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EVOLUTIONARY BIOLOGY

Phylogenomics establishes an Early Miocene
reconstruction of reef vertebrate diversity

Chase D. Brownstein'*, Richard C. Harringtonz, LauraR. V. Alencar', David R. Bellwood?,
John H. Choat?, Luiz A. Rocha?, Peter C. Wainwrights, Jose Tavera®, Edward D. Burress’,
Martha M. Mufioz'®, Peter F. Cowman>?, Thomas J. Near''®

Oceans blanket more than two-thirds of Earth’s surface, yet marine biodiversity is disproportionately concentrat-
ed in coral reefs. Investigating the origins of this exceptional diversity is crucial for predicting how reefs will re-
spond to anthropogenic disturbances. Here, we use a genome-scale dataset to reconstruct the evolutionary
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history of the wrasses and parrotfishes (Labridae), which rank among the most species-rich and ecologically di-
verse lineages of reef fishes. We show that major labrid clades experienced pulses of evolutionary innovation and
accelerated diversification during the Miocene approximately 20 to 15 million years ago that the origin of no sin-
gle phenotypic trait can explain. These results draw parallels to the evolutionary histories of many clades after
mass extinctions and corroborate recent fossil evidence for an Early Miocene extinction event in oceanic verte-
brates and changes in coral reef faunal composition. Our data provide genomic evidence for a major Early Miocene

reassembly of reef faunas.

INTRODUCTION
Mass extinctions are engines in the generation of biodiversity. These
events and the subsequent invasion of newly available ecological
niches by survivors are thought to explain the origins of major swaths
of extant species (1-6). There is now strong evidence that the early
diversifications of major clades like birds (7-11), snakes (12), frogs
(13), spiny-rayed fishes (14-17), and mammals (18-21) were tied to
ecological opportunity created by the mass extinction at the Cretaceous-
Paleogene boundary 66 million years (Ma) ago. Yet, extinction and
turnover events in the past 60 Ma have dramatically reshuffled bio-
tas and represent near-equally important macroevolutionary events
for understanding the formation of living species richness (22-27).
This is particularly apparent for marine biotas; clades as varied as sharks
and corals appear to have been far less affected by the Cretaceous-
Paleogene mass extinction than their terrestrial contemporaries (28-36).
Instead, the formation of present-day oceanic ecosystems, especially
species-rich coral reefs, appears connected to extinctions that have
taken place over the past 33 Ma (33-35, 37-42) and the rise and
fall of major oceanic biodiversity hotspots (39, 43-45). Pinpoint-
ing the timing of these events is difficult because of gaps in the
fossil record and limited sampling of living marine biodiversity, as
well as conflicting evolutionary timescales estimated for species-
rich assemblages like marine fishes (36, 43, 46-51).

Labridae, which includes the iconic wrasses, hogfishes, razor fish-
es, and parrotfishes, is one of the most species-rich and ecologically
diverse living marine fish clades and a major component of global

"Department of Ecology and Evolutionary Biology, Yale University, Class of 1954 En-
vironmental Science Center, 21 Sachem Street, New Haven, CT 06511, USA. >Depart-
ment of Natural Resources, Marine Resources Research Institute, 217 Ft. Johnson
Road, Charleston, SC 29412, USA. 3College of Science and Engineering, James Cook
University, Townsville, QLD 4811, Australia. 4Section of Ichthyology, California Acad-
emy of Sciences, 55 Music Concourse Drive, Golden Gate Park, San Francisco, CA
94118, USA. *Department of Evolution and Ecology, University of California, Davis,
Davis, CA 95616, USA. 6Departamento de Biologia, Universidad del Valle, Cali,
Colombia. ’Department of Biological Sciences, University of Alabama, Tuscaloosa, AL
35487, USA. 8Peabody Museum, Yale University, 21 Sachem Street, New Haven CT
06511, USA. “Biodiversity and Geosciences Program, Queensland Museum Tropics,
Townsville, QLD 4810, Australia.

*Corresponding author. Email: chase.brownstein@yale.edu

Brownstein et al., Sci. Adv. 11, eadu6149 (2025) 7 May 2025

reef vertebrate diversity (47, 52-54). Here, we resolve the phyloge-
netic relationships of the major labrid lineages using a genome-scale
dataset and explicitly test how different calibration strategies and
models of molecular evolution affect estimates of the timescale of
labrid evolution. We robustly infer a major pulse of radiations (Fig. 1)
across Labridae that unfolded during the Early Miocene, a period of
global climate stability (41, 55-58). This event generated indepen-
dent shifts in evolutionary optima for ecologically relevant traits and
saw the origination of numerous evolutionary novelties and innova-
tions at the base of each radiation. These temporally concurrent ra-
diations also correspond to a pronounced uptick in labrid dispersal
events across oceans, suggesting a global pattern of rapid diversifica-
tion. Our results reveal the phylogenomic signal of a major reassem-
bly of reef fish diversity approximately 20 Ma ago during a period of
global climate stability, an event hinted at by evidence from the in-
vertebrate fossil record (33, 39, 40, 59, 60). The multiple concurrent
radiations of different lineages of labrids provide strong support for
a global event that restructured oceanic ecosystems during the Early
Miocene and shaped their present biota.

