngeal jaw (Liem 1973; Hulsey 2006). 
In contrast to many types of ecological specialization 
such as piscivory (Wainwright et al. 2001; Arbour 
et al. 2020), the ability to break down durable prey 
is likely accompanied by the evolution of highly pre
dictable mechanical consequences and dentitions 
(Wainwright 2006; Hulsey et al. 2008; Van 
Casteren and Crofts 2019). Durophagous organisms 
must produce and resist exceptional compressive 
forces when processing their heavily defended prey 
(Wainwright 1987; Grubich 2003). Hard-shelled 
mollusks also likely require the greatest amounts of 
compressive force to breakdown of any freshwater 
prey type that cichlids exploit (Vermeij 1987). 
Therefore, when comparing cichlids that use their 
pharyngeal jaws to crush mollusks to other non
molluscivorous species, we would expect that the 
dentition of the pharyngeal jaw (Fig. l ) should ex
hibit the evolution of highly predictable phenotypes 
(Wainwright 1988; Meyer A 1989; Hulsey et al. 
2005). 

The importance of dental specialization to cichlid 
diversification is vividly demonstrated by trophically 
polymorphic species such as Herichthys minckleyi 
that exhibit clear within species divergence in their 
pharyngeal jaws (Fig. 1 B-G). In H. minckleyi, there 
are two co-occurring and interbreeding pharyngeal 
jaw morphotypes (Kornfield and Taylor 1983; 
Trapani 2003, 2004) that differ to the extent that 
they exploit snails (Hulsey et al. 2005; Chaves
Campos et al. 2011). Papilliform individuals exhibit 
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Fig. 1 The jaws of cichlids have been key to their diversification. 
The pharyngeal and oral jaws are shown in a diagrammatic lateral 
view (A). The dorsal view of a non-molluskivorous papilliform 
H. minckleyi jaw is shown (B). CT scans layers produced of this 
jaw (C) atlow the visualization of the number of erupted teeth as 
weil as the number of replacement teeth as one toggles through 
the stacks of CT images (D-E) to the ventral region of the jaw 
(F). A molluskivorous molariform H. minckleyi jaw is shown (G). 
and the areas encircled on the measured eight teeth on all jaws 
are depicted. 

more gracile pharyngeal jaws and small pointed teeth 
that are specialized to masticate less durable prey 
whiJe molariform H. minckleyi have robust jaws 
and enlarged molar-like teeth putatively adapted to 
crush mollusks (Hulsey et al. 2006a, 2006b; Fig. lß 
and G). Discrete trophic polymorphism as found in 
the pharyngeal jaws of H. minckleyi is rare in extant 
taxa, but may be an intermediate step in the diver
sification of many cichlid species (Meyer 1990; 
Wainwright et al. 1991 ; Barluenga et al. 2006). For 
instance, other relatively closely related cichlids in 
the tribe Heroini that dominate the aquatic fauna 
of Central Arnerica could provide an ideal group 
to examine the repe.ated evolution of dental 



658 

modifications associated with durophagous pharyn
geal jaws because of the !arge number of times this 
trophic specialization has putatively evolved (Hulsey 
2006; Hulsey et al. 2008; Burress et al. 2020). 
Comparisons among members of this group could 
be used to examine questions such as whether the 
size of replacement teeth is fairly fixed so that mor
photypes and species having !arger teeth always re
place their teeth with !arge molar-like teeth and 
species or morphotypes with smaller teeth tend to 
replace theirs with characteristically small teeth. 
Alternatively, it could be that plasticity in how cich
lid dentitions are replaced could readily lead to 
switching between tooth types (Huysseune 1995). 
In general, the relationship between intraspecific 
polymorphism and patterns of interspecific diver
gence remains unclear. However, for trophic poly
morphism to represent a transient stage through 
which species diverge, we would expect the patterns 
of dental divergence found in H. minckleyi to be 
common among closely related cichlid species that 
similarly differ in the extent to which they feed on 
mollusks. 

We used CT scans of lower pharyngeal jaws (LPJs) 
to address several questions about the pharyngeal 
dentition of Heroine cichlids in general and H. min
ckleyi morphotypes in particular. First, we asked if 
there was an association between erupted tooth 
numbers and either tooth size or replacement tooth 
numbers. Then, we determined whether replacement 
tooth size showed consistent patterns of divergence 
with respect to erupted tooth size across the fish jaws 
examined. Finally, we asked if any of these dental 
traits were evolutionarily associated with the re
peated evolution of crushing hard-shelled mollusks. 

