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Abstract

Understanding the evolutionary processes shaping species distributions in both marine and
terrestrial environments has been a central interest among evolutionary biologists, biogeographers,
and ecologists. Species richness in a given region is directly influenced by three key processes:
speciation, extinction, and dispersal. Variations in the rates and timing of these processes are
responsible for shaping diversity gradients such as those observed along latitudinal, longitudinal,
elevation, and depth gradients. These variations arise from a complex interplay of biotic and
abiotic factors, encompassing climatic stability, geographical barriers, trophic specializations,
productivity, competition, and predation. Macroevolutionary studies using phylogenies can
illuminate these evolutionary patterns and processes over extensive timescales and diverse
taxonomic groups. Specifically, integration of comprehensive phylogenetic trees, derived from
extensive taxonomic sampling of both extinct and extant species, with thorough genetic analysis,
and supplemented by ecological and morphological datasets, can facilitate identifying factors
influencing diversification and biogeographic trends across taxa.

The overarching goal of my dissertation is to understand how extrinsic (e.g., formation of
historical barriers, temperature) and intrinsic (e.g., life history processes such as feeding mode,
dispersal ability) factors may have shaped the evolution of two charismatic groups of marine reef
fishes. The first two chapters aim at examining Syngnatharia, an extraordinarily diverse clade
(>660 species) that includes trumpetfishes, goatfishes, dragonets, seahorses, pipefishes, and allies.
The third chapter focuses on fishes in the order Acanthuriformes, which comprises surgeonfishes,
the louvar, and the moorish idol (87 species). Despite progress made in unravelling the
relationships of these and other clades of disparate marine fish groups based on a handful of genetic
markers sequenced from a few representative lineages, the vast majority of the species lack
phylogenetic placement. Additionally, very few studies have looked at genes associated with
phenotypic or ecological changes in reef fishes from a macroevolutionary perspective. To fill in
these gaps, my research aims to examine the evolutionary history of these groups using state-of-
the-art approaches, including phylogenomics, phylogenetic comparative methods, and
phylogenetically-informed genotype-to-phenotype (PhyloG2P) comparative genomic approaches
based on whole genomes.

In my first chapter, I applied an integrative phylogenomic approach to elucidate the
evolutionary history and biogeography of Syngnatharia. I collected genome-wide DNA sequence
and geographic distribution data for 169 species to cover ~25% of the species diversity and all 10
families in the group, and complemented these datasets with paleontological and geological
information. With these datasets I inferred a set of time-calibrated trees and reconstructed the
ancestral ranges of the group. I then examined the sensitivity of biogeographic analyses to
phylogenetic uncertainty (estimated from multiple genomic subsets), area delimitation, and
biogeographic models. After accounting for these uncertainties, my results reveal that
syngnatharians originated in the ancient Tethys Sea at the Late Cretaceous, 87 million years ago
(Ma) and subsequently occupied the Indo-Pacific Ocean. Throughout syngnatharian history,
multiple independent lineages colonized the Eastern Pacific (68 times) and the Atlantic (6—14



times) from their center of origin, with most events taking place following an east-to-west route
prior to the closure of the Tethys Seaway between 12—18 Ma. These colonizations were facilitated
by the long-distance dispersal ability of syngnatharians during their pelagic larval stages or through
rafting, such as with sargassum-associated species, aided by oceanic currents.

For my second chapter, I examined factors driving syngnatharians species richness along
the longitudinal diversity gradient across oceans and assessed whether patterns of morphological
diversity are congruent with this gradient. I increased the taxonomic sampling of syngnatharians
from my first chapter to 323 species (50% of the species diversity) to test three non-mutually
exclusive evolutionary hypotheses proposed to explain the longitudinal diversity gradient: time-
for-speciation, center of accumulation, and in situ diversification rates. I estimated diversification
rates and body shape disparity broadly across the group, considering biogeographic regions within
all three major oceanic realms (Indo-Pacific, Atlantic, and eastern Pacific), as well as within the
Indo-Pacific region. The analyses showed that the extensive diversity of syngnatharian species in
the Indo-Pacific region primarily stems from ancient colonizations, leading to in situ speciation
during the Palacogene, shortly after the Paleocene-Eocene Thermal Maximum (PETM), and
subsequent lineage accumulation during the Miocene coinciding with the initiation of the Indo-
Australian Archipelago (IAA) rearrangement. Conversely, the eastern Pacific and Atlantic regions
exhibit lower regional diversities, largely due to more recent colonization events and the onset of
diversification, with most lineages in these areas emerging during the Miocene. These findings
strongly support the time for speciation and center of accumulation hypotheses. My study also
reveals that a significant portion of syngnatharian morphological diversity originated early in their
evolutionary history within the Tethys Sea, followed by a gradual decline in subclade disparity
marked by the emergence of multiple adaptive peaks, particularly in head morphology. This
suggests that while high species richness exists, it does not necessarily correlate with high
morphological disparity across various biogeographic contexts. All in all, colonization dynamics
explain the longitudinal diversity patterns of syngnatharian fishes across marine realms while
morphological similarities persist among them.

In my third chapter, I examined the ecological drivers of trophic transitions among fossil
and extant acanthuriforms as well as the genomic basis of these transitions. By combining genomic
data for 80 extant species (~93% of total diversity) with morphological characters for 32 fossil
taxa, [ inferred total evidence time-calibrated phylogenies. Using these phylogenies, I
reconstructed the diet of acanthuriforms and investigated the number of times the planktivory
lifestyle evolved, along with the geographic location and timing of these transitions. The analyses
indicate an origin of acanthuriforms approximately 64 Ma following the K-Pg mass extinction
event, with at least seven documented transitions to planktivory from non-planktivorous lineages,
followed by at least four reversals to non-planktivorous diets. While the earliest transitions
occurred in the ancient Tethys Sea, the most recent ones happened within the Indo-Pacific region.
I then evaluated the effect of the convergently evolved diets on acanthuriforms’ diversification,
finding no significant effect as diversification rates remain constant across trophic guilds.
However, transition rates are higher from planktivores to non-planktivores compared to the
opposite direction. Diversification of planktivore species does appear to be influenced by cool past
climatic temperatures, although there is also a confounding effect from phylogenetic signal.
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Despite ecological and morphological factors commonly driving this trophic specialization, the
extent to which this adaptive convergence is caused by convergent changes at the molecular level
remains understudied in reef fishes. Therefore, in this study I performed PhyloG2P analyses, using
newly-generated chromosome-level (Acanthurus chirurgus) and short-read (45 species) genomes
to identify genes under positive selection across planktivore lineages and along branches where a
transition to planktivory occurred. We identified a total of 91 genes that underwent convergent
positive selection in planktivorous lineages, along with three genes unique to planktivores. These
genes are implicated in metabolic processes and adaptations in body shape, consistent with the
repeated instances of convergence towards a pelagic environment, which are associated with
planktivory and specialized morphological traits.

In summary, my dissertation explores the evolutionary processes shaping the distributions
of marine fish species, highlighting the pivotal roles of speciation, extinction, and dispersal in
driving diversity across oceans. My research also underscores the importance of integrating data
from both fossil and living species to obtain a more comprehensive picture of the evolutionary
history of groups. Through comprehensive analyses based on genomic, ecological, and
morphological data, I emphasize the need to address various factors generating uncertainty in
macroevolutionary and biogeographic inferences. Furthermore, my findings contribute to our
understanding of the evolutionary dynamics as well as genetic underpinnings of trophic transitions
in marine fishes, shedding light on the adaptive mechanisms driving diversification. Overall, my
thesis represents an important step towards understanding the evolutionary history of marine fishes
by disentangling their diversification patterns in space and time.
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Chapter 1

Phylogenomics and Historical
Biogeography of Seahorses, Dragonets,
Goatfishes, and Allies (Teleostei:
Syngnatharia): Assessing Factors
Driving Uncertainty in Biogeographic
Inferences

Published in Systematic Biology (https://doi.org/10.1093/sysbio/syab028)

Aintzane Santaquiteria, Alexandre C. Siqueira, Emanuell Duarte-Ribeiro, Giorgio Carnevale,
William White, John Pogonoski, Carole C. Baldwin, Guillermo Orti, Dahiana Arcila, and
Ricardo Betancur-R.

1.1 Abstract

The charismatic trumpetfishes, goatfishes, dragonets, flying gurnards, seahorses, and pipefishes
encompass a recently defined yet extraordinarily diverse clade of percomorph fishes—the series
Syngnatharia. This group is widely distributed in tropical and warm-temperate regions, with a
great proportion of its extant diversity occurring in the Indo-Pacific. Because most syngnatharians
feature long-range dispersal capabilities, tracing their biogeographic origins is challenging. Here,
we applied an integrative phylogenomic approach to elucidate the evolutionary biogeography of
syngnatharians. We built upon a recently published phylogenomic study that examined
ultraconserved elements by adding 62 species (total 169 species) and one family (Draconettidae),
to cover ca. 25% of the species diversity and all 10 families in the group. We inferred a set of time-
calibrated trees and conducted ancestral range estimations. We also examined the sensitivity of
these analyses to phylogenetic uncertainty (estimated from multiple genomic subsets), area
delimitation, and biogeographic models that include or exclude the jump-dispersal parameter (j).
Of the three factors examined, we found that the j parameter has the strongest effect in ancestral
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range estimates, followed by number of areas defined, and tree topology and divergence times.
After accounting for these uncertainties, our results reveal that syngnatharians originated in the
ancient Tethys Sea ca. 87 Ma (84-94 Ma; Late Cretaceous) and subsequently occupied the Indo-
Pacific. Throughout syngnatharian history, multiple independent lineages colonized the eastern
Pacific (6-8 times) and the Atlantic (6—14 times) from their center of origin, with most events
taking place following an east-to-west route prior to the closure of the Tethys Seaway ca. 12—18
Ma. Ultimately, our study highlights the importance of accounting for different factors generating
uncertainty in macroevolutionary and biogeographic inferences.

1.2 Introduction

Molecular phylogenetic studies are steadily resolving long-lasting uncertainties in the Fish Tree of
Life, most notably within percomorphs, a clade of spiny-finned fishes often referred to as the “bush
at the top” (Nelson 1989) that is characterized by spectacular morphological and taxonomic
diversity (ca. 18,000 species). Interrelationships and composition of major percomorph lineages
remained controversial after decades of anatomical studies (Johnson 1993; Johnson and Patterson
1993), but recent phylogenetic analyses based on molecular evidence have unambiguously
supported the resolution of the percomorph bush into nine supraordinal clades (Near et al. 2012;
Betancur-R. et al. 2013, 2017; Sanciangco et al. 2016; Alfaro et al. 2018; Hughes et al. 2018). Most
of these clades have never been inferred on the basis of morphological evidence, and therefore the
origin and mechanisms shaping the evolutionary radiation of percomorphs remain poorly explored
(Alfaro et al. 2018). Recent studies have suggested an association between the Cretaceous-
Palaecogene (K-Pg) mass extinction and the origin of five of these nine percomorph crown groups,
implying an important effect of extinctions on the evolutionary dynamics that resulted in the
clades’ astonishing diversity (Alfaro et al. 2018; Ribeiro et al. 2018).