RESULTS

The origin and diversification of Labridae

We inferred the phylogenetic relationships of Labridae from approxi-
mately 1000 ultraconserved element (UCE) loci sequenced for 498
specimens comprising 415 of 674 the currently recognized labrid
species according to Eschmeyer’s Catalog of Fishes (accessed January
2023). Phylogenetic analyses using multiple data partitioning strate-
gies resolved the relationships of the major linages of Labridae, in-
cluding the previously unresolved position of the fairy and flasher
wrasse clade Cirrhilabrinae (54, 61) as the sister clade to a lineage
containing slingjaw and humphead wrasses (Cheilininae), tautogs
and relatives (Labrinae), and parrotfishes (Scarinae), with robust
node support (bootstrap = 100, coalescent support = 1.0) (Fig. 1A,
figs. S1 to S8, and Supplementary Text). Hypsigenyinae is placed as
the sister lineage of all other wrasses. We also resolve genus-level re-
lationships among the most diverse labrid families, including a sister
relationship of tuskfishes (Choerodon) and cales and weedwhitings
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Fig. 1. Explosive Early Miocene radiations occurred in multiple clades of labrid fishes. (A) Node-dated phylogeny of Labridae using inferred three sets of 50 UCEs
randomly chosen from the set of 1009 sequences, the GTR substitution model, and the ASTRAL-IIl species tree topology. Bars at nodes indicate 95% highest posterior
density intervals for divergence times. (B) Different metrics of diversification and biogeographic change through time. The dispersal plot (lowest) shows the density of
dispersal events to particular areas, where dispersals are divergence events following the movement of individuals in an ancestral population to a new region followed by
speciation from the ancestral population. lllustrations by J. Johnson (https://lifesciencestudios.com/).

traditionally placed in the family “Odacidae” (Odacx, Olisthops, Neoodax,
and Haletta), placement of the tuskfish genera Clepticus and
Semicossyphus within the genus Bodianus, reciprocal monophyly of
coral and seagrass-bed-associated parrotfishes, and polyphyly of
the species-rich julidine genera Coris and Halichoeres, as in previous
studies (16, 54, 61-63).

Using the UCE data and a set of 13 fossil calibrations (fig. S9), we
time calibrated the phylogeny of Labridae. We used several models
of nucleotide evolution [e.g., general time reversible (GTR) and
Hasegawa-Kishino-Yano (HKY)] and applied both node-dating and
tip-dating approaches to produce multiple time-calibrated phylog-
enies and test the influence of different prior specifications on our
inferences of divergence times. Justifications for the placement of
fossil calibrations are in the Supplementary Materials. The inferred
timetrees all support a post-Cretaceous origin of the Labridae and
Eocene divergence among its major subclades (Fig. 1, figs. S9 to S12,
and Supplementary Text), contrasting with several previous studies
that estimated a Mesozoic age for this lineage (fig. S10) (53, 54).

Our time-calibrated phylogeny shows that a set of explosive di-
versifications took place across Labridae starting approximately 19 Ma
ago in the Early Miocene (Fig. 1, A and B, and figs. S13 to S16). In
total, more than 10 major lineages of labrids, including Choerodon
and Bodianus hogfishes, two lineages of fairy and flasher wrasses in
Cirrhilabrinae, the Labrinae, two major lineages of parrotfishes in
the Scarinae, the Xyrichtyinae, and the Julidinae and several of its
most species-rich subclades, radiated independently during the Early
Miocene (Fig. 1).

Historical biogeographic reconstruction indicates that this event
corresponds to an increase in dispersal events, as reconstructed on
the time-calibrated phylogeny of Labridae (Fig. 1B). Increases in lin-
eage accumulation and diversification rates are detected in different
analyses of node-dated phylogenies made using different models of
sequence evolution (figs. S13 to S16 and Supplementary Text). TESS-
CoMET detects an increase in speciation rate during this interval
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that is supported by Bayes factors of 5 to 6 across analytical itera-
tions using different prior shift counts (fig. S14). Diversification rate
curves estimated across time-calibrated phylogenies (Fig. 1B, figs.
S13 and S14, and Supplementary Text) and stochastic mapping of
dispersal events through time (Fig. 1B, figs. S13 and S17 to S19, and
Supplementary Text) suggest that Labridae includes multiple evolu-
tionary radiations (rapidly diversifying lineages) that appeared during
the Early Miocene. Analysis of lineage diversification using BAMM
(fig. S17) suggests that radiations of Cirrhilabrus and Paracheilinus
fairy and flasher wrasses (Cirrhilabrinae) and Scarus and Chlorurus
parrotfishes (Scarinae; Fig. 1A) are among the most rapidly diversi-
tying lineages of vertebrates (64, 65). The Early Miocene burst of
labrid diversification is especially stark in the clade Julidinae. Within
julidines, at least eight globally distributed lineages comprising hun-
dreds of species diverged in less than 3 Ma (Fig. 1A and figs. S11,
$12, and S15). Our inferences of the historical biogeography and di-
versification of Labridae remain comparable across time-calibrated
phylogenies generated using different models of nucleotide evolu-
tion (fig. S13) and when input priors for these analyses (e.g., TESS-
CoMET) are varied (fig. S14). Together, these results identify
the Early Miocene as a major period of diversification in wrasses
and parrotfishes.

Dynamics of the largest reef fish radiation

To investigate whether the explosive diversification of labrid lineag-
es in the Early Miocene are associated with the evolution of ecologi-
cally and functionally relevant traits, we reconstructed the evolution
of 10 discrete and 12 continuous characters related to the myology
and skeletal anatomy of the skull and fins, body size, and dietary niche
using the time-calibrated phylogenomic tree of the Labridae (Fig. 1A).
Many of these traits are putative key innovations in the Labridae
that may have facilitated the invasion of new ecologies and subse-
quent rapid speciation (47, 52, 53, 62, 66-69). Ancestral state re-
constructions and state-dependent diversification rates estimates
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for the discrete cranial characters demonstrate that many evolution-
ary novelties, including the “parrotfish pharyngeal jaw” condition,
the intramandibular joint, and a transition to bite-based feeding
from suction feeding, originated in several lineages concurrently
during or just following the Early Miocene diversification event (Fig. 2,
A and B). Yet, the diversification rates associated with clades having
these traits do not significantly differ from those of other labrids.
Comparisons between binary state speciation and extinction (BiSSE)
and hidden state speciation and extinction (HiSSE) models favored
character-independent hidden state models for all traits except two
of the three combinations of the biting/suction character state ana-
lyzed (Table 1 and Supplementary Text); the character-dependent
HiSSE models favored for the two permutations of the biting/suction
trait do not show a clear effect of either trait on diversification rates.
These suggest that diversification across labrid fishes is not explained
by innovations exclusive to only one or a few labrid lineages.

