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Evolutionary lability of a key innovation 
spurs rapid diversification

Nick Peoples1 ✉, Michael D. Burns1,2, Michalis Mihalitsis1 & Peter C. Wainwright1

Rates of lineage diversification vary considerably across the tree of life, often as a result 
of evolutionary innovations1–5. Although the ability to produce new traits can vary 
between clades and may drive ecological transitions6–9, the impact of differences in the 
pace at which innovations evolve at macroevolutionary scales has been overlooked. 
Complex teeth are one innovation that contributed to the evolutionary success of 
major vertebrate lineages10–12. Here we show that evolutionary lability of tooth 
complexity, but not complexity itself, spurs rapid diversification across ray-finned 
fishes. Speciation rates are five times higher when transitions between simple and 
complex teeth occur rapidly. We find that African cichlids are unique among all fishes; 
they are dominated by lineages that transition between simple and complex teeth at 
unparalleled rates. This innovation interacted with the ecological versatility of complex 
teeth to spur rapid adaptive radiations in lakes Malawi, Victoria and Barombi Mbo. The 
marked effect on diversification stems from the tight association of tooth complexity 
with microhabitat and diet. Our results show that phylogenetic variation in how 
innovations evolve can have a stronger effect on patterns of diversification than the 
innovation itself. Investigating the impact of innovations from this new perspective 
will probably implicate more traits in causing heterogeneous diversification rates 
across the tree of life.

Variation in the processes of speciation and extinction has led to an 
uneven distribution of species across both geographic regions and the 
tree of life1–4,13. Evolutionary innovations are often cited when diversity 
varies considerably between clades, a classic example being the phar-
yngeal jaw of cichlid fishes14. These traits shape phenotypic, ecological 
or lineage diversification rates by facilitating access to new adaptive 
peaks, often by unlocking previously inaccessible resources5,15–17. How-
ever, clades can differ in their capacity to generate novelty6–9,18. Varia-
tion in how innovations evolve across clades has been overlooked as 
a feature, or as an innovation itself, that shapes macroevolutionary 
diversification patterns. This necessitates an altered approach to key 
innovation studies in which differences in evolutionary lability—the rate 
at which an innovation is gained and lost—could instead generate the 
observed differences in species diversity. This effect on diversification 
may be strong when the trait is tightly coupled with one or more axes 
of divergence and change in the state of the trait leads to ecological 
shifts5. Increased lability of ecological innovations may be a feature of 
many adaptive radiations because niche expansion is crucial during 
the speciation process19. However, identifying phylogenetic variation 
in lability requires replicated innovations across broad taxonomic 
scales to overcome the confounding effect of macroevolutionary 
singularity18.

The teeth of jawed vertebrates show marked increases in complexity 
through the addition of tooth cusps over the past 200 million years20. 
Teeth with multiple cusps are a key innovation in the traditional sense. 
Their origination left a detectable effect on the tempo of mammalian 

and squamate evolution by expanding the range of achievable diets 
and increasing energy intake efficiency10–12. Complex teeth have also 
evolved in multiple orders of ray-finned fishes (Actinopterygii)21, 
whose more than 35,000 extant species constitute half of vertebrate 
diversity. The success of some fish groups is frequently attributed to 
functional innovations, many related to the feeding apparatus, that 
stimulate new evolutionary trajectories22,23. Complex teeth, although 
found in lineages that occupy a range of habitats, are often associ-
ated with herbivory in productive shallow-water environments24,25. 
Transitions between simple and complex teeth are thus linked to 
change in diet and habitat, two important speciation axes in fishes26. 
These observations suggest that high lability of tooth complexity may  
be important for generating exceptional species diversity in adaptive 
radiations, during which diversification along these axes proceeds 
rapidly. Moreover, the replicated evolutionary origins and subse-
quent losses of complex teeth across fishes affords an opportunity 
to identify differences in lability across a broad phylogenetic scale. 
Here we reconstruct the evolution of complex teeth for more than 
88% of extant ray-finned fishes to address how phylogenetic variation 
in the evolution of this vertebrate innovation has shaped the tempo 
of evolutionary diversification in fishes. We test explicit predictions 
that tooth complexity and its evolutionary lability are key innova-
tions for African cichlids, a famous example of adaptive radiation. By 
interrogating the effects of each across phylogenetic scales, we show 
that exceptional diversification is explained by differences in lability 
rather than complexity itself.
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Heterogeneous evolution of complex teeth
To study the evolution of tooth complexity across ray-finned fishes, we 
classified 30,915 extant species as having simple (single cusp) or com-
plex (multiple cusps) teeth in their oral jaws (Supplementary Table 1), 
generating one of the largest datasets of a vertebrate morphological 
trait. Bayesian maximum a posteriori (MAP) ancestral state reconstruc-
tion and stochastic character mapping in RevBayes27 reveals multiple 
evolutionary origins of tooth complexity across extant actinoptery-
gians (Fig. 1a). Complex teeth have evolved at least 86 times, appearing 
first in the Early Cretaceous 110 million years ago (Ma), both in single 
lineages (for example, Helotes sexlineatus, the Eastern striped grunter) 
and at the base of large clades (for example, Characiformes; Fig. 1a and 
Supplementary Table 2). The proportion of lineages with complex 
teeth has gradually increased since the Cretaceous–Palaeogene (K–Pg) 
mass extinction (Fig. 1a,b). Despite this, complex teeth remain rare 
(11.7% of extant species) across fishes. Reversions to simple teeth are 
substantially more frequent (1.25–50 times higher transition rate) and 
numerous (n = 110 reversions). These often occur in large multicuspid 
clades (Fig. 1a,c) when lineages shift into specialized predatory niches 
(for example, Hydrocynus, the African tigerfish, in Alestidae). The fre-
quent reversions parallel squamate dental evolution and contrast the 

more unidirectional pattern in mammals11, and the numerous origins 
(n = 86) suggest that complex teeth have evolved from a simple state far 
more times in fishes than in squamates (24 independent origins11) and 
mammals (plesiomorphic28). Lineages with complex teeth dominate 
several diverse, primarily freshwater groups including Characiformes 
(Characidae and Serrasalmidae), Cyprinodontiformes (Cyprinodonti-
dae and Goodeidae), Cichlidae and Loricariidae (Fig. 1a,c). They also 
appear in the enigmatic driftfishes (Nomeidae and Ariommatidae), 
lanternfishes (Myctophidae) and pencil catfishes (Trichomycteridae), 
albeit less frequently (Supplementary Table 1).

