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Ecological opportunity arising in the aftermath of mass extinction events is

thought to be a powerful driver of evolutionary radiations. Here, we assessed

how the wake of the Cretaceous–Palaeogene (K-Pg) mass extinction shaped

diversification dynamics in a clade of mostly marine fishes (Carangaria),

which comprises a disparate array of benthic and pelagic dwellers including

some of the most astonishing fish forms (e.g. flatfishes, billfishes, remoras,

archerfishes). Analyses of lineage diversification show time-heterogeneous

rates of lineage diversification in carangarians, with highest rates reached

during the Palaeocene. Likewise, a remarkable proportion of Carangaria’s

morphological variation originated early in the history of the group and in

tandem with a marked incidence of habitat shifts. Taken together, these

results suggest that all major lineages and body plans in Carangaria origi-

nated in an early burst shortly after the K-Pg mass extinction, which

ultimately allowed the occupation of newly released niches along the

benthic-pelagic habitat axis.
1. Introduction
Patterns of initial bursts of diversification in the origin and propagation of

high-level taxa are usually explained by Simpsonian theory on adaptive

radiation—one where a rapidly proliferating lineage evolves into great ecologi-

cal diversity and morphological disparity as a result of increased availability of

resources and limited competition [1,2]. These ecological opportunities may occur

when previously inaccessible resources become available via acquisition of key

evolutionary innovations, colonization of new areas, or removal of competitors

owing to external mechanisms of habitat depauperation [1].

The formation of vacant niches in the wake of mass extinction events is a

major source of ecological opportunity [3]. Among the five major mass extinc-

tions in the history of life on Earth, the Cretaceous–Palaeogene (K-Pg) event

(ca 65 Ma) is thought to have triggered parallel rapid radiations in numerous

tetrapod clades including amphibians and placental mammals [4,5]. In Actinop-

terygii (ray-finned fishes), the proportion of incumbent diversity that became

extinct by the end of the Mesozoic is high at the family level (19%) [6] and prob-

ably represented an important source of ecological opportunity that modulated

diversification dynamics in surviving acanthomorph lineages (spiny-rayed tele-

ost fishes; a subclade of ray-finned fishes) [6–8]. Indeed, the stratigraphic

distribution of acanthomorph fossils suggests significant restructuring of

marine fish communities in the aftermath of the K-Pg [9], which further coincides

with the expansion of the group’s morphological disparity in areas of the eco-

space emptied by the extinction of their (non-acanthomorph) teleost

counterparts [7]. In the wake of the K-Pg, fishes also experienced a pronounced
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increase in abundance relative to sharks, which was presum-

ably spurred by ecological release and ultimately prompted

what has come to be known as the ‘new age of fishes’ [10].

In agreement with the fossil evidence, time-calibrated

phylogenetic trees also reveal patterns in which the origin of

several major acanthomorph subclades chronologically over-

lap with the K-Pg boundary [11–14]. One such clade

featuring an explosive pulse of diversification near the K-Pg

is the Carangaria [13], a diverse group with over a thousand

species that includes a disparate array of benthic (e.g. flatfishes,

threadfins) and pelagic (e.g. billfishes, remoras, barracudas)

fish dwellers. The Carangaria also encompasses some of the

most extreme morphological and ecological adaptations in ver-

tebrates, including the asymmetric body plan of flatfishes, the

endothermic body heat regulation in marlins, billfishes and

swordfishes, and the hunting behaviour of archerfishes,

which generate bullets of water to feed on terrestrial prey. It

thus appears that the greatest phenotypic diversity in the

Carangaria is associated with the early evolution of disparate

morphologies that prompted adaptation to a broad array of

habitats, including clear instances of adaptive peaks lying at

the extremes of the benthic-pelagic spectrum in fishes

(e.g. open-water billfishes and substrate-burrowing flatfishes).

Here, we investigate the dynamics of diversification, phe-

notypic evolution and habitat transitions in Carangaria.