We obtained similar results from reconstructing changes in the
disparity of continuous characters through time. We found that
Labridae experienced a period of high within-clade disparification
falling outside 95% confidence intervals for Brownian motion in
most continuous characters, including body mass, standard length,
jaw protrusion, and jaw muscle size (M. adductor mandibulae and
M. levator posterior masses), starting at 19 to 20 Ma ago (fig. S20).
Model fitting suggests that an Orstein-Uhlenbeck (OU) model best
fits the pattern of evolution of the continuous characters examined
(table S1 and Supplementary Text). This allows us to reject the hy-
pothesis that the disparification of ecologically relevant cranial and
fin characters followed an early-burst pattern as expected if a single
adaptive radiation originated at the most recent common ancestor
(MRCA) of Labridae. A principal components analysis of the con-
tinuous characters related to cranial morphology and body size in
Labridae demonstrates that morphospace expansion was achieved
in clades that radiated in the past 10 Ma (fig. S21). The parrotfish
lineages Scarus and Chlorurus occupy a unique region of morpho-
space, highlighting the innovative nature of their cranial morphol-
ogy (53, 68).

We identified the locations of adaptive shifts in continuous char-
acter values along the phylogeny of the Labridae using the R pack-
age bayou, which fits a multi-peak OU model to detect adaptive
shifts in trait optima (6) through time (70). Our results show that
77.2% (34 of 44) of detected optima shifts occurred following the
start of the Early Miocene event. The number of 0 shifts that we de-
tect peaks at approximately 6 to 11 Ma ago after starting to increase
in the Early Miocene (Fig. 3B). Shifts in 8 were concentrated in the
lineages Cirrhilabrinae, Scarinae, and Julidinae (Fig. 3A), which are
the three clades that show the most pronounced increases in diver-
sification rates during the Early Miocene (Fig. 1, A and B, and figs.
S15 and S16). Specifically, the 0 shifts in the parrotfishes mainly cor-
responded to changes in body size, whereas in Cirrhilabrinae and
Julidinae, the shifts primarily involved functional characteristics of
the jaws and fins (Fig. 3A and Supplementary Text). These results
indicate that potentially adaptive shifts in functionally relevant ana-
tomical traits occurred simultaneously and independently in multi-
ple wrasse lineages that underwent explosive diversification in the
Early Miocene (Fig. 1).

Together with our trait-associated diversification rate estimates,
our reconstruction of the disparification of functionally relevant
traits through time (Fig. 3) supports the differential adaptive evolution
of functionally relevant characters of the skull and fin in individual
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Fig. 2. Evolutionary history of labrid key innovations suggests that no one fea-
ture clearly explains the living diversity of wrasses, parrotfishes, and rela-
tives. (A to F) show the trait-associated diversification rates estimated using BiSSE
and MuSSE (left) and simulated stochastic mapping-based ancestral state recon-
structions along the timetree of Labridae (right) for six functionally important cra-
niodental characteristics that are considered to be key innovations in Labridae.
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Table 1. Comparison of trait-based diversification rates across labrid discrete traits shows that HiSSE models are weakly favored, but, in most cases,
hidden-character-independent models are more favored than hidden-character-dependent models. Table shows corrected Akaike information criterion
(AIC) scores calculated for four models of trait-based diversification, with the AlCc score associated with the best-fit model bolded. HiSSE CD, character-

dependent HiSSE model; HiSSE CID, character-independent HiSSE model.

Discrete trait Null model BiSSE HiSSE CD HiSSE CID

Coalesced premaxillary teeth 1518.22058 1513.331677 1489.361736 1483.898186
Intramandibularjoinf """"" 1505:1 1 "1 468,78§ '''''''
Phyllodont dentition 1490717115 1456395399
Parrotfish pharyngeal jaw 1509.116851 1474796238
Recurved oral teeth 1493.595616 1459273276
Biting only versus other 1948.458188 1897.940665
Biting and suction versus other 2020592988 1970.075464
Suction only versus other 1983.909671 1927.636208
Reefassociation 2472817752 2414.024582 2252.066888 2408485385
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Fig. 3. Timescale and location of optima shifts for key labrid features supports the Early Miocene as a time of morphological innovation. Time-calibrated phylog-
eny of labrid fishes in (A) is annotated to show the position of trait optima shifts for 11 functionally and ecologically important continuous traits in Labridae. Of the 12 traits
examined, all showed shifts except for the M. sternohyoides mass. Histogram in (B) shows the density of optima over the evolutionary history of Labridae. Note that no
optima occur before 40 Ma, and a marked increase occurs after 20 Ma continuing to just after 10 Ma. lllustrations by J. Johnson (https://lifesciencestudios.com/).

labrid clades. The evolution of functionally important labrid cranial
and postcranial features mainly relates to the evolution of lineage-
specific features. On a larger scale, the absence of a detected diversi-
fication rate shift associated with the common ancestor of Labridae
and Centrogenys suggests an indirect relationship between the ac-
quisition of the labroid pharyngeal jaw in this clade and its species
diversity (47, 71-73). Together, these results suggest that no single
key innovation in cranial anatomy or function alone explains the

Brownstein et al., Sci. Adv. 11, eadu6149 (2025) 7 May 2025

diversity observed in the Labridae (Fig. 2) (74) and substantiates the
present-day diversity of this clade as an assemblage of multiple con-
current evolutionary radiations following an event that initiated in
the Early Miocene 19 to 20 Ma ago.