To understand how the evolution of tooth complexity varies across 
Actinopterygii, we compared the fit of several Markov models of char-
acter evolution, including some that accommodate rate variation, 
using marginal likelihoods and Bayes factors. Our results show that the 
gain and loss of tooth complexity is a heterogeneous process across 
ray-finned fishes defined by significant variation in transition rates 
(Fig. 1a,c,f and Supplementary Tables 3–5; Bayes factor (BF) = 6.74). 
Most lineages over time, including 96.2% (n = 11,075 species) of extant 
actinopterygians in our analyses, are defined by low evolutionary labil-
ity (Fig. 1b). This is a process in which tooth complexity is gained at an 
exceptionally slow rate and is lost at a rate 50 times faster, resulting in 
a single origin and retention in most descendant lineages (Fig. 1c,f). 
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Fig. 1 | The evolutionary dynamics of tooth complexity across ray-finned 
fishes. a, MAP ancestral state reconstruction of complex teeth across ray-
finned fishes (n = 11,508 species) using stochastic character mapping under a 
hidden-rates model with two rate categories. Branches are coloured by tooth 
complexity and lability (simple low lability, grey; simple high lability, dark blue; 
complex low lability, red; complex high lability, gold). Major rate increases about 
100 Ma are marked with blue points, and the earliest transition to complex teeth 
is marked with a red point. Outlines represent highlighted clades (from left  
to right) Mormyridae, Characiformes, Loricariidae, Mochokidae, Siganidae, 
Acanthuridae, Pomacanthidae, Liparidae, Nomeidae and Stromateidae, 
Gobiidae, Mugilidae, Pomacentridae, Gobiesocidae, Cichlidae, Beloniformes 
and Cyprinodontiformes. b, Proportion of branches in each state of tooth 
complexity (simple and complex) and lability (low and high) in million-year 
intervals. The x axis represents time before present in million years, progressing 
from left (past) to right (present). The dashed line marks the K–Pg boundary 

about 66 Ma. Colours follow those in a. c, The proportion of lineages with 
complex teeth (x axis) and high lability ( y axis) across families that have at least 
one lineage with complex teeth (n = 31 families). Point colour indicates the 
family mean speciation rate, shape represents habitat (freshwater, marine or 
both) and size indicates the number of species in the family. DR, diversification 
rate statistic. d,e, Distribution of log-transformed tip speciation rates between 
lineages with simple (n = 10,361 species) and complex (n = 1,147 species) teeth 
(P = 0.0602; d) and lineages with low (n = 11,075 species) and high (n = 433 
species) lability (P = 0.0025; e). Box plots show the median (middle horizontal 
line), interquartile range (box), minimum–maximum values (vertical lines) and 
outliers (points). Two-tailed significance was assessed using non-parametric 
FiSSE tests. f, Transition rates, reported as the number of transitions per million 
years, between simple and complex teeth when lability is low compared to when 
lability is high. Arrows indicate transition direction; colours follow those in a.
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We identified an increase in the transition rate between simple and 
complex teeth—high evolutionary lability—originating during the Early 
Cretaceous (Fig. 1a,b) and defining just 3.8% (n = 433 species) of extant 
lineages. These taxa evolved complex teeth at a rate three orders of mag-
nitude greater than when lability is low with a major reduction in the rel-
ative rate at which complexity is lost (Fig. 1f). These groups—primarily  
African Cichlidae, Liparidae, Mormyridae and Serrasalmidae—are 
notable in having a high proportion of lineages with complex teeth 
(Fig. 1c and Extended Data Fig. 1a,b), high speciation rates and high 
rates of phenotypic evolution29–31.

We then explored the effects of tooth complexity and its evolutionary 
lability on speciation rates given that both innovations and phenotypic 
evolvability may shape speciation dynamics at large macroevolutionary 
scales29,32. We used a non-parametric test for state-dependent specia-
tion to test for effects of tooth complexity and lability. For lability, we 
assigned each species to the MAP rate regime (low or high) estimated 
through our ancestral state reconstruction, regardless of tooth com-
plexity. Although speciation rates for complex-toothed lineages are 
twice as high as those for simple-toothed lineages (λcomplex = 0.239 (s.d. 
0.556), λsimple = 0.122 (s.d. 0.239)), tooth complexity alone does not 
have a significant effect on speciation rates (one-way phylogenetic 
analysis of variance (ANOVA), F = 170.58, Cohen’s d = 0.27, P = 0.194; 
FiSSE two-tailed P = 0.06; Fig. 1d). Speciation rates for lineages with 
complex teeth are faster by 0.117 lineages per million years. The high 
tip-ratio bias33, low power of FiSSE compared to formal state-dependent 
speciation and extinction (SSE) models, and numerous simple-toothed 
lineages with exceptional speciation rates (Extended Data Fig. 1) prob-
ably reduce our ability to detect significant rate asymmetry. However, 

we find that increased evolutionary lability, regardless of tooth com-
plexity, increases speciation rates by five times compared to when 
lability is low (λlow = 0.116 (s.d. 0.206), λhigh = 0.595 (s.d. 0.958); one-way 
phylogenetic ANOVA; F = 1267.05, Cohen’s d = 0.69, P < 0.005; FiSSE 
two-tailed P < 0.005; Fig. 1e). Speciation rates for lineages that evolve 
complex teeth at higher rates with a lower relative rate of cusp loss are 
faster by 0.479 lineages per million years. Although there are many 
predominantly complex families (Fig. 1c), these results show that rapid 
switching between simple and complex teeth, but not complex teeth 
alone, has accelerated the diversification of some exceptional groups 
of ray-finned fishes.

