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fishes following the end-Cretaceous
Ava Ghezelayagh 1,18 ✉, Richard C. Harrington1,18 ✉, Edward D. Burress 1, Matthew A. Campbell
Janet C. Buckner4,5, Prosanta Chakrabarty 6, Jessica R. Glass 7, W. Tyler McCraney5,
Peter J. Unmack8, Christine E. Thacker 9,10, Michael E. Alfaro 5, Sarah T. Friedman1,11,
William B. Ludt10, Peter F. Cowman 12, Matt Friedman 13,14, Samantha A. Price15, Alex Dornburg
Brant C. Faircloth 6, Peter C. Wainwright 11 and Thomas J. Near1,17

,

2,3

,

16

Spiny-rayed fishes (Acanthomorpha) dominate modern marine habitats and account for more than a quarter of all living vertebrate species. Previous time-calibrated phylogenies and patterns from the fossil record explain this dominance by correlating
the origin of major acanthomorph lineages with the Cretaceous–Palaeogene mass extinction. Here we infer a time-calibrated
phylogeny using ultraconserved elements that samples 91.4% of all acanthomorph families and investigate patterns of body
shape disparity. Our results show that acanthomorph lineages steadily accumulated throughout the Cenozoic and underwent a
significant expansion of among-clade morphological disparity several million years after the end-Cretaceous. These acanthomorph lineages radiated into and diversified within distinct regions of morphospace that characterize iconic lineages, including
fast-swimming open-ocean predators, laterally compressed reef fishes, bottom-dwelling flatfishes, seahorses and pufferfishes.
The evolutionary success of spiny-rayed fishes is the culmination of multiple species-rich and phenotypically disparate lineages
independently diversifying across the globe under a wide range of ecological conditions.

S

piny-rayed fishes (Acanthomorpha) account for more than a
quarter of all living vertebrates and are globally distributed
across all types of aquatic ecosystem1–4. Acanthomorphs are
especially prevalent in modern nearshore marine habitats, with
familiar representatives including sticklebacks, seahorses and commercially important species such as cod, tuna and flatfishes. Despite
the scientific, economic and cultural importance of acanthomorphs,
how spiny-rayed fishes diversified to become the dominant marine
vertebrate lineage remains relatively unexplored.
The evolutionary success of acanthomorph fishes has repeatedly
been linked to the Cretaceous–Palaeogene (K–Pg) mass extinction3,5–7, which occurred 66 million years ago (Ma) and is understood
to have laid the foundation for spectacular radiations of terrestrial
vertebrates8–15. The most inclusive lineages of acanthomorph fishes
(for example, Syngnathiformes, Labriformes and Perciformes) originated before or during the Late Cretaceous3,16,17, but Palaeogene
fossils demonstrate that acanthomorph taxonomic diversity and
morphological disparity increased substantially after the K–Pg
event6. Phylogenomic analyses have raised the complementary proposal that the origins of many major acanthomorph lineages coincide with the K–Pg7,18. However, the acanthomorph fossil record is
sparse in the 20 million years around the end-Cretaceous6,16, and

phylogenomic efforts so far have been limited by sampling designs
that inadequately represent the group’s staggering taxonomic richness7,18. These factors have hindered resolution of the timing and
patterns of acanthomorph diversification near the K–Pg; it remains
uncertain if acanthomorph diversification in the Cenozoic was gradual or punctuated, whether lineage diversification is coupled with
phenotypic disparity, and how individual lineages contributed to a
collective pattern of acanthomorph diversification. A well-resolved,
time-calibrated phylogeny that includes all major lineages is critical
to understanding the evolutionary dynamics of spiny-rayed fishes
across the K–Pg boundary and beyond.
The largest challenge to acanthomorph evolutionary studies is inferring a phylogeny of its more than 19,450 species1,4. The
resolution of relationships within the subclade Percomorpha,
which contains more than 95% of all acanthomorph species, has
been particularly difficult. During most of the twentieth century, inferences of acanthomorph and percomorph relationships
relied on anatomical characters that resulted in largely unresolved
phylogenetic hypotheses19. Although these early morphological
investigations defined major groups of acanthomorphs, their conclusions were dramatically upended by the introduction of phylogenies inferred from a relatively small number of Sanger-sequenced
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Fig. 1 | Time-calibrated phylogeny of Acanthomorpha, continued in Fig. 2. The phylogeny is condensed to represent taxonomic families at the tips.
Monotypic families are represented by the species or genus name. Shaded tabs to the right of taxon labels identify inclusive taxonomic orders. Maximum
likelihood bootstrap support (BSS) values for relationships are in Supplementary Figs. 1–15, but unmarked nodes have 100% BSS and nodes with BSS values
<97% are indicated by light-grey circles. Nodes with black circles indicate subtending branches with sCF values lower than one or two site discordance
(sDF) values, while nodes with dark-grey circles indicate lower sCF values and BSS values <97%. Horizontal grey bars at each node portray the 95%
highest posterior density (HPD) credible interval of node age estimates. The blue shaded region reflects the 95% HPD credible interval of the crown age
of Acanthomorpha. A vertical red dashed line marks the K–Pg. The red shaded region corresponds to the disparity through time plot in Fig. 2 and reflects a
period of heightened among-clade morphological disparity in Acanthomorpha. Fish illustrations by Julie Johnson.