The Early Miocene and the origin of living reef biotas
What instigated the concurrent radiations of labrid fishes during the
Early Miocene? Multiple paleoclimate proxies indicate that global
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climate at 19 to 20 Ma was relatively stable (41, 56, 58, 75) in contrast
to the pattern that might be expected to cause major extinction or
biotic turnovers. However, recent evidence points to turnover events
across oceanic ecosystems during this time, despite the climatically
unremarkable conditions. For example, the generic diversity of corals
in the Caribbean and Mediterranean decreased by 30 to 50% (59, 60).
Although the diversification of the major reef-building coral clade
Scleractinia occurred in the past 5 Ma, the fossil record suggests that
this lineage began to dominate reef coral assemblages at approximate-
ly 20 Ma (76). Recent studies suggest that this period also marked an
increase in associations between reef fishes and living corals (40). The
Early Miocene featured the migration of the major reef biodiversity
hotspot to its present location in the Indo-Pacific (44, 45, 77-80),
which holds a sizeable proportion of present-day species diversity of
the Labridae (39, 81). Our results suggest that post-Miocene rapid
diversification events in labrid fishes (Fig. 1A and figs. S15 and S16)
involve lineages with centers of diversity in the Indo-Pacific Biodi-
versity Hotspot, such as Cirrhilabrus fairy wrasses and Scarus and
Chlorurus parrotfishes (44, 82, 83). We also infer a Plio-Pleistocene
diversification of the parrotfish genus Sparisoma in the western
Atlantic Ocean (figs. S11 and S15). Together, these recent, secondary
diversification events account for increased overall rates of diversifi-
cation from the Early Miocene to recent. Thus, our results indicate
that despite the stable global climate of the Early Miocene, this pe-
riod featured the initiation of explosive, concurrent radiations ob-
served within labrid fishes that were enabled by extinction and
turnover across marine ecosystems.

Our analyses pull the estimated ages of the labrid radiations to-
ward the present by 10 Ma compared to earlier estimates (fig. S3).
Previous studies based on smaller, legacy marker datasets and more
limited species sampling suggested the Miocene was important in
the evolution of wrasses and other lineages of reef fishes (44, 62).

However, our results support a set of younger and far more explosive
diversifications in labrids that initiated during the Early Miocene
compared to other analyses (44, 62, 68, 84, 85). There is preliminary
evidence that this discrepancy affects other reef fish clades. For example,
arecently published timetree of butterflyfishes (Chaetodontidae) (43)
estimated Middle Miocene ages for genera that postdate previous es-
timates made using legacy nuclear and mitochondrial genes (49, 65)
by 5 to 10 Ma. This result is consistent with previous studies that
demonstrate mitochondrial gene sequences, which are prone to satu-
ration, yield far older divergence times in relaxed molecular clock
analyses (86).

To investigate whether reef association or trophic evolution are
linked to the Early Miocene radiations of wrasse lineages, we con-
ducted ancestral state reconstructions of dietary mode and coral
reef association on the time-calibrated phylogeny (Fig. 4). These re-
constructions of dietary mode suggest that labrids ancestrally preyed
on shelled invertebrates before exploiting a variety of different food
items starting at 19 to 20 Ma (Fig. 4A). The phylogenetic ancestral
state reconstructions record at least seven major shifts in dietary
ecology from an ancestral shelled invertebrate diet toward special-
ized feeding in the Early Miocene, including in a temperate Australian
clade of Hypsigenyinae, Cirrhilabrinae (excluding Pteragogus),
Labrinae, Cheilininae, one or two clades in Scarinae, and four sub-
clades in Julidinae (Fig. 4A). In addition, all cleaner-wrasse clades
originated and diversified within the past 11 Ma (Fig. 4A and fig.
S21), implying a rapid acquisition of the cleaning ecomorphology
(63). The evolution of cleaning behavior in these clades is complex,
with multiple origins of facultative and obligate cleaners (Fig. 4B).
Our inference that numerous labrid clades experienced rapid diver-
sification and phenotypic innovation along with concurrent major
shifts in dietary ecology strongly supports their status as radiations
(2,5,6).
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Fig. 4. Trophic shifts and reef association drove the independent explosive radiations of labrid fishes at 20 Ma. Time-calibrated phylogeny of labrid fishes in (A) is

annotated with an ancestral state reconstruction of diet across labrid fishes (for each

pie chart, only the top four most probable states are shown). Phylogeny in (B) shows

the complex evolution of one novel ecology-cleaning in the most diverse single clade of cleaner wrasses. Note that obligate and facultative adult cleaners each evolve
twice according to this ancestral state reconstruction. (C) shows fossil occurrence density curves for Labridae and Acanthomorpha. (D) shows the trait-associated diversi-
fication rates for the reef association trait as found in BiSSE. Note the marked, continuous increase in labrid fossil occurrences after 20 Ma that is consistent with the results
in this study but differs from the timescale of labrid evolution inferred in previous analyses (fig. S3). lllustrations by J. Johnson (https://lifesciencestudios.com/).
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The rapid radiations and trophic expansions of these labrid sub-
clades mirror the labrid fossil record, which shows an increase in
labrid occurrences exceeding the background fossil record of
Acanthomorpha from the Early Miocene to the Quaternary (Fig. 4C
and Supplementary Text). Together, these findings indicate that the
Early Miocene saw rapid diversification of labrid lineages into a variety
of novel dietary niches that coincided with the expansion of coral
reef ecosystems (87) and the formation of the Indo-Pacific Biodiver-
sity Hotspot in its present location (45, 77, 79). These ecological in-
novations included the emergence of the cleaning ecomorph from a
lineage of coral mucus feeders and the origin of feeding on foramin-
ifera (Fig. 4A).

We infer that the MRCAs of Labridae and nearly all labrid sub-
clades were reef-associated (fig. S10A), in contrast to some previous
reconstructions (68). Furthermore, trait-based diversification rate
analyses strongly support the hypothesis that the use of reef habitats
has a stronger association with the diversification of labrid fishes
(Fig. 4D) compared to any other examined trait (Figs. 2 and 3). Al-
though a character-dependent HiSSE model is the best fit for the
reef-association trait, examination of the underlying hidden states
and their associated rate values shows that most labrids not associ-
ated with reefs are assigned to a hidden state (a) with low rate values,
while reef-associated labrids are distributed across either hidden
state (a or b), both of which exhibit much higher rates than almost
all nonassociated species (fig. S22 and Supplementary Text). These
results suggest that the global concurrent radiations of labrid sub-
clades in the Early Miocene were driven by major ecological changes
to oceans, including the reassembly of coral diversity and structure
of reefs (40). Together, these results highlight the importance of tro-
phic shifts and increased reef association in explaining the present-
day diversity of Labridae (46, 84). The radiation of multiple lineages
of Labridae during the Early Miocene appears to have been facili-
tated by intimate ecological ties to the restructuring coral reef eco-
systems of that time period.