Complexity evolves rapidly in cichlids
Among ray-finned fishes, cichlids have attracted intense interest from 
evolutionary biologists owing to their remarkable adaptive radiations. 
Many advances have been made in understanding their rapid accumu-
lation of species diversity, implicating a combination of key innova-
tions14,34 and rapid ecological diversification driven by exceptional 
genomic potential31,35–37. Yet many proposed innovations are unable 
to explain varying rates of species diversification38. High lability of 
tooth complexity is concentrated within Cichlidae (>50% of all lineages 
with high lability; Extended Data Fig. 2c) but separates the continen-
tal radiations of Africa and the Neotropics (Fig. 1c). All Neotropical 
lineages have low lability and only one (Herotilapia multispinosa) has 
complex teeth. African cichlids are dominated by lineages that rapidly 
transition between simple and complex teeth with a high proportion 
of complex-toothed lineages, a feature unique among all ray-finned 
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Fig. 2 | Rapid evolution of tooth complexity accelerates species 
diversification in African cichlids. a, MAP ancestral state reconstruction 
across cichlids from Africa, Madagascar and South Asia (n = 1,069 species) 
under an equal-rates model with four hidden rate categories. Lineages with 
simple teeth are coloured variations of blue, and lineages with complex teeth 
are coloured variations of red; brighter colours represent higher rates (that is, 
different levels of lability). b, Proportion of branches in each state of tooth 
complexity and lability in million-year intervals. The x axis represents time 
before the present in million years, progressing from left (past) to right 

(present). The dashed lines mark the ages of Lake Tanganyika (9.7 million years) 
and Lake Malawi (about 3.2 million years). All lineages endemic to Lake Victoria 
are found in the bar closest to the present. c, Posterior distribution of log-
transformed transition rates between simple and complex teeth. The mean  
of each distribution is indicated with black triangles. Note the magnitude of 
variation between levels of evolutionary lability. d, Posterior distribution of 
speciation rates estimated under a MuHiSSE-4 model. Note the different scales 
of baseline speciation between the four hidden states. Colours follow the 
varying levels of lability in c.
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fishes (Fig. 1a,c). We further explored how complexity and increased 
evolutionary lability shape rates of species and ecological diversifica-
tion within African cichlids.

We generated an expanded dataset of tooth complexity classifica-
tions covering 92.7% of described cichlid species and representing all 
genera from Africa, Madagascar and South Asia (n = 1,069 species; Sup-
plementary Table 6). We then fitted an expanded set of hidden Markov 
models over a recent complete phylogeny of Cichlidae31 to further 
study how tooth complexity evolves within African cichlids. We find 
that tooth complexity evolves in African cichlids at unparalleled rates 
under a process that contrasts with that of all other actinopterygians. 
Complex teeth evolve and are lost at equal rates (BF = 15.46), unlike 
the global process in which complexity is far more likely to be lost than 
gained (Fig. 1a,f and Supplementary Table 7). These rates vary by ten 
orders of magnitude across the cichlid tree (Fig. 2a,c and Extended Data 
Fig. 3), and an exceptionally high rate is unique to rapidly diversifying 
lineages (Fig. 2a), including many haplochromines endemic to lakes 
Malawi and Victoria, as well as oreochromines endemic to Lake Barombi 
Mbo. This notable increase in lability is recent, originating within the 
Haplochromini about 9 Ma (Fig. 2a,b).

Lability and complexity are innovations
Innovations may accelerate lineage diversification by increasing spe-
ciation, decreasing extinction or both5. To formally test whether tooth 

complexity increases rates of lineage diversification within African 
cichlids, we compared the fit of SSE models in RevBayes27. We fitted 
these models over four subtrees to account for the extreme speciation 
rate variation within African cichlids31 and compared models within 
each subtree using marginal likelihoods and Bayes factors. We find that 
tooth complexity alone cannot explain patterns of lineage diversifica-
tion; character-independent models were strongly supported across 
all subtrees (Supplementary Table 8), suggesting that speciation and 
extinction rates do not depend on whether lineages have simple or 
complex teeth.

Change in tooth complexity is primarily associated with shifts in 
habitat and diet in cichlids39. Therefore, we tested whether increased 
lability of tooth complexity shapes speciation and extinction rates. We 
assigned each species to the MAP transition rate class estimated from 
our ancestral state reconstruction to represent four discrete levels 
of lability (very low, low, high and very high). We then compared the 
fit of four-state hidden-state speciation and extinction models and 
character-independent models fitted across the full tree (n = 1,069 
species). We find decisive support (BF = 175.91) for a state-dependent 
model in which high lability consistently increases speciation rates 
across different background rate regimes (Fig. 2d and Supplemen-
tary Table 9). Speciation rates are 1.3–2.5 times higher when lability is 
increased across all four hidden states (MuHiSSE-4; Fig. 2d, Extended 
Data Figs. 4 and 5 and Supplementary Table 10). This effect on diversi-
fication is largely consistent across different relative extinction sce-
narios (Extended Data Figs. 6 and 7), as well as under a simpler model 
(MuHiSSE-2; Extended Data Figs. 8 and 9 and Supplementary Table 11). 
These hidden states primarily separate riverine and Lake Tanganyika 
lineages from those in lakes Malawi, Victoria and Barombi Mbo, which 
have a higher background diversification rate (Extended Data Figs. 4 
and 8). Differences in evolutionary lability explain speciation rate 
variation within lake radiations, between riverine lineages and across 
habitats.

Although we find that tooth complexity alone does not significantly 
affect rates of lineage diversification within African cichlids, we tested 
whether complexity shapes the rate of ecological diversification, a 
major axis of divergence in adaptive radiations19. Using primary lit-
erature, we placed 875 species into 6 discrete diet categories (Supple-
mentary Table 6). We used a reversible-jump Markov chain Monte Carlo 
method in RevBayes to estimate dietary transition rates when lineages 
have simple and complex teeth. Although all diets include species with 
both simple and complex teeth (Fig. 3c), mean transition rates between 
diets are 3.28 times higher when lineages have complex teeth (one-way 
ANOVA; d.f. = 59, F = 15.9, Cohen’s d = 1.03, P < 0.001; Fig. 3a,b). This 
significant increase in the rate of ecological diversification is facilitated 
by elevated transitions through herbivory and omnivory (Fig. 3a). Com-
plex teeth are thought to be an adaptation to herbivory, and indeed we 
find evidence for correlated evolution between these traits (Pagel’s 
model; likelihood ratio = 136.237, P < 0.0001; Supplementary Table 12). 
These results support the hypothesis of complex teeth being a crucial 
tool for transitions towards this axis of ecological specialization within 
fishes. In addition, the diverse arrangements of multiple cusps may sup-
port a greater diversity of tooth functions40. The versatility provided by 
complex teeth to fill a range of ecological niches (Fig. 3a–c) probably 
gave lineages with complex teeth an advantage in rapidly changing 
rift lake environments41,42.