One such percomorph clade has been classified as the series Syngnatharia, which includes
ca. 670 described species arranged in 10 families, four suborders (Callionymoidei,
Dactylopteroidei, Mulloidei, and Syngnathoidei) and a single order (Syngnathiformes; Betancur-
R. et al. 2017). Best-known among syngnatharians are seahorses and pipefishes (family
Syngnathidae), forming a clade with over 320 species (Fricke et al. 2020). The fossil record of
Syngnatharia dates back to the Late Cretaceous and includes representatives from all suborders
(Carnevale et al. 2006; Bannikov 2014; Cantalice and Alvarado-Ortega 2016; Carnevale and
Bannikov 2019). Most of these fossils have been found in the Eocene strata of Monte Bolca (Italy),
at the ancient western Tethys Sea—one of the most important localities bearing exquisitely
preserved fossil teleosts known from the paleontological record (Bannikov 2014; Carnevale et al.
2014; Friedman and Carnevale 2018). Many extant syngnatharian families are circumglobally
distributed, occurring in tropical and temperate marine waters, although some species inhabit
brackish and freshwater environments (Whitfield 1999; York et al. 2006; [IUCN 2019; OBIS 2021).
Syngnatharians live in diverse habitats from soft substrates (e.g., goatfishes, seamoths, flying
gurnards) to more complex environments such as coral and rocky reefs (seahorses, trumpetfishes)
and mangrove forests (seahorses); other groups also inhabit sea-grass beds (pipefishes) and drifting
macroalgae (Sargassum-associated pipefishes; Froese and Pauly 2019). Reflecting this diversity



in habitats, and the associated challenges in locomotion, reproduction and feeding ecology, fishes
in this group display a variety of body plans. Some of the most conspicuous morphological traits
and behaviors observed in syngnatharians include snout and body elongation (e.g., pipefishes,
pipehorses, trumpetfishes and cornetfishes; Bergert and Wainwright 1997), vertical swimming
(e.g., shrimpfishes and seahorses; Atz 1962; Lin et al. 2016; Fish and Holzman 2019), prehensile
tails (seahorses and pipehorses; Neutens et al. 2014; Hamilton et al. 2017), hyoid barbels
(goatfishes; Gosline 1984), and, most remarkably, male pregnancy (pipefishes, pipehorses and
seahorses; Berglund et al. 1986). Although there is no morphological evidence that unifies the
disparate array of clades included in Syngnatharia (e.g., goatfishes and seahorses), the monophyly
of the group is consistently resolved by different molecular studies, whether based on
mitochondrial markers alone (Kawahara et al. 2008; Song et al. 2014), a handful of nuclear and
mitochondrial markers (Chen et al. 2003; Near et al. 2012; Betancur-R. et al. 2013) or genome-
scale datasets (Longo et al. 2017; Alfaro et al. 2018; Hughes et al. 2018).

Despite robust support for the monophyly of Syngnatharia, phylogenetic relationships
among early branching (suborder-level) clades have been controversial due to a seemingly
explosive radiation during the early stages of their evolution (Near et al. 2013; Betancur-R. et al.
2017; Longo et al. 2017; Alfaro et al. 2018). Short internodes along the backbone of the
syngnatharian phylogeny make it challenging to resolve these relationships due to high levels of
incomplete lineage shorting (Maddison 1997) and/or low signal-to-noise ratios (Rokas and Carroll
2006; Townsend et al. 2012). Whereas previous studies using sparse taxonomic sampling or few
nuclear markers failed to provide robust resolution at the suborder level (Near et al. 2012;
Betancur-R. et al. 2013; Song et al. 2014; Hughes et al. 2018), more recent phylogenetic analyses
based on genome-scale data coupled with dense-taxonomic sampling (Longo et al. 2017)
delineated the four major, morphologically-supported suborders (Kim 2002; Wiley and Johnson
2010; Nelson et al. 2016; see also Betancur-R. et al. 2017), making progress towards the resolution
of this spectacular radiation.

Resolving syngnatharian relationships will open new avenues to address a variety of
macroevolutionary inferences, such as historical biogeography. Previous attempts to investigate
the biogeographic history of this group have been restricted to particular families or genera (e.g.,
Syngnathidae, Hippocampus, Mulloidichthys; Bowen et al. 2001; Teske et al. 2004, 2007; Boehm
et al. 2013; Lessios and Robertson 2013; Hamilton et al. 2017; Li et al. 2021). These studies have
consistently identified the Indo-Pacific (IP) as the center of origin for these geographically
widespread clades, but their results differed regarding the inferred routes and timing of the
colonization of the Atlantic and the eastern Pacific (EP).

These previous studies, and others that have examined the historical biogeography of other
clades, do not typically account for factors generating uncertainty in comparative analyses, such
as variations in tree topology and divergence times (e.g., Batista et al. 2020) or alternative
delineation of biogeographic areas and models (e.g., Richardson et al. 2004). Recent advances in
statistical approaches for ancestral range estimations now allow the implementation of alternative
biogeographic models—e.g., dispersal-extinction-cladogenesis (DEC; Ree and Smith 2008a),
dispersal-vicariance—analyses (DIVA; Ronquist 1997), and Bayesian inference of historical



biogeography for discrete areas (BayAREA; Landis et al. 2013)—and parameters (e.g., the jump-
dispersal or founder-event speciation [j]) with different assumptions regarding the dispersal
abilities of groups between areas at different time slices (e.g., LaGrange: Ree and Smith 2008b;
BioGeoBEARS: Matzke 2013). Remarkably, among the alternative biogeographic models
available for analyses, variants that include the j parameter have been recently criticized because
their likelihood can be artificially inflated leading to an overestimation of jump-dispersal events
(Ree and Sanmartin 2018; but see Klaus and Matzke 2020).

Here, we assess the evolutionary and biogeographic history of Syngnatharia using a variety
of sensitivity analyses in a phylogenomic comparative framework. We first expanded a recently
constructed molecular phylogeny for Syngnatharia that examined ultraconserved element (UCE)
loci (Longo et al. 2017) to include 62 additional species (169 species total), and inferred robust
time-calibrated trees by integrating paleontological and geological information. To account for
topological and divergence-time uncertainty in downstream comparative analyses, we also
partitioned the complete matrix into genomic subsets. With the resulting, comprehensive
phylogenetic framework, we explored the global biogeography of the group by incorporating
geographic distribution data from extant and fossil species in three different time slices.
Additionally, we examined uncertainties in ancestral range estimations using different sets of
predefined area schemes, biogeographic models (including and excluding the j parameter), and
topologies. Finally, in light of these results, we inferred possible routes through which different
lineages colonized the EP and the Atlantic.

1.3 Materials and methods

See Appendix A, Supplementary Materials and Methods section for additional methodological
details.

Taxonomic sampling and genomic data

Our genomic dataset was built upon a recently published phylogenomic analysis of Syngnatharia
based on UCE data for 113 species (Longo et al. 2017), including a scombroid species as the
outgroup (Taractichthys longipinnis). We added 78 newly sequenced specimens (62 species),
including one additional family (Draconettidae) thereby covering all 10 representative families in
the group. We initially assembled a dataset of 190 individuals. We updated the total number
species after implementing steps for sample quality-control (see Appendix A, Supplementary
Materials and Methods), based on CO1 sequence comparisons to the Barcode of Life Database
(BOLD) and National Center for Biotechnology Information (NCBI) databases. These steps
resulted in the reidentification of six taxa, including four sequenced by Longo et al. (2017) that
turned out to be duplicates (see Appendix A, Supplementary Materials and Methods). Our final
dataset consisted of 184 individuals comprising 169 syngnatharian species (107 previously
published and 62 newly sequenced) or 25.3% of the clade’s diversity (Supplementary Appendix 1
available on Dryad).



DNA extractions, UCE library preparation and sequencing

We extracted DNA from tissue samples in a 96-well plate format on a GenePrep, following
manufacturer’s instructions at the Laboratory of Analytical Biology at the Smithsonian National
Museum of Natural History. We checked the quality of DNA extractions by visually inspecting
high molecular weight DNA stained with GelRed (Biotium) on a 1% agarose gel. High quality
DNA extractions were sent to Arbor Biosciences for target enrichment using the MYbaits UCE
Capture Kits, a custom bait set of approximately 1340 UCE loci identified in acanthomorph fishes
(McGee et al. 2016; available from http://ultraconserved.org). Enriched libraries were quantified
with qPCR (Kapa Biosystems) and sequenced using a single lane of Illumina HiSeq 2500 at the
U. Chicago Genomics Facility.

Data assembly and alignment

We used the PHY LUCE computational pipeline (Faircloth 2016) to process the raw sequence reads
(http://phyluce.readthedocs.io/en/latest/tutorial-one.html). This pipeline generated a ‘monolithic’
FASTA file with all UCEs for all newly sequenced individuals. After this step, we added to the
‘monolithic’ file UCE data for the 113 species (112 syngnatharians and the scombroid outgroup)
previously sequenced (Longo et al. 2017). We ‘exploded’ this file to obtain individual UCE loci
and aligned them using MAFFT (Katoh and Standley 2013) based on a maximum divergence of
0.2. We trimmed the resulting alignments using Gblocks v0.91b (Castresana 2000) to remove
ambiguously aligned flanking regions. Edited alignments consisted of 1,186 UCE loci that we used
to generate two subsets, each including all taxa examined: a 75% completeness matrix with 932
UCEs (142 taxa contain data in all gene alignments) and a 90% completeness matrix with 346
UCEs (171 taxa in all gene alignment). The resulting alignments included nine of ten
syngnatharian families, with only Draconettidae missing. To cover all representative families, we
probed the raw data from a specimen of Draconetta xenica that was sequenced using exon capture
approaches (Hughes et al. 2020) to identify shared UCE loci using the map to reference function
implemented in Geneious v.11.1.2 program (Biomatters 2019). We recovered a total of 17 and 50
loci present in the 90% and 75% completeness matrices, respectively. See Appendix A,
Supplementary Materials and Methods for additional details.

Phylogenomic analyses

For both matrices, we determined the best-fit partitioning scheme as well as the best-fit model for
each partition using the Bayesian Information Criterion (BIC) in Partition Finder v2.1.1 (Lanfear
et al. 2017). We used the sliding-window approach and entropy site characteristic (SWSC-EN), a
partition method proposed for UCE data (Tagliacollo and Lanfear 2018). The SWSC-EN produces
partitions for each locus based on a core and two flanking regions. We estimated concatenation-
based maximum-likelihood (ML) trees in RAXML v8.2.4 (Stamatakis 2014) using the best-fit
partitioning schemes and the GTRGAMMA substitution model. We ran 30 independent ML
searches and used nonparametric bootstrapping via autoMRE (number of bootstrap replicates
automatically determined) to assess edge support. We also conducted coalescent-based species-
tree analyses in ASTRAL-II (Mirarab and Warnow 2015) using RAXML gene trees as input. Gene
trees were inferred using the UCE core-flank partitions and the same parameters applied for
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concatenation analyses. Before phylogenetic dating analyses, we pruned duplicate individuals per
species from the corresponding trees.

To account for variation in topology and divergence times in biogeographic analyses (see below),
we also assembled 12 largely independent subsets (subsampled from the 75% matrix), each with
a sufficient number of genes to overcome sampling error. Preliminary tests including a higher
number of subsets, each with fewer genes (18 subsets), resulted in high levels of topological
discordance, particularly for trees estimated with ASTRAL-II. We thus reduced the number of
subsets to 12 (two with 89 loci, six with 90 loci and four with 91 loci), all of which produced trees
with lower levels of topological incongruence compared to those obtained using fewer genes. To
maintain Draconetta xenica across all trees, all subsets overlapped in 17 anchor UCE markers that
include this taxon. We conducted phylogenetic analyses using the 12 subsets in RAXML and
ASTRAL-II, as explained above, producing a total of 24 trees (two per subset). Finally, we used
the 28 trees inferred (two each with the 75% and 90% completeness matrices, and 24 with the
subsets) as input for divergence time estimations in MCMCTree.

Phylogenomic dating

We estimated divergence times using the MCMCTree package implemented in PAML v4.9 (Yang
2007), which can analyze genome-scale datasets in a Bayesian framework (dos Reis and Yang
2019). A drawback of MCMCTree, however, is that it cannot jointly estimate topology and
divergence times, requiring instead predefined topologies as input, for which we used the 28
topologies inferred in the previous step. Because running time in MCMCTree depends more on
the number of defined partitions rather than the number of genes, we divided each subset into two
partitions (flanks and core UCEs). We used a total of 11 calibration points, including a secondary
root calibration (Pelagiaria + Syngnatharia), six fossil calibrations, and four geological calibrations
(see Appendix A, Supplementary Materials and Methods). We ran the 75% and 90% matrices for
10-50 million generations and the genomic subsets for 3—20 million generations until convergence
was reached based on effective sampling size (ESS) values (>200). We used the approximate
likelihood method and the HKY85 model. Prior parameters for the MCMCTree runs were as
follow: independent rate relaxed-clock model, BDparas: 1, 1, 0.27; kappa gamma: 6, 2;
alpha_gamma: 1, 1; rgene gamma: 2, 200, 1; sigma2 gamma: 2, 5, 1. We conducted two
independent runs for each dataset. To check for convergence, we used Tracer v1.7.1 (Rambaut et
al. 2018) to examine trace plots and ESS values for each parameter, after a 10% burn-in.