DISCUSSION
The results of our comparative analyses using the time-calibrated
phylogenomic tree present a revised scenario for the origins of the
exceptional biodiversity observed in the Labridae. First, we resolve
the relationships of all major labrid clades, including the placement
of hogfishes, cales, and tuskfishes (Hypsigenyinae) as the living sister
clade to all other labrids and the fairy wrasses (Cirrhilabrinae) as the
sister clade to a lineage containing tautogs and relatives (Labrinae),
slingjaw and humphead wrasses (Cheilininae), and parrotfishes
(Scarinae) (54, 61-63). Our resolution of the major labrid clades and
species-level phylogenetic relationships within them allows us to in-
vestigate the tempo of labrid diversification, the origination of key in-
novations, and the evolution of novel ecologies at high level of detail.
Instead of accumulating through protracted lineage diversifica-
tion over the past 50 Ma (44, 52), we locate the origins of living
labrid diversity within iterative bouts of radiations that took place
during the Early Miocene and which fueled accelerated diversifica-
tion to the present (Fig. 1). Our analyses suggest that these radia-
tions were tied to global changes in reef-building coral diversity and
structure and eliminate major climate shifts (Fig. 1A and fig. S2) (54)
or the origination of individual key innovations (Fig. 2) (47, 53, 74)
as the primary drivers of species richness across labrid phylogeny.
Although labrids have displayed notable morphological diversity over
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the past 50 Ma (88-91), the key innovations of living labrid clades are
much younger, originating over an approximately 5-Ma period in
the Early Miocene (Figs. 2 and 3).

By tracing the biogeography of labrids through time, our results
also support an Early Miocene age for key reef biodiversity centers
such as the Indo-Pacific Biodiversity Hotspot (33, 44, 45, 83), which we
infer as the ancestral region for the major labrid clades Cirrhilabrus,
Cheilininae, Choerodon, Julidinae, and Pseudolabrinae (Fig. 1 and
figs. S11 and S12). The Early Miocene ages of these labrid radiations
are comparable to bursts of diversification observed in several clades
of animals that correspond to the assembly of the present-day
marine biodiversity hotspot in the Indo-Pacific (79). This suggests a
broad signature of reef faunal turnover and ecological restructuring
during the Early Miocene that is decoupled from any known mass
extinction or rapid climate change event. Instead, this pulse of diversi-
fication corresponds to major ecological restructuring tied to hotspot
relocation and formation.

The timescale of labrid diversification and associated phenotypic
innovation that we reconstruct provides insight into the synergistic in-
fluences of habitat preference, trophic specialization, and novel mor-
phologies on the species richness of different labrid clades (53, 68, 74).
Labrids concurrently evolved morphological innovations (Figs. 2 and
3) and used novel dietary resources (Fig. 4) as they explosively radi-
ated during the Early Miocene. Rather than being secondarily occu-
pied by wrasses, reefs may have directly facilitated concurrent radiations
in Labridae. This scenario highlights the potential role that Early Miocene
changes to reef biota composition and the physical structure of reefs
themselves (59, 60, 76) may have had in driving fluctuations in labrid
diversity through time. If reefs were the ancestral habitat for labrid
fishes, changes to reef habitat availability and location that occurred
during this time (45, 77, 78, 92) would have directly affected their
ecology, explaining the reconstructed shifts in lineage diversification
rates in the Early Miocene without requiring major shifts in habitat
preference. Consequently, the evolutionary history of labrid fishes
demonstrates how changes to ecosystem composition in the past
20 Ma drastically affected marine diversity, a critical consideration
as fragile reef ecosystems face growing anthropogenic threats.

MATERIALS AND METHODS

Phylogenetic nomenclature

In this study, we use rank-free phylogenetic nomenclature (93, 94)
with the names of ray-finned fish clades following a recent phylogeny-
based classification (95). We note that our study demonstrates that
several genera of Labridae are not monophyletic and require exten-
sive taxonomic revision, but, at this time, we refrain from proposing
changes to the generic classification of labrids. Following emerging
trends in phylogenetic nomenclature (94-97), including a recent
wholesale revision of the systematics of ray-finned fishes in accor-
dance with phylogenetic taxonomic principles (95), we italicize all
formal taxonomic names.

Taxon sampling and sequencing

Labridae is one of the most species-rich lineages of acanthomorph,
or spiny-rayed, fishes, comprising 674 valid and recognized species
classified in 76 genera (98). Previous analyses of the phylogenetic
relationships of labrid fishes show that several species-rich genera,
particularly those in the Julidinae, are likely paraphyletic (54, 61-63).
To produce a rigorous hypothesis of the phylogeny of Labridae, we
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sampled 498 individuals including at least 398 species (as well as 17
undescribed forms) and 70 genera, representing 92% of the genera,
59.1% of species, and all of the recognized subfamilies of Labridae;
our taxon sampling includes the phylogenetic diversity required for
comparative analyses this clade. We combined novel UCE sequence
data from 424 (one, Achoerodus viridis, was sequenced twice) indi-
viduals with UCE sequences from 47 species of cirrhilabrine wrasses
included in a phylogenomic analysis of Cirrhilabrus (83) and UCE
sequences from 26 individuals in Hypsigenyinae, Julidinae, Labrinae,
Cheilininae, and Scarinae taken from a phylogenomic analysis of
Acanthomorpha (16)]. We also sampled 20 species from other lineages
of Eupercaria as outgroups. We constructed alignments of 1009 UCE
loci that were sequenced from a bait set of 1341 UCE loci designed
for acanthomorph fishes using DNA extraction, library construction,
and sequencing protocols modified from earlier studies (16, 17, 97, 99).
Newly generated DNA sequence were pooled with those from earlier
phylogenetic studies of acanthomorphs (16, 83). Tissue samples were
preserved in 80 to 100% ethanol and stored at —20°C before extrac-
tion using a DNeasy Blood and Tissue kit (Qiagen, Hildren, Germany).
Library preparation, enrichment, and sequencing were performed by
Arbor Biosciences (Ann Arbor, MI, USA) following methods described
by Cowman et al. (100). Following target-capture enrichment, target-
enriched libraries were sequenced on one lane of Illumina HiSeq
2500 (100-base pair paired-end reads). Our dataset represents a sub-
stantial expansion on previous datasets that deployed selected Sanger-
sequenced nuclear and mitochondrial genes (61, 62) and phylogenomic
exon datasets (54) to infer the phylogenetic relationships of Labridae.
Recent work has also shown that large UCE datasets might preserve
higher levels of phylogenetic signal than other genome-scale DNA se-
quence data, including exons (101, 102).