Materials and Methods 

The LPJ of both morphotypes of H. minckleyi and 12 
other species of New World cichlids (Fig. 2) were 
dissected from the buccal cavity of individuals 
caught from the wild. These jaw elements are readily 
dissected, and the dentition of the upper pharyngeal 
elements, that are more difficult to remove, often 
refilect the dentition on the lower pharyngeal element 
(C.D. Hulsey, personal observation). All fish were 

Hwlchth mlncld•Yl. 

Herichthys minckteyi papilliform 

Herich thys bartoni 

Paraneetroplus bulleri 

---Thorlchth 

.__ __ Thorichthys helleri 

Clch,._,,,,. trln.cu 

,__-------Rocio octofasciata 

Fig. 2 The general evolutionary relationships among the species examined are shown according to the recent llves et al. (2018) 
phylogeny. Five taxa we examined in this study were not included in this more recent phylogeny and so their relationships are depicted 

as inferred in Hulsey et al. (2010). The topologies of these two phytogenies differ in two ways: (1) Astatheros mocroconthus and Rodo 
octo(asciata are now thought to be placed outside of the other lineages examined and (2) P. splendida is reconstructed as an outgroup 
to Mayaheros urophthalmus and the clade containing Archocentrus centrardws and Cichlasoma trimaculatum (llves et al. 2018). Branch 
lengths reflect relative divergence times as inferred in Hulsey et al. (2010). The names of the mollusk-crushing species are highlighted 
with gray and the images of all the cichlid species are shown to the right of their names in the phylogeny to highlight their general 

phenotypic diversity. 



preserved in formalin and transferred to 70% etha
nol for long-term storage prior to dissection. The 
standard lengths (SLs) of the fish were determined 
using dial calipers and measured to the nearest 
0.1 mm. Once d issected, the LPJs were cleaned of 
all muscle and the jaws were allowed to dry. 
Species were originally chosen because they likely 
represent independent evolutionary origins of closely 
related molluskivorous and non-molluskivorous spe
cies in the tr ibe Hero ini (W inemiller et al. 1995; 
Hulsey et al. 2004, 2008; Hulsey 2006). The LPJs 
examined were obtained from adult individuals 
ranging from 65 mm to 146 mm SL. The jaws were 
dried carefully in order to avoid artifacts in future 
analyses. The LPJs of approximately three individuals 
per species (Table 1) were examined to provide an 
improved estimate of taxon-specific dental traits. 

Micro-CT scans were obtained previously (Hulsey 
et aL 2008) using a Scanco Viva/Micro-CT X-ray 
scanner and workstation (Scanco Medical, 
Southeastern, PA) that inlplemented sampling inter
vals ranging from 16 µm to 60 µm. The scanner was 
set to a voltage of 55 kVp and a current of 145 µA. 
Noise was removed using a low-pass Gaussian fitter 
( 11 = 1.2, support = 2). The Scanco 3D viewer soft
ware was used to reconstruct the scans. Following 
scanning, it was noticed that the scans contained 
structures with a clear bimodality in their X-ray at
tenuation. This bimodality likely reflects differences 
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in structural density (Stock 1999). The high
attenuation structures were confined to the high
density tooth caps that could contain sequestered 
met als and/or enameloid, which is analogous to 
enamel in mammalian teeth (Suga et al. 1992). 

The use of CT scans here largely followed the 
methods that have now been implemented in a num
ber of studies to examine tooth morphology and 
replacement (Bemis and Bemis 2015; Bemis et al. 
2017, 20 19; Kolman et al. 2019; Huang et al. 2020; 
Leuzinger et al. 2020). The resulting d igital image 
layers generated in each CT scan allowed us to visu
alize using transverse sections the entire LPJ struc
ture from the dorsal tooth surface containing 
erupted teeth to the interior containing the intraoss
eous replacement teeth, and ultimately down to the 
ventral side of the LPJ. The digital images of each 
jaw were imported into ImageJ 2.0.0-rc-2 (Schneider 
et al. 2012) and several measurements of the erupted 
and replacement teeth were made. First, the number 
of erupted teeth as indicated by the areas of high 
density was counted. This could have resulted in 
the undercounting of a few teeth lacking tooth 
caps of high density. But, the number of teeth likely 
undercounted seemed negligible (C.D. Hulsey, per
sonal observation). Then, the dorsal-most area of 
eight putatively homologous teeth was measured on 
each jaw using the freehand tool in ImageJ. The 
teeth measured included the three most posterior 

Table 1 The contrasting H. minckleyi morphotypes and molluskivorous species followed by its non-molluskivorous closely related 
morphotype/species are listed 