Biogeographic analyses

We ran biogeographic analyses using the R package BioGeoBEARS (Matzke 2013), which
compares models of range evolution in a phylogenetic framework. We used the tree inferred in
RAxML with the 75% completeness matrix (‘master tree’ hereafter) as the summary phylogeny.
We also implemented three different biogeographic schemes to account for different levels of
resolution for delimitation of biogeographic regions (Table 1). The first scheme is based on six
recognized marine biogeographic regions for tropical fishes proposed by Kulbicki et al. (2013):
Western Indian Ocean (WI0O), Central Indo-Pacific (CIP), Central Pacific (CP), Tropical Eastern
Pacific (TEP), Western Atlantic (WA), and Eastern Atlantic (EA). For the second scheme, based



on Spalding et al. (2007), we added the Temperate Australasia (TA) area to the previous six-area
scheme to account for species restricted to the temperate waters of Australia and New Zealand
(these species were lumped into the CIP in the six-area scheme). Finally, for the third scheme, we
further added an area to the seven-area scheme to discriminate species that are largely endemic to
the Temperate Northeast Pacific (TNP; lumped into the EP in the 6- and 7-area schemes). We built
a presence/absence matrix for each scheme by coding each extant species according to their
geographic ranges primarily based on a combination of the [UCN Red List (IUCN 2019) and
Ocean Biogeographic Information System (OBIS 2021) databases. We also used paleogeographic
domain information as biogeographic constraints using the six fossils used to calibrate our tree.
These constraints were placed in the nodes into which fossil calibration points were assigned
(Table 2). Five of the six fossil species, placed in Syngnatharia, Syngnathidae/Solenostomidae,
Hippocampus, and tRamphosidae (the sister family of Pegasidae), were present in the western
Tethys or Paratethys and thus coded as an additional area, the ancient Tethys Sea (calibrations 2—
4, 6, and 7; Table 1.2 and Fig. 1.1). The sixth fossil used for Aulostomoidea (calibration 5; Table
1.2 and Fig. 1.1) was described from the Gulf of Mexico/Proto Caribbean Sea and thus coded as
WA.

Table 1.1 Alternative biogeographic schemes used in BioGeoBEARS.

Scheme Number of areas Areas Maximum range
size parameter

1. Six-area 6 + Tethys Sea WIO, CIP, CP, EP, WA, EA 6
2. Seven-area 7 + Tethys Sea WIO, CIP, CP, TA, EP, WA, EA 7
3. Eight-area 8 + Tethys Sea WIO, CIP, CP, TA, TNP, TEP, WA, EA 7

WIO: Western Indian Ocean; CIP: Central Indo-Pacific; CP: Central Pacific; TA: Temperate Australasia; EP: Eastern
Pacific; TNP: Temperate Northeast Pacific; TEP: Tropical Eastern Pacific, WA: Western Atlantic; EA: Eastern
Atlantic.



Table 1.2 Fossil geographic distributions used as biogeographic constraints in BioGeoBEARS.

Fossil calibrations MRCA Paleogeographic Area code
domain
(2) Syngnatharia Syngnathus louisianae, Western-central Tet
Eurypegasus draconis Tethys
(3) Syngnathidae/Solenostomidae  Solenostomus cyanopterus, Western Tethys Tet
Syngnathus louisianae
(4) Hippocampus Hippocampus abdominalis, Pannonian Basin, Tet
Hippocampus kuda Central Paratethys
(5) Aulostomoidea Aulostomus maculatus, Aeoliscus Gulf of WA
strigatus Mexico/Proto
Caribbean Sea
(6) Fistulariidae Fistularia corneta, Aulostomus Western Tethys Tet
maculatus
(7) Pegasidae Pegasus volitans, Dactylopterus Western Tethys Tet

volitans

Tet: Tethys Sea; WA: Western Atlantic.

We tested 12 biogeographic models in a maximum likelihood framework, previously used
for marine fishes (Siqueira et al. 2019; Rincon-Sandoval et al. 2020). These models include DEC
(Ree and Smith 2008), DIVA (Ronquist 1997), and BayAREA (Landis et al. 2013). Each model
was run with and without the founder-speciation event (j) (Matzke 2014) and the dispersal matrix
power exponential (w) parameters (Dupin et al. 2017). The j parameter allows the colonization of
a new area by a daughter lineage while the splitting-sister lineage stays at the ancestral area
(Matzke 2014). The w parameter is used to infer the optimal dispersal multiplier matrix, acting as
an exponent on the matrix (Dupin et al. 2017). We set the w parameter to be free in order to allow
the model to adjust the matrices according to the data. We analyzed each model using three time
slices (100—12 Ma, 12-2.8 Ma, and 2.8—-0 Ma) according to different geological events that span
the evolutionary history of the clade. The Tethys Sea region was only added to the analyses for the
first time slice (100—12 Ma) to reflect the existence of this ancient basin. A dispersal-multiplier
matrix for each scheme was assembled to account for the dynamics of biogeographic barriers over
time. The connectivity between areas was determined by three dispersal probability categories: 1.0
for well-connected areas, 0.05 for relatively separated areas, and 0.0001 for widely separated or
disconnected areas. From 100 to 12 Ma, we allowed high dispersal probability between WIO and
EA through the Tethys Seaway. The Terminal Tethyan Event (TTE), which opened and closed
intermittently between 12 and 18 Ma, divided the western and the eastern Tethys Sea (Steininger
and Rogl 1979; Adams et al. 1983; Rogl 1998, 1999). Thus, from 12 Ma (final closure) onwards
we used a low dispersal probability value between WIO and EA to allow dispersal through
southern Africa (Rocha et al. 2005). To account for the final closure of the Isthmus of Panama,
which may have occurred as early as 2.8 Ma as stated above (O’Dea et al. 2016), we assigned a



very low dispersal probability between WA and EP. Finally, for all time slices, we set a high
dispersal probability between adjoining areas of the Indo-Pacific and a low dispersal probability
between CP and EP to reflect dispersal limitations associated with the crossing of the EP Barrier
(Bellwood and Wainwright 2002; Lessios and Robertson 2006). Using the ‘master tree’ as the
input phylogeny, we calculated Akaike Information Criterion scores corrected for small sample
size (AICc) for each biogeographic model and for each biogeographic scheme independently. The
best-fitting model (DEC, DIVA, and BayAREA, each with a combination of £ and +w parameters)
was then selected for each scheme (Table S4).

Accounting for uncertainty in biogeographic analyses

We assessed sensitivity of ancestral range estimations to three major sources of variation: topology
and divergence times, area schemes, and biogeographic models. First, based on a recently-
proposed approach (Rincon-Sandoval et al. 2020), we used the set of 28 trees inferred using the
75% and 90% completeness matrices as well as the 12 genomic subsets. Resulting trees reflect
uncertainty in divergence times and phylogenetic relationships based on different underlying data.
This approach fundamentally differs from the common practice of conducting comparative
analyses using ‘pseudo-replicated’ trees obtained from a Bayesian posterior distribution estimated
with a single dataset, typically consisting of a handful of genes (Huelsenbeck et al. 2000). To
assess topological disparity, we estimated tree space plots for the 28 trees using a multidimensional
scaling (MDS) visualization implemented in the R package phytools (Revell 2012). To assess the
effects of phylogenetic variation in biogeographic inferences, we used a code produced by Matzke
(2019) to summarize ancestral range estimates from multiple trees by selecting the ‘master tree’
as the topology upon which the results from all 28 trees were overlain. This approach allowed us
to obtain averaged probabilities across the different trees for compatible nodes present on the
‘master tree.” For comparison, we also estimated ancestral ranges based on an alternative tree
estimated with ASTRAL-II using the 75% completeness matrix (‘alternative tree’ hereafter) and
the 28-tree averaging approach described above. The final set of analyses aimed at accounting for
phylogenetic uncertainty involved running BioGeoBEARS without the averaging approach, using
only the ‘master tree’ (see also previous section) and the ‘alternative tree.’

Second, we compared the biogeographic results obtained with the three different area
schemes defined (6 areas, 7 areas, and 8 areas), using both the master and alternative trees with
and without the 28-tree averaging approach. Finally, given recent criticisms on the implementation
of the jump-dispersal parameter (j) (Ree and Sanmartin 2018), we interpreted different
biogeographic histories based on analyses of the best-fitting models selected for different trees and
area schemes, with (+/) and without (-j) this parameter (Appendix A Table S4).

In cases where colonization events of oceanic basins inferred from these different types of
analyses produced incongruent results, we assessed the relative probabilities of these histories by
conducting biogeographic stochastic mapping (BSM), as implemented in BioGeoBEARS (Dupin
et al. 2017). For BSM analyses, a total of four possible routes were assessed (Floeter et al. 2008):
(1) Tethyan relicts, (ii) lineages with Indo-Pacific origin that crossed the Tethys Seaway before its
closure, (iii) lineages with Indo-Pacific origin that colonized via the Cape of Good Hope, southern
Africa, and (iv) lineages with Indo-Pacific origin that crossed the EP Barrier. We simulated 1,000



stochastic histories on the ‘master tree’ based on the best-fit biogeographic model (with and
without the j parameter) and calculated the probability for alternative routes. These alternatives
are only considered (depicted in maps) when the probability for a major colonization event is less
than 70%.

1.4 Results

Phylogenomic inference, tree uncertainty and divergence times

We conducted phylogenomic analyses using maximum likelihood (ML; RAxML) and coalescent-
based (ASTRAL-II) approaches applied to the two assembled matrices—the 75% completeness
matrix (932 UCEs, 268,279 sites, 11.6% missing data) and the 90% completeness matrix (346
UCEs, 119,467 sites, 6% missing data). Overall, the phylogenetic relationships among the four
suborders previously defined are congruent and highly supported (>75%) based on the
concatenation-based ML analyses (Fig. 1.1 and Appendix A Figs. S2, S3, and S5). However, trees
inferred with ASTRAL-II using both matrices (75% and 90%; Appendix A Figs. S4 and S6) did
not resolve the monophyly of Dactylopteroidei (Dactylopteridae + Pegasidae). Additionally, the
suborder Callionymoidei, a clade comprising the families Draconettidae and Callionymidae, which
have a strong morphological affinity (Gosline 1984; Wiley and Johnson 2010; Nelson et al. 2016),
was not resolved as monophyletic with ASTRAL-II using the 90% matrix. These results suggest
that lower gene coverage for Draconettidae (only 17 and 50 UCE loci present in the 90% and 75%
matrices, respectively) may have affected ASTRAL-II analyses more than concatenation-based
inferences. Trees estimated with RAXML had higher average bootstrap support values than those
estimated with ASTRAL-II (96.8-98.3% vs. 90.5-92.4%, respectively). Likewise, trees estimated
with the 75% matrix resulted in clades with higher support values relative to the 90% matrix (mean
support 92.4-98.3% vs. 90.5-96.8%, respectively). All families were resolved as monophyletic in
all inferred trees. Similar topologies were obtained using the additional 12 subsets (24 trees),
except for the suborders Dactylopteroidei (15 trees), Callionymoidei (4 trees), and Syngnathoidei
(2 trees), which were not resolved as monophyletic in some trees, mostly those estimated using
ASTRAL-II (13 ASTRAL-II trees vs. 5 RAXML trees; Appendix A Fig. S7). The relative
placement of the family Centriscidae, most often resolved as a sister group to the clade composed
of Aulostomidae + Fistulariidae, also varies in eight subset-based trees.

