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The assembly of modern ocean ecosystems was fundamentally affected by
the Cretaceous—Palaeogene (K-Pg) mass extinction. Among the casualties
of this event were many extinct clades of large pelagic predatory fishes.
The extinction of these lineages is thought to have created ecological
opportunity that spurred the diversification of living large-bodied (> 2
m) marine predatory fishes such as tunas and mackerels (Scombridae).
However, it remains unclear whether a large, endothermic body plan
evolved in tunas and mackerels directly after the K-Pg boundary or
in a stepwise manner throughout the Cenozoic. Here, we demonstrate
that Scombridae, which includes half of living endothermic ray-finned
fish species, evolved endothermy and large body sizes long after the
initial radiation of the clade at the K-Pg boundary. Our time-calibrated
phylogeny also reveals that the origins of endothermy, large body size
and increased longevity in true tunas are staggered over evolutionary
time. These findings indicate that the evolution of large endothermic
scombrids was not triggered by the K-Pg extinction and substantiate
the protracted development of the endothermic predatory body plans
of tunas and relatives over more than 50 million years of evolutionary
history.

1. Introduction

Endothermy, the ability to regulate internal body temperature using metabolic
processes, transforms how an organism interacts with its external environ-
ment [1-10]. Because endothermy has only evolved in a handful of clades,
most studies examining its origins have focused on the two most species-rich
endothermic lineages: birds and mammals [1,7,8,10-14]. The discovery of
multiple types of endothermy in several ray-finned fishes and sharks in the
21st century, including whole-body endothermy in opahs (Lampris) [15,16]
and ocular-muscle-based endothermy in Slender Tuna (Allothunnus fallai)
[17], has ignited interest in the origin of this metabolic strategy outside of
the classic mammalian and avian model systems [9,18-22]. To date, endo-
thermy has been reported in three clades of ray-finned fishes: tunas and
mackerels (Scombridae), opahs, and billfishes (Xiphias gladius and Istiophor-
idae) [6,15-18,20,22-25]. Endothermy in scombrids and billfishes is gener-
ated in musculature surrounding the eye and brain (regional endothermy)
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and or throughout the body (systemic endothermy). Systemic endothermy is considered a major functional innovation in n
marine fishes [26], and is hypothesized to enhance foraging opportunities by increasing aerobic capacity, burst swimming
performance, and the thermal niche [6]. However, the costly energetic requirements of endothermy, its counterintuitive effects
on organismal performance [9,22], and its rarity across aquatic vertebrate diversity suggest that this metabolic innovation may
be an evolutionary byproduct [3] or ‘dead end’ [18].

All three pelagic ray-finned fish clades that acquired endothermy are thought to have originated within rapid radiations that
took place in the direct aftermath of the Cretaceous—Palaeogene (K-Pg) mass extinction 66.02 million years ago [18,27-31], which
induced major faunal turnover among marine ray-finned fishes [32-38] and other marine vertebrates [39-44]. The K-Pg mass
extinction eliminated several large (>2 m) pelagic predatory clades of stem teleosts [36,37,45], such as the tTselfatiiformes [46] and
almost all of the tCrossognathiformes [47] and tichthyodectiformes [48], some of which are speculated to have been endotherms
[49,50].

A direct reading of time-calibrated phylogenies in the context of the fossil record suggests that living pelagic ray-finned
fishes exploited the ecological opportunity created by the extinction of these stem lineages at the K-Pg boundary in a manner
analogous to the ascent of mammals to high trophic levels following the extinction of non-avian dinosaurs [51-54]. Yet, the ages
of endothermic ray-finned fish lineages differ considerably across different studies [18,28,55,56]. Although most endothermic
fishes are large pelagic predators that should theoretically benefit from higher thermal inertia [23,57,58], the relationship
between the origins of endothermy and large body size remains poorly substantiated. These problems have obscured whether
the evolution of endothermy in these marine fishes represents a response to ecological opportunity created in the most recent
major mass extinction.