mitochondrial and nuclear genes3,17,20–22. For instance, molecular
phylogenies resolved the anglerfishes—long classified with the
group of non-percomorph acanthomorphs that includes the economically important cods (Gadiformes)—well within Percomorpha
as the sister lineage of the pufferfishes and their allies3,17,21. In addition, molecular phylogenies have identified several major lineages
of percomorphs that each encompass a large number of species and
taxonomic families3,4,17. As an example, one of these lineages discovered in molecular phylogenetic studies contains such ecologically
and phenotypically disparate lineages as cichlids, blennies, guppies,
flyingfishes, surfperches and mullets22. Despite this progress, the
inter-relationships among and within the major lineages of percomorphs and acanthomorphs remain unresolved owing to limited
informativeness in Sanger DNA sequence datasets and limited taxonomic sampling of previous phylogenomic analyses3,7,17,18,21–23.
In this Article, we present the results of comprehensive phylogenomic analyses and estimates of divergence times for 1,084
species representing 308 of the 337 (91.4%) acanthomorph taxonomic families (Supplementary Table 1). We sampled nine species
from Aulopiformes (lizardfishes), Myctophidae (lanternfishes) and
Neoscopelidae (blackchins) to serve as outgroups. Our phylogenomic inferences are based on a DNA sequence alignment of 989
ultraconserved element (UCE) loci, and our divergence time estimates were calibrated with 43 fossil constraints. We combine this
new acanthomorph time tree with phenotypic data for 680 living
acanthomorph species24 to explore the evolutionary patterns of
body shape disparity in spiny-rayed fishes.

Results and discussion

The results of the maximum likelihood analysis of the concatenated
UCE dataset depart from previous efforts by yielding confident
phylogenetic resolution of nearly all sampled families of acanthomorphs and percomorphs (Figs. 1 and 2 and Supplementary
Figs. 1–25). The UCE phylogeny differs from a phylogenomic analysis of exon capture data18 in the identification of Paracanthopterygii
as monophyletic and sister to Lampriformes, the resolution of a
clade containing beardfishes (Polymixia) and Percopsiformes (troutperches, pirate perch and amblyopsid cavefishes), and the placement of Beryciformes (containing Berycoidei and Holocentridae) as
the sister lineage of the species-rich Percomorpha, each supported
by high bootstrap values and estimates of Bayesian concordance
factors (Figs. 1 and 3). The phylogenies resulting from analyses of
these concatenated exon markers also support the common ancestry

of Beryciformes and Percomorpha, and the deepest nodes within
Paracanthopterygii are poorly supported18. Our results are consistent
with earlier molecular analyses in regard to the resolution of major
percomorph clades that each include a large number of taxonomic
families3,7,17,18,21. For example, our analyses resolve the percomorph
subclade Acanthuriformes4,25 as a monophyletic group comprising
more than 2,325 species that includes anglerfishes, pufferfishes, butterflyfishes and scores of other percomorph lineages that have long
evaded resolution in morphological and molecular analyses (Fig. 2).
In addition to resolving major lineages and taxonomic families,
the maximum likelihood UCE phylogeny reveals novel relationships among some of the most scientifically interesting lineages of
percomorph fishes (Figs. 1 and 2 and Supplementary Figs. 1–25).
For example, Sanger sequencing studies led to the discovery that the
enigmatic coral reef-dwelling engineer gobies (Pholidichthys) are
the sister lineage of cichlids3,17,22 (Fig. 1 and Supplementary Fig. 11).
Whereas these Sanger analyses offered weak resolution beyond the
monophyly of these two lineages, our maximum likelihood UCE phylogeny resolves the freshwater tropical African and South American
leaffishes (Polycentridae) as the sister lineage of the Pholidichthys–
cichlid clade, providing an opportunity for insight into the evolution
of the remarkable species richness and key morphological novelties
found in cichlid fishes. We also confidently resolve the nearshore
rocky reef-dwelling false scorpionfish (Centrogenys vaigiensis) as the
sister lineage to a clade of more than 630 species of wrasses and parrotfishes (Labridae) (Fig. 2 and Supplementary Fig. 21). Consistent
with this discovery is that wrasses and Centrogenys vaigiensis share
ancestral, highly modified components of the ‘labroid’ pharyngeal
jaw apparatus22. This result thereby reduces the number of inferred
independent evolutions of pharyngognathy, an advanced feeding
mechanism that promotes trophic diversification by freeing the oral
jaws from prey-processing functions22,26.
Maximum likelihood concordance factor analyses using
single-locus trees allow for a closer examination of node support
and potential sources of discordance in the acanthomorph phylogeny. Phylogenetic inference on large, concatenated datasets of short
sequences such as UCE loci are known to inflate nodal bootstrap
support values27,28. It is prudent to interpret high bootstrap support
for difficult-to-resolve nodes or those supporting the resolution of
contentious phylogenetic relationships with caution, distinguishing between the sampling variance that determines bootstrap support and the observed variance in the original data. We measure
this underlying variation using site- and gene-concordance factors

Fig. 2 | Time-calibrated phylogeny and subclade disparity through time for Acanthomorpha, continued from Fig. 1. Continuation of the time-calibrated
phylogeny condensed to represent taxonomic families at the tips. Shaded tabs to the right of taxon labels identify inclusive taxonomic orders. Maximum
likelihood bootstrap support (BSS) values for relationships are in Supplementary Figs. 16–25, but unmarked nodes have 100% BSS and nodes with
BSS values <97% are indicated by light-grey circles. Nodes with black circles indicate subtending branches with sCF values lower than one or two site
discordance (sDF) values, while nodes with dark-grey circles indicate lower sCF values and BSS values <97%. Horizontal grey bars at each node portray
the 95% highest posterior density (HPD) credible interval of node age estimates. The blue shaded region reflects the 95% HPD credible interval of the
crown age of Acanthomorpha. A vertical red dashed line marks the K–Pg. The solid blue line shows observed average relative morphological disparity
through time (DTT) for all of Acanthomorpha (represented in both Figs. 1 and 2), and the orange portion of the line, which corresponds to the vertical red
shading, reflects the high among-clade disparity present in the early Eocene. The dashed black line and surrounding grey envelope represent the mean
DTT and 95% confidence interval for Acanthomorpha as predicted under Brownian evolution, respectively. Fish illustrations by Julie Johnson.
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Fig. 3 | Bayesian concordance factor analyses used to compare alternative phylogenetic hypotheses concerning the sister taxa of three major
acanthomorph lineages. BUCKy-inferred genome-wide posterior mean concordance factor estimates, with 95% confidence intervals, representing the
proportion of n = 250 post-burnin gene trees exhibiting alternative topologies among major acanthomorph lineages. Lengths of blue bars reflect the
posterior mean concordance factors for the topology represented in Figs. 1 and 2 and Supplementary Figs. 1–25, while lengths of grey bars represent the
mean concordance factors of alternative topologies. Fish illustrations by Julie Johnson. a, Gene tree concordance for Percopsiformes, Polymixia and all
other Paracanthopterygii. b, Lampriformes, Paracanthopterygii and Acanthopterygii. c, Alternative sister lineages of Percomorpha.