The MDS plots of assessment of topological disparity between the 28 trees inferred by
different methods show that, regardless of the number of genes, RAXML and ASTRAL-II trees
fall in opposite areas of the tree space, never overlapping (Appendix A Fig. S8). The ASTRAL-II
trees reveal, however, a greater degree of topological disparity than the RAXML trees, a pattern
that is probably the result of gene-tree error affecting ASTRAL-II reconstructions. While trees
inferred with more than 300 loci (75% and 90% completeness matrices) tend to be more tightly
clustered in the tree space relative to subset-based trees, RAXML and ASTRAL-II topologies
obtained with the same genomic dataset or subset differ substantially (see Appendix A Fig. S8).
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The time-calibrated phylogeny of syngnatharians based on 11 calibration points in
MCMCTree is shown in Fig. 1.1 (RAXML ‘master tree’); results obtained with the 28 trees are
summarized in Appendix A Table S3 and Fig. S9. Our inferred evolutionary timescale places the
origin of total group Syngnatharia at 94.1 Ma (95% highest posterior density, HPD 92.0-99.3 Ma),
whereas the crown group age is dated at 86.8 Ma (HPD 84.4-94.4 Ma) in the Late Cretaceous.
With the exception of the long-stemmed Mulloidei, which originated at 18.0 Ma (HPD 14.9-21.8
Ma), the divergence of all other major suborder-level clades also took place in the Late Cretaceous
(~70-83 Ma), long before the Cretaceous-Palacogene (K-Pg) mass extinction event (~66 Ma).
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Figure 1.1 Time-calibrated phylogeny for 169 species of Syngnatharia estimated in MCMCTree. The
topology reflects the maximum-likelihood RAXML tree based on 932 UCEs (75% completeness
matrix). Gray bars at nodes represent the 95% HPD intervals. Circles at the nodes indicate the 11
calibration points used in MCMCTree, which are colored according to the type of calibration used (see
Appendix A, Supplementary Materials and Methods). For support values see Fig. S3. Dact.:
Dactylopteroidei; Q.: Quaternary; Ma: millions of years. New taxa added for this study marked are
shown in bold; asterisks (*) denote taxa examined by Longo et al. (2017) that were re-identified.

Sensitivity of biogeographic analyses to tree uncertainty, area schemes and the
J parameter

Sensitivity analyses to the three sources of variation examined reveal that the use of the j parameter
has the strongest effect on ancestral range estimations, followed by the number of areas defined
(see Fig. 1.3 and Appendix A Table S5 for details). Tree variance, by contrast, has a relatively
smaller effect on the inferences (Appendix A Tables S5 and S6). The biogeographic
reconstructions conducted to account for estimation error show that approximately one third of the
colonization routes vary depending on the analysis (Fig. 1.3). These biogeographic patterns tend
to be more similar between different area schemes using the same model rather than within each
area scheme using different models (i.e., including or excluding the j parameter; Fig. 1.3 and
Appendix A Table S5).

As expected, ancestral range estimates that use the BayAREA model along with the j
parameter tend to identify more long-distance and recent dispersal events than those using the
BayAREA model alone, which are otherwise more consistent with a Tethys Sea origin for many
clades implying fewer colonization events due to widespread ancestors despite a lower model fit
overall (AICc 1082—1313 for BayAREA vs. AICc 1015-1255 for BayAREA +; Figs. 1.2 and 1.3).
At least nine major differences in colonization routes are observed between analyses that include
or exclude the j parameter, four of which are observed in the family Mullidae alone (Fig. 1.3).
According to the -j inferences, this family colonized the WA from the Tethys Sea/IP at 17.6 Ma
(HPD 16.1-19.2 Ma) followed by dispersal of Mulloidichthys from the IP to the EP via the EP
Barrier at 3.9 Ma (HPD 3.2—4.6 Ma), and a subsequent dispersal at ~2.9 Ma into the WA through
the Central American Seaway prior to the emergence of the Isthmus of Panama. This inference
also suggests that Pseudupeneus colonized the EP from the WA at 2.9 Ma (HPD 2.2-3.5 Ma). In
contrast, +j range estimates show that both Mulloidichthys and Pseudupeneus colonized the WA
through the EP Barrier (3.9 Ma [HPD 3.2-4.6 Ma] and 6.6 Ma [HPD 3.5-9.6 Ma], respectively),
whereas Mullus dispersed at 5.3 Ma (HPD 1-9.6 Ma) into that basin via the Cape of Good Hope
(southern Africa; Fig. 1.3).

Ancestral range estimations also differ based on the number of areas used, but these are
also largely confounded by the inclusion or exclusion of the j parameter. For example,
biogeographic analyses based on the six- and eight-area schemes (£f) or the seven-area scheme (-
j) indicate that the genera Synchiropus and Hippocampus are Tethyan relicts that colonized the
WA at 27.9 Ma (HPD 10.1-45.0 Ma) and at 13.2 Ma (HPD 12.3-14.0 Ma), respectively.
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Conversely, according to the seven-area +j inferences, Synchiropus took a different route via
southern Africa to colonize the WA at 5.9 Ma (HPD 4.7-7.1 Ma), whereas Hippocampus colonized
that basin in two independent dispersal events. The most recent common ancestor (MRCA) of H.
zostera and H. erectus (8.8 Ma, HPD 7.1-10.5 Ma) dispersed via southern Africa, followed by the
WA colonization of the MRCA of H. reidi and H. ingens (5.1 Ma, HPD 6.5-3.8 Ma), most likely
through southern Africa (65.4% probability) rather than via the Central American Seaway after
crossing the EP Barrier (26.9% probability). Noteworthy, while the six- and eight-area (£f) or the
seven-area (-j) inferences suggest that H. ingens crossed the Central American Seaway and
colonized the EP at ~3.8 Ma, the seven-area +j inference supports this colonization event but there
is also a smaller probability (26.9%) that H. reidi could have crossed the seaway from the EP to
the WA (vs. 65.4% through southern Africa). Lastly, the six- and eight-area schemes - identify an
additional colonization of the EP through the Central American Seaway in Cosmocampus. In
summary, we find that for most clades the differences observed among area schemes are most
striking when the j parameter is used (Fig. 1.3), particularly with the seven-area scheme.

Finally, analyses using the ‘master tree’ (Fig. 1.2 and Appendix A Figs. S10-S14) and the
‘alternative tree’, with and without the 28-tree averaging approach, resulted in rather similar
biogeographic histories (Appendix A Tables S5 and S6) and colonization routes, with a few
exceptions. For instance, in one estimation (7 areas, +j) the ‘alternative tree’ supports the
colonization of crown Mullidae into the WA ~18 Ma, whereas the ‘master tree’ suggests that
colonization of this area took place in three different mullid lineages (Mulloidichthys, Mullus, and
Pseudupeneus) much later (~3.9-9.6 Ma). Likewise, only a few major differences are found
between ancestral range estimates based on 28-tree averaging vs. single tree approaches. For
example, inferences based on all 28 trees (summarized on either the master or the alternative trees),
indicate that the Tethys Sea is the ancestral area state for the MRCA of Dactylopterus +
Dactyloptena, crown Aulostomus, and several other lineages. In contrast, those nodes appear to be
more widespread based on estimates that used either the ‘master tree’ or the ‘alternative tree’ alone
(Appendix A Tables S5 and S6).
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Figure 1.2 Ancestral range estimations for Syngnatharia based on the 7-area scheme applied to the 28
trees using the ‘master tree’ as fixed topology in BioGeoBEARS. a) Best-fit biogeographic model based
on the BayAREA+j+w model. b) Given recent criticisms around the use of the j parameter (Ree and
Sanmartin 2018) the BayAREA model is also reported here (see also Appendix A Table S4). Note that
similar results were obtained with and without the w parameter, suggesting that this parameter alone is
not a confounding factor in these comparisons. Size of boxes at the nodes are proportional to the number
of areas in the estimated ancestral ranges. The map shows the seven marine biogeographic regions used
to code the geographic distribution of extant species (based on Spalding et al. 2007; Kulbicki et al.
2013) and the ancient Tethys Sea. Families are color-coded by suborder. Dotted lines represent the time
constraints corresponding to two major biogeographic events: the Tethys Seaway closure (12—18 Ma)
and the undisputed minimum age for the closure of the Isthmus of Panama (2.8 Ma; see comments
under divergence-time calibrations). Plio., Pliocene; Q., Quaternary; Ma: millions of years.

Ancestral range estimation and colonization of the Atlantic and eastern Pacific

Because of the uncertainties noted above, in this section we focus on identifying emergent patterns
that are congruent across the different analyses to explain the biogeographic history of
syngnatharians (Figs. 1.2 and 1.3). We chose to illustrate ancestral range estimates obtained on the
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basis of the seven-area scheme (Fig. 1.2) given that an important fraction (9.7%) of the species
diversity in syngnatharians are endemic to TA (e.g., Upeneichthys stotti, Solegnathus
spinosissimus, Phycodurus eques, Phyllopteryx taeniolatus; Hamilton et al. 2017). While the 8-
area scheme also accounts for TA species, the additional area coded with this scheme (TNP) only
includes a small proportion of endemics (1.1%).

Our analyses identified the ancient Tethys Sea as the center of origin for syngnatharians
during the Late Cretaceous (86.8 Ma, HPD 84.4-94.4 Ma), followed by the origination of
suborder-level lineages (~70-83 Ma) before the Cretaceous-Palacogene (K-Pg) mass extinction
event (~66 Ma). All families had an ancestor that was present in the Tethys Sea before their
widespread colonization of the IP (WIO, CIP, CP, and/or TA). Syngnathidae originated in the late
Cretaceous at 63.1 Ma (HPD 57.5-69.5 Ma) and started colonizing the New World in the Late
Eocene. Subsequent to the origin of Centriscidae (62.6 Ma, HPD 43.9-77.1 Ma;
Palaeocene/Eocene), the genera Centriscus and Aeoliscus persisted in the IP, while Nofopogon and
Macroramphosus dispersed into the Atlantic and EP during the Pliocene. Crown Callionymidae
originated and diversified in the IP during the Eocene (46.2 Ma, HPD 40.6-51.8 Ma) while
lineages in the genera Callionymus and Synchiropus colonized the Atlantic later in the Miocene.
The family Dactylopteridae, which originated in the Tethys Sea/IP, also colonized the Atlantic in
the Middle Miocene (genus Dactylopterus; 14.6 Ma, HPD 10.0-23.5 Ma). Among members of the
family Mullidae (origin dated at 18.0 Ma, HPD 14.9-21.8 Ma), only the genus Upeneus remained
restricted to the ancestral IP range, while the rest of the genera in the family colonized the Atlantic
and the EP during the Miocene. Whereas the total group origin for the families Fistulariidae and
Aulostomidae dates back to 51.6 Ma (HPD 48.6-58.9 Ma), their crown members diversified more
recently at 6.1 Ma (HPD 4.3-8.6Ma; Miocene/Pliocene) and 3.3 Ma (HPD 2.84.5 Ma;
Pliocene/Pleistocene), respectively. Our biogeographic analyses indicate that these two families
dispersed into the three major basins (from a Tethys Sea ancestor of the total group Fistulariidae
+ Aulostomidae) around the Pliocene. Draconettidac (79.3 Ma; HPD 73.0-86.3 Ma; Late
Cretaceous), Pegasidae (36.9 Ma; HPD 27.3-47.5 Ma; Eocene/Oligocene), and Solenostomidae
(9.5 Ma; HPD 5.7-14.1 Ma; Neogene) are the only families that did not disperse outside their
center of origin. Most of the genera also are inferred to have a Tethys Sea/IP (WIO, CIP, CP, or
TA) origin except for two genera in the family Syngnathidae, Enneacampus and Pseudophallus,
which probably had a WA origin.