Assembly and preprocessing of molecular data

UCE alignments were processed, assembled de novo, and checked
for paralogs using the bioinformatics pipeline phyluce 1.7.1 (103) on
the James Cook University High Performance Computing Cluster.
The assembly step was performed outside of phyluce using Spades v.
3.10 (104, 105) with the “~careful” and “~cov-cutoft 2” parameters.
After the UCE loci were extracted from assembled contigs and aligned,
a 75% matrix was created for phylogenetic reconstruction. Using an
initial batch of gene trees generated using the maximum likelihood
phylogenetic analysis software IQ-TREE v. 2.2.0 (106), we further
sanitized our data by using TreeShrink (107) to identify and remove
trees from the gene tree set with abnormally long branches. As a fur-
ther sanitization check, we personally examined every UCE align-
ment by eye to identify chimeric sequence data, which may affect
many UCE datasets (97). Following these steps, the phylogenomic
dataset consisted of 1009 UCE loci.

Maximum likelihood phylogenetic analysis and assessment
of node support

We conducted maximum likelihood phylogenetic analyses using the
software IQ-TREE v. 2.2.0 (106) on the Yale High Performance Com-
puting Cluster McCleary using three different methods. We analyzed
the concatenated UCE dataset under both one partition and under a
best-fit scheme selected by PartitionFinder2 (108). We inferred gene
trees from each individual UCE locus and summarized gene trees us-
ing the multispecies coalescent model implemented in ASTRAL IIT v.
5.7.8 (109). For each locus, we identified optimal models of nucleotide
evolution using ModelFinderPlus (110) and used 1000 ultrafast
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bootstraps to assess support for nodes resolved in trees produced us-
ing IQ-TREE. In addition to the conventional bootstrapping ap-
proach for assessing topological support, we calculated gene and site
concordance factors using IQ-TREE 2 (111). Concordance factors
provide an additional measure of support for the inferred phylog-
eny through assessing the number of gene trees and sites consistent
with an input species tree topology (111). We calculated site concor-
dance factors using 100 subsampled quartets from the concatenated
UCE alignment and then exported the data to R for additional com-
parisons, including linear regression of gene and site concordance
factors, log-transformed branch lengths, and primary and sec-
ondary gene and site discordance factors, which measure the num-
ber of gene trees and sites that support the most commonly found
alternative topology to the species tree topology. Of particular interest
upon initial observation of scatterplots contrasting different mea-
sures of topological support was the weak relationship between site
and gene discordance factors. We ran linear models testing this for
both primary and secondary gene and site discordance factors. On
the basis of summary statistics, site discordance factors predict gene
discordance factors significantly, although r-squared values are low
(<0.1) and show violations of linear model assumptions. These low
correlation values appear to be driven by a handful of branches with
anomalously high gene discordance values (fig. S8), suggesting that a
handful of gene trees with strongly supported topologies that dif-
fer from the species tree are producing discordance. To get an esti-
mate for how many gene trees are generating this anomalous signal,
we counted how many branches have primary gene discordance fac-
tors that fall outside the 95% confidence intervals for a regression of
primary gene and site discordance factor values.

Bayesian node and tip dating analyses

We used both node and tip-based dating methods to time calibrate
the phylogeny of Labridae using a vetted set of 13 node and 15 tip
calibrations (Supplementary Materials). Fossil calibration placement
justification was based on an extensive review of the literature and
the identification of multiple informative synapomorphies of inclu-
sive clades (see Supplementary Materials). In the case of one fossil,
tCoris sigismundi, we could not reliably constrain its position be-
yond Julidinae, so we used it as a calibration for the crown julidine
MRCA in the node-dating analysis and treated it as unconstrained
within crown Julidinae in the tip-dating analyses. We ran all time
calibration analyses under a Bayesian framework implemented in
BEAST 2.6.6 (112, 113). In both cases, we randomly subsampled
three sets of 50 UCE alignments from our dataset and ran iterations
using different models of molecular sequence evolution (GTR and
HKY) to check for the robustness of our age estimates to model
specification. We ran all analyses under a relaxed log-normal mo-
lecular clock model and the fossilized birth-death (FBD) model of
divergence time estimation as implemented in BEAST 2 (114, 115).
Because tip-dating is computationally intensive relative to node dat-
ing in BEAST 2, we subsampled 62 labrids representing all major
clades for input UCE sequences. For the FBD model, we set rho to
0.6 in the node-dating analyses and to 0.11 in the tip-dating analyses,
which are the proportions of living species cataloged in Eschmeyer’s
Catalog of Fishes included in each dataset. For all analyses, we
set the origin before 83.6 Ma. This is the age of the crown syngnathi-
form tGasterorhamphosus zuppichinii, which is the oldest known
definite crown member of the clade containing all percomorphs
besides Gobiiformes, Batrachoididae, and Ophidiiformes (16, 116,
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117). The upper origin prior bound was set to 145.0 Ma (the Jurassic-
Cretaceous boundary and the approximate consensus of the age of
crown Acanthomorpha found in previous studies) (14, 16, 17, 118,
119), and the lower bound was set to 56.0 Ma [the age of the oldest
fossil acanthomorphs, including +Moyclaybalistes (120), assignable
to Acanthuriformes (16, 95)]. A wide range for the origin prior was
used because the Mesozoic fossil record of the major acanthomorph
crown clades suffers from major sampling gaps. We set the diversifi-
cation rate before 0.05, which is the approximate background rate
of diversification in Acanthomorpha found in a prior study using
UCEs (16). The positions of fossil calibrations were constrained us-
ing MRCA priors in all runs. In the node-dating runs, the calibrated
nodes were placed under lognormal priors with 97.5% of the prob-
ability of the age of the node falling before the inputted age of the
fossil calibration. Each of the three sets of UCE alignments were
analyzed in BEAST three times independently, each for 200 million
generations with a 100 million generation pre-burn-in. We checked
for convergence of the posteriors and sufficient ESS values using
Tracer v 1.7 (121) with a 50 million generation burn-in for the tip-
dated runs and 75 million generation burn-in for the node-dated
runs, and combined posterior tree sets in LogCombiner 2.6.6, with
a75% burn-in and sampling every 10,000 generations for each node-
dated posterior tree set and a 50% burn-in and sampling all genera-
tions for each tip-dated posterior tree set. Last, we annotated a target
tree based on the ASTRAL-III species tree topology using the result-
ing pooled posterior tree sets in TreeAnnotator using common an-
cestor heights for the node-dated trees and created maximum clade
credibility trees from the tip-dated posterior trees with median
node heights.