Based on the above observations, we hypothesize that lineage

diversification varies as a function of time, with high rates

reached near the clade’s origin (at the Mesozoic–Cenozoic

boundary) followed by a rapid drop as the carrying capacity

of species diversity is reached. Furthermore, in agreement

with Simpsonian predictions on adaptive radiation, we also

expect that an initial expansion of morphological disparity

would be subsequently replaced by a period of morphospace

packing as niches become filled. To test these ideas, we

estimated a multi-locus time tree that includes all major

lineages of carangarians and used a suite of recently developed

phylogenetic comparative approaches to assesses how rates of

lineage diversification, multivariate phenotypic evolution and

habitat transitions vary throughout the clade’s history.
2. Material and methods
(a) Taxonomic sampling and phylogenetic inference
Carangaria’s diversity is represented by a sample of 125 (out of ca

1100) species, including representatives from 26 valid families out

of 28 (only Lactariidae and Paralichthodidae were not examined)

and over half of the genus-level diversity (95 out of 187) in the

group. This taxonomic sampling strategy was designed to

maximize both phylogenetic and eco-morphological diversity

within Carangaria, under the assumption that missing lineages

are phylogenetically and eco-morphologically nested within the

sampled ones.

The molecular dataset is based on a recent study that generated

multi-locus sequences from 20 nuclear loci (19 461 sites) [15]. We

expanded the molecular matrix to incorporate 10 additional out-

group species that represent major acanthomorph lineages. We

used BEAST v. 1.8.4 [16] to simultaneously estimate topology and

divergence times using a set of 16 fossil-based calibration points

(modified from Harrington et al. [14]). Lower bounds of clade

ages were defined via minimum age of earliest fossil representa-

tives; 95% soft upper bounds were estimated based on maximum

ages of the oldest fossils assigned to successive outgroups for each

clade. Convergence of analyses was assessed after conducting two
independent runs of 300 million generations each. To account for

phylogenetic uncertainty, one hundred trees were evenly sampled

from the posterior distribution, providing a robust framework for

downstream macroevolutionary analyses. Detailed taxonomic

sampling (electronic supplementary material, table S1), phylo-

genetic analyses (electronic supplementary material, figure S1)

and fossil calibration information is provided in the electronic sup-

plementary material. To further address potential phylogenetic

uncertainties, we repeated some analyses using alternative trees

for Carangaria estimated by other recent studies [14,17] (see below).

(b) Body-shape data
The laterally compressed body plan of most carangarians makes

this group well-suited for the summarization of multivariate

morphological axes using two-dimensional geometric morpho-

metric approaches. We carefully assembled a specimen imagery

database for 116 out of the 125 carangarian species in our tree.

The database consists of digitized specimens from museum col-

lections or curated images retrieved from online repositories

(electronic supplementary material). We selected 15 landmarks

that are extensively used to summarize general body shape vari-

ation in percomorphs [7], including both type I and type II points

(electronic supplementary material, figure S2). Whereas type I

landmarks are strictly homologous points, type II landmarks

include points whose homology is supported by geometric evi-

dence rather than histological data and are frequently used to

describe inflexion points such as the sharpest curvature of a

tooth or tips of caudal fin lobes [18]. We used TPSDIG2 [19] to

place the landmarks and summarized the extant species’ body

shape diversity using Procrustes superimposition and principal

component analyses (PCA), as implemented in the R package

geomorph [20]. Next, we subjected the morphological data

to a phylogenetically corrected principal component analysis

(pPCA) to account for possible distortions of the PCA arising

from phylogenetic non-independence.

(c) Tempo and mode of lineage diversification
We assessed time variation in lineage diversification rates in Caran-

garia using COMET, a Bayesian statistical model implemented in the

R package TESS [21]. COMET estimates the number of lineage diver-

sification rate shifts along with their timing and rate parameters

(i.e. speciation and extinction rates). We used TESS’ Bayes factor

model selection to explicitly test the relative fit of the following

series of alternative branching models to our comparative dataset:

(i) time-homogeneous birth–death, (ii) continuously-decreasing

rate birth–death, and (iii) episodically-varying rate that incorporates

the diversification parameters (i.e. number and timing of episodic

rate shifts) obtained with COMET. Model comparison analyses

were applied for both the maximum clade credibility (MCC) tree

and 100 trees sampled from the posterior distribution. To accommo-

date biases inherent to incomplete taxonomic sampling, we applied

a diversified sampling strategy correction (for both COMET and

model fitting), which is appropriate in cases where taxonomic

sampling is designed to maximize phylogenetic diversity [22]. To

further account for potential biases associated with incomplete taxo-

nomic sampling and phylogenetic uncertainties, we conducted

posterior-predictive simulation tests using our MCC tree and a set

of independently estimated time trees that incorporate different

taxonomic sampling schemes (ranging from approx. 5% of the

clades diversity [14] to a nearly complete taxonomic sampling

[17]; electronic supplementary material).