Our ancestral range estimates combined with stochastic mapping suggest different routes
of colonization to the EP and the Atlantic (Fig. 1.3). Except for the widespread species with
circumglobal or semi-circumglobal distributions, the EP was colonized 6—8 times, with at least
one event taking place eastwards across the EP Barrier (Mulloidichthys) and the rest occurring via
the WA through the Central American Seaway before the closure of the Isthmus of Panama
(Synchiropus, Hippocampus, Pseudophallus; Fig. 1.3). Similarly, the Atlantic was colonized 6—14
times through three different routes: (i) 6—8 lineages were either Tethyan relicts or crossed the
Tethys Seaway before its closure ca. 12—18 Ma (Steininger and Rogl 1979; Adams et al. 1983;
Rogl 1998, 1999; e.g., Dactylopterus volitans, Entelurus aequoreus + Nerophis ophidion), (i1) 1—
4 lineages colonized the Atlantic via southern Africa (e.g., Mullus), (iii) and at least one lineage
passed from the EP to the Atlantic prior to the emergence of the Isthmus of Panama >2.8 Ma (e.g.,
Mulloidichthys). Finally, four different syngnatharian lineages (Pseudupeneus prayensis,
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Synchiropus phaeton, Enneacampus ansorgii, and some species in Syngnathus) colonized the EA
via a west-to-east Atlantic route (Fig. 1.3).
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Figure 1.3 Possible dispersal routes that led to the historical colonization of the Atlantic and eastern
Pacific basins (from a Tethys Sea or Indo-Pacific basin) in different clades of syngnatharian fishes as
inferred using two alternative models. Ancestral ranges estimated using the BayAREA model: a)
including the long-distance dispersal parameter (), and b) without the j parameter. Solid arrows indicate
ancestral range estimations using the favored 7-area scheme (see main text), and differences obtained
with alternative area schemes (6 or 8) are denoted with transparency. The timing of dispersal events
indicated are based on the 7-area scheme alone (Fig. 1.2; but see also Appendix A Figs. S13 and S14
for ages inferred with 6 and 8 areas). Dispersal routes mapped are macroevolutionary in scope,
involving vicariant speciation events leading to the origin of at least one lineage restricted to one of the
major basins. Clades including multiple widespread species with circumtropical and/or circum-
temperate distributions (e.g., Aulostomus chinensis, Fistularia spp., Doryrhamphus excisus,
Syngnathus acus, Centriscidae spp., and Mulloidichthys vanicolensis) are better examined using
phylogeographic analyses (e.g., Bowen et al. 2001; Lessios and Robertson 2006) and are thus not
mapped here. In cases where multiple routes are possible (e.g., Dactylopterus volitans), route
probability is estimated based on biogeographic stochastic mapping using the ‘master tree’ (indicated
with dashed lines; size of dashes are proportional to the probability). MRCAs indicate events for total
groups (crown and stem lineages) given by the two taxa indicated in each case. Age ranges indicated
per event denote the minimum and maximum ages for crown vs. stem clades obtained from the 28
inferred trees. Due to age uncertainty and overlapping, some events could be depicted on both maps;
thus, selection of maps for event depiction is based on mean ages. Fish drawings are shown only for
clades involved in mapped events. Maps modified from GPlate (Miiller et al. 2018) represent the mean
age from the following time slices: 12—-66 Ma and 0—12 Ma. Ma: millions of years.

1.5 Discussion

We investigated the evolutionary and biogeographic history of marine fish species in Syngnatharia
by combining genomic (UCEs), paleontological, geologic, and geographic data layers. Although
the biogeographic history of a few families or genera in this group have been examined in detail—
—for example, Aulostomidae (Bowen et al. 2001), Syngnathidae (Hamilton et al. 2017),
Hippocampus (Teske et al. 2004, 2007; Boehm et al. 2013; Li et al. 2021), and Mulloidichthys
(Lessios and Robertson 2013)—this is the first biogeographic study conducted for the entire clade.
Our analyses accounting for topological, temporal, and biogeographic uncertainty support a Late
Cretaceous origin of syngnatharians in the Tethys Sea, with subsequent dispersal into the central
Indo-Pacific and independent colonizations of the eastern Pacific and the Atlantic by most families
through alternative routes.

Evolutionary relationships and divergence times

The phylogenetic relationships among major clades differ slightly depending on the
methodological approach used. In agreement with other recent studies (Longo et al. 2017; Alfaro
et al. 2018; Fig. 1.1 and Appendix A Figs. S3 and S5), concatenation-based analyses resolved an
early split that supports the reciprocal monophyly of the long-snouted Syngnathoidei and a clade
including the bottom-dwelling suborders Mulloidei, Callionymoidei, and Dactylopteroidei, most
of which are short-snouted. The exception to this is Pegasidae, which like Syngnathoidei has an
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elongated snout due to enlargement of specialized bones of the neurocranium and suspensorium
(Bergert and Wainwright 1997). The mouth in pegasids, however, is oriented ventrally (vs.
terminal in syngnathoids; Pietsch 1978; Bergert and Wainwright 1997). Coalescent-based
analyses, in contrast, resolved the suborder Syngnathoidei nested within a paraphyletic group
comprising the bottom-dwelling suborders (Appendix A Figs. S4 and S6). Remarkably,
irrespective of the reconstruction method, all analyses resolved a monophyletic Syngnathoidet,
which is consistent with results from many previous studies (e.g., Near et al. 2013 and Betancur-
R.etal. 2017, based on exonic data; Longo et al. 2017 and Alfaro et al. 2018, based on UCE data),
but contrasts with others that examined fewer genes (Near et al. 2012; Betancur-R. et al. 2013;
Song et al. 2014) or taxa (Hughes et al. 2018) rejecting the monophyly of the suborder. The
relationships among major lineages of Syngnathidae, the most diverse syngnatharian family, are
also largely congruent with previous studies, showing an early divergence between trunk- and tail-
brooders (Wilson and Orr 2011; Hamilton et al. 2017). Finally, while this and other previous
phylogenetic studies provide support for the monophyly of all genera in Mullidae (Kim 2002;
Longo et al. 2017), the resolution of other intrafamilial relationships is more elusive, including the
nonmonophyly of genera in Callionymidae (e.g., Synchiropus and Callionymus) and Syngnathidae
(e.g., Microphis and Cosmocampus).

Our results indicate a Late Cretaceous (~86.8 Ma) origin of crown Syngnatharia, which is
roughly ten million years older than the evolutionary timescales inferred by recent studies (Near
et al. 2012; Betancur-R. et al. 2017; Alfaro et al. 2018; Hughes et al. 2018). These remarkable
differences are likely the result of new interpretations for the age of the fossil T Gasterorhamphosus
zuppichinii (Sorbini 1981), which implies that all previous studies underestimated the group’s
crown age. This interpretation is based on a recent stratigraphic analysis of the Calcari di
Melissano, showing a lower Campanian (83.6 Ma; Schliiter et al. 2008) instead of a Maastrichtian
(72.1 Ma; Sorbini 1981) age for this formation (see additional details in the Appendix A,
Supplementary Materials and Methods). Although most family-level diversification events
happened during the Cenozoic, the origin of suborders and most family-level total group predates
the end of the Cretaceous (Fig. 1.1). This result runs counter to the notion that the divergence of
major syngnatharian lineages is associated with the K-Pg mass extinction (Alfaro et al. 2018).
While the split between Draconettidae and Callionymidae as well as the crown ages for
Centriscidae and Syngnathidae are estimated to be around the K-Pg, our time-calibrated trees show
no signs of diversification bursts associated with this extinction event. Instead, they reveal that the
early Eocene was a period of exceptional diversification within Syngnathidae and Callionymidae.
This period coincides with the early expansion of other reef-associated families (e.g., Apogonidae,
Labridae, Pomacentridae; Cowman and Bellwood 2011; Bellwood et al. 2017; Fig. 1.1). The origin
of crown Mulloidei, the youngest among syngnatharians suborders, has been linked to a rapid
diversification process associated with extensive coral reef rearrangements as a result of the origin
of the Indo-Australian-Archipelago (IAA) marine biodiversity hotspot in the Miocene (Renema et
al. 2008; Bellwood et al. 2017; Siqueira et al. 2019, 2020; Fig. 1.1).
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Uncertainties in biogeographic analyses

Ancestral range estimations are typically inferred using a single tree and a predefined area scheme,
resolving the most probable history based on a single best-fit model (e.g., Feng et al. 2017; Tea et
al. 2019; Varela et al. 2019; Batista et al. 2020). In some cases, however, a set of trees are sampled
from the Bayesian posterior distribution and used to gauge the effect of alternative phylogenetic
resolutions (e.g., Berger et al. 2016). Here, we inferred the biogeographic history of syngnatharians
based on comprehensive approaches designed to better capture uncertainties in estimated ancestral
ranges. Given that the implementation of the founder-event speciation or jump-dispersal ()
parameter has been suggested to favor an unparsimonious numbers of long-distance dispersal
events (Ree and Sanmartin 2018), we examined the results of our best-fit biogeographic model
(BayAREA), both with and without the j parameter. As expected, the addition of the j parameter
resulted in a better-fit model in all cases, increasing the probability of long-distance and more
recent colonization events (Figs. 1.2 and 1.3). Overall, the inclusion/exclusion of the j parameter
had a stronger effect on our biogeographic inferences relative to the number of areas considered
or the alternative topologies used, despite considerable topological discordance. Furthermore,
most discrepancies were observed among different area schemes with models that incorporate the j
parameter, indicating a confounding interaction between these two variables (Fig. 1.3).

After the concerns raised by Ree and Sanmartin (2018) a number of studies using
BioGeoBEARS have omitted the j parameter (e.g., Dong et al. 2018; Vargas and Dick 2020),
including a recent investigation of the biogeography of marine angelfishes (Baraf et al. 2019). We
believe that j can be informative for modelling the biogeography of marine fishes in general and
reef-associated fishes in particular (like most syngnatharians), which can feature long-distance
dispersal during pelagic larval stages or through rafting (e.g., sargassum-associated species) aided
by oceanic currents (Luiz et al. 2012). Noteworthy, the critique of Ree and Sanmartin (2018)
regarding the implementation of j in a model-fitting framework (e.g., by comparing DEC and
DEC+) was more recently challenged by Klaus and Matzke (2020) on the basis of previously
conducted simulations (Matzke 2014), a review of a number of empirical studies that do not seem
to show inflated likelihood scores in favor of j, and Ree and Sanmartin’s (2018) use of a small
hypothetical dataset to emphasize their points (Klaus and Matzke 2020). Given these ongoing
debates, we opt to focus on the similarities obtained between the two different estimations (with
and without j), rather than their differences, to investigate the biogeographic history of
syngnatharians (see next section).

Another factor of uncertainty relates to the use of alternative phylogenies to conduct
ancestral range estimations. In this case, tree uncertainty appears to have a much smaller effect in
this study possibly because early branching lineages that show a higher degree of topological
discordance (e.g., full dataset vs. subsets; concatenation vs. multi-species coalescent analyses;
Appendix A Fig. S7) are invariably estimated as having a Tethys/Indo-Pacific origin (Appendix A
Tables S5 and S6). Therefore, relatively lower sensitivity to phylogenetic uncertainty is probably
a factor that is case-specific to syngnatharians and should not be generalized to other groups.

Finally, to identify the alternative colonization routes that different lineages followed, we
calculated their relative probabilities using biogeographic stochastic mapping or BSM (Fig. 1.3).
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In some cases, the probability of a specific route was high. For example, Mulloidichthys dispersed
through the EP Barrier with ~94% probability, and Dactylopterus colonized the Atlantic via the
Tethys Seaway with ~87% probability. In other cases, BSM resulted in greater uncertainties, such
as in Callionymus that colonized the western Atlantic through two possible routes (~50% via
Tethys Seaway and ~25% via southern Africa). More alternative dispersal routes were available
before the closure of the Tethys Seaway than after its closure, increasing the challenge to infer the
pathways lineages followed. However, our analyses suggest that the most likely colonization route
to the Atlantic for older dispersal events occurred via the Tethys Seaway (Fig. 1.3).