Evolutionary rates often show time dependency that may signal 
interesting biological phenomena29,43. The strong effect that lability has 
on diversification rates uncovered in our analyses indicates a specia-
tional mode of character change in extant fishes. We suggest that this 
uniquely high lability of tooth complexity and complexity itself are key 
innovations for African cichlids, which have interacted to spur rapid 
diversification along multiple ecological axes of divergence. A rapid 
change in tooth complexity can drive divergence along depth gradients 
because complex teeth are tightly associated with herbivory in littoral 
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Fig. 3 | State-dependent diet diversification in cichlids. a, Directionality and 
magnitude of transitions between diet categories within simple (blue hues) and 
complex (red hues) lineages. The maximum width of inner connections is scaled 
by the mean estimated transition rate, and the width of outer bars is scaled by 
the total number of transitions to and from each category. Arrows indicate 
directionality. Labels correspond to diet (OM, omnivore; PS, piscivore; ZB, 
zoobenthivore; ZP, zooplanktivore; HB, herbivore; CS, carnivore specialist).  
b, Violin plot depicting a significant increase in mean log + 0.01-transformed 
diet transition rates when lineages have complex teeth (P = 1.89 × 10−4). Each 
point corresponds to the mean rate of the posterior distribution estimated  
for each transition (n = 30 simple; n = 30 complex). Box plots show the median 
(middle horizontal line), interquartile range (box) and minimum–maximum 
values (vertical lines). Statistical significance was calculated using one-way 
ANOVA. c, Number of simple (blue) and complex (red) lineages within each 
discrete diet category.
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habitat, where algal productivity is high. The dietary versatility (Fig. 3a) 
of complex teeth accelerates ecological diversification, and rapid rever-
sion to simple teeth can allow further ecological specialization, such 
as piscivory44. Habitat and ecology are known axes of speciation in 
cichlids26,38 and divergence in tooth complexity also characterizes sym-
patric ecotypes at early stages of speciation45. Haplochromine species, 
which have colonized lakes Malawi and Victoria and represent replicate 
examples of explosive adaptive radiation, have both increased labil-
ity of tooth complexity (Fig. 2a) and a propensity to radiate in lakes38. 
Rapid transitions between simple and complex teeth may facilitate 
simultaneous divergence in diet and along habitat gradients in rift 
lakes. Together, these innovations allowed species in lakes Malawi, 
Victoria and Barombi Mbo to take advantage of expanding ecological 
opportunities as the lakes filled, spurring rapid adaptive radiation. 
Continued increases in tooth complexity within Actinopterygii and 
across the vertebrate tree may be necessary to maintain diversification 
rates as niches continue to fill and there is an inevitable push to feed at 
a lower trophic level11,46,47.

Flexible development underlies lability
Although rare across living fishes, producing complex teeth requires 
only a few changes within a highly conserved developmental pro-
gram21,48. Clades that rapidly lose and gain complex teeth may take 
advantage of this by maintaining a flexible system of tooth develop-
ment, leading to rapid evolutionary transitions between simple and 
complex teeth. Many haplochromine cichlids in lakes Malawi and 
Victoria undergo ontogenetic transformations in tooth complexity 
through consecutive tooth replacements, in which complex teeth in 
juveniles can be gradually replaced with simple teeth in adult fish39. 
This ontogenetic shift in tooth complexity suggests that all haplochro-
mine lineages have the inherent developmental capacity to produce 
complex teeth, irrespective of adult ecology. Differential tuning of 
developmental pathways over ontogeny underlies trophic innovations 
in haplochromine cichlids49. Change in the timing of events during 
tooth development50, therefore, could be a mechanism for uniquely 
rapid transitions between simple and complex teeth in this exceptional 
group.

Conclusions
The evolution of tooth complexity shapes rates of lineage diversi-
fication across the largest group of vertebrates, not by an effect of 
complexity itself but by a strong effect of increased evolutionary labil-
ity. We further show that both tooth complexity and lability are key 
innovations for African cichlids that interact to catalyse species and 
ecological diversification in rift lake radiations and explain some of 
the highest speciation rates seen in vertebrates. Our results offer a 
counterpoint to the traditional view of evolutionary innovations as 
traits that rarely evolve and directly increase rates of lineage diversifica-
tion5. Differences in how innovations evolve across clades can have an 
even greater effect on diversification when the trait is tightly coupled 
to an axis of divergence, such as diet or habitat. This new concept of 
evolutionary innovation—increased lability of a discrete trait, or an 
‘evolutionary seesaw’—reflects clade-specific differences in evolv-
ability that could explain macroevolutionary variation in speciation 
rates29. Defining traits as key innovations from this new perspective 
is supported when the trait is linked to known speciation axes, and 
developmental mechanisms may underlie the differences in lability32. 
Identifying these differences in lability requires broad comparative 
studies and multiple origins of the trait, two criteria often missing 
from traditional key innovation studies. Considering evolutionary 
innovations in this manner will probably implicate many previously 
overlooked traits as important drivers of the widespread variation in 
species diversification rates across the tree of life.
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Methods

Tooth complexity classification
We generated a dataset of tooth complexity classifications for 30,915 
extant species of ray-finned fishes51, which represents all families, 
from the existing literature (Supplementary Table 1). We considered 
species to have complex teeth if primary teeth with more than one 
cusp were present on the maxilla, premaxilla or dentary of adult fish. 
Although complex teeth may vary in the total number of cusps (2–12), 
this binary classification reflects a major evolutionary transition with 
functional implications, following the traditional view of a key innova-
tion. The data include all orders of Actinopterygii and missing data are 
not biased towards any particular group. We generated an expanded 
dataset for cichlid lineages from Africa, South Asia and Madagascar 
(n = 1,069) representing 92.7% of taxonomically valid species described 
before 2019 (ref. 31 and Supplementary Table 6). All categorizations 
are based on adult fish. We quantified the proportion of lineages with 
complex teeth and proportion of lineages with high lability for each 
family that had at least one complex lineage and at least ten species in 
the tree built with genetic sequence data (n = 31 families). These criteria 
excluded Anablepidae (five species in tree), Scoloplacidae (one species 
in tree), Astroblepidae (zero species in tree), Ephippidae (eight species 
in tree), Scatophagidae (three species in tree), Nomeidae (nine species 
in tree) and Ariommatidae (three species in tree). We calculated these 
proportions for Neotropical and African cichlids, two monophyletic 
groups, separately to highlight the marked difference between these 
two continental radiations (Extended Data Fig. 1b).

Phylogenies
We used the Fish Tree of Life1 as the backbone phylogenetic hypothesis 
for our analyses across ray-finned fishes. As phylogenies built using 
birth–death polytomy resolvers and similar methods break down natu-
ral phylogenetic patterns and should not be used for analyses of trait 
evolution52, we pruned our data to match a time-calibrated tree built 
using only genetic sequence data (n = 11,508 species) for all comparative 
analyses; we recognize that the total number of transitions is prob-
ably underestimated because of this. For our analyses within cichlids, 
we used the time-calibrated phylogeny of ref. 31, which includes all 
taxonomically valid species before 2019 pruned to include the 1,069 
species for which we had data on tooth complexity.