(d) Tempo and mode of morphological evolution
To assess the tempo and mode of morphological evolution in

Carangaria, we initially estimated how multivariate morphologi-

cal disparity accumulated through time using ancestral state
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reconstructions derived from rate-heterogeneous models of con-

tinuous trait evolution [23,24]. We estimated ancestral state

values using the maximum-likelihood (ML) fastAnc function

implemented in the R package phytools [24]. To account for

unequal rates of evolution among the different shape axes, we

inferred ancestral values for each pPC separately using rate-

transformed trees in which branch lengths depict the rate of

morphological change. Rate-transformed trees were estimated

in BAYESTRAITS (available from http://www.evolution.rdg.ac.

uk/) using default priors. Multivariate morphological disparity

was then calculated as the sum of the variances across the differ-

ent pPC axes in time-slices of one million year (Myr). We

compared the observed disparity against 500 curves of disparity

accumulation simulated under a constant rate Brownian motion

(BM) null model of continuous trait evolution. Because of the

non-directional nature of trait change simulated using this BM

model, we expect the underlying balance between morphospace

expansion and packing to be effectively equal and constant over

time. Thus, any period of time that shows substantial deviations

in the observed patterns of morphological disparity accumu-

lation (compared to the simulated null trajectories) would

indicate that one of the processes (either morphospace expansion

or packing) dominated over the other.

We also explicitly assessed the fit of alternative evolutionary

models of body shape evolution in an ML framework using the

R package mvMORPH [25]. We first fitted three alternative

models of single-mode continuous-trait evolution: (i) a single

rate BM model, (ii) a single regime Orstein–Uhlenbeck (OU)

model, and (iii) an early burst (EB) of morphological evolution.

Given that shifts in the mode of evolution may provide a more

realistic explanation for the processes generating morphological

disparity [26], we further considered three additional models

in which processes generating disparity vary episodically:

(iv) EB to independent rates OU shift, (v) BM to independent

rates OU shift, and (vi) EB to independent rates BM shift. We

used the function mvSHIFT, which can fit models of trait

change within a mode of evolution after a fixed point. We mod-

elled post-shift independent rates OU and BM models by

allowing the drift parameter to vary after a fixed point. A tem-

poral shift window of 46 Ma was selected based on the time of

transition between stages of morphospace expansion and pack-

ing, as obtained by comparing the observed and simulated

trajectories of morphological disparity (see Results).

It has been suggested that limiting macroevolutionary ana-

lyses to a narrow subset of shape dimensions (i.e. first few

principal component (PC) axes) may produce erroneously

strong support to more complex models, such as EB [27]. More

recently, mvMORPH has been shown to produce misleading

results when the N : p ratio is sufficiently low (where N is the

number of species and p the number of traits). It should be

noted, however, that an adequate N : p ratio level required to con-

fidently assess the fit of alternative models using mvMORPH is

still elusive [28]. To account for possible biases regarding the

use of multivariate shape data, we performed analyses using

two different trait subsets selected according to the proportion

of body-shape variance summarized (based on 5% and 1%

thresholds; see Results). The 5% subset was run using both the

MCC tree and a set of 100 trees drawn from the posterior distri-

bution; owing to computational limitations, the 1% subset was

run using the MCC tree only.
(e) Tempo and mode of ecological diversification
To evaluate whether the rate of habitat transitions varied as a

function of time, we first assigned species in Carangaria into

three major habitat categories: benthic (bottom-dwellers), pelagic

(open water dwellers), and benthopelagic (intermediate habitat

states; species that swim just above the bottom) [29]. The habitat
occupancy dataset (electronic supplementary material, table S1)