Several previous studies have examined the biogeographic history of Syngnathidae
(Hamilton et al. 2017), particularly seahorses (genus Hippocampus, Teske et al. 2004, 2007; Li et
al. 2021). These previous studies, however, did not consider biogeographic or phylogenetic
variance, identifying two independent colonizations of the Atlantic by seahorse lineages—an
ancient event (14.2—-15.12 Ma Teske et al. 2007; 13.6-15.6 Ma Li et al. 2021) via the Tethys
Seaway (MRCA H. zosterae + H. erectus) and a younger event through either The Cape of Good
Hope (South Africa; 3.1-4.6 Ma Teske et al. 2007; 3.6-4.9 Ma Li et al. 2021) or the EP Barrier
(3.1-4.6 Ma; MRCA H. algiricus + H. ingens, Teske et al. 2007). By contrast, although our results
and those from previous studies concur in identifying an Indo-Pacific (CIP + TA) origin of
seahorses (Teske et al. 2004, 2007; Hamilton et al. 2017; Li et al. 2021), we found two possible
biogeographic histories for the colonization of the Atlantic (Figs. 1.2 and 1.3). These include a
single colonization event (12.3-14.0 Ma) through the Tethys Seaway in the MRCA of H.
subelongatus + H. ingens, and two colonization events taking place after the closure of the Tethys
Seaway via southern Africa (6.8-10.3 Ma and 3.7-6.5 Ma, respectively). It is also possible that
the first colonization event of the Atlantic in Hippocampus suggested by these previous studies (or
the single colonization proposed here) happened southwestwards via The Cape of Good Hope
rather than northwestwards through the Tethys Seaway, as the seaway started to close at 18 Ma
(Steininger and Rogl 1979; Adams et al. 1983; Rogl 1998, 1999).

The disagreements regarding the alternative colonization routes of the Atlantic in
Hippocampus appear to stem from conflicts associated with divergence time estimations. The
timing of the second Atlantic colonization was similar among the three studies, likely an indication
of the similar use of a geological calibration based on the Isthmus of Panama for the MRCA of the
geminate species pair H. ingens and H. reidi. (Note that Teske et al. 2004 and Hamilton et al. 2017
did not date their trees). The major difference concerns the age of the first colonization event (see
above) and the age of crown Hippocampus (~24 Ma in Li et al. 2021 vs. ~14 Ma in this study; note
that Teske et al. 2007 did not infer an age for this node), both of which are substantially older than
our estimates (Appendix A Table S7). These studies either applied a fossil calibration to the crown
Hippocampus where it should have been instead placed in the stem lineage (see Zalohar and Hitij
2012; Li et al. 2021) or used geological calibrations only (Teske et al. 2007). In contrast, our
divergence time estimates are based on both primary fossil and geological calibrations available
for the entire Syngnatharia, as well as a secondary root calibration based on multiple global ray-
finned fish time-calibrated trees that used dozens of primary fossil calibrations (Appendix A
Tables S1 and S2).
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Biogeographic history of Syngnatharia

Irrespective of the model, number of areas or tree used, all ancestral range estimations invariably
reveal that the center of origin for syngnatharians was the ancient Tethys Sea. Ancestral lineages
subsequently occupied the Indo-Pacific Ocean, followed by multiple independent colonization
events of the eastern Pacific and the Atlantic basins, which took place via different routes both
before and after the closure of the Tethys Seaway (Figs. 1.2 and 1.3 and Appendix A Figs. S10—
S14). Like most marine fishes with long-distance dispersal capabilities, these patterns show that
syngnatharians are successful at colonizing different oceanic realms. In fact, some species have
circumglobal distributions or occur in at least two major basins (e.g. Aulostomus chinensis,
Fistularia spp., Doryrhamphus excisus, Syngnathus acus, Centriscidae spp., and Mulloidichthys
vanicolensis).

The western Tethys Sea was one of the richest regions for fossil teleost species, being a
hotspot of marine biodiversity in the Eocene (Renema et al. 2008; Friedman and Carnevale 2018).
In fact, the majority of syngnatharian fossils are currently described from different time horizons
in that region (Sorbini 1981; Zalohar et al. 2009; Carnevale et al. 2014), suggesting that the Tethys
Sea was the center of origin for the group, as it has been shown for other reef-fish families and
reef-associated taxa (Renema et al. 2008; Cowman and Bellwood 2013a; Siqueira et al. 2019). The
Terminal Tethyan Event (TTE), which opened and closed intermittently between 12 and 18 Ma,
divided the western and the eastern Tethys Sea (Steininger and Rogl 1979; Adams et al. 1983;
Rogl 1998, 1999) and created an important oceanic barrier that shaped the dispersal of marine
species (Bellwood and Wainwright 2002; Barber and Bellwood 2005; Cowman et al. 2009, 2017;
Cowman and Bellwood 2013b; Hou and Li 2017). Before its final closure (12 Ma), some lineages
dispersed eastwards to the Indo-Pacific where diversification of most of the families occurred (e.g.,
Syngnathidae, Callionymidae). Rather than dispersing via The Cape of Good Hope (southern
Africa), most other lineages colonized the Atlantic from the western Tethys Sea or crossed the
Tethys Seaway from the Tethys Sea/Indo-Pacific (e.g., Synchiropus, Callionymus, Dactylopterus
volitans, Entelurus aequoreus + Nerophis ophidion). During the Miocene, the syngnatharian
biodiversity hotspot moved to the IAA where most reef fish clades also originated and diversified
(e.g. Pomacanthidae, Baraf et al. 2019; Lutjanidae, Rincon-Sandoval et al. 2020). After the closure
of the Tethys Seaway, lineages took the two remaining routes available for dispersal towards the
Atlantic and the eastern Pacific: the EP Barrier or southern Africa. Like other reef fishes (Lessios
and Robertson 2006), goatfish (Mulloidichthys) and pipefish (Doryrhamphus) genera crossed the
EP Barrier to colonize the eastern Pacific. Other genera in these groups (e.g., Mullus and
Microphis), however, most probably dispersed into the western Atlantic via southern Africa
through the warm Agulhas rings that occasionally penetrates into the Atlantic (see also Rocha et
al. 2005; Floeter et al. 2008). See above regarding uncertainties in dispersal routes to the Atlantic
in Hippocampus.

During the Neogene, the rising of the Isthmus of Panama interrupted gene flow between
the western Atlantic and the eastern Pacific, ultimately producing many geminate species pair (see
Lessios 2008 for a review). Before its final closure at some point before 2.8 Ma (Montes et al.
2015; O’Dea et al. 2016), many lineages dispersed across the Central American Seaway in either
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direction (i.e., goatfishes, dragonets, trumpetfishes, seahorses, and pipefishes), but predominantly
through a WA-to-EP route (at least five events vs. two events from eastern Pacific to western
Atlantic). Similar asymmetric dispersal routes between these two basins have been reported for
other groups—e.g., Lutjanidae (Rincon-Sandoval et al. 2020), Gobiidae (Thacker 2015), and
Apogon (Thacker 2017). Finally, lineages that crossed the Mid-Atlantic Barrier to colonize both
sides of the Atlantic either took a westwards route before the Tethys Seaways closure—probably
via the North Equatorial Current (e.g., flying gurnards, pipefishes)—or dispersed eastwards no
later than ~10 Ma, most likely using the Gulf Stream current (e.g., West African goatfish,
Phaeton dragonet, pipefishes; see also Floeter et al. 2008; Luiz et al. 2012). While the predominant
dispersal mode for these and other reef fish groups is via planktonic larvae, pipefishes and
seahorses can also disperse by rafting on pelagic Sargassum and other macroalgae (Teske et al.
2005; Casazza and Ross 2008; Woodall 2009; Luiz et al. 2012; Boehm et al. 2013; Hamilton et al.
2017).

Aside from the Tethys Sea/Indo-Pacific region, the temperate Australasia and the Atlantic
have also served as a center of origin for some genera (Fig. 1.2; Hamilton et al. 2017). The
temperate Australasia region harbors significant endemicity and biodiversity of syngnatharians
(particularly syngnathids) due to its extensive coastal seagrass habitats and its unique
oceanographic conditions (Poore 1995; Shepherd and Edgar 2013). In fact, our analyses suggest
that seadragons (Phycodurus and Phyllopteryx) and pipehorses (Solegnathus) originated in
temperate Australasia. In the western Atlantic, the genus Pseudophallus is restricted to freshwater
and brackish waters in Central and South America, whereas Enneacampus is currently distributed
in the eastern Atlantic, suggesting that its ancestral lineage crossed the Mid-Atlantic Barrier
eastwards (Floeter et al. 2008). A caveat of our study is that incomplete biogeographic sampling
for some taxa may have affected our ancestral range estimation analyses, leading to area
misplacement of lineage origin or underestimation of the number of colonization events. For
instance, the genera Bryx and Cosmocampus have circumtropical distributions, but our sampling
only includes species from western Atlantic and eastern Pacific/western Atlantic, respectively.
Likewise, we lack representatives for the genus Hippocampus distributed in the eastern Atlantic,
an area that H. hippocampus is thought to have recolonized from the western Atlantic by crossing
the Mid-Atlantic Barrier eastwards via the Gulf Stream Current (Teske et al. 2007; Boehm et al.
2013; Li et al. 2021).

1.6 Conclusion

Our study uses an integrative approach in a robust phylogenomic framework to account for a
number of uncertainties in phylogenetic comparative inferences to trace the biogeographic history
of Syngnatharia. We identified multiple independent colonizations of the Atlantic and the eastern
Pacific and inferred possible dispersal routes from the Indo-Pacific and their center of origin, the
Tethys Sea. While for some lineages the biogeographic history did not change using different area
schemes or including/excluding the jump-dispersal (j) parameter, for other clades we identified a
number of alternative colonization timings and routes, particularly when different area schemes
are implemented in combination with the j parameter. Contrary to the common practice of
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estimating the biogeographic history using a single tree, a predefined set of areas, and a single
biogeographic model, our study highlights the importance of embracing uncertainty in ancestral
range estimations. We show that the common practice can be overly simplistic, failing to capture
intrinsic complexities in historical biogeographic inferences. Our results ultimately provide a
robust framework to address future questions on the evolutionary history of syngnatharians, such
as understanding the factors driving their evolutionary radiation and explaining the uneven
richness and morphological disparity across globally distributed clades.
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Chapter 2

Colonization dynamics explain
diversity patterns of syngnatharian
fishes across marine realms while
morphological similarities persist
among them

Aintzane Santaquiteria, Elizabeth Christina Miller, Ulises Rosas-Puchuri, Carmen del R. Pedraza-
Marrén, Emily M. Troyer, Mark W. Westneat, Giorgio Carnevale, Dahiana Arcila, and Ricardo
Betancur-R.

2.1 Abstract

In extant marine fish groups, a clear longitudinal gradient in species richness across oceans is
observed, with the Indo-Pacific exhibiting the highest levels of diversity. Three non-mutually
exclusive evolutionary hypotheses have been proposed to explain this diversity gradient: time-for-
speciation, center of accumulation, and in situ diversification rates. Using syngnatharians
(seahorses, dragonets, goatfishes, and relatives) as a study system, we tested these hypotheses and
additionally assessed whether patterns of morphological diversity are congruent with species
richness patterns. We used well-sampled phylogenies and a suite of phylogenetic comparative
methods that account for various sources of uncertainty to estimate rates of lineage diversification
and morphological disparity within all three major oceanic realms (Indo-Pacific, Atlantic, and
eastern Pacific), as well as within the Indo-Pacific region. We find similar diversification rates
across regions, indicating that increased syngnatharian diversity in the Indo-Pacific is due to earlier
colonizations from the Tethys Sea followed by in situ speciation, and more frequent colonization
during the Miocene, coinciding with the formation of coral reefs. These results support both time-
for-speciation and center of accumulation hypotheses. Analyses also show that body plan disparity
arose early in syngnatharian history and morphological rates likewise do not vary across areas.
Overall, high species richness is not necessarily coupled with high morphological disparity in
different biogeographic settings.
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2.2 Introduction

Understanding the evolutionary processes that shape species distributions in marine and terrestrial
faunas has long been a focus of attention for evolutionary biologists, biogeographers, and
ecologists (Darwin 1859; Wallace 1869). Three processes directly change the species richness of
a region: speciation, extinction, and dispersal (Ricklefs 1987). Therefore, all diversity gradients
(e.g., latitudinal, longitudinal, elevation, depth) are formed by variation in the rates and timing of
these three processes (e.g., Wiens 2015; Vasconcelos et al. 2020; Miller et al. 2022). The
mechanisms driving this variation are ultimately a combination of biotic and abiotic factors, such
as climatic stability, geographical barriers, productivity, competition, and predation (Mittelbach et
al. 2007; Edgar et al. 2017).