Here, we use a newly generated phylogeny of Scombridae based on hundreds of loci and nearly complete taxonomic coverage
to test the evolutionary association of endothermy and large body size and whether endothermic fishes emerged after the K-Pg
mass extinction. We also examine the relationship between body size and other life history traits to examine whether acquiring
endothermy is associated with changes in growth, reproduction and longevity. We show that three lineages of scombrids have
independently acquired different types of endothermy, and demonstrate that these origins are only loosely associated with the
origins of large body size far after the K-Pg extinction. Our results provide a robust timescale for the origins of one of the most
ecologically and economically important clades of pelagic fishes and the evolution of endothermic species.
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2. Methods

(a) Sequence dataset asssembly

We generated new sequence data for 15 species of Scombridae. We isolated genomic DNA with a Qiagen DNeasy Blood and
Tissue DNA isolation kit and prepared libraries with KAPA Biosystems HyperPrep kit using Illumina TruSeq iTru5 and iTru7
adapter tags for dual-indexed genomic libraries. We hybrid-enriched libraries using a bait set from Arbor Biosciences designed
to target 1314 UCE loci in acanthomorph fishes [59], and conducted paired-end (150 bp) sequencing on an Illumina NovaSeq
6000. We also obtained UCE sequences from whole genome sequence data available on NCBI's SRA Genome archive for
three species, and incorporated UCE sequence data for 16 scombrid species and 17 non-scombrid outgroup species from a
previous study [28]. NCBI Sequence Read Archive accession numbers for all new samples, as well as for data obtained from
previously published species, are available in electronic supplementary material, table S1. We processed genomic sequence
data using phyluce v. 1.6.0 [60] in order to trim adapter sequences, generate assemblies, identify UCE sequences, and construct
alignments as described in [30]. In total, we obtained UCEs for 34 of the 54 valid species of Scombridae. In order to infer a nearly
taxonomically complete phylogeny of Scombridae, we also generated alignments for mitochondrial cytochrome oxidase I (COI)
and cytochrome b (cytb) genes using sequence data obtained from samples included in our analyses, as well as from NCBI's
Genbank for scombrid species for which we did not have UCE data. In total, we obtained data for 50 species.

(b) Phylogenetic analysis

We inferred phylogenies using two matrices: one composed of all UCE loci that were minimally 75% taxonomically complete,
and another matrix composed of the same 75% complete UCE loci in addition to the two mitochondrial loci (COI and cytb). We
inferred maximum likelihood phylogenies from concatenated loci using IQ-TREE v 2.1.2 [61] and assessed branch support with
1000 ultrafast bootstrap replicates [62]. We inferred a coalescent-based species tree using ASTRAL 5.7.8 [63] from gene trees
inferred for each UCE locus in IQ-TREE2 after selecting best-fit models of nucleotide evolution using ModelFinder [64]. In all
analyses of the concatenated sequence data, as well as for individual gene trees, we assessed topological support using SH-like
approximate likelihood ratio tests and by inferring ultrafast bootstrap support values over 10 000 replicates.

() Time calibration

We deployed a node-based calibration strategy to estimate divergence times among scombrid species as implemented in BEAST
v. 2.5.2 [65]. We used calibration ages and phylogenetic placement justification from Friedman et al. [28] for seven calibrations
within Scombridae and an additional seven nodes among outgroup acanthomorphs (electronic supplementary material, table S2).
We time-calibrated the UCE-mitochondrial phylogeny using a relaxed lognormal clock model and birth-death tree branching
model. Due to computational limitations, we performed divergence dating on three sets of 30 randomly selected UCE loci, in
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addition to the two mitochondrial loci (for a total of 32 loci in each analysis). We determined optimal partitioning schemes
for each locus using PartitionFinder 2.1.1 [66] and performed five replicates of each BEAST analysis. For each, we ran Markov
chain Monte Carlo (MCMC) for 2.5 x 10° generations, sampling trees every 1.0 x 107 generations and imposing a burnin of 2.0 x
10° generations. We used Tracer v. 1.7 [67] to examine BEAST log files in order to confirm convergence of parameter estimates
among runs and confirm ESS values above 200, then used the BEAST programmes LogCombiner and TreeAnnotator to combine
posterior tree sets and annotate node ages to the UCE-mitochondrial phylogeny.