Character evolution models
We used continuous-time Markov models implemented in RevBayes 
v1.2.1 to study the evolution of tooth complexity across ray-finned 
fishes and within cichlids. For our dataset across ray-finned fishes 
(n = 11,508 species), we fitted equal-rates (ER) and unequal-rates 
(ARD) models. As the evolution of a trait can vary across large phy-
logenies53,54, we fitted additional ER and ARD models each with two 
hidden rate categories (HR2-ER and HR2-ARD). These hidden states 
are rate classes that allow transition rates to vary between classes but 
impose the constraints of the ER and ARD models within each class. 
We set a prior of 200 transitions across the tree. We also fitted a model 
that allowed the process (that is, ER or ARD) to vary across the tree, 
and rates to vary between the processes (H2-variable). For this, we set 
a prior of 200 transitions under ARD, 400 transitions under ER, and 10 
transitions between these processes. We used a power posterior analy-
sis and stepping-stone sampler to estimate marginal likelihoods for 
each model. The simulation used 10 stones sampling 1,000 states from 
each step with a 5,000-generation burn-in. For our expanded cichlid 
dataset (n = 1,069 species), we fitted ER, ARD, HR2-ER and HR2-ARD 
models, as well as ER and ARD models with four hidden rate categories 
(HR4-ER and HR4-ARD). We used a prior of 100 transitions between 
simple and complex teeth. We again used a power posterior analysis 
and stepping-stone sampler to estimate marginal likelihoods for each 
model. The simulation used 100 stones, sampling 1,000 states from 

each step with a burn-in of 10,000 generations. When comparing all 
character evolution models, we used a flat Dirichlet prior distribution 
for the root state frequencies. We compared model fit using Bayes fac-
tors, for which ln[BF(M0, M1)] = ln[P(X|M0)] − ln[P(X|M1)] and ln[P(X|M0)] 
is the log-transformed marginal likelihood of M0, ln[P(X|M1)] is the 
log-transformed marginal likelihood of M1, and ln[BF(M0, M1)] is the 
log-transformed Bayes factor. To estimate ancestral states and transi-
tion rates for the best-fit model (HR2-ARD) across ray-finned fishes, we 
ran two independent Markov chain Monte Carlo (MCMC) replicates for 
50,000 generations with 10% burn-in, with root state frequencies set 
to an equal probability of simple across both hidden rate categories21. 
We verified that both chains converged on the same posterior distribu-
tion with Kolmogorov–Smirnov tests in the R package convenience55, 
with a precision (α) level of 0.01, and retained a single run for analyses 
(Extended Data Fig. 2k–p). For cichlids (HR4-ER), we ran 2 independent 
MCMC replicates for 50,000 generations with 10% burn-in and set root 
state frequencies to an equal probability of simple or complex across 
the two lower hidden rate categories owing to complete uncertainty 
of the root state under a flat Dirichlet distribution. We verified conver-
gence with Kolmogorov–Smirnov tests (α = 0.01) and retained a single 
run for analyses (Extended Data Fig. 3e–j). We note that the MCMC 
sampler in RevBayes requires fewer generations to reach convergence 
because each generation is more computationally intensive. We used 
ancestralStateTree to compute the MAP ancestral state estimation 
and characterMapTree to generate the MAP character history through 
stochastic character mapping56. We visualized these MAP reconstruc-
tions using the R package RevGadgets v1.2.157.

State-dependent diversification
We used the non-parametric test FiSSE58 to test for state-dependent 
diversification across our ray-finned fish dataset (n = 11,508 species) 
because the computational burden of other models (that is, HiSSE) in 
a Bayesian framework is prohibitive at this scale. The R functions used 
to run FiSSE are available at https://github.com/macroevolution/fisse/
tree/master/run_fisse. FiSSE analyses used a tolerance of 0.1 and a par-
simony rate type because our ancestral state reconstruction suggests 
that the use of an Mk model (equivalent to an ER model) is not supported 
(Fig. 1f and Supplementary Table 3). Two-tailed P values are reported. 
We estimated speciation rates using the DR statistic59. This metric is 
considered an estimate of ‘recent’ speciation because it puts more 
weight on recent splitting events compared to splitting events deeper 
in the tree. Accordingly, the DR statistic may be robust to issues of 
non-identifiability60. To supplement our FiSSE analyses, we conducted 
phylogenetic ANOVA analyses on log-transformed DR values in the  
R package phytools v2.0.461. Group sample sizes were 10,361 simple and 
1,147 complex species, and 11,075 low and 433 high species for FiSSE and 
ANOVA tests for effects of tooth complexity and lability, respectively. 
We used Cohen’s d to estimate effect sizes, for which d is the differ-
ence in group means divided by the pooled standard deviation. For 
our expanded cichlid dataset, we fitted a suite of formal Bayesian SSE 
models in RevBayes v1.2.1. Character evolution models indicated that 
the evolution of tooth complexity is a heterogeneous process across 
African cichlids (Fig. 2a and Supplementary Table 7), which violates an 
assumption of SSE models62. SSE models fitted over the full phylogeny 
did not converge, probably for this reason. To accommodate this, and 
better account for the extreme diversification rate heterogeneity within 
Cichlidae31, we created four subtrees. Our subtrees represented Lake 
Tanganyika (n = 200 of 240 estimated species35; sampling fraction 0.83), 
Lake Malawi (n = 374 of 399 described species31; sampling fraction 0.94), 
Lake Victoria region superflock (LVRS; n = 169 of a conservative 300 
estimated species; sampling fraction 0.56) and lineages in rivers and 
smaller lakes (n = 317 of 318 described species31; sampling fraction 0.99). 
We excluded lineages endemic to Lake Barombi Mbo from this analysis. 
For each subtree, we fitted the same set of seven SSE models, which 
included BiSSE62, character-independent models63 with two, three and 
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four rates (CID-2, CID-3 and CID-4) and HiSSE models63 with two, three 
and four hidden states (HiSSE-2, HiSSE-3 and HiSSE-4) in RevBayes. For 
all models, we used a normal distribution as the prior distribution of the 
log speciation and extinction rates, with mean ln(no. taxa/2) divided 
by the age of the tree. The prior expected number of character transi-
tions was unique to each subtree; Lake Tanganyika (10 transitions), 
Lake Malawi (200 transitions), Lake Victoria (50 transitions) and rivers 
(20 transitions). We used power posterior analysis and stepping-stone 
sampling to calculate marginal likelihoods of all (n = 28) models, with 
50 stones sampling 1,000 states from each step and 5,000-generation 
burn-in. We compared models within each subtree using Bayes factors. 
Models did not properly mix or reach convergence over the LVRS sub-
tree, possibly owing to the young age and high number of species in Lake 
Victoria itself. For these reasons, we do not interpret state-dependent 
patterns for the LVRS subtree.