(sCF and gCF, respectively), or the proportion of alignment sites
or gene trees in agreement with the branches in the acanthomorph
phylogeny28. We estimate low sCF and gCF values for acanthomorph relationships that are unique to the maximum likelihood
analysis of the UCE dataset, as well as for acanthomorph lineages
resolved as monophyletic with strong support from other lines of
evidence (Figs. 1 and 2 and Extended Data Fig. 1). However, we
observe many branches with very low gCF estimates and markedly higher sCF values (Extended Data Fig. 1a), as well as a positive correlation between branch length and congruence (Extended
Data Fig. 1), indicating that incomplete lineage sorting is not the
sole cause of gene tree conflict28. Rather, the low gCF values and
the observed phylogenetic incongruence are probably driven by
weak phylogenetic signal in individual UCE loci, stochastic error
or short subtending branches, all of which negatively impact the
resolution of trees inferred from single loci28,29. This result is consistent with the observation that individual UCE loci contain relatively
little phylogenetic information despite having higher net phylogenetic informativeness than protein-coding genes30,31. It also elucidates the topological differences in the phylogeny inferred using
multi-species coalescent-based methods (Extended Data Fig. 2) and
supports the use of concatenated alignments in our study.
As multiple processes likely drive the low gene concordance factor
estimates for branches in the UCE phylogeny, low site concordance
factor (sCF) values provide clearer evidence of incomplete lineage
sorting. Approximately 12.8% of the UCE phylogeny’s branches
have higher site support for one or more alternative topologies
(Figs. 1 and 2), and an additional 16.9% have sCF values similar to
the site discordance factor (sDF) estimates (that is, sCF is higher than
sDF by no more than 15%). The vast majority of these branches with
low site support are within clades recognized as taxonomic families
or represent otherwise uncontested relationships. Of note are the
higher or imbalanced sDF values that highlight uncertainty in the
common ancestry of Lampriformes and Paracanthopterygii (sCF
33.65%, sDF1 34.59% and sDF2 31.76%), the resolution of a clade
containing Beryciformes and Percomorpha (sCF 28.63%, sDF1
46.96% and sDF2 24.41%), the identity of the earliest-diverging
perciform lineages, and the resolution of Labriformes as the
sister lineage of the clade comprising Acropomatiformes and
Acanthuriformes (sCF 33.62%, sDF1 30.56% and sDF2 35.82%).
The sDF values for several key branches within Scombriformes,
Blenniiformes and Acanthuriformes are also higher than the site
support for the relationships shown in Figs. 1 and 2, and there are

similar sCF and sDF estimates for the branches representing the
common ancestry of Polymixia and Percopsiformes (sCF 37.78%,
sDF1 27.63% and sDF2 34.58%), as well as Centrogenys vaigiensis
and Labridae (sCF 34.11%, sDF1 33.53% and sDF2 32.35%). Despite
these uncertainties, the maximum likelihood phylogeny inferred
using the concatenated dataset of the UCE loci provides an important framework for resolving the phylogenetic relationships among
lineages of acanthomorph and percomorph fishes (Figs. 1 and 2).
Divergence time estimates for Acanthomorpha resulting from
relaxed molecular clock analyses calibrated with 43 well-justified
fossil calibrations allow for unprecedented resolution of the timing and tempo of family-level lineage diversification (Figs. 1 and 2
and Extended Data Fig. 3). The median Bayesian posterior of stem
lineage age estimates demonstrates that 80% of living acanthomorph taxonomic families originated after the K–Pg, during the
Palaeocene through the early Miocene (~66–15 Ma) (Extended
Data Fig. 4). This pattern of an extended period of lineage origination contrasts with earlier hypotheses of a clustered origin of
these percomorph lineages shortly after the K–Pg mass extinction7.
Although most of the acanthomorph taxonomic families originated
in the Palaeogene, there is an indiscernible effect of the K–Pg mass
extinction on acanthomorph lineage diversification rates, as we do
not detect any statistically supported mass extinctions or tree-wide
rate shifts (Extended Data Fig. 5). Moreover, stepping-stone simulations, used to evaluate the relative and absolute fits of competing
diversification models to the observed time-calibrated phylogeny,
strongly support a constant-rate birth–death model (Extended
Data Fig. 6). These analyses are not impervious to type II error, but
Bayesian estimates of the evolutionary rates of individual acanthomorph lineages are similarly homogeneous across the K–Pg and
through the Cenozoic (Extended Data Fig. 7). We observe increases
in speciation rates in only a few percomorph clades, such as branches
in the phylogeny subtending the most recent common ancestors of
Apogonidae (cardinalfishes), Pseudocrenilabrinae (African cichlids), Chaetodontidae (butterflyfishes), Sebastes (rockfishes) and
Lycodinae (a lineage of eelpouts).
Although we reconstruct a history of constant rates of lineage
diversification through most of acanthomorph history, body shape
began diversifying sharply at the start of the Palaeogene (Fig. 2).
Our analyses of morphological disparity through time highlight a
period after the K–Pg event during which mean disparity is partitioned between clades more than expected under a Brownian
model of evolution (Fig. 2 and Extended Data Fig. 8), indicating a
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Fig. 4 | Robustness of DTT analyses. Effect of individual lineages or body shape traits on the length of the estimated period of among-clade morphological
expansion after the K–Pg (that is, the period in which the observed disparity falls below that expected from a Brownian motion process). There is no single
major lineage driving the duration of this period of phenotypic diversification, but the more pronounced contribution of depth measurements to this pattern
indicates their importance over width measurements in the expansion of body shapes along the elongation axis. a, Duration of the period of morphological
expansion when a single major lineage is excluded from the analysis. Note that not all major acanthomorph lineages are represented. ‘Squamipinnes’ refers to
the acanthuriform clade in Supplementary Fig. 23 defined by Chaetodon kleinii and Luvarus imperialis, and Lophioidei and Tetraodontoidei are major subclades of
Acanthuriformes. b, Duration of the period of morphological expansion when data for one of the seven body shape traits in the original analysis are excluded.
c, Duration of the period of morphological expansion when the disparity through time analysis is based on a single body shape trait.