Erupted tooth Replacement Erupted tooth Replacement 
Taxon Diet n Sl numbers tooth numbers size (mm2

) Tooth Size(mm2
) 

Herichthys minckleyi molariform M (28.0) 8 86.4 :!: 14.2 226 :!: 53 52 :!: 13 0.78 :!: 0.61 0.87 :!: 0.61 

vs. H. minckleyi papilliform p (0.5) 11 89.6 :!: 21.5 399 :!: 73 90 :!: 21 0.14 :!: 0.10 0.17 :!: 0.10 

Herichthys labridens M (46.1) 5 70.4 :!: 5.6 115 :!: 35 29 :!: 10 0.65 :!: 0.36 0.89 :!: 0.38 

vs. H. bartoni D (0.1) 5 82.3 :!: 6.9 203 :!: 48 40 :!: 14 0.17 :!: 0.09 0.23 :!: 0.12 

Vieja maculicauda M (20.0) 6 86.4 :!: 7.0 130 :!:: 9 41 :!: 12 0.24 :!: 0.09 0.31 :!: 0.1 5 

vs. Paraneetroplus buUeri 1 (0.0) 106.0 106 49 0.17 :!: 0.05 0.19 :!: 0.09 

Thorichthys ellioti M (26.3) 96.4 184 53 0.15 :!: 0.06 0.23 :!: 0.04 

vs. Thorichthys heHeri 1 (0.7) 3 82.2 :!: 2.7 222 :!: 15 35 :!: 1 0.15 :!: 0.06 0.18 :!: 0.09 

Cichlasoma trimaculatum M (11.7) 5 73.8 :!: 9.0 133 :!: 18 41 :!: 8 0.23 :!: 0.12 0.29 :!: 0.15 

vs. Archocentrus centrorchus A (0.0) 7 73.7 :!: 10.7 238 :!: 25 49 :!: 9 0.12 :!: 0.05 0.14 :!: 0.06 

Mayaheros urophthalmus M (33.8) 5 84.2 :!: 6.3 138 :!:: 8 44 :!: 6 0.26 :!: 0.12 0.34 :!: 0.17 

vs. P. splendida PV (0.0) 2 97.1 :!: 10.8 99 :!: 26 26 :!: 1 0.10 :!: 0.03 0.12 :!: 0.06 

Astatheros ma,rownthus M (62.7) 3 83.9 :; 8.1 208 :; 18 65 :; 13 0.34 :; 0.1 3 0.41 :; 0.15 

vs. Rocio octo(asciata p (0.0) 4 78.S :!: 6.9 140 :!:: 8 40 :!: 8 0.16 :!: 0.09 0.19 :!: 0.09 

The prey type that contributes most to the diet of the taxa are taken from Bergman Winemiller et al. (1995), Bergmann and Motta (2005), and 
Hulsey (2006): M, molluscivore: P. plant feeder; D. detritus feeder ; A. arthropods; PV. piscivore. The percentage of mollusks included in the diet 
is also given. For each species. the sample size (n), the mean :!: SE of the SL of erupted and replacement tooth numbers, as weil as erupted and 
replacement area of the eight posterior homologous teeth on the pharyngea.l jaw are given. 
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teeth on each side of the midline of the sutured jaw 
as weil as a second tooth along the posterior tooth 
row on each side of the central-most tooth along the 
midline (Fig. lG). Based on their positions in the 
jaw, these teeth are likely to be homologous, tend 
to be the largest on the pharyngeal jaws, and should 
facilitate the most accurate comparisons across spe
cies (Hulsey et al. 2015, 2017). Following the meas
urements of the erupted teeth, the number of 
developing replacement teeth was determined by 
counting the high-density tooth caps present in the 
interior of the jaw. To measure the dorsal area of 
replacement teeth, only replacement teeth forming 
underneath the previously measured eight erupted 
teeth were measured. Not all teeth had replacement 
teeth forming and only the area of those with intact 
tooth caps, determined by the presence of fully cir
cular high-density material, were measured. 