Multiple non-mutually exclusive hypotheses have been proposed to explain species
richness patterns from an evolutionary process perspective (Jablonski et al. 2006; Bowen et al.
2013; Cowman 2014; Gaboriau et al. 2019). The time-for-speciation hypothesis (Stephens and
Wiens 2003), sometimes referred to as the museum hypothesis, suggests that earlier colonization
of regions provides lineages with more time to diversify, ultimately leading to higher species
richness. The center of accumulation hypothesis (Ladd 1960; Kool et al. 2011) posits that higher
diversity of a region is due to preferential colonization. A highly diverse region may act as a source,
with species dispersing to new regions or serve as sink, receiving species from other area
(Jablonski et al. 2006). The center of origin or in situ diversification rate hypothesis (Briggs 1974;
Rohde 1992; Huang et al. 2018), sometimes referred to as the cradle, posits that regions with higher
rates of speciation will exhibit greater species richness. Other hypotheses that remain largely
untested include, for example, the center of survival, which suggests that the stability of an area
may enable persistence, leading to increased species diversity (Barber and Bellwood 2005). Recent
macroevolutionary studies focusing on diversity gradients have emphasized time-for-speciation as
a prominent explanatory factor in various taxa, including freshwater and marine fishes, terrestrial
turtles, and plants (Stephens and Wiens 2003; Cowling et al. 2017; Miller et al. 2018; Garcia-
andrade et al. 2023). Some studies have also observed lower diversification rates in regions with
high species richness, as seen for marine fishes along a latitudinal diversity gradient (Rabosky et
al. 2018), although the reverse is true for amphibians, mammals, and certain groups of reef fishes
that have higher speciation rates in the tropics (Pyron and Wiens 2013; Rolland et al. 2014;
Siqueira et al. 2016).

Species richness across the oceans exhibits a clear longitudinal gradient, with coastal
marine groups being more diverse in the western Indo-Pacific (IP) compared to the eastern Pacific
(EP) and the Atlantic (Atl.) oceans (Tittensor et al. 2010; Parravicini et al. 2013; Edgar et al. 2017).
This pattern is particularly pronounced in the Central Indo-Pacific (CIP), which includes the Indo-
Australian Archipelago (IAA) diversity hotspot (Renema et al. 2008). The four hypotheses above
have individually been proposed to explain the processes driving the high biodiversity of the CIP,
although it is now believed that present-day reef fish distributions are the result of a combination
of accumulation, survival, and in situ speciation (Bowen et al. 2013; Cowman and Bellwood 2013;
Bellwood et al. 2015). A study examining three diverse reef fish families (wrasses, butterflyfishes,
and damselfishes; Cowman and Bellwood 2013), suggested that species accumulation (specifically
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colonization of the CIP from the Tethys Sea) dates back to the Palacocene/Eocene (~66—34 Ma),
followed by lineage survival from the Eocene/Oligocene (~34-23 Ma). During the
Oligocene/Miocene (~23—5 Ma), geological processes (e.g., tectonic plate collisions) and climatic
events (e.g., sea-level changes and temperature fluctuations) transformed the CIP into a more
complex region characterized by the emergence of new islands, shallow seas, and coral reefs
(Renema et al. 2008; Williams and Duda 2008; Lohman et al. 2011). These changes facilitated in
situ lineage diversification from the Miocene onwards, followed by emigration in the Pliocene
(Cowman and Bellwood 2013) and coral reef refugia for fishes in the Quaternary (Pellissier et al.
2014). A recent global-scale study found that species richness in the Coral Triangle is primarily
influenced by the time-for-speciation hypothesis, supported by early lineage colonization and
consistent diversification rates across the world's oceans (Miller et al. 2018).

Despite extensive research into the factors contributing to the heterogeneity of species
richness across oceans, it is important to determine whether this spatial variation also correlates
with differences in morphological and functional diversity (Crouch and Jablonski 2023; Diamond
and Roy 2023). In regions with high species richness, species can either cluster densely in
morphospace (Pigot et al. 2016; Pellissier et al. 2018) or evolve distinct morphologies which
potentially enable niche partitioning and coexistence (Rosamond et al. 2020). Regions can also
have functional redundancy (i.e., multiple species that perform similar functional roles), promoting
resilience and adaptability and allowing the community to withstand environmental changes,
disturbances, and species loss (Bellwood et al. 2006; Carturan et al. 2022). Researchers have
examined morphological diversity in reef fishes from a biogeographic perspective, investigating
various ecological and morphological traits like diet, habitat, body size, and body shape (Mouillot
et al. 2014; Siqueira et al. 2019; Mclean et al. 2021; Diamond and Roy 2023). To date, global-
scale studies on reef-associated fishes have identified trait similarities between marine realms,
suggesting shared functional roles across biogeographic communities (Mouillot et al. 2014;
Mclean et al. 2021). However, within individual reef fish groups (e.g., surgeonfishes, rabbitfishes,
and parrotfishes), greater disparity is observed in the Indo-Pacific compared to the Atlantic
(Siqueira et al. 2019), possibly due to the highly complex and structurally diverse coral formations
providing more available niches in the former.

The percomorph clade Syngnatharia (669 species), which includes seahorses, pipefishes,
flying gurnards, goatfishes, dragonets, and sea moths, offers an excellent opportunity to investigate
the extent to which species richness and morphological patterns found on a global scale (Miller et
al. 2018; Mclean et al. 2021) are also reflected within a single marine clade. This group originated
in the ancient Tethys Sea (now Europe) during the Late Cretaceous (Santaquiteria et al. 2021;
Stiller et al. 2022). Since then, its lineages have colonized tropical and temperate biogeographic
regions across the globe and diversified in various habitats, including seagrass beds, coral and
rocky reefs, and mangrove forests (Froese and Pauly 2021; Santaquiteria et al. 2021; Stiller et al.
2022). The Indo-Pacific region has the highest species richness (~535 species) compared to other
oceanic realms (Atlantic: ~94 species and eastern Pacific: ~29 species). Syngnatharians also
exhibit a great diversity of body plans, including elongated snouts and bodies, prehensile tails, and
hyoid barbels (Neutens et al. 2014; Nash et al. 2022).
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Here, we set out to examine diversification patterns and body shape morphometrics broadly
across the Syngnatharia, in association with biogeographic regions. We aim to understand the
evolutionary processes influencing the longitudinal diversity gradient. Specifically, we explore
whether the higher species richness in the Indo-Pacific is explained by greater time-for-speciation,
center of accumulation (more colonization events), and/or higher in situ diversification rates. The
observed unevenness in species richness across oceanic basins in Syngnatharia may be ascribed to
earlier colonization of the Indo-Pacific, allowing more time to diversify (Miller et al. 2018).
However, if diversification rates prove to be higher in the Indo-Pacific, notably within the CIP,
this could likely be attributed to the intricate geological history that has bestowed the IAA with
extensive shallow-water areas that potentially acted as a diversification cradle (Bellwood and
Hughes 2001; Siqueira et al. 2020). Moreover, if the rate of dispersal into the CIP surpasses that
of other regions, given its elevated oceanic connectivity with adjacent regions, the CIP would
assume the role of a center of accumulation (Bellwood and Hughes 2001) and potentially also a
diversity source for other regions. High species richness in a region is not necessarily accompanied
by high morphological or functional disparity. Syngnatharian assemblages within each ocean
might have reached similar levels of body shape diversity across the globe in response to similar
environmental conditions and ecological pressures, rather than distinct evolutionary trajectories
within these basins (Mouillot et al. 2014; Mclean et al. 2021). However, if the greatest
morphological disparity is found in the CIP, this could be attributed to increased niche availability,
enabling lineages to occupy a broader morphological space (Renema et al. 2008; Parravicini et al.
2013; Sanciangco et al. 2013; Siqueira et al. 2019, 2021). To test these hypotheses, we first
expanded on prior phylogenomic analyses of Syngnatharia (Santaquiteria et al. 2021) to include a
total of 323 species (~50% of the species diversity). We then conducted a suite of comparative and
biogeographic analyses to comprehensively examine the relationship between geographic
distribution and lineage diversification and morphological evolution in this clade, while carefully
considering topological, divergence time, and other methodological uncertainties.

2.3 Materials and Methods

See Appendix B, Supplementary Materials and Methods section for additional methodological
details.

Taxonomic sampling, phylogenetic inference, and tree uncertainty

The phylogenetic framework for our comparative analyses builds upon two previous studies that
examined the evolutionary and biogeographic history of syngnatharians based on ultraconserved
elements (UCEs) data (932 loci) sequenced from 163 species (Longo et al. 2017; Santaquiteria et
al. 2021). To account for tree uncertainty in downstream comparative analyses (see Santaquiteria
et al. 2021) we estimated 56 backbone time trees, 28 dated using MCMCTree (dos Reis and Yang
2019) and 28 using RelTime, using as input topologies from the alternative UCE matrices analyzed
with both maximum likelihood and coalescent approaches (14 RAXML and 14 ASTRAL-III trees;
Stamatakis 2014; Mirarab and Warnow 2015). To improve taxonomic representation in our
analyses, we expanded the sampling on the backbone trees by incorporating 160 additional
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syngnatharian taxa through publicly available mitochondrial sequences. This expansion covered
approximately 50% of the extant diversity within the group, accounting for 323 of 669 species (see
Appendix 1 available on Dryad). We rigorously vetted these sequences through a series of quality
control steps and considered discrepancies in phylogenetic placement compared to a recent
phylogenomic study (Stiller et al. 2022). For time calibration, we employed a combination of 13
primary calibrations, including 4 new calibrations on the backbone trees using MCMCTree and
RelTime, and multiple secondary calibrations on the expanded trees using congruification in
conjunction with treePL (Smith and O’Meara 2012).

Biogeographic history and timing of regional colonization

We estimated ancestral ranges for the new set of syngnatharian phylogenies with 323 species using
the R package BioGeoBEARS (Matzke 2013) following the approach outlined in Santaquiteria et
al. (2021). We built a presence/absence matrix by coding each extant species according to their
geographic ranges based on a 7-area biogeographic scheme (Spalding et al. 2007; Kulbicki et al.
2013; see Fig. 2.1 for areas and abbreviations). We also used paleogeographic domain information
as biogeographic constraints based on data obtained from the 10 fossils (mostly from the Tethys
Sea) used to calibrate our trees. We evaluated 12 biogeographic models using three time slices
(92-12, 12-2.8, and 2.8—-0 Ma) and a connectivity matrix based on dispersal probabilities between
regions. As the summary phylogeny, we used the “master tree” (expanded tree inferred using the
932-UCE backbone tree and dated in RelTime). Based on the sensitivity of biogeographic
inferences previously identified for the group, we accounted for both topological uncertainty and
the inclusion/exclusion of the j parameter in biogeographic models (Ree and Sanmartin 2018;
Matzke 2022). We summarized ancestral range estimates from all 28 RelTime trees by overlying
average probabilities across compatible nodes on the “master tree” (Matzke 2019) using the best-
fit model with and without the j parameter.

We assessed the center of accumulation and time-for-speciation hypotheses by estimating
the frequency and timing of colonization events between the seven areas. To accomplish this, we
conducted biogeographic stochastic mapping (BSM) analyses by simulating 100 stochastic
histories on the “master tree” based on the best-fit biogeographic models (Dupin et al. 2017). From
each map, we extracted all states at every node and tip and identified all individual colonizations,
their descendants, and colonization timing for each given region. For each region, we then
calculated the number of cumulative lineages (due to a combination of colonization and
speciation), number of independent colonization events, immigration and emigration rates,
speciation rates, and extirpation rates across time by averaging over 100 histories. This approach
follows the biogeographic methodology developed by Xing and Ree (2017) and implemented
previously (e.g., Ding et al. 2020; Miller et al. 2022). We repeated all biogeographic analyses using
the “alternative tree” (expanded tree inferred using the 932-UCE backbone tree and dated in
MCMCTree) and all 28 MCMCTree trees.