(d) Ancestral state reconstructions, phylogenetic signal and disparity through time

We conducted ancestral state reconstructions of both discrete (endothermy) and continuous characters (standard length,
longevity, spawning interval and growth coefficient k) in the R package phytools [68]. For the ancestral state reconstruction
of endothermy, we used the simmap function to conduct stochastic mapping over 1000 simulated topologies under an equal
transition rates model. Next, we used the fastAnc function to rapidly estimate values for continuous characters under maximum
likelihood. We scored species for the presence of three different types of endothermy found in scombrids (lateral rectus
modified, all rectus muscles modified and systemic endothermy) using the literature [17,18,24]. We primarily took body size
(log-transformed standard length) and life history data from [69] and added values for several species based on recently
published observations [70-73]. When necessary, we pruned our time-calibrated phylogeny to only include species for which
trait values were available. We also used phytools to calculate phylogenetic signal as measured by two indices (Pagel’s lambda
and Blomberg’s K) and fit models of evolution for each of the continuous traits we analysed. We compared the fit of four models
of evolution using Akaike information criterion (AIC) scores: a Brownian motion model, an Ornstein-Uhlenbeck (OU) model,
an early burst model and a white noise model. The model with the lowest AIC score was considered to fit the data best. Finally,
we used the R package geiger to plot mean subclade disparity through time for each continuous trait, as well as to conduct
node-height tests.

(e) Trait optima through time

To identify the location and timing of significant shifts in trait values across the scombrid phylogeny, we used the R package
bayou v.2.2.0 (77) to fit multi-optima OU models under a Bayesian reversible-jump MCMC framework. We ran separate bayou
analyses for each of the four continuous traits, pruning the phylogeny to match the available morphological datasets (50, 38, 42
and 43 species for standard length, longevity, spawning and K, respectively). For each trait, we set the starting values for theta,
the phenotypic optimum parameter, to the mean and standard deviation of its empirical distribution, and specified the prior for
the maximum number of shifts as half the total number of branches in the phylogeny. Each MCMC chain was run for 1.0 x 10°
generations, sampling every 1000 generations. We discarded the first 30% of samples as burn-in and assessed convergence by
inspecting trace plots of model parameters and effective sample sizes. To minimize spurious results, we considered only shifts
with posterior probabilities >0.3 (30%) as credible. The full set of results is included in the electronic supplementary material
associated with this article.

(f) Phylogenetic regressions

We performed phylogenetic generalized least squares regression (PGLS) to assess whether the evolution of endothermy
(predictor) is associated with changes in standard length, longevity, spawning and K (responses). Endothermy was here
considered a binary trait (presence/absence). Results considering endothermy as a multi-state trait are similar and, therefore,
not presented. We performed PGLS analyses using the R package nlme [74] and specified the correlation structure as ‘corPagel’,
meaning that branch lengths are adjusted according to Pagel’s A [75].

3. Results

(a) Phylogenetic relationships and divergence times within Scombridae

The phylogeny of Scombridae that we infer from DNA sequences of 1001 ultraconserved element (UCE) loci (figure 1) infers
relationships that are mostly congruent with previous studies using genomic data [18,28,31,77,78] and legacy nuclear genes
[32,79,80], but contrast with phylogenies of scombrids inferred using morphological characters [81-84] and mitochondrial DNA
[24,56]. The concatenated phylogeny and species tree that we infer without mitochondrial DNA (i.e. matrices that only contain
taxa with UCE data) are similar to the UCE-mitochondrial tree. Differences between these phylogenies are limited to the
placement of Allothunnus and the relationships of species of Thunnus (electronic supplementary material, figure SI1). Three
(Thunnini, Sardini and Scomberomorini) of the four traditionally recognized tribes of Scombridae are resolved as paraphyletic
in our analyses, and the Butterfly Kingfish Gasterochisma melampus is the sister lineage of all other scombrids (figure 1). We
infer that a clade containing the true mackerels (Scomber and Rastrelliger) and shark mackerels (Grammatorcynus) is sister
to a clade containing tunas, Spanish mackerels (Scomberomorus), Wahoo (Acanthocybium solandri) and bonitos. Acanthocybium
solandri is the living sister species to the Spanish mackerels, and bonitos and true tunas are not reciprocally monophyletic.
Dogtooth Tuna Gymnosarda unicolor and Sarda are the successive divergences leading to a clade containing the sister species pair
comprised of Leaping Bonito (Cybiosarda elegans) and Slender Tuna (Allothunnus fallai) and a clade containing Thunnus, Skipjack
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Figure 1. Three independent origins of endothermy in Scombridae. Time-calibrated phylogeny of Scombridae estimated using a Bayesian node-dating approach,
with branches coloured according to an ancestral state reconstruction of endothermy. Bars at nodes indicate 95% HPD intervals for divergence times. Dashed
branches indicate that the origin of a given mode of endothermy could have occurred anywhere along the dashed branch. Branch supports are shown in electronic
supplementary material, figure S1. Dashed vertical lines denote geological epoch boundaries; the red dashed line marks the Cretaceous—Palaeogene mass extinction.
Abbreviations: LK, Late Cretaceous; Pal, Palaeocene, Olig, Oligocene. Illustrations of scombrids are by Julie Johnson (lifesciencestudios.com). Skeleton of the giant
predatory stem teleost tXiphactinus audax is rasterized from [76].