was compiled by aggregating information from a wide range

of sources, including FishBase [30], Catalog of Fishes [31] and

the primary literature. We then used SIMMAP stochastic map-

ping, as implemented in the R package phytools [24], to

reconstruct the history of trait changes in our MCC tree and to

estimate the rate of habitat transitions from root through to pre-

sent (i.e. number of transitions divided by the total edge length

in 5 Myr time slices). Three hierarchical transition models—

equal rates, symmetrical rates or all rates different—were assessed

by ML with results averaged across all runs; the best-fitting model

for SIMMAP was identified using likelihood ratio tests. We also

explicitly tested the relative fit of models of discrete character evol-

ution to identify the best explanation concerning the distribution

of events of habitat transition throughout the evolutionary history

of carangarians. We used fitDiscrete as implemented in the R pack-

age Geiger [32] to assess the fit of two contrasting models of

discrete trait evolution: (i) a constant-rate model and (ii) an EB

model of discrete trait diversification. For this approach, we

used the set of 100 trees sampled from the Bayesian posterior dis-

tribution (see above), as well as the set of independently estimated

time trees that incorporate different taxonomic sampling schemes

[14,17].
3. Results
(a) Phylogenetic reconstruction and divergence times
Trees, datasets and R code used for comparative analyses are

available from the Dryad Digital Repository (doi:10.5061/

dryad.9bq5n41) [33]. The inferred tree (figure 1; electronic sup-

plementary material, figure S1) is largely congruent with

previous multi-locus analyses of Carangaria [14,15], although

placement for some lineages (e.g. barracudas and threadfins)

along the backbone often varies owing to the succession of

rapid speciation events at the onset of the group’s evolution.

Divergence-time estimates are likewise concordant with the

age intervals derived from a recent study based on a phylo-

genomic analysis for 45 species in Carangaria [14], as well

as previous estimates based on multi-locus datasets and mul-

tiple calibration points across the fish diversity [11,12,34,35]

(see the electronic supplementary material, table S5 for a

comparison). The evolutionary timescale inferred suggests

that the origin of major carangarian lineages took place

close to the Cretaceous–Palaeogene boundary, with a mean

clade age ranging from 71 Ma (total group; 95% highest

posterior density (HPD) 78–64 Ma) to 66 Ma (crown group;

95% HPD 72–61 Ma) [11,14].

(b) Body-shape data
The first four PC axes accounted for more than 85% of the total

shape variance and are presented as morphospace scatter

plots in figure 2. The PC1 (67% of overall shape variation)

describes head morphology and the length of the dorsal and

anal fin bases, features that have been identified as one of

the major axes of evolution in acanthomorphs [7,36]. In flat-

fishes, in particular, those characters are linked to some of

the most extreme morphological adaptations experienced by

vertebrates; i.e. the partial loss of bilateral symmetry arising

from eye migration, and the dorsal advancement of median

fins towards the cranium. Indeed, this is represented as a

bimodal distribution of PC1 values that distinguish flatfishes

from all non-pleuronectiform carangarians in our analyses

(figure 2a). The PC2 (7% of total variation) summarizes

http://www.evolution.rdg.ac.uk/
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differences in body elongation, a major axis of shape variation

in several fish clades [36]. The PC3 and PC4 (6% and 5% of

overall variation, respectively) also encompass ecologically

relevant aspects of fish morphology that are frequently
represented in traditional morphometric measurements

(caudal peduncle depth and snout length, respectively;

figure 2b). Subsequent PC axes explain lower proportions of

body-shape variance. As noted in the Methods section, we
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selected two different trait subsets of pPC axes for down-

stream analyses [27,28]. The 5% and 1% subsets comprised

the first 4 pPC (69% of total shape variation) and first 12

pPC (95% of total shape variation) axes, respectively.

(c) Tempo and mode of lineage diversification
These analyses show a burst of lineage diversification rate at

the onset of carangarian history, with post-Cretaceous rates

decreasing abruptly after the Palaeocene–Eocene boundary

(56 Ma). COMET results were rather inconsistent about the

clade’s evolutionary dynamics and highly sensitive to the

choice of hyper-priors. However, one recurrent scenario—

high initial speciation followed by a decline in speciation

rates around 55 Ma (figure 1b)—demonstrates the existence

of a strong signal supporting a change in the diversification

regime, a result that seems robust to analytical artefacts

(electronic supplementary material, figure S3).