time during which subclades of Acanthomorpha evolved and maintained unique body plans32. This disparity through time analyses,
repeated on a sample of 100 trees from the posterior distribution of
BEAST time-trees, shows that the sudden diversification of acanthomorph body shapes began an average of five million years after
the K–Pg and persisted until the early to mid-Eocene (~45–40 Ma)
(Extended Data Fig. 8). This period of high among-clade phenotypic variation in the Palaeogene was not driven by a single clade,
but occurred in several groups across Acanthomorpha (Figs. 1, 2
and 4a). The reconstructed history of phenotypic diversification is
also unlikely an artefact of any topological uncertainties highlighted
by the concordance factor analyses, as only 36 branches with sDF
values greater than the sCF estimates bifurcate between 40 and 60
Ma. Divergences in body elongation, the lengthening of bodies relative to depth and width, contributes greatly to the pattern of the
among-clade disparity detected in the disparity through time analyses (Fig. 4b,c and 5a). Elongation is one of the primary axes of body
1216

shape variation in freshwater and marine fishes24,33, and expansion
along this axis is often coupled with niche divergence and transitions between pelagic, demersal and fully benthic habitats23,34.
During the significant expansion of acanthomorph morphological
disparity in the early Palaeogene, lineages established distinct regions
of morphospace that correspond to iconic present-day ecomorphological types. These forms include the bottom-dwelling, side-lying
flatfishes (Pleuronectoidei) and their sister lineage of speedy, predatory, pelagic fishes (Carangoidei), both within Carangiformes
(Figs. 1 and 5 and Extended Data Fig. 9). Similarly, diverse sublineages of a clade of deep-bodied fishes (Acanthuriformes) were established in the late Palaeocene and early Eocene, including globose,
deep-sea anglerfishes (Lophioidei), ocean sunfishes and rotund pufferfishes (Tetraodontoidei), and laterally compressed reef fishes such
as butterflyfishes (Chaetodontidae), angelfishes (Pomacanthidae)
and surgeonfishes (Acanthuridae) (Fig. 2). Subsequent phenotypic
evolution followed a Brownian model, as acanthomorph clades
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Fig. 5 | Changes in body elongation and compression. Patterns of acanthomorph morphological diversity. Note that not all major acanthomorph lineages
are represented. ‘Squamipinnes’ refers to the acanthuriform clade in Supplementary Fig. 23 defined by Chaetodon kleinii and Luvarus imperialis, and
Lophioidei and Tetraodontoidei are major subclades of Acanthuriformes. a, The first two principal components (PCs) of morphospace (elongation and
compression), with seven major acanthomorph lineages colour-coded by taxon. The proportion of variance explained by PC1 is 70.5% and by PC2 is 12.1%.
b, Phenogram depicting the evolutionary history of head depth (size-corrected), which is negatively correlated to standard length and can reveal patterns
of elongation, across seven major acanthomorph lineages that arose around the K–Pg. Note that all major lineages except Syngnathiformes originate near
the K–Pg boundary, but the three acanthuriform lineages ‘Squamipinnes’, Lophioidei and Tetraodontoidei have markedly different ancestral trait values
from Carangiformes, Scombriformes and Perciformes.

within these well-recognized ecomorphs expanded their regions of
morphospace occupation (Fig. 5b and Extended Data Fig. 9). This
phenotypic diversification in some cases coincided with changes
in geographic distribution and elevated rates of lineage diversification (Extended Data Fig. 7). Such a pattern is exemplified by
Perciformes, which includes multiple radiations of large-mouthed
predators found in habitats that range from nearshore polar habitats to tropical reefs and which repeatedly invaded both benthic and
freshwater habitats. Though the evolutionary trajectories of specific
spiny-rayed fish lineages are idiosyncratic (Fig. 5 and Extended
Data Fig. 9), at a broader phylogenetic scale they each contribute to
an overall pattern of elevated among-clade morphological disparity
in Acanthomorpha during the early Cenozoic (Figs. 2 and 4 and
Extended Data Fig. 8).
Our estimate of the timing of acanthomorph diversification at
the onset of the Palaeogene adds an important perspective to patterns in the fossil record. Fossils suggest that acanthomorph taxonomic diversity and morphological disparity were low in the Late
Cretaceous before the K–Pg event, after which both diversity and
disparity increased6,16. The precise timing of this morphological
expansion and lineage diversification remained unclear owing to
a scarcity of deposits yielding abundant and well-preserved teleost
skeletons between the Campanian–Maastrichtian (~72 Ma) in the
Late Cretaceous and the Palaeocene–Eocene boundary (~56 Ma)
(refs. 6,16). Though isolated acanthomorph otoliths are known
throughout this interval, they are not well studied relative to those
from Eocene and younger deposits35. Our phylogenomic analyses
shed light on acanthomorph diversification in the time corresponding to this gap in the fossil record, revealing that the origin of the
high disparity observed among early Cenozoic fossil acanthomorphs probably began around 60 Ma and lasted for an interval of