Tuna (Katsuwonus pelamis), Auxis and Euthynnus (figure 1). Although Cybiosarda elegans is represented in our dataset by two
mitochondrial loci, its sister relationship with Allothunnus fallai has been inferred in previous molecular phylogenies [55,85].
Analysed without the mitochondrial data, phylogenies inferred with UCE loci strongly supported the position of Allothunnus
fallai as sister to the clade containing the true tunas (electronic supplementary material, figure S1).

Our time-calibrated phylogeny places the origin of the Scombridae in the latest Cretaceous to earliest Palaecogene, 68.23 Ma
(95% highest posterior density interval (HPD): 63.02, 75.28 Ma) (figure 1). All major lineages of scombrids diverge within 20
million years of the K-Pg mass extinction (figure 1). We estimate median crown ages for the mackerel clade (Grammatorcynus,
Scomber, Rastrelliger) at 55.46 Ma (95% HPD: 44.42, 64.09 Ma), the lineage containing Scomberomorus and Acanthocybium at 54.76
Ma (95% HPD: 51.18, 58.8 Ma), and the lineage containing Thunnus, Katsuwonus pelamis, Auxis and Euthynnus at 44.02 Ma (95%
HPD: 40.36, 48.28 Ma). These age estimates are congruent with most previous relaxed clock analyses [28,30,31,55,56] but conflict
with the markedly younger age of the most recent common ancestor (MRCA) of all scombrids except Gasterochisma melampus
estimated in a recent study using DNA sequences from approximately 1100 exons [18]. Our results support a protracted
diversification of scombrids throughout the Paleogene, rather than the rapid diversification of mackerels, tunas and bonitos in
the Neogene [18]. We suspect the more extensive sampling of fossil calibrations in our analysis accounts for this difference, as
no ingroup scombrid or scombriform calibrations were used in [18]. Our time-calibrated phylogeny places the median age of
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Figure 2. Origin of large body sizes in Scombridae. The phylogeny is coloured according to the ancestral state reconstruction for log-transformed standard length.
Warmer colours indicate body sizes approaching 4 m. Body size increases over 2 m are denoted by Roman numerals. The innermost dashed circle indicates the K-Pg
boundary. lllustrations of scombrids are by Julie Johnson (lifesciencestudios.com).

the MRCA of Slender Tuna (Allothunnus fallai) and Leaping Bonito (Cybiosarda elegans) at 30.76 Ma (95% HPD: 6.16, 46.89 Ma),
and the MRCA of species of Thunnus at 10.6 Ma (95% HPD: 3.41, 30.45 Ma). The age of the MRCA of Thunnus estimated in the
relaxed clock analysis indicates this lineage is a rapid and recent radiation of endothermic pelagic predators, as proposed in
other studies [56,78].