TESS’ marginal likelihood model comparison showed a pre-

ference (Bayes factors (BF) . 100) for variable-rates models

(continuously-decreasing and episodically-varying rate birth-

death models) over a time-homogeneous birth–death mode

for most pruned resampled trees, confirming our expectation

that that time-homogeneous processes cannot explain lineage

diversification dynamics in the group (figure 3a-c; see the elec-

tronic supplementary material, table S2 for the MCC tree

model comparison results). Moreover, comparisons between

the two variable-rates models reveal that 99% of the trees pro-

vide decisive support (BF . 100) for the episodically varying

rate model that incorporates one diversification rate-shift at

55 Ma. We obtained similar results for model-fit comparisons

using the original set of resampled trees (electronic supplemen-

tary material, figure S4). Finally, our results on lineage

diversification appear to be robust to the use of alternative phy-

logenetic trees incorporating a broad array of taxonomic

sampling schemes as well as to the implementation of pos-

terior-predictive simulation tests (electronic supplementary

material, figures S5 and S6) or other simpler statistics (electronic

supplementary material, figures S7).

(d) Tempo and mode of morphological evolution
The multivariate disparity-through-time analyses reveal a

remarkable proportion of Carangaria’s morphological
variation originating early in the clade’s history. Both trait sub-

sets analysed (4 and 12 pPCs) revealed similar patterns of

morphological disparity accumulation, with 60% of the total

variance arising before the Palaeocene–Eocene boundary

within a time interval of just 10 Myr (figure 4a; see the elec-

tronic supplementary material, figure S8 for results using the

4 pPC subset). This proportion is particularly relevant when

compared to the total variance expected to be accumulated

at 55 Ma under a BM null model of trait evolution (only 5%).

Comparisons against a BM also indicate a dominance of mor-

phospace expansion early in carangarian history (figure 4c).

This initial stage of accelerated morphological evolution

lasted for about 20 Myr (until around 46 Ma) and was sub-

sequently replaced by a period of morphospace packing,

presumably reflecting a Simpsonian process of vacant niche

filling (electronic supplementary material, figure S9).

We also obtained congruent results for model fitting based

on both pPC trait subsets (4 and 12), indicating that the results

are robust to the number of shape axes included. A simple EB

model of morphological evolution—rates slowing down expo-

nentially through time—presented the worst fit among all the

competing models (Akaike weights or wA , 0.01). However,

we found strong support (wA . 0.50 for approx. 90% of the

trees) for a time-heterogeneous model in which body-shape

evolution switches from an initial EB into a random walk

with multiple and independent stationary peaks (figure 3d,e;
see the electronic supplementary material, tables S3 and S4 for

details on model comparisons). These independent peaks

appear to represent different adaptive zones corresponding to

major body-plans in Carangaria, with the random walks show-

ing the exploration of niche space after the transition from

morphospace expansion to morphospace packing ca 46 Ma.

(e) Tempo and mode of ecological diversification
In agreement with results obtained for lineage diversification

and morphological evolution, plots of habitat transition rates

through time show that the distribution of ecological shifts in

the group is notably uneven, with initial high rates that drop

slightly before the Palaeocene–Eocene boundary (figure 1c;

electronic supplementary material, figure S10). Moreover,

comparisons of models of discrete character evolution indi-

cate a decisive support for an EB model in all resampled

trees (wA . 0.99), suggesting that the skewed distribution of
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( f,g) Comparisons of alternative models of ecological evolution: ( f ) distribution of the AIC values for the two models of discrete trait evolution; (e) AIC weights
of each alternative model based on each resampled tree.
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Figure 4. Disparity-through time plots showing the evolution of morphospace filling in Carangaria using the 1% threshold trait dataset (the highest 12 pPC axes).
(a) Accumulation of multivariate disparity through time in 1 Myr time slices (thick black line, observed data; thin black line, after locally estimated scatterplot
smoothing (LOESS) smoothing; blue line, constant rate Brownian motion (BM) null model). (b) Comparison of slopes for the two competing models; shaded
areas represent 95% confidence intervals. (c) Differences in slope for the observed data and the BM null model; values above and below zero indicate the dominance
of morphospace expansion versus morphospace packing, respectively.
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events of habitat transition would be plausibly explained by a

model in which the rate of evolution decreases exponentially

through time (figure 3f,g). Similar results are obtained

using taxonomically-denser trees for Carangaria (electronic

supplementary material, figure S10).
4. Discussion
By implementing complex models of lineage, morphological and

ecological evolution, our study supports post-Cretaceous bursts

of diversification as a probable explanation concerning the evol-

utionary trajectory of carangarians, aligning with observations

from mammals, frogs and other tetrapod groups. It also high-

lights the apparent role of ecological release stemming from the

extinction/absence of competitors in triggering ancient radi-

ations along the benthic-pelagic axis—a well-characterized

mode of diversification in recent groups of temperate fishes

(e.g. sticklebacks, whitefishes [37]) whosesignificance is otherwise

poorly understood from a macroevolutionary perspective.