To test whether differences in evolutionary lability affect rates of 
lineage diversification, we first assigned all species to the MAP tran-
sition rate class estimated from our ancestral state reconstruction. 
The level of evolutionary lability was thus a binary trait for ray-finned 
fishes (low or high) and a four-state trait for cichlids (very low, low, 
high or very high). We again used FiSSE and phylogenetic ANOVA to 
compare speciation rates, estimated using the DR statistic, for differ-
ent levels of lability across ray-finned fishes. For cichlids, we compared 
four-state HiSSE models with two (MuHiSSE-2), three (MuHiSSE-3) and 
four (MuHiSSE-4) hidden states as well as CID-2, CID-3 and CID-4 models 
fitted over the full tree (n = 1,069 tips), using power posterior analysis 
and stepping-stone sampling (10 stones, 1,000 samples from each step, 
5,000-generation burn-in) to estimate marginal likelihoods; we com-
pared the models using Bayes factors. Bayesian hidden-state models 
inherently test the null hypothesis of character-independent diversi-
fication; if this hypothesis is supported, the posterior distribution of 
diversification rates within a hidden state would overlap. We interpret 
this, along with formal model comparison, as combined evidence to 
support or refute the hypothesis of character-dependent diversifica-
tion. Models had a prior of ten transitions in the level of lability. We 
used MCMC to sample the posterior distribution of speciation and 
extinction rates for the MuHiSSE-2 and MuHiSSE-4 model to account 
for instability in the marginal likelihood estimates of more complex 
models (Supplementary Table 9). We ran two independent chains of 
50,000 generations with 10% (MuHiSSE-2) and 20% (MuHiSSE-4) burn-in 
and verified convergence of the runs with Kolmogorov–Smirnov tests 
(α = 0.01; Extended Data Fig. 5). We combined the runs and verified 
convergence of the combined runs using checkConvergence in the  
R package convenience (α = 0.01).

Distinguishing between high rates
Ancestral state reconstructions assume that diversification rates are 
uncorrelated to the character state; high transition rates may therefore 
be a product of high diversification rates. To address this, we first fit-
ted a HiSSE model using the R package castor64 to estimate transition 
rates between simple and complex teeth while accounting for differ-
ences in speciation and extinction between lineages (100 trials, 100 
bootstrap samplings, sampling fraction = 0.328). Convergence failed 
after multiple optimization attempts, probably owing to the high tip 
bias towards species with simple teeth and rarity of lineages with high 
lability, which decreases the power and reliability of SSE models33,62,65. 
We report the estimated transition rates (Supplementary Table 5) to 
illustrate that qualitative patterns are similar to the HR2-ARD model. 
For all analyses in the main text, we use the transition rates estimated 
under the HR2-ARD model. Second, we conducted FiSSE tests over 
simulated character histories. We simulated 100 character histories 
of a 2-state character with 2 hidden states (HR2-ARD) across the Actin-
opterygian tree (n = 11,508 species) using a fixed transition matrix 
using the rTraitDisc function in the R package ape66. We populated the 
matrix with the mean rates estimated from the observed data under 

the HR2-ARD model, rescaled the matrix by a factor of 100, and set 
equilibrium frequencies equal across all states. For each simulation, 
we pulled out tip states and conducted FiSSE tests. We find that under 
the simulated data, tip speciation rates are similar between low and 
high lability (Extended Data Fig. 2d,e). Median λ values for low and 
high lability are similar (λlow = 0.134, λhigh = 0.120). The distribution of 
two-tailed P values for FiSSE tests under the simulated data falls outside 
the significance level of 0.05 (96/100 tests; Extended Data Fig. 2f).

Extinction rate assumptions
To test whether our results were robust to assumptions on the extinc-
tion rate, we followed the methods of ref. 67 to place lower bounds 
on the prior distribution of extinction rates for both the MuHiSSE-2 
and MuHiSSE-4 models. Extinction rates (μ) were defined as a linear 
function, with μ = A × λ + δ, in which A = 0.7, 0.8, 0.9, 1 or 1.1, and δ 
is a random variable that allows extinction to be greater than A × λ.  
A represents a lower bound on the extinction fraction (μ/λ), so A = 0.7 
delineates that extinction rates must be at least 70% of speciation rates. 
For each A, we estimated speciation and extinction rates under the 
MuHiSSE-2 and MuHiSSE-4 model using MCMC; each chain was run 
for 100,000 generations. The posterior distributions of speciation 
and net diversification rates for all values of A (0.7, 0.8, 0.9, 1.0 and 1.1)  
and when μ and λ are freely estimated are shown in Extended Data Fig. 9 
(MuHiSSE-2) and Extended Data Figs. 6 and 7 (MuHiSSE-4). We find 
that when A = 0.7, 0.8 or 0.9, the effect of lability on net diversification 
rates is consistent with the patterns under the free MuHiSSE-2 and 
MuHiSSE-4 model (Extended Data Figs. 7 and 9a), but the magnitude of 
the estimated rates is reduced. When A = 1.0, we find that the posterior 
distributions of rates largely overlap within all hidden rate catego-
ries. When A = 1.1, we find the reverse effect, in which increased lability 
appears to decrease net diversification rates. This reversed effect is 
probably due to the constraint of extinction being at minimum 110% 
of speciation rates; if a trait markedly increases speciation rates, then 
the corresponding extinction rates are forced to be high, resulting 
in a large effect on net diversification. Indeed, we find that when net 
diversification is negatively affected by increased lability for A = 1.1, 
speciation rates show a strong positive effect of lability (Extended 
Data Figs. 6 and 9b). These patterns are consistent with the results of 
ref. 67, indicating that high lability has a greater absolute effect on net 
diversification than low lability.