(b) Origins of endothermy and giant body sizes in scombrid fishes

We find no strong evidence that any modes of endothermy originated in Scombridae in the five million years directly following
the K-Pg mass extinction (figure 1). Our time-calibrated phylogeny, which is the first phylogenomic analysis that samples all
endothermic scombrids [18,30,77], supports three independent origins of endothermy in Scombridae (figure 1): the origin of
systemic endothermy in the common ancestor of Auxis, Euthynnus, Katsuwonus pelamis and Thunnus, regional endothermy in
the eye muscle in Allothunnus fallai, and regional endothermy in Gasterochisma melampus. G. melampus uniquely possesses cranial
endothermy derived from a modified lateral rectus muscle [24,86] (figure 1), which may have evolved anytime along the branch
leading to this species from the MRCA of Scombridae. Thus, at least two of three independent origins of endothermy in tunas
and relatives occurred 10 to 15 million years after the initial diversification of Scombridae following the K-Pg mass extinction.
The third origin cannot be constrained, given that it occurs in the sister lineage to all other scombrids.

Large (>2 m) body size evolved multiple times independently within Scombridae, and all instances also occur far after the
K-Pg extinction event (figure 2; electronic supplementary material, figure S2). Several lineages, including species of Thunnus,
Wahoo (Acanthocybium solandri), Dogtooth Tuna (Gymmnosarda unicolor) and species of Scomberomorus, independently acquired
body sizes exceeding 2 m in the last 25 million years (figure 2). Of these, the most dramatic body size increase occurs in the
common ancestor of the market tunas (Thunnus), which are the only endothermic species among these large-bodied scombrids
(figures 2 and 3). The long branch leading to Thunnus from its most recent common ancestor with other scombrids that possess
systematic endothermy exceeds 20 million years, suggesting a considerable lag time between the acquisition of endothermy and
large body sizes in market tunas. The relative timing of endothermy acquisition and >2 m body size in Gasterochisma melampus
cannot be constrained across the 69 million year-long branch leading to this species. Allothunnus fallai is smaller than most
other scombrid species despite being a regional endotherm (figure 2). These observations suggest a weak association between
endothermy and large body sizes in Thunnus and no clear association of these traits across Scombridae.

We examined potential associations between increased body size, endothermy and life history parameters in Scombridae by
deploying the wealth of data on life history traits available for this clade [69]. Phylogenetic generalized least-square regressions
performed in R using the package nime [74] reveal non-significant associations between body size, endothermy and any of
the life history variables that we analysed (spawning interval duration, maximum longevity, growth parameter k) (electronic
supplementary material). Body size and growth parameter k showed high phylogenetic signal (Pagel’s lambda >0.80, Blomberg’s
K >0.50), in contrast to maximum longevity and spawning interval duration (electronic supplementary material, table S4).
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Disparity-through-time analyses for each of these traits (electronic supplementary material, figure S3) show that, whereas mean
subclade disparity in the value of the growth parameter k peaked early in scombrid evolution, mean subclade disparity in body
size, longevity and spawning interval duration all peaked within the last 20 million years.

To further examine associations between shifts in body size and life history traits through time, we applied multi-optima
OU models using the R package bayou [87] to identify trait optima shifts along our time-calibrated phylogeny. All traits except
spawning interval duration best fit an OU model; for this trait, a white noise model was favoured, but very weakly, over the
OU model (delta AIC ~2). Our multi-optima OU analysis identified one positive body size optima shift in Scombridae (figure
3), occurring at the most recent common ancestor (MRCA) of Thunnus (market tunas). We also detected two positive shifts in
maximum longevity: one at the common ancestor of Pacific (Thunnus orientalis) and Atlantic (T. thynnus) bluefin tunas, and
one in Southern Bluefin Tuna (T. maccoyii). Conversely, a negative shift in maximum longevity occurred at the MRCA of the
clade containing Yellowfin Tuna (Thunnus albacares), Bigeye Tuna (T. obesus), Blackfin Tuna (T. atlanticus) and Longtail Tuna (T.
tonggol). These results indicate that body size increases are not consistently associated with corresponding shifts in life history
traits or endothermy across scombrid diversity.