approximately 15–20 Myr. The initiation of a steady accumulation
of living families and a pattern of higher among-lineage morphological disparity following the K–Pg extends through much of the
gap in the acanthomorph fossil record (Fig. 2), indicating that the
rise of acanthomorph diversity in the early Eocene was probably a
gradual process16.
Our results provide a new perspective to the presumed role of the
K–Pg as a catalyst of vertebrate morphological and lineage diversification. We do not corroborate the observation7 that acanthomorph
lineage diversification rates increased after this global mass extinction (Extended Data Fig. 5). The approximately 15–20 Myr period
following the K–Pg during which body shape trait space was highly
partitioned among clades was probably coincident with the origin
of much of the ecomorphological disparity that characterizes the
diversity of living spiny-rayed fishes (Figs. 2 and 5b and Extended
Data Figs. 8 and 9). These ecomorphological types acted as a reservoir of diversity, setting the stage for more recent, phylogenetically or geographically localized radiations, including endothermic
pelagic tunas, Antarctic notothenioids, parrotfishes on coral reefs,
and African Rift Lake cichlids36–39. Our findings indicate the
remarkable diversity of spiny-rayed fishes is the product of several
species-rich and morphologically disparate lineages that diversified throughout most regions of the world in nearly every available
marine and freshwater habitat.