Comparison of time calibrated phylogenies

Several studies have demonstrated that the methodological choices
and model specifications used can significantly affect the estimation
of time-calibrated phylogenies within a Bayesian framework (122-124).
To rigorously infer the diversification of Labridae through time,
we explored the posterior tree sets generated from the analyses in
BEAST using various methods. We compared the time-calibrated
phylogenies obtained using both tip-dating and node-dating ap-
proaches. We did this by directly comparing the 95% highest posterior
density intervals of key divergences in the history of labrid diver-
sification, as well as by comparing the shape of lineage-through-time
plots generated for each tree using the R packages ape (125) and phy-
tools (126).

Comparative diversification rate estimates

We used multiple methods to estimate the history of lineage diversi-
fication in Labridae. Because we subsampled our species dataset in
the tip-dating analyses, we only used the full samples present in the
node-dated phylogenies for all diversification rate estimates. For
all diversification rate analyses, we removed all outgroups except
Centrogenys as we were interested in testing whether there is a
shift in diversification rates associated with Labridae and its im-
mediate species-poor outgroup.

First, we used BAMM v 2.5.0 (127, 128) to estimate diversifica-
tion rates through time and associated shifts using a reversible-jump
Markov chain Monte Carlo (MCMC) methodology. Input priors
were generated on versions of the node-dated trees in R, which we
forced to be ultrametric using commands in the ape package (125)
using the R package BAMMTools (129). Because precise estimates
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of subfamily-level clade species diversity in Labridae are not available
in Eschemeyer’s Catalog nor are likely to be accurate given the rapid
rate of species discovery and description in the wrasses and parrot-
fishes, we elected to input a global sampling fraction into the BAMM
input file equal to 0.59, the proportion of labrids and Centrogenys
sampled. We ran each BAMM chain for 5.0 x 10 generations and
assessed for convergence of the posteriors and adequate effective
sampled size values in R.

Next, we used TeSS-CoMET in R to calculate speciation, extinc-
tion, and diversification rates and associated shift posterior proba-
bilities (130). We set the number of mass extinctions as 1, meaning
that a mass extinction could occur once across the timescale of
labrid evolution. This was intended to reflect the Grande Coupure
(Eocene-Oligocene extinction event) and its effect on marine fish
faunas (22). We ran different iterations changing the expected num-
ber of shifts from one to three following the recognition of potential
major rapid radiation events in Cirrhilabrinae (83) and Scarinae
(131), as well as the possibility that Labridae is a rapid radiation. We
accounted for our sampling by inputting the proportion of species
in Labridae and Centrogenys sampled in our tree (0.59) and set prior
speciation (0.10) and extinction (0.02) parameters following the ap-
proximate estimates of reef-fish speciation and diversification rates
found in a previous analysis of acanthomorph diversification (65),
with an SD of 0.005. We also set the global survival probability to
0.90 following the observation that 90% or more marine animal spe-
cies survived the Eocene-Oligocene extinction event (29, 132, 133)
and replicated all analyses across the two different node-dated trees.
We ran TeSS-CoMET for 1.0 X 107 generations with a 3.0 X 10° burn-
in and minimum ESS > 200.

Historical biogeography and dispersal through time
Information on the geographic distribution of sampled species of
Labridae and the time calibrated phylogeny was used to assess
whether major shifts in the biogeography of labrids have occurred
over their evolutionary history. To analyze labrid biogeography, we
inputted the pruned node-dated trees (see “Comparative diversifica-
tion rate estimates”) and made a geographic distribution list for in-
cluded species that we scored for eight areas (western Indian Ocean,
central Indo-Pacific, eastern Indo-Pacific, temperate Australasia, cen-
tral Pacific, eastern Pacific, western Atlantic, and eastern Atlantic/
Mediterranean) following previous studies (134-136). We loaded
these files into R for analysis using the package BioGeoBears (137).
After ensuring that the phylogeny was ultrametric and contained
exclusively positive branch lengths following BioGeoBears require-
ments, we conducted historical biogeographic reconstructions using
three different models: dispersal-extinction-cladogenesis, dispersal-
vicariance-like, and a Bayesian model (BAYAREALIKE). We ran
these models with and without the jump dispersal parameter j, re-
sulting in six iterations. We then calculated log-likelihoods, Akaike
information criterion (AIC) values, and corrected AIC values to se-
lect the best-fit model. The analyses using both node-dated trees (GTR
and HKY) produced virtually identical AIC and log-likelihood values
for the BAYAREALIKE and BAYAREALIKE+j models (weighted AIC
values differed by ~1 x 10™*), we chose the model with fewer param-
eters. We then reran a historical biogeographic reconstruction un-
der the selected best-fit model (BAYAREALIKE) for biogeographic
stochastic mapping (BSM) analysis, which estimates the number
and type of biogeographic events occurring in a clade over time by pro-
ducing simulated histories that explain the ancestral biogeographic
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reconstruction found in the input model for a given phylogeny (138).
We conducted BSMs with 100 as the maximum number of maps to
try, 50 as the goal number, and 400 tries per branch. Next, we ex-
tracted and plotted the number of branch-wise (anagenetic) dispersal
events through time for each discrete biogeographic region, as well as
histograms displaying the number of counts for each biogeographic
event: anagenetic dispersal, vicariance, narrow and subset sympatry,
and founder events.