Initial assessments of time variation in the rates of lineage

accumulation indicated a stage of high diversification during

the Palaeocene followed by a period of relative stasis towards

the present. Recent efforts to explicitly assess time variation in

a comparative framework across major acanthomorph groups

(as well as specific subclades) have failed to detect signatures

of the K-Pg mass extinction in diversification rates [12,38] (but

see Price et al. [39]). By contrast, our results reveal strong support

for an uneven origination of species richness in Carangaria, with

high rates of lineage diversification reached in the aftermath of

the end-Cretaceous mass extinction.

Early cladogenetic events giving rise to all major lineages

in Carangaria (e.g. flatfishes, billfishes, robalos, moonfishes,

threadfins, remoras, jacks) are entirely restricted to the Palaeo-

cene, supporting the hypothesis that ecological opportunity

arising in the wake of the K-Pg mass extinction enabled

rapid radiation. Similar cladogenetic patterns are found in

other specious acanthomorph fish clades. For instance,

pelagiarians—a group comprising open-ocean fishes such as

tunas, mackerels and cutlassfishes—appear to have radiated

in the aftermath of the K-Pg mass extinction, with most of its

major lineages arising in the early-Palaeogene [40]. Addition-

ally, there are signs of rapid radiations in many species-rich
reef-fish families and their early divergences in most cases

also date back to this time (e.g. wrasses, grunts, surgeonfishes

and blennies) [13]. The episodic decline in Carangaria’s line-

age diversification appears to coincide with global climatic

changes during the Palaeocene–Eocene thermal maximum

(55.8+0.2 Ma; figure 1b), a brief interval of extreme pertur-

bation in the global carbon cycle that resulted in record-high

levels of global warming (58 to 108C) [41]. Recent work hints

that such severe environmental conditions affected reef-fish

diversification dynamics [39] and are potentially linked to

clade-wide extinctions in the acanthomorph order Tetraodon-

tiformes (ocean sunfishes, pufferfishes and allies) [38]. A mode

of classic niche filling, however, cannot be rejected as a plaus-

ible explanation for the decline in Carangaria’s lineage

diversification rates during the Palaeocene–Eocene boundary.

Plots of multivariate disparity accumulation through time

revealed a remarkable proportion of Carangaria’s morphologi-

cal variation originating early in the clade’s history, with 60%

of the total clade disparity being reached before the

Palaeocene–Eocene boundary. The notable dominance of mor-

phospace expansion followed by a period of morphospace

packing fits Simpsonian predictions on morphospace filling

and reinforces the evolutionary consequence of the K-Pg

mass extinction. This result is in line with the stratigraphic

distribution of acanthomorph fossils, which reveals an early-

Cenozoic expansion of the acanthomorph body-shape

disparity in areas of the morphospace emptied after the mass

extinction event [7]. Some of Carangaria’s modern body-plans

were already represented during the early Cenezoic. For

instance, the late-Palaeocene †Mene purdyi resembles the con-

temporary morphology of its congener, the moonfish [42].

Other modern taxonomic groups, such as jacks, robalos and

stem flatfishes also have been documented from the Eocene

(49 Ma) deposits of Monte Bolca in northern Italy [43].

The palaeontological record is rich in evidence supporting

the macroevolutionary trend of animal clades reaching high

morphological disparity early in their evolutionary history

[44]. However, phylogenetic comparative studies have chal-

lenged the relevance of early bursts in explaining the

morphological evolution in well-established examples

(though mostly younger) of adaptive radiations [45–47].

While a simple EB model also proved to be a poor explanation

for the dynamics of morphological evolution in Carangaria, the
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apparent incompatibility between the patterns of morphospace

filling and the results of model-fit comparisons was reconciled

by accounting for more realistic models that incorporate vari-

ation in the processes generating morphological evolution.

We found unequivocal support for a model that incorporates

a shift in the mode of evolution from EB into a multiple selective

peak random walk at the inferred time of transition between

morphospace expansion and packing (ca 46 Ma). Although

bursts of morphological evolution may be a common macro-

evolutionary feature, it has been demonstrated that our ability

to detect them would be affected by factors such as the ecologi-

cal relevance of analysed traits [23], the phylogenetic scale [46]

and the use of overly simplistic evolutionary models [26]. This

latter factor is probably the source of conflict in our analyses.