Methods

Detailed descriptions of most procedures are available in Supplementary
Information.
Taxon sampling and procurement of sequence data. This study incorporates
UCE sequence data from 1,109 specimens, including 9 outgroup taxa and
1,075 acanthomorph species spanning 308 recognized taxonomic families in
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Acanthomorpha (Supplementary Table 1). UCE data for 360 specimens came from
five previous phylogenomic studies (Supplementary Table 1), and UCE sequences
for 96 species were extracted from whole genome shotgun sequence data published
in the National Center for Biotechnology Information (NCBI) GenBank.
We generated new sequence data from 647 specimens representing 628 species
of acanthomorphs and six outgroups, largely following the protocols for library
preparation and target enrichment described by Faircloth et al.40 and Alfaro et al.7.
We isolated DNA from muscle or fin tissue following the standard protocol for
Qiagen’s DNeasy Blood and Tissue kits. After using a Qubit fluorometer (Life
Technologies) to quantify 1 μl of all DNA extractions and visualizing DNA through
agarose gel electrophoresis in sodium borate buffer, we sheared approximately
500 ng of genomic DNA from each sampled specimen using a QSonica Q800R3
sonicator to obtain fragment sizes between 300 and 600 nt.
We followed commercial protocols for dual indexing of genomic libraries with
Kapa HyperPrep kits (Kapa Biosystems) and Illumina TruSeq iTru5 and iTru7
adapters41. We performed dual-step SPRI bead clean-ups with 80% EtOH washes
for all purification steps, including a 0.8× clean-up after the ligation of adapters.
We amplified DNA libraries using 25 μl KAPA HiFi HotStart ReadyMix (Kapa
Biosystems), 5 μl of 5uM Illumina TruSeq iTru5 and iTru7 dual-indexed primers41,
and 5 μl ddH2O using the following thermocycler settings: 98 °C for 45 s; 13 cycles
of 98 °C for 15 s, 60 °C for 30 s, 72 °C for 60 s; and a final extension of 72 °C for
5 min. We purified PCR products using 1.0× SPRI beads and rehydrated libraries
in 25 μl of 10 mM Tris–HCl. After library quantification with a Qubit flourometer,
we pooled 80 ng of each sample into groups of nine, dried the pools in a vacuufuge
and rehydrated with 4.9 μl of 10 mM Tris–HCl.
We used a bait set from Arbor Biosciences designed to target 1,314 UCE
loci in acanthomorph fishes for target enrichment of UCE loci7. For 24 h at
65 °C, we allowed pooled libraries to hybridize with 100 ng Arbor Biosciences
myBaits, 500 ng custom blocking oligos, 500 ng commercially available human
Cot-1 DNA (Arbor Biosciences) and 1% sodium dodecyl sulfate. After hybrid
enrichment, we performed 2.0× bead clean-ups on all pools, during which
we removed all residue of the final wash buffer, allowed samples to dry on the
magnetic rack and rehydrated samples with 30 μl of ddH2O. We combined these
bead-bound enriched libraries with 25 μl HiFi HotStart ReadyMix polymerase
(Kapa Biosystems), 5 μl of each Illumina TruSeq primer mix and 5 μl ddH2O.
Samples then underwent a PCR with 16 amplification cycles using the same
temperature and time settings that were used earlier for library amplification.
We performed 1.0× bead clean-ups to purify the reaction products, and
rehydrated pools in 33 μl ddH2O. We quantified the enriched pools, diluted
them to 2.5 ng μl−1, affirmed their size distribution using a Bioanalyzer (Agilent
Technologies) and quantified each pool via qPCR using a commercial kit
(Kapa Biosystems). Using the Bioanalyzer’s estimates of mean fragment sizes
and the qPCR results, we adjusted sample concentrations to 10 nM and created
an equimolar pool of all enriched libraries. Libraries were sequenced using
150 bp paired-end sequencing on Illumina HiSeq platforms.
Data processing and phylogenetic analyses. We used the PHYLUCE v.1.7.1
(refs. 40,42) computer package to process raw read data, remove potential paralogues,
conduct de novo assembly and construct alignments of UCE loci. We generated
two separate alignments of UCE loci present in at least 75% of the samples: one
consisting of all 1,109 specimens (1,084 species) and another including only a
subset of the 702 species that overlapped with the taxon sampling of a previously
published morphological dataset. The 1,084- and 702-taxon alignments consisted
of 987 loci (383,250 bp) and 989 loci (499,957 bp), respectively.
Using these two 75% complete data matrices, we conducted multiple
phylogenetic analyses using maximum likelihood methods in IQ-TREE v.1.7
(ref. 43) and RAxML-ng v.0.9.0 (ref. 44). We topologically constrained the divergence
time analyses represented in Figs. 1 and 2 with phylogenies inferred in IQ-TREE
using single-partition alignments of the 702-taxon and 1,084-taxon datasets. Both
of these tree searches assumed the GTR + Gamma model of molecular evolution
and used ultrafast bootstrap approximation to generate 1,000 bootstrap replicates
and 1,000 replicates of the Shimodaira–Hasegawa approximate likelihood ratio test
(SH-aLRT). We used the program TOPD v.4.6 (ref. 45) to ensure the phylogenies
inferred using different partitioning schemes and maximum likelihood programs
presented similar tree topologies.
We also used IQ-TREE’s ModelFinder Plus and ultrafast bootstrap
approximation options to infer maximum likelihood gene trees for each UCE
locus. In TreeShrink46, we used a false-positive tolerance rate parameter (α) of
0.05 to identify and remove potentially aberrant sequences from the single-gene
alignments. We re-aligned filtered alignments using MAFFT v.7.130b (ref. 47)
and used them to repeat inference of gene trees in IQ-TREE. We employed the
resulting gene trees to generate a summary species tree in ASTRAL-III v.5.6.3
(ref. 48). Additionally, we applied these gene trees in IQ-TREE 2 (ref. 49) to calculate