To perform the comparative analyses, we square
root transformed the species erupted and replace
ment tooth areas and divided them by the linear 
measurements of fish SL. Tooth numbers were not 
adjusted by SL as erupted tooth numbers have been 
shown in an ontogenetic series of H. minckleyi to 
have a 11011-significant association with SL in both 
morphotypes (Hulsey et al. 2015). For analyses, we 
used the phylogenetic reconstructions and branch 
lengths in Hulsey et al. (2010). This phylogeny dif
fers only slightly in its basic topology from the recent 
Jives et al. (2018) phylogeny that utilized a large 
number of loci but did not include five taxa exam
ined here. Within this comparative framework, the 
"ape" package in R 3.6.2 (R Core Team 2017) was 
used to generate phylogenetically controlled correla
tions among tooth traits (Paradis and Schliep 2019). 
We also performed phylogenetic Analyses of 
Variance (ANOVAs) implemented in the R package 
"phytools" (Revell 2012) with 1000 simulations to 
determine if there was an evolutionary association 
between a more mollusk-crushing feeding habit 
and the cichlid tooth phenotypes. Because it in
creased our statistical power and mollusks often rep
resent one of the most durable prey types in 
freshwater (Vermeij 1987), we effectively contrasted 
the more molluscivorous species with all other non
molluscivorous feeding species. For our evolutionary 
analyses, we also chose to treat the species' diet types 
as categorical variables because of the preponderance 
of 0% mollusks in the diet that would lead to zero 
intlation if treated as continuous variables. 
Therefore, if the species diet contained > 10% mol
lusks they were categorized as a molluscivore and 
< 2% mollusks they were categorized as a 11011-

molluscivore for the phylogenetic ANOVAs. 

Re sults 
The LPJ tooth phenotypes varied substantially across 
the diversity of cichlids examined (Table 1). Erupted 
tooth numbers ranged from an average of 99 in 
Petenia splendida to a high of 399 in the papilliform 
morphotype of H. minckleyi. The number of replace
ment teeth ranged from an average low of 26 in 
P. splendida to a high of 90 in the papilliform mor
photype of H. minckleyi. The average size of both 
erupted teeth and replacement teeth in some species 
like H. labridens and the molariform H. minckleyi 
approached almost 1.0 mm2

, but in species like 
P. splendida and the papilliform H. minckleyi, teeth 
were approximately one tenth this size at only about 
0.1 mm2

• 

There were several evolutionary correlations 
among the tooth phenotypes. As one might expect 
based on spatial constraints, cichlids with larger teeth 
had fewer teeth. Tooth numbers were evolutionarily 
negatively correlated with tooth areas (r = -0.79; 
P= 0.001). Additionally, the number of replacement 
teeth was highly correlated with erupted tooth nwn
ber across these fishes (r=0.87; P < 0.001). 
Furthermore, the dorsal tooth areas of the replace
ment teeth were always !arger than the erupted teeth 
in every cichlid (Table 1), and there was an excep
tionally strong correlation between the two measures 
of tooth size (r= 0.99; P < 0.001). Although neither 
erupted (P=0.178) nor replacement (P=0.917) 
tooth numbers had a clear association with a mol
luskivorous feeding habit, erupted (P = 0.002) and 
replacement (P= 0.001) tooth areas were highly as
sociated with crushing hard-shelled mollusks. 

Discussion 
There is substantial variation in both the cichlid pha
ryngeal jaw erupted and replacement teeth (Table 1). 
However, the extensive variation in erupted tooth 
sizes and numbers as well as the replacement teeth 
both within and among species do appear to show 
some general patterns of variation. As has been 
found for numerous lineages (Herring 1993; 
Didier et al. 1994; Evans and Sanson 2006; Santana 
et al. 2011 ; Dumont et al. 2012; Bemis and Bemis 
2015; Burress 2016; Soria-Barreto et al. 2019; Bemis 
et al. 2019; Huang et al. 2020), molluscivorous spe
cies tended to have larger teeth. One possibility that 
was not explored here that could be examined in the 
future is that some of these non-molluscivorous spe
cies could become molluscivorous at larger body 
sizes if their teeth and muscles become sufficiently 
large and strong (Wainwright 1988). We also found 
that larger toothed taxa tended to have fewer 



numbers of teeth suggesting a potentially important 
role for constructional constraints in cichlid dental 
divergence. These types of spatial constraints have 
been increasingly shown to play a role in the evo
lution of the considerable phenotypic diversity 
found in groups like cichlids (Hulsey et al. 2007, 
2018). Species with larger numbers of erupted pha
ryngeal teeth also have !arger numbers of replace
ment teeth. Finally, perhaps the most robust pattern 
observed was the finding that replacement tooth 
size could be almost exactly predicted from the 
size of erupted teeth. These general patterns of den
tal evolution are likely to characterize all cichlid 
fishes. 