4. Discussion

Scombridae includes the majority of endothermic pelagic ray-finned fishes [6,16,18]. Our time-calibrated phylogeny (figure 1)
shows that various types of endothermy have independently evolved three times in scombrids [17,18,24,78,86]. Although body
size increases have been associated with the evolution of endothermy in scombrids and other ray-finned fishes that possess
this physiological trait in the past [18,22], body size increases are also associated with modifications to life history traits,
such as growth rate (71-76)[71-76]. For example, many reef-associated ray-finned fishes evolved rapid growth rates following
the K-Pg extinction [88]. These other parameters might help account for the variable association of body size increases and
endothermy acquisition in scombrid fishes. However, endothermic lineages appeared at least 10 million years after the initial,
rapid post-Cretaceous diversification of Scombridae [28,55], and significant body size increases in Thunnus tunas did not take
place until at least 25 million years after the K-Pg extinction (figure 3). This result suggests that neither endothermy nor
gigantism originated during the initial diversification of Scombridae in pelagic habitats. Instead, our findings suggest that the
large, endothermic body plan of many living scombrids assembled through gradual, independent acquisitions of large body
size and thermal regulation across multiple lineages.
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Figure 4. Complex trait evolution and the origin of Thunnus. Phylogeny from figure 1 pruned to show only the Thunnini and key events along branches. Groups of tunas
are labelled after previous studies [78,89,90]. lllustrations are by Julie Johnson (lifesciencestudios.com) and rasterized from [76].

Among endothermic large-bodied scombrids, only Thunnus tunas show a pattern of rapid recent speciation (figures 1, 2,
3). However, endothermic species in the sister lineage to Thunnus diversified far more gradually and did not experience any
episodes of rapid body size increases (figure 3a). The two other origins of endothermy in Scombridae occur along long (>30
million years) branches leading to Allothunnus fallai and Gasteroschisma melampus (figure 1). Thus, endothermy is decoupled
from significant body size increases or rapid speciation in Scombridae [18]. Instead, the acquisition of gigantism in Thunnus
appears to be associated with the rapid speciation that has occurred in this clade over the last 10 million years (figures 1 and
3a). This hypothesis is supported by analyses of tuna life history and foraging, which suggest that gigantism in Thunnus tunas
is associated with seasonal migrations to foraging grounds in temperate waters and extended lifespans [89], both of which may
have been facilitated by the acquisition of systemic endothermy. Our reconstructions and multi-optima OU model analyses
suggest deep-diving warm-water tunas had an ancestrally shortened lifespan relative to other scombrids [78,89] (figures 3 and
4). In this context, systemic endothermy may be co-opted in Thunnus tunas that remain in tropical waters by permitting foraging
in deep, cold waters when prey is abundant [21].

The evolutionary history of large body size and endothermy in scombrids that we reconstruct challenges several hypotheses
for why endothermy evolved in these fishes. A recent study proposed that endothermy in large-bodied, predatory ray-finned
fishes evolved primarily as a response to the diversification of large-bodied endothermic cetaceans, which may have acted as
competitors [18]. Although phylogenomic analyses confirm that most instances of endothermy in ray-finned fishes originated in
the middle Eocene [18,28,29] when cetaceans were diversifying [18], our results reveal a temporal decoupling between episodes
of significant body size increases and the origins of endothermy in Scombridae (figures 1-3).

This separation indicates that large body sizes evolved recently in scombrids (figures 2 and 3), rather than preceding the
origins of endothermy and originating during the Eocene interval when cetaceans rapidly diversified [91-93]. These results
suggest that the appearance of some endothermic ray-finned fish clades and the early diversification of cetaceans are unrelated,
as no scombrids with both large body sizes and endothermy were definitively present in the Eocene.

We suspect that the observed pattern in Scombridae, where body size and evolution of endothermy exhibit no significant
association, also occurs in the other two lineages of endothermic pelagic ray-finned fishes: billfishes (Xiphias gladius and
Istiophoridae) and opahs (Lampris). The oldest fossils from both lineages suggest ancestrally small body sizes, with large body
sizes (exceeding 2 m) being achieved by billfishes and opahs in the Oligocene [27,94,95] and Miocene [96], respectively
[18,27,29,97]. These increases in body size occur well after the origin of endothermy at the MRCA in billfishes [18,29,98,99], but
potentially before the minimum age of endothermy in opahs at the MRCA of Lampris [18]. Across all endothermic scombrid
lineages, time-calibrated phylogenies consistently indicate that endothermy far preceded major body size increases.