the percentage of decisive gene trees (gCF) that are consistent with each branch in
the single-partition IQ-TREE phylogeny28. To calculate stable sCF values for every
internal branch, we randomly subsampled 100 quartets from our concatenated
alignment. We performed correlation analyses between branch lengths and
maximum likelihood concordance factor values using base R functions after
log-transforming branch lengths (results in the legend of Extended Data Fig. 1).
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We also applied Bayesian methods to understand the degree of topological
discordance along the backbone of the acanthomorph tree. For an 82-taxon sample
that represented the major acanthomorph subclades, we generated alignments
using MAFFT and inferred gene tree distributions for each locus. We ran these
tree searches in MrBayes v.3.2.7 (ref. 50) for 2 million generations, assuming a
GTR + Gamma model of molecular evolution. We measured topological discordance
between these Bayesian gene trees by estimating genome-wide concordance factors
in BUCKy51 using an α value of 1.0.
Divergence time estimation. We estimated divergence times for the 702- and
1,084-taxon phylogenies in BEAST v.2.5 (refs. 52–54) using reduced datasets of
randomly subsampled UCE loci36,55. For both phylogenies, we repeated dating
analyses on three different alignments of 30 loci. For each of these alignments,
we accounted for site-specific variation in evolutionary patterns by selecting the
best-fit partitioning schemes using PartitionFinder2 v.2.1.1 (ref. 56). We performed
at least three replicate analyses for each 30-locus dataset. We ran all BEAST analyses
under a relaxed log-normal clock model and a birth–death tree model, using the
IQ-TREE phylogenies inferred from the single-partition, 702- and 1,084-taxon
alignments as topological constraints. We used 43 fossil constraints (detailed
in Supplementary Information) to assign minimum age priors and ran BEAST
analyses for a minimum of 200 million generations after discarding a burnin of
200 million iterations. We used Tracer v.1.7.1 (ref. 57) to assess convergence of
parameters across replicate MCMC chains and ensure there were no directional
trends in parameter estimates. For each set of random loci, we combined replicate
analyses in LogCombiner and constructed maximum clade credibility (MCC) trees
using TreeAnnotator in BEAST v.1.8.4 (ref. 58), with summarized node heights
rescaled to reflect the posterior median heights. MCC trees for the 702-taxon
datasets were summarized from 10,000 post-burnin, randomly sampled trees, while
MCC trees for the 1,084-taxon datasets were summarized from 1,200 such trees.
Diversification rate analyses. We removed all outgroup and duplicate taxa from
the 1,084-taxon MCC tree displaying the highest effective sample size and used
this pruned tree for all diversification rate analyses. We used TESS59 to conduct
stepping-stone simulations that estimated the marginal likelihoods of eight birth–
death models, allowing us to calculate Bayes factors and assess the competing models’
relative and absolute fits to the time-calibrated phylogeny of Acanthomorpha. We
examined tree-wide speciation, extinction and net-diversification rates using TESS’s
CoMET model. For this analysis, we accounted for our incomplete sampling, specified
a uniform sampling strategy and ran three replicate reversible-jump MCMC chains
until effective sample size values were ≥200. CoMET runs were checked for withinand between-analysis convergence of the diversification rate parameters as described
in Supplementary Information. Using the same time-calibrated phylogeny, we also
inferred rate heterogeneity across lineages using BAMM v.2.5.0 (ref. 60). BAMM
analyses accounted for the incomplete sampling of taxonomic families and other
major representative clades and used empirically determined rate priors identified by
the R package BAMMtools v.2.1.6 (ref. 61). We ran 23 MCMC chains with different
combinations of parameters in BAMM, each for 100 million generations, and we
identified the rate shifts along specific branches that were predicted by at least 16 of
these analyses.
Phylogenetic comparative methods. We pruned a body trait dataset of teleost
fishes24 to include maximum body depth, maximum fish width, head depth, lower
jaw length, mouth width, minimum caudal peduncle depth and minimum caudal
peduncle width for the 680 species that matched the species represented in the
702-taxon UCE phylogeny. To correct for body size, we regressed log-transformed
trait values against log-transformed standard fish lengths and calculated
phylogenetic residuals in PHYTOOLS62. We assessed disparity through time using
GEIGER63 and the time-calibrated IQ-TREE phylogeny. We repeated disparity
through time analyses on 100 randomly sampled time trees from the posterior
distribution generated in BEAST, and we summarized the mean and 95% confidence
interval for the 1.0 My time interval after the K–Pg during which average subclade
disparity first dropped below the value simulated under Brownian evolution, as well
as the proportion of trees through time that strayed from the Brownian prediction.
We tested the sensitivity of disparity through time analyses to the exclusion of body
shape traits and of major clades that arose immediately around the K–Pg boundary.
Finally, we used PHYTOOLS to visualize body shape morphospace using principal
component analysis and to generate phenograms that visualize the evolutionary
histories of the following seven major lineages: Scombriformes, Syngnathiformes,
Carangiformes, Perciformes, Lophioidei (in Acanthuriformes), Tetraodontoidei
(in Acanthuriformes) and ‘Squamipinnes’ (referring to the acanthuriform clade in
Supplementary Fig. 23 defined by Chaetodon kleinii and Luvarus imperialis).
Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