Transition rate prior sensitivity
The inferred number of character transitions, character histories and 
transition rates may be influenced by the choice of the transition rate 
prior. To test for prior sensitivity, we estimated the parameters of the 
HR2-ARD model under five priors: 50, 150, 200, 250 and 400 transitions. 
Across priors, the relative difference between transition rates in both 
low- and high-lability categories is consistent, and the estimated num-
ber of transitions and transition rates are consistent across all priors 
when lability is low (Supplementary Table 4). We find that increasing 
the prior number of transitions above 200 results in inflated transition 
rates when lability is high, driven by rapid consecutive state changes 
along the same branch (Extended Data Fig. 2a). Increasing the prior 
decreases the number of lineages with high lability and further isolates 
African cichlids as the dominant lineages with high lability (Extended 
Data Fig. 2b,c). We replicated our FiSSE analyses to test for an effect of 
lability from the ancestral state reconstructions across all five priors. 
We find that the effect of lability on tip speciation rates is insensitive 
to the choice of prior on the transition rate; lineages with high lability 
have significantly higher tip speciation rates across all five priors (50: 
λlow = 0.114, λhigh = 0.28, two-tailed P < 0.05; 150: λlow = 0.116, λhigh = 0.507, 
two-tailed P < 0.01; 250: λlow = 0.117, λhigh = 0.744, two-tailed P < 0.005; 
400: λlow = 0.117, λhigh = 0.818, two-tailed P < 0.005). We also tested the 
sensitivity of transition rates within African cichlids to the prior. We 
estimated parameters of the HR4-ER model under three priors; 50, 
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100 and 150 transitions. We find that the transition rate estimates are 
stable under different priors (Extended Data Fig. 3a–d).

Cichlid diet data
We categorized 875 species of cichlids into 6 diet categories on the basis 
of the dominant adult prey type of each species. Categorizations were 
based on primary literature (Supplementary Table 6) and FishBase68. 
We classified species into one of six groups: piscivore, zooplanktivore, 
zoobenthivore (insects and molluscs), herbivore, omnivore and car-
nivore specialist (lepidophagy and paedophagy). For all diet analyses, 
we used a tree pruned to include only the 875 species for which we had 
data on both diet and tooth complexity.

Diet evolution in cichlids
To test whether tooth complexity accelerated ecological diversifica-
tion, we first expanded our dietary dataset to include an associated 
binary state for tooth complexity (simple or complex) resulting in 
12 combined diet–tooth states. All dietary classifications included 
both simple and complex lineages (Fig. 3c). We used a reversible-jump 
MCMC in RevBayes v1.2.1 to estimate transition rates between dietary 
categories within simple and complex lineages. We included a ‘null’ 
model in which the transition rate between any state was assumed to 
be 0 (as some transitions probably never occur; that is, simple piscivore 
to simple herbivore), and an ARD model that assumes the transition 
rate between any state is greater than 0, with a prior of 300 transi-
tions. We set a prior probability of 0.25 that any transition rate is equal  
to 0. The MCMC was run for 10,000 generations, sampling every gen-
eration with 10% burn-in. We verified convergence of the transition 
rate estimates using checkConvergence in the R package convenience 
(α = 0.01; effective sample size > 625 for all transition rate parameters). 
Mean rates were calculated from the posterior distribution for further 
analyses. We directly estimated the posterior probability that any rate 
was equal to 0; rates were fixed to be 0 if the posterior probability was 
estimated to be >0.75. We log + 0.01-transformed mean rates to fulfil 
assumptions of normality (Shapiro–Wilk test; W = 0.96, P > 0.05) and 
used an ANOVA test to compare rates when lineages have complex teeth 
(n = 30) to when lineages have simple teeth (n = 30). We estimated the 
effect size with Cohen’s d. To test for correlated evolution between com-
plex teeth and herbivory, we first converted our dietary classifications 
into a binary trait of herbivores and non-herbivores. We then used the 
fitPagel function in the R package phytools v2.0-461 to fit independent 
and dependent trait evolution models69 and compared the fits with a 
likelihood-ratio test. Our results are robust to an alternative binariza-
tion of herbivory (herbivores versus herbivores and omnivores; Sup-
plementary Table 12).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended Data Fig. 1 | The phylogenetic distribution of complex teeth and 
high lability across ray-finned fishes. a, Maximum a posteriori stochastic 
character map of tooth complexity and its evolutionary lability for 11,508 
species of ray-finned fishes under a HR2-ARD model. Lineages with simple teeth 
are light grey (low labiltiy) and dark blue (high lability); lineages with complex 
teeth are red (low lability) and gold (high lability). DR statistic values, a measure 
of species’ tip speciation rate, are plotted at the tips; longer bars indicate higher 

speciation rates. b, The proportion of lineages with complex teeth and high 
lability across families of ray-finned fishes that have at least one complex 
lineage (n = 31 families). The color of the points corresponds to family mean 
speciation rate, estimated using the DR statistic. The shape of the points 
represent habitat (freshwater, marine, both) and the size of the points are 
scaled by the total number of species. African and Neotropical cichlids are 
indicated separately to highlight the difference between these groups.



Article

Extended Data Fig. 2 | The evolution of tooth complexity and effect of 
lability are robust to assumptions on the prior transition rate in ray-finned 
fishes. a, Maximum a posteriori ancestral state reconstruction of tooth 
complexity and its evolutionary lability across ray-finned fishes (n = 11,508 
species) under the HR2-ARD model, under five different priors (50, 150, 200, 
250, 400) for the total number of transitions. The insets for 250 and 400 
highlight that rapid consecutive state changes on long branches inflate the 
transition rates in the “high lability” state under these priors. b, The total 
number of lineages with high lability and c, the proportion of lineages with  
high lability that are African cichlids under five different prior number of 
transitions. d-f, Simulated data shows no effect of lability on speciation rates. 
Distribution of FiSSE tip speciation rates for d, low lability and e, high lability 
over 100 ancestral state reconstructions simulated under the observed  
HR2-ARD model. Median rates are indicated with blue lines. f, Distribution  

of FiSSE two-tailed p-values for 100 simulated character histories; the red  
line marks the significance level of 0.05. g-j, Transition rates are robust to 
assumptions on the prior number of transitions. Posterior distribution of 
estimated rates for g, low lability gain, h, low lability loss, i, high lability gain 
and j, high lability loss under the HR2-ARD model for five priors (50, 150, 200, 
250, 400) on the number of transitions. k-p, Convergence of the HR2-ARD 
model. k, Posterior probability distribution of two replicate MCMC runs of the 
HR2-ARD model. l, Histogram of Kolmogorov-Smirnov (KS) scores for model 
parameters. The grey dotted line marks the threshold for the KS test of 0.0921 
(α = 0.01, ESS > 625), indicating that the model parameters were drawn from 
the same distribution for both replicate runs. Posterior distribution of 
transition rates across replicate MCMC runs for m, low lability gain, n, low 
lability loss, o, high lability gain, and p, high lability loss.