Comparison to the fossil record

Wevisually compared the diversification curvesandlineage-through-
time plots generated using our time-calibrated phylogenies to the
labrid and acanthomorph fossils records. We downloaded all records
for “Labridae” and “Acanthomorphata” (=Acanthomorpha) in the
online Paleobiology Database. We then examined the downloaded
datasets and removed obviously erroneous data points (for example,
several occurrences included in the Acanthomorpha dataset were
given Silurian age dates). We then plotted density curves for these
occurrences datasets in R with an adjust sensitivity factor of 0.5.

Ancestral state reconstructions and disparity through time
Labridae is known for its exceptional morphological disparity, which
includes numerous features thought to be key innovations that pro-
moted their high species diversity (47, 52, 53, 66, 69, 131, 139). To
reconstruct the evolution of these key innovations through time, we
conducted discrete trait ancestral state reconstructions in the R pack-
age phytools using single-stochastic character mapping more than
1000 simulations for each of the six discrete traits cataloged by Burress
and Wainwright (52) present in more than five wrasse species in our
tree, as well as for the biting-suction trait recorded by Corn et al.
(67), along our node-dated tree generated using the GTR model. To
reconstruct the historical disparification of key continuous traits in
Labridae, we used the R package geiger (140) to estimate disparity
through time for 11 cranial skeletal and muscular traits and one post-
cranial trait (fin aspect ratio). Log-transformed data from Burress
and Wainwright (52) were read into R, and traits found to be corre-
lated with body size by Burress and Wainwright (52) were regressed
against standard length so that residuals could be used for subse-
quent analysis. We fitted four models available in Geiger, Brownian
Motion, OU, Early Burst, and White Noise, and compared them us-
ing AIC values. Next, we conducted node-height tests and plotted
estimated disparity through time curves for each trait. Last, we used
functions in phytools and geiger to plot traitgrams and conduct
phylogenetic principal components analysis on the log-transformed
continuous trait values (or residuals if they were found to correlate
with body size).

Discrete trait-based diversification rates

Key innovations are defined as traits that facilitate the invasion of
new ecologies by a clade and thus promote diversification (72). To
establish whether any single discrete trait classically considered a
key innovation in Labridae is associated with increased diversifica-
tion across the clade, we estimated trait-based diversification rates
in R using the BiSSE model (binary state dependent diversification
rate analysis) implemented in the package diversitree (141) for each
of the five binary traits along the node-dated phylogeny generated
under the GTR model. We also assembled a dataset on labrid reef
association and conducted the same BiSSE analysis protocol. We
tested likelihood models where speciation rates were alternatively
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forced to be equal or allowed to differ and ran an MCMC for 10,000
generations on the best-fit model with sampling conducted every
100 generations. We checked for convergence of the posteriors fol-
lowing burning-in of 10% of generations in R and plotted histograms
of estimated diversification rates associated with each state. For one
nonbinary trait, biting mode, we conducted a multistate-dependent
diversification rate analysis (MuSSE). We also ran this analysis using
the R package diversitree after selecting the best-fit model from six
different ones that differentially constrained transition, speciation,
and extinction rates. MCMC specifications and assessment of con-
vergence for the MuSSE analysis were the same as those for the
BiSSE analyses.

To test the robustness of our inferences of trait-associated diver-
sification rates to potential hidden states, we reran all BiSSE analyses
using HiSSE models implemented in the R package hisse (142, 143).
We compared the fit of four models for trait-dependent diversifica-
tion rates: (i) a null model in which turnover and extinction fraction
did not differ between states, (ii) a BiSSE model in which turnover
and extinction fraction were allowed to vary across states and no
hidden states were allowed, (iii) a character-dependent HiSSE model
where turnover and extinction fraction were allowed to vary across
all states, and (iv) a character-independent HiSSE model in which
turnover and extinction fraction were allowed to vary across hidden
states but not known states. For the one trait type (biting versus suc-
tion versus both) that we initially analyzed using MuSSE, we ran three
HiSSE analyses where the known character was variously treated as
only biting versus all other states, only suction versus all other states,
and both biting and suction versus all other states. For each of the
discrete characters that we analyzed, we compared model fit using
corrected AIC scores.

Continuous trait evolution and timing evolutionary optima
We used the R package bayou v 2.2.0 (70) to search for shifts in the
adaptive optima of 12 continuous morphological traits extracted from
Burress and Wainwright (52). We performed this step to evaluate in
which moment during the radiation of labrids did these shifts occur.
Bayou fits multi-optima OU models using a Bayesian reversible jump
MCMC algorithm. We pruned the phylogeny to match morphologi-
cal datasets (125 species). Following Burress and Wainwright (52),
we phylogenetically corrected five size-corrected traits that strongly
scale with standard length using the phyl.resid function implemented
in phytools (126). The size-corrected traits were mouth gape, premax-
illary protrusion, and M. adductor mandibulae, M. sternohyoides,
and M. levator posterior masses. We then used the mean and SD of
the empirical morphological distribution of each trait as starting
values for theta (phenotypic optima) and set the prior for the maxi-
mum number of shifts as half of the number of branch lengths. We
ran MCMC chains for 5 million generations for each trait, sampling
every 1000 generations. We discarded the first 30% of generations as
burn-in and assessed convergence by checking the tracer plot of the
parameters and effect sample sizes. We considered only shifts with
posterior probability greater than 30% and comprising more than
two species to avoid spurious shifts.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S22

Tables S1to S3
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