An important prediction of the adaptive radiation theory

is that both speciation and morphological adaptations must

be significantly associated with the occupation of divergent

environments [2]. Habitat transitions along the benthic-pelagic

axis have had important outcomes in the diversification

dynamics of relatively recent freshwater fish groups such

as sticklebacks, whitefishes, cichlids, minnows and perches

[48,49], as well as grunts of the marine family Haemulidae

[50]. However, the effects of the adoption of divergent

ecological regimes remain largely unexplored at deeper

macroevolutionary scales. Ancestral state reconstructions

revealed that carangarians experienced higher rates of habitat

transitions along the benthic-pelagic axis during the

Palaeocene, notably overlapping with the early lineage diver-

sification and morphological evolution in major clades.

A notable example is the loss of the bilateral symmetry

experienced by flatfishes, with laterally compressed bodies

featuring both eyes on the same side of the head. Although

dorsally flattened (depressed) body plans are recurrent

among benthic dwellers (e.g. rays, skates, suckermouth-

armoured catfishes and batfishes), flatfishes’ laterally com-

pressed plan is unusual among benthic-living species.

Flatfishes further evolved other key adaptations to facilitate

their burrowing into the substrate (e.g. the recessus orbitalis,

a muscular sac that enables eye protrusion). The Carangaria

also comprises several clades that have invaded in parallel

the pelagic realm, such as istiophoriforms (swordfish, marlins

and billfishes), sphyraenids (barracudas) and many carangi-

forms (e.g. dolphinfishes, amberjacks and the rainbow

runner). Those open-water, fast-moving predators have con-

vergently developed streamlined bodies, forked tail fins

and slender tail bases (caudal peduncle). In agreement with

our observations, reconstructions of the trajectory of morpho-

logical evolution in the fossil record of acanthomorphs have

shown that a major component of the early-Cenozoic mor-

phospace expansion reflected a process of ecological

replacement of the pelagic non-acanthomorph fauna that

became extinct by the end of the Mesozoic [7,8].

Our results also show that the uneven distribution of habitat

transitions events is temporally associated with the asymmetric

accumulation of species richness, with an initial stage of high

rates of ecological transitions that subsequently slows down,

aligning with expectations under a BM model during the

Palaeocene–Eocene boundary. In agreement with this pattern,

comparisons of the fit of alternative models of discrete trait

evolution strongly support an exponential decrease in the

rates of habitat transitions. Taken together, our results highlight

the adoption of divergent ecological regimes in the origin and

recovery of marine fish clades in the wake of mass extinction.
While we find bursts of evolution in carangarians to be

chronologically associated with post-Cretaceous ecological

release, we recognize that other possible sources of ecological

opportunity have probably played an important role in their

radiation during the early Cenozoic. For instance, the loss of

bilateral symmetry in flatfishes and the elongation of the pre-

maxilla bone in billfishes rank among the most extreme

phenotypic adaptations in vertebrates and are candidates for

key innovations that may have created additional sources of eco-

logical opportunity in these subclades. Colonization of novel

habitat regimes is another source of adaptive radiation that we

here show operated in synchrony with newly released niches

in the wake of the K-Pg, allowing the diversification of carangar-

ians along the benthic-pelagic axis. Although decoupling the

relative importance of these different sources of ecological

opportunity may be difficult, the chronological order of

events—extinction of Mesozoic marine fish fauna in the K-Pg fol-

lowed by high rates of habitat transitions and the origin of

singular morphologies (figure 1)—suggests that post-Cretaceous

niche vacancy was the main factor behind Carangaria’s

evolutionary success.

Comparisons between rates of taxonomic and morpho-

logical diversity provide important insights into the

dynamics of origination and diversification of higher-

level taxa [51]. The results presented herein for Carangaria

reveal variable dynamics during the clade’s history, with

high levels of lineage, morphological and ecological diversity

being reached within a relatively short period in the after-

math of the K-Pg mass extinction. By and large, temporal

associations of the initially accelerated rates for the three

metrics investigated herein fit Simpsonian predictions on

adaptive radiation. They also ultimately underscore the

importance of increased ecological opportunity arising in

the wake of mass extinctions by providing vacant space

that prompted niche divergence along the benthic-pelagic

axis and the rapid evolution of major clades.
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