Extended Data Fig. 3 | Convergence and prior sensitivity analyses for the  
HR4-ARD model in African cichlids. Posterior distribution of estimated 
transition rates under the HR4-ER model for three different priors (50, 100, 150) 
on the total number of transitions; a, very low lability, b, low lability, c, high lability, 
and d, very high lability. e, Posterior probability distribution of four replicate 
MCMC runs of the HR4-ER model; two chains ran for 50,000 generations and 
two chains ran for 500,000 generations. f, Histogram of Kolmogorov-Smirnov 

(KS) scores for model parameters. The grey dotted line marks the threshold for 
the KS test of 0.0921 (α = 0.01, ESS > 625), indicating that the model parameters 
were drawn from the same distribution for all replicate runs. Running the chain 
longer resulted in the same posterior probability distribution and transition 
rate estimates despite ESS scores <625 for some parameters for 50,000 
generations. Posterior distribution of transition rates across replicate MCMC 
runs for g, very low lability h, low lability i, high lability and j, very high lability.
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Extended Data Fig. 4 | Evolutionary lability of tooth complexity increases 
net diversification rates across four background rate regimes in African 
cichlids. Maximum a posteriori (MAP) ancestral state reconstruction of 
evolutionary lability for African cichlids (n = 1,069 species) under the MuHiSSE-4 

model. Lineages in a, hidden state A, b, hidden state B, c, hidden state C, and  
d, hidden state D are highlighted separately. Selected clades are labeled for each 
hidden state. The posterior distribution of net diversification rates are reported 
for each level of lability, within each hidden state.



Extended Data Fig. 5 | Convergence of the MuHiSSE-2 and MuHiSSE-4 models, 
fit across African cichlids. a, Posterior probability distribution of two replicate 
MCMC runs of the MuHiSSE-2 model. b, Histogram of Kolmogorov-Smirnov  
(KS) scores for MuHiSSE-2 model parameters. The grey dotted line marks the 
threshold for the KS test of 0.0921 (α = 0.01, ESS > 625), indicating that the model 
parameters were drawn from the same distribution for both replicate runs. Two 

parameters fall just outside this threshold. c, Posterior probability distribution 
of two replicate MCMC runs of the MuHiSSE-4 model. d, Histogram of 
Kolmogorov-Smirnov (KS) scores for MuHiSSE-4 model parameters. The grey 
dotted line marks the threshold for the KS test of 0.0921 (α = 0.01, ESS > 625), 
indicating that the model parameters were drawn from the same distribution for 
both replicate runs.
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Extended Data Fig. 6 | Speciation rates for African cichlids under varying 
levels of lability and six relative extinction scenarios, estimated under a 
MuHiSSE-4 model. Posterior distributions of speciation rates for four levels of 

lability across four hidden states (A-D). Rates were estimated under six different 
relative extinction scenarios by setting lower bounds on the extinction rate (µ).



Extended Data Fig. 7 | Net diversification rates for African cichlids under 
varying levels of lability and six relative extinction scenarios, estimated 
under a MuHiSSE-4 model. Posterior distributions of net diversification rates, 

measured as speciation (λ) minus extinction (µ), for four levels of lability across 
four hidden states (A-D). Rates were estimated under six different relative 
extinction scenarios by setting lower bounds on the extinction rate (µ).
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Extended Data Fig. 8 | Evolutionary lability of tooth complexity increases 
net diversification rates across two background rate regimes in African 
cichlids. Maximum a posteriori (MAP) ancestral state reconstruction of 
evolutionary lability for African cichlids (n = 1,069 species) under the 

MuHiSSE-2 model. Lineages in a, hidden state A and b, hidden state B are 
highlighted separately. Selected clades are labeled for each hidden state.  
The posterior distribution of net diversification rates are reported for each 
level of lability, within each hidden state.



Extended Data Fig. 9 | Speciation and net diversification rates for African 
cichlids under varying levels of lability and six relative extinction 
scenarios, estimated under a MuHiSSE-2 model. a, Posterior distributions of 
net diversification rates (speciation – extinction) for two levels of lability across 

two hidden states (A, B). b, Posterior distributions of corresponding speciation 
rates (λ). Rates were estimated under six different relative extinction scenarios 
by setting lower bounds on the extinction rate (µ).
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All the data generated and analyzed in the current study, including tooth complexity classifications for 30,915 species of ray-finned fishes, are available at the 
figshare repository https://doi.org/10.6084/m9.figshare.25661859.
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Ecological, evolutionary & environmental sciences study design
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Study description We reconstructed the evolution of complex teeth, a vertebrate key innovation, across ray-finned fishes in order to test a key 
innovation hypothesis in a novel way. We find the rate at which complex teeth are gained and lost, but not tooth complexity itself, 
drives increased species diversification across fishes. We further show African cichlids change tooth complexity exceptionally fast 
when compared to all other fishes, and that within African cichlids, differences in this rate drive differences in net diversification 
rates. We also reported that tooth complexity increases the rate of ecological diversification within African cichlids. We provide 
evidence for a novel way that traits can affect species diversification. 

Research sample We collected data from all orders and families of Actinopterygii (ray-finned fishes). Our final datasets included classifications for 
30,915 species of ray-finned fishes and 1,069 species of African cichlids (Cichlidae) (some of which were not present in our dataset 
across ray-finned fishes). We additionally generated a dataset of diet classifications for 875 species of African cichlids.

Sampling strategy Our strategy was to classify tooth complexity for all species of ray-finned fishes present in the Fish Tree of Life (https://
fishtreeoflife.org/). For this, we used existing literature as well as through observation of specimens purchased through the aquarium 
trade (for some cichlids and coral reef fishes).

Data collection Nick Peoples collected all data on tooth complexity and diet through an extensive review of the literature. No software was used. 

Timing and spatial scale Data was collected over a period of two years (2021-2023).

Data exclusions We excluded 19,407 species from our phylogenetic analyses across ray-finned fishes because these species were input into the 
phylogenetic tree using stochastic polytomy resolvers, which are well-known to break natural phylogenetic patterns. Trees built using 
these methods should not be used for analyses of trait evolution. We restricted our phylogenetic analyses to 11,508 species using a 
tree built only with genetic sequence data. We did not exclude any species from our analysis within African cichlids. 

Reproducibility All analyses can be reproduced, and RevBayes scripts are made available. We have also provided the output files of all power-
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Reproducibility posterior analyses and MCMC runs. Two tables are provided in the supplementary information that include references for all our 
tooth complexity and diet classifications. 
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between the cusps. 

Blinding No data blinding was performed.
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