NCBI BioSample Accession numbers corresponding to sequence data are listed in
Supplementary Table 1. New raw sequence data are available for download from
the NCBI Sequence Read Archive (SRA), under BioProject ID PRJNA758064.
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Sequence alignments, partitioning schemes, phylogenetic trees, phenotypic trait
data and other related data files are available on the corresponding Dryad Digital
Repository: https://datadryad.org/stash/share/-vfd5XqnNuJ1BHG7s2nBDw2nRRy
K80Rc4BAtkrAkkoU.

Code availability

Analyses relied on open-source programs, and scripts used for data analysis are
available on the Dryad Digital Repository: https://datadryad.org/stash/share/-vfd5
XqnNuJ1BHG7s2nBDw2nRRyK80Rc4BAtkrAkkoU.
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Extended Data Fig. 1 | Relationships among gene concordance factor (gCF) values, site concordance factor values (sCF) and branch lengths
(substitutions per sequence site) along all branches of the acanthomorph phylogeny represented in Supplementary Figs. 1–25. Note that unlike gCF
values, site concordance and discordance values sum to 100% because their calculations allow for only three possible resolutions of a branch. Branch
lengths have a positive, logarithmic correlation with gCF and sCF. A one percent increase in branch lengths leads to a 0.1413 increase in the natural log
of gCF (Standard Error = 0.2925, y-intercept = 108.3323, R-squared = 0.6791) and a 0.0905 change in the natural log of sCF (Standard Error = 0.3416,
y-intercept = 109.851, R-squared = 0.3889). These correlation analyses were performed using base R functions after log-transforming branch lengths; all
branches were included in these calculations. a, Relationship between gCF and sCF, with points colored by branch lengths. The dashed black line with a
slope of 1 demonstrates dissimilar levels of conflict among loci and sites, suggesting that the low gCF values are not just caused by genuine discordance
in the gene trees. Eleven gray points reflect extremely long branches with lengths greater than 0.1 nucleotide substitutions per site (greater than the upper
99th percentile). b, Logarithmic relationship between branch lengths and gCF. c, Relationship between branch lengths and sCF values, with points colored by
gCF values. Not shown are three points with very long branches (0.176-0.328 substitutions per sequence sites), all of which have sCF and gCF values >94%.
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Extended Data Fig. 2 | ASTRAL-III summary species tree inferred using individual gene trees. Collapsed species tree inferred under the multi-species
coalescent model (the uncollapsed tree can be found in the study’s Dryad repository). Local posterior probability values at nodes do not measure support
for bipartitions, but rather are a function of the frequencies of the represented quartet topologies among all gene trees. ‘Acropomatiformes I’ refers to
the clade containing Champsodon, Creediidae, and Hemerocoetidae while ‘Acropomatiformes II’ includes all other acropomatiform taxa according to
Supplementary Table 3.
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Extended Data Fig. 3 | Median stem age estimates and 95% Highest Posterior Density (HPD) credible intervals for 22 major acanthomorph clades, as
reported in the following 3 phylogenomic studies: Alfaro et al.7, Hughes et al.18 and this study. Estimates for this study are the raw node heights reported in
the 1,084-taxa time tree represented in Figs. 1 and 2. The 95% HPD credible interval of stem ages for most of the represented clades overlap with previous
estimates, but we observe some major discrepancies, likely due to differences in tree topologies and taxon sampling. Fish illustrations by Julie Johnson.
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Extended Data Fig. 4 | Acanthomorph lineages classified as taxonomic families underwent a steady period of increased origination beginning at the
K-Pg boundary. Bar plot of the estimated number of lineages classified as taxonomic families originating during 5 million year bins. Note that the amounts
of time represented by the first two bars are greater than the 5 million years represented by all other bars.
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Extended Data Fig. 5 | TESS-CoMET analyses suggest constant tree-wide diversification rates through most of the history of Acanthomorpha. In b,
d, and e, horizontal dashed lines and the right-hand y-axis mark statistical support cutoffs for rate shifts, with 2 ≤ Bayes factors (BF) < 6 considered to
be low support, 6 ≤ BF < 10 considered to be moderate support and ≥10 considered to be high support. The rate shifts observed in a, c, and e over the
last 10 million years are likely an artifact of the CoMET model (see Supplementary Information for further discussion). a, Posterior mean (blue line) and
95% credible interval (blue shading) for acanthomorph lineage origination (that is speciation) rates through time. b, Bayes factor (BF) support for a shift
in lineage origination rate at every 1 Myr time period. c, Posterior mean (pink line) and 95% credible interval (pink shading) for acanthomorph lineage
extinction rates through time. d, Bayesian support (in BF) for a shift in extinction rate at every 1 Myr time period. e, Posterior mean (violet line) and 95%
credible interval (violet shading) for acanthomorph net-diversification (origination minus extinction) rates through time. Though this plot suggests that
there is a small shift in net-diversification rate ~50 Mya, there is no statistical support for such a shift (see b and d). f, There is no statistical support (in BF)
for a mass extinction event in Acanthomorpha at any 1 Myr time period.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Pairwise comparisons of 8 birth-death (BD) branching process models. TESS calculated Bayes Factors (2ln(BF)) from the
pairwise comparisons of marginal likelihoods for 8 birth-death (BD) branching-process models with the following priors: 1.) constant diversification
rate with uniform (random) sampling, 2.) constant diversification rate with diversified sampling (sampling results in even coverage of all clades), 3.)
decreasing speciation rate with uniform sampling, 4.) decreasing speciation rate with diversified sampling, 5.) constant diversification rate with a rate
shift 50 Mya (‘Episodic BD’) with uniform sampling, 6.) constant diversification rate with a rate shift 50 Mya (‘Episodic BD’) with diversified sampling,
7.) constant speciation rate with a single mass extinction event occurring at any point in time (‘Mass Extinction BD’) with uniform sampling, and 8.)
constant speciation rate with a single mass extinction event occurring at any point in time (‘Mass Extinction BD’) with diversified sampling. Observations
of the pairwise comparisons note strong preference for a model that assumes uniform (random) sampling and strong support for either a constant rate
BD model, or an episodic BD model that assumes a shift 50 mya. There is moderate Bayesian support (2ln(BF) = 6.4) that among the models assuming
uniform sampling, the constant rate model is preferred over the model with a shift 50 Mya.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Visual summary of shifts in speciation rates inferred using BAMM. The configuration presented here is the maximum shift
credibility (MSC) configuration for an analysis that expected 15 rate shifts under the prior. Darker red colors depict relatively fast rates, while darker blue
colors depict relatively slow rates. Rate shifts along branches are denoted with filled, black circles and assigned identifying numbers. Shifts in speciation
rate are estimated to have occurred on the branches leading to the following 27 clades: 1.) Dinematichthyidae, 2.) Apogonidae (to the exclusion of
Pseudamia), 3.) Gobiidae and Oxudercidae, 4.) Solenostomus, 5.) Parupeneus and Pseudopeneus (in Mullidae), 6.) Ariomma, Nomeidae and Stromateidae, 7.)
Mastacembelidae, 8.) the clade defined by Scophthalmidae and Soleidae, 9.) Carangidae (to the exclusion of Seriola), 10.) Pseudocrenilabrinae
(in Cichlidae), 11.) Pomacentridae, 12.) the clade defined by Gobiesocidae and Dactyloscopidae, 13.) Poeciliidae, 14.) the clade defined by Scorpididae
and Terapontidae, 15.) Labridae, 16.) Sciaenidae, 17.) the clade defined by Nemipteridae and Sparidae, 18.) Tetraodontidae, 19.) Chaetodontidae, 20.)
Acanthuridae (to the exclusion of Prionurus and Naso), 21.) Anthiadinae and Epinephelidae, 22.) darters (Etheostomatinae), 23.) the clade defined by
Nototheniidae and Channichthyidae, 24.) Sebastes, 25.) the clade defined by Trichodontidae and Psychrolutidae, 26.) the clade defined by Stichaeidae and
Zoarcidae and 27.) the clade defined by Bothrocara and Lycodes concolor (in Zoarcidae). Shifts labelled with blue rather than black numbers are estimated
to have occurred by 16 of the 23 BAMM analyses conducted in this study. Although shift number 20 and shift number 26 are labelled in black, the vast
majority of BAMM analyses predicted a rate shift in nearby branches leading to slightly more inclusive clades (specifically Acanthuridae to the exclusion
of Naso, and all of Lycodinae, respectively).
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Extended Data Fig. 8 | Mean relative disparity through time (DTT) for all of Acanthomorpha, calculated using the combined data for seven phenotypic
measurements and repeated on a sample of 100 trees from the posterior distribution of time-trees. The gray line and blue shaded region indicate the
median and 95% confidence interval (CI) expected under a Brownian motion model (BM) of evolution, respectively, and the solid black line indicates
the observed pattern of disparity. This is the same plot visualized in Fig. 2, but note that the earliest portion of the DTT plot that includes the outgroup is
not shown in Fig. 2. Acanthomorph body shapes radiated for approximately 15–20 million years in the aftermath of the K-Pg, followed by within-lineage
phenotypic diversification. The blue histogram along the x-axis shows the proportion of time-calibrated trees for which the null hypothesis is rejected
(P <0.05) and the observed disparity falls outside of the BM model’s 95% CI in each one-million-year interval. The inset, black box-and-whisker plot
depicts the mean (±95% CI) of the initial time point at which the observed disparity dropped below that expected from BM following the K-Pg.
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Extended Data Fig. 9 | Phenograms depicting the evolutionary history of four size-corrected phenotypic traits (body depth and width, head depth,
and mouth width) across seven major lineages that arose around the K-Pg. The vertical dashed line marks the K-Pg boundary. Note that not all major
acanthomorph lineages are represented in these plots and that Lophioidei and Tetraodontoidei are major subclades of Acanthuriformes. ‘Squamipinnes’
refers to the acanthuriform clade in Supplementary Fig. 23 defined by Chaetodon kleinii and Luvarus imperialis.

Nature Ecology & Evolution | www.nature.com/natecolevol