Another hypothesis is that endothermy in Scombridae evolved to enhance migration ability and access to widespread prey
resources [6,20,22,100]. Under this scenario, the diversification of endothermic scombrids during the Eocene represents an
evolutionary response to the rapid increase and subsequent decline in global temperatures that occurred during this inter-
val [100-103]. Phylogenomic analyses have demonstrated that other marine ray-finned fish clades underwent major habitat
transitions [84-87], radiations [104] and extinctions [105] during the Eocene-Oligocene transition. Because they occur along
branches leading to singleton species, robust minimum age constraints for the origination of two of three endothermy modes
found in Scombridae cannot be estimated using just ancestral state reconstruction along a time-calibrated phylogeny. Regional
endothermy in Allothunnus fallai could have originated as recently as the late Miocene (figure 1), meaning only the origin of
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endothermy in the true tunas (Katsuwonus pelamis, Auxis, Euthynnus and Thunnus) can be confidently placed in the Eocene. n
This pattern extends beyond scombrids: among all endothermic ray-finned fishes, only one additional origin at the MRCA of
Xiphias gladius and Istiophoridae is likely to be Eocene in age [18,29]. The apparent concentration of endothermy origins in the
Eocene may reflect an inability to constrain the origin time of this feature across several long branches rather than a genuine
evolutionary response to climate fluctuations, and so we concur with a previous study [18] that the relationship between
endothermy evolution and Eocene climate change is unclear. Because endothermy always originates along long branches in
the phylogeny of Scombridae, time-calibrated phylogenies cannot tightly constrain the origins of this trait and provide limited
information on the causes of its origination.

Our results align with previous observations that endothermy in fishes has evolved infrequently [6,15,16,24] and is not
linked to elevated species richness or accelerated rates of lineage diversification [18]. Notably, two of the longest branches
in Scombridae lead to endothermic species (figure 1), contrasting with the pattern of increased diversification that might be
expected if endothermy were a key innovation [106-108]. The evolution of endothermy and large body size evolved sporad-
ically within Scombridae, long after the diversity of large, predatory, pelagic stem-lineage teleosts that dominated Mesozoic
seas vanished during K-Pg mass extinction [37,45]. The lag between scombrid diversification and the acquisition of large
endothermic body plans in Thunnus and Gasterochisma contrasts sharply with the broader pattern across marine ray-finned
fishes, which rapidly expanded into the morphospace previously occupied by victims of the K-Pg mass extinction [37,45]. We
believe this pattern reflects the extensive turnover in marine ray-finned fish biodiversity that has occurred over the past 66
million years [30,33-35,104,109-117]. The evolutionary history of Scombridae serves as a compelling example of how complex
body plans can arise through protracted, decoupled processes rather than responses to single evolutionary opportunities. This
pattern underscores the importance of distinguishing between the initial ecological conditions of evolutionary radiations and
the subsequent assembly of complex phenotypes, offering a cautionary perspective on inferring macroevolutionary drivers
solely from phylogenetic patterns.

[STL9707 €67 § 205470l qdsi/bioBuysqndaaosiefor

5. Conclusion

We present a comprehensive time-calibrated phylogeny of Scombridae encompassing 14 of 15 genera and 50 of 56 recognized
species. Our analysis confirms three independent origins of endothermy in scombrids, with two constrained to no earlier than
the middle Eocene, temporally separating the evolution of endothermy from the initial diversification of this clade after the
K-Pg mass extinction. Increases in body size occurred sporadically throughout the evolution of Scombridae and showed no
clear associations with endothermy origins or shifts in life history traits (figure 1; electronic supplementary material, figure
S2), revealing that these presumably integrated features of large pelagic predators evolved independently across different
timescales. These findings demonstrate that modern large, endothermic pelagic ray-finned fishes assembled their characteristic
body plans tens of millions of years after the extinction of large predatory pelagic stem-lineage teleosts. The radiation of
Scombridae exemplifies how key traits of living marine predators arose through gradual, decoupled processes rather than
immediate adaptive responses to ecological opportunity.
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