The erupted and replacement dental phenotypes 
found in the LPJ of the trophically polymorphic 
fish H. minckleyi do seem to generally characterize 
adaptation in numerous other cichlid fish species. 
Importantly, it does not appear that the H. minckleyi 
morphotypes are ever replacing one type of tooth, 
large molariform, or small papilliform, with the 
other morphotype's size of teeth. Like all of the 
cichJids examined, pharyngeal replacement teeth 
appeared to show a universal and highly similar in
crease in tooth areas. Replacement teeth were never 
smaller in any species suggesting that, for instance, 
molariform H. minckleyi is not likely to switch to 
being papilliform H. minckleyi. As the cichlid pha
ryngeal jaw and its associated teeth have often been 
suggested to exhibit adaptive phenotypic plasticity 
(Huysseune 1995; Muschick et al. 2011; Gunter 
and Meyer 2014; Schneider et al. 2014; Gunter 
et al. 2017; Schneider and Meyer 2017; Karagic 
et al. 2020a), our analyses likely also provides general 
parameters for how teeth can be replaced in these 
fishes and therefore how their pharyngeal jaw phe
notypes can respond plastically to more durable 
prey. However, our inferences are limited to a single 
cyde of tooth replacement which could last for as 
little as 50 days in some of these fishes (Fraser et al. 
2013; Bemis and Bemis 2015; Ellis et al. 2016). 
Future analyses that experimentally manipulate force 
production during prey processing especialJy over 
langer periods in both morphotypes of H. minckleyi 
would provide a more definitive test of this tooth 
type switching. Although it is often assumed that the 
adaptations found in trophically polymorphic species 
are present in other species within a dade, this as
sumption is rarely tested (Hulsey et al. 2008). This 
generality is critical to the notion that plasticity or 
polymorphic species could commonly represent the 
initial stages of diversification in reproductively iso
lated species (Meyer 1990; Smith and Skülason 1996; 
Barluenga et al. 2006). 
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The type of comparative analyses presented here 
for the sympatric morphotypes of H. minckleyi and 
other cichlid species could help us move beyond tra
ditional simplistic geographic analyses of distribu
tional patterns to the evaluation of the underlying 
assumptions necessary for evolutionary processes 
such as sympatric speciat1on (Bolnick and 
Fitzpatrick 2007). Advantageously, the generality of 
patterns uncovered here with our relatively small 
sample sizes of the immense interspecific and intra
specific diversity of cichlids could be further tested in 
additional lineages. This is important because the 
pharyngeal jaw of cichlids has lang been implicated 
as a major driver of the diversification of this incred
ibly species-rich and morphologically diverse group 
of fish (Fryer and Iles 1972; Liem 1973; Meyer 1993; 
Hulsey et al. 2006a). The type of analyses presented 
here could also be expanded to examine additional 
trophic guilds other than molJuscivory such as 
planktivory or herbivory that have repeatedly evolved 
in cichlids (Fryer and lies 1972; Winemiller et al. 
1995; Hulsey et al. 2019; Arbour et al. 2020). 
Adaptation to these other types of food resources 
could readily explain additional patterns in the evo
lution of pharyngeal tooth phenotypes (Burress 
2016). Nevertheless, the apparently repeated evolu
tion of dental adaptations for molluscivory in clearly 
divergent cichlid species lends support to the idea 
that polymorphic differences that initially arise in 
the trophic apparatus could play a critical role in 
the general diversification of cichlids. 

Our knowledge of tooth replacement in verte
brates is greatly increasing especially as we broaden 
the examination of these patterns outside of mam
malian systems (Edmund 1960; Huysseune and Sire 
1998; Smith et al. 2009; Wu et al. 2013; Tucker and 
Fraser 2014; Bemis and Bemis 2015; Bertin et al. 
2018; Salomies et al. 2019). The limited tooth re
placement in mammals and developmental basis of 
continuous tooth regeneration in all vertebrates can 
only be evolutionarily well-contextualized from stud
ies of the rampant tooth replacement found in 
groups like cichlids (Fraser et al. 2009; Ellis et al. 
2015; Hulsey et al. 2016; Hulsey et al. 2020). 
Fortunately, technological innovations, such as the 
increasing availability of CT Scanners, are ushering 
in a renaissance in our w1derstanding of how verte
brate dentitions are maintained and replaced (Bemis 
and Bemis 2015; Dumont et al. 2016; D'Em ic et al. 
2019; Kolman et al. 2019). lt is also allowing us to 
better parameterize the mechanical properties of 
teeth as weil as how these functional attributes con
tribute to ecological divergence (Anderson and 
Laßarbera 2008; Anderson et al. 2016; Van 
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Casteren and Crofts 2019). Understanding how teeth 
are replaced will continue to enhance our view of 
how tooth phenotypes in cichlids and other verte
brates repeatedly evolve. 
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