Diversification rates among regions

To assess the influence of geographic distribution on lineage diversification dynamics (testing the
in situ diversification rates hypothesis), we estimated diversification rates based on the 56
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calibrated phylogenies, each with 323 tips. We also assessed the sensitivity of diversification rate
analyses to 12 terminal nodes with shallow divergences (i.e., ‘T-like’ terminal nodes with branch
lengths <0.5 Ma) which may indicate taxonomic over-splitting and can “force” models to fit
extremely fast rates. For geographic-dependent analyses, we fitted 24 different area-independent
and area dependent models in GeoHiSSE (Caetano et al. 2018), both with and without the j
parameter (Appendix B Table S4). Because GeoHiSSE only allows comparisons of two regions at
a time, we conducted multiple pairwise comparisons between the focal and the remaining areas:
IP vs. EP+Atl., EP vs. [P+Atl., and Atl. vs. IP+EP. We then calculated the sampling fractions for
each region across all comparisons (IP: 47.85%, EP: 65.52%, and Atl.: 65.96%). We calculated
the AIC values for each of the models and averaged the best three models (~90-95% accumulative
weight) using Akaike weights. To estimate diversification rates in BAMM, for each tree we
estimated prior parameters for time-variable speciation and extinction models using the R package
BAMMTools (Rabosky et al. 2014). After running BAMM independently for each tree, we
combined all results by calculating the mean diversification rate for each tip. Finally, we also
estimated tip rates using “DR statistics” function for each tree (Jetz et al. 2012).

For each analysis, we compared tip-associated lineage diversification rates between (i) all oceanic
realms, and (i1) all subareas within the Indo-Pacific. We conducted these comparisons using trees
that included all syngnatharian species, as well as trees within four separate suborder-level clades:
Syngnathoidei, Callionymoidei, Mulloidei, and Dactylopteroidei, to account for phylogenetic
scale (Clarke 2021; Miller et al. 2021) (Fig. 2.1). Residual errors from lineage diversification rates
were not normally distributed (even after log transformation), therefore, to assess statistical
significance of rate differences among groups, we implemented a novel phylogenetically-
corrected, non-parametric Kruskal-Wallis test (see Appendix B, Supplementary Materials and
Methods).

Morphological disparity and rates by region

To assess phenotypic disparity across biogeographic regions, we used 2D geometric morphometric
analyses to examine morphospace occupation and evolutionary rates within major oceanic realms
and within subareas of the Indo-Pacific. Landmarks and semi-landmarks were placed using
photographs from 474 specimens in 171 species sourced from museum collections (e.g.,
Smithsonian) and online repositories (Bray and Gomon 2021; Froese and Pauly 2021). In order to
accommodate seahorse, pigmy pipehorse, and sea dragon specimens with bent body structures, we
created two alternative schemes: a head-only set (including these specimens) and a full-body set
(excluding them; Fig. 2.4 and Appendix B Fig. S1). We used the R package geomorph (Adams et
al. 2021) to summarize variation in syngnatharian morphology using Procrustes superimposition.
Using all 56 trees as input, we then conducted a principal component analysis (PCA) as well as a
phylogenetically-corrected PCA (pPCA) using phytools (Revell 2012). For downstream
morphological analyses, we selected PCs and pPCs explaining 95% of the variation (1-4 axes for
head-only and 1-6 for full-body shape; see Results).

To examine contemporary trait disparity in syngnatharians, we used the R package dispRity
(Guillerme 2018). Using “dispRity.per.group” function, we calculated the sum of variances for
each biogeographical region based on both landmark schemes using PC and pPC scores as input.
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We also analyzed disparity-through-time in syngnatharians using pPC scores obtained from our
“master tree”” and “alternative tree”, the sum of variance metric, and the “dtt.dispRity” function in
dispRity. We then evaluated the fit of eight morphological evolutionary models using the R
package mvMORPH (Clavel et al. 2015). To quantify the morphospace occupancy of
syngnatharians in each of the major biogeographic regions, we calculated the overlap (Jaccard and
Serenson statistics) between each region using the R package hypervolume (Blonder et al. 2018).
We created four-dimensional hypervolumes for the head-only scheme and six-dimensional
hypervolumes for the full-body scheme. Finally, to assess morphological evolutionary rates within
areas, we estimated rates for each syngnatharian lineage across regions in BAMM, with the caveat
that each PC/pPC needed to be analyzed separately (Uyeda et al. 2015). We ran BAMM
independently for all 56 trees. We then combined the MCMC results from all selected PCs and
pPCs and calculated mean rates for each lineage across the 28 RelTime trees and the 28
MCMCTree trees. Lastly, we compared the statistical significance of morphological rates between
realms and Indo-Pacific regions using the modified Kruskal-Wallis test as explained for
diversification rates (see above).

2.4 Results

See Appendix B, Supplementary Results for extended results.
Biogeographic history and timing of regional colonization

The best-supported biogeographic model in our ancestral range reconstruction analyses
was BAYAREA+j (Appendix B Table S5). In light of recent criticisms on the implementation of
the jump-dispersal parameter (j), we conducted the biogeographic analyses and interpreted the
results with and without this parameter. Ancestral range reconstructions are similar to those
obtained in previous studies for Syngnatharia (Fig. 2.1A; Santaquiteria et al. 2021; Stiller et al.
2022; see also Appendix B Fig. S37). The ancestral syngnatharian lineage originated in the Tethys
Sea in the Late Cretaceous around 87 Ma. Syngnathids (seahorses and pipefishes) subsequently
dispersed eastwards into the IP around 52 Ma, right after the Paleocene-Eocene Thermal
Maximum (PETM). The remaining families dispersed into the IP more recently, during the
Miocene and the IAA rearrangement (20 Ma onwards). Finally, all major families except pegasids
(sea moths) colonized the Atl. and the EP multiple times via alternative routes (Fig. 2.1A and
Appendix B Fig. S6; see also (Santaquiteria et al. 2021). The BAYAREA results without the j
parameter show similar patterns but with more widespread ancestral distributions (Appendix B
Fig. S7). Finally, results obtained using MCMCTree trees are similar, except that ancestral
colonizations are inferred to have occurred earlier (Appendix B Figs. S8 and S9).

Based on analyses of biogeographic stochastic histories, we find that over 50% of
syngnatharian lineages have similar dispersal rates from the Tethys Sea into the WIO, CIP, and
WA regions (0.037-0.045), with the highest dispersal rate observe into CIP (0.045; Fig. 2.2A).
Lineages began colonizing the IP more frequently around 23 million years ago, coinciding with
the diversification of corals; however during this period, tectonic activity also played an important

43



role in the formation of coastal habitats (Fig. 2.2B; Bellwood et al. 2017). More than 60% (~250
species) of lineages dispersed mostly out of CIP into different subareas within the IP. These events
mostly occurred around when the IAA rearrangement concluded (~5 Ma; Lohman et al. 2011).
Fewer dispersal events (~40% lineages) happened outside the remaining (non-CIP) areas and
mostly occurred after the IAA (Fig. 2.2A). These findings are supported by the cumulative lineage
plot over time (Fig. 2.1B), which shows that syngnatharian lineages have primarily accrued
throughout their history in the IP, particularly within the CIP. Notably, lineages started dispersing
to the CIP more frequently after the Tethys Seaway closure (Fig. 2.1B). We also observed that
syngnatharian lineages have tended to disperse at high rates among adjacent areas (Fig. 2.2A).
Dispersal rates are higher within IP subareas (0.028 to 0.046) than between oceanic realms (0.005
to 0.015). Within the IP, WIO is the region that receives the highest number of colonizations (22
independent lineages), followed closely by TA (20), while colonizations into CIP and CP are
roughly half of that (11 and 10, respectively). Colonization events over time into the Atl. and EP
tend to be more recent, most concentrated around the closure of the Panama Isthmus (Fig. 2.2B).
Fewer lineages have colonized these two realms compared to the IP (Fig. 2.2). Dispersal rates are
highest from EA into WA (0.057), followed by from EP into WA (0.050), and from WA into EP
(0.030) and EA (0.043). Dispersal rates from these three areas into IP are overall lower, ranging
from 0.016 to 0.037 (Fig. 2.2A).

Speciation rates per area over time tend to correlate with major geological and climatic
events (Fig. 2.1C). We observe three major peaks: one marks the early Tethyan origin of all main
(suborder level) lineages in Syngnatharia (~80 Ma), a second peak within the IP after the PETM
(~56 Ma), and a third peak in all areas, mostly after the beginning of the IAA rearrangement (~35
Ma). Thereafter, speciation rates had similar dynamics within each ocean showing a decrease
towards the present, particularly after the closure of the Isthmus of Panama (2.8 Ma). Finally,
extirpation rates across regions are rarely constant over time, although the WA shows higher rates
until ~60 Ma (Appendix B Fig. S13). When comparing all these results with those obtained using
the BAYAREA model without the j parameter, we find similar patterns (Appendix B Fig. S14),
although colonization rates tend to be higher as a result of including jump dispersal in the model
(Appendix B Fig. S10). Analyses conducted on the “alternative tree” produced similar results to
those obtained from the “master tree” (Appendix B Figs. S11 and S12), except the sequence of
events began slightly earlier in MCMCTree analyses (Appendix B Figs. S15 and S16).

44



A

Syngnathoidei ‘ X ’ Callionymoidei

Mulloidei

B ” Cumulative lineages per area

-

£ 200

§100 —‘,/

E =

20 — =

C 100 Speciation rate per area

€075

2050 o

£ 0.25 A

@ 000l A AP GIRIT™
(4] 0 c) 6 G [ PETM Tethys Sea\}vay ‘Panama Isthmus
WIO CIP CP TA EP WA EA Tet closure closure

IAA rearrangement

Figure 2.1 A) Syngnatharian phylogeny, biogeographic history, B) regional speciation rate and
C) lineages through time based on ancestral range inferences and biogeographic stochastic
mapping. CIP has accrued the largest number of lineages, experiencing a steep increase after the
closure of the Tethys Seaway. Speciation rates are synchronous across areas, with two notable
increases, one following the PETM and another after the [AA rearrangement. Major geological events
are depicted with dotted lines: PETM (Paleocene-Eocene Thermal Maximum; ~56 Ma), IAA (Indo-
Australian Archipelago; 33.9-5.3 Ma) rearrangement (associated with the expansion of modern coral
reef formations), Tethys Seaway closure (12 Ma), and the closure of the Isthmus of Panama (2.8 Ma).
Tet: Tethys Sea; WIO: Western Indian Ocean; CIP: Central Indo-Pacific; CP: Central Pacific; TA:
Temperate Australasia; EP: eastern Pacific; WA: Western Atlantic; and EA: Eastern Atlantic. For
complementary analyses see Appendix B Figs. S5-S9 and S13-S16.
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Figure 2.2. Tempo and mode of dispersal and colonization events between different
biogeographic regions. The Indo-Pacific acts as a center of accumulation of syngnatharian lineages,
a process that correlates with the [AA rearrangement and expansion of modern coral reef formations.
CIP acts as a source of lineages while the Atlantic (EA and WA) acts as a sink. A) Chord diagrams
for dispersal events outside each region; line width represents the percentage of lineages dispersing
from a focal area to the rest of the areas. Number of lineages dispersed, and dispersal rates are depicted
outside and inside the diagrams, respectively. B) Number of colonizations per area over time. For
complementary analyses see Appendix B Figs. S10-S16.

Diversification rates among regions

After accounting for topological and divergence time uncertainties, lineage diversification
analyses show no major differences whether using all taxa (323 tips) or after excluding potential
instances of taxonomic over-splitting (311 tips; see Appendix B Fig. S17). Thus, here we report
the results obtained using the complete taxonomic dataset. The CIP, particularly in New Caledonia,
Philippines, Taiwan, and Japan, is the region with the highest species richness, while the Atl. and
EP have the lowest (Fig. 2.3C). BAMM and DR analyses show no significant differences in lineage
diversification rates across the three major realms, nor within the IP subareas (p>0.05; Fig. 2.3A).
However, GeoHiSSE+;j estimates using model averaging identified the highest rates in the EP
(median 0.12), followed by the IP (0.008), and the lowest in the Atl. (0.004; Fig. 2.3A). Species
with widespread distributions tend to have higher diversification rates based on GeoHiSSE+;j (Fig.
2.3A and Appendix B Fig. S18). Clades that undergo burst of speciation also exhibit higher rates
in GeoHiSSE4j and BAMM. Specifically, this pattern is observed in Syngnathus lineages within
the EP (e.g., the most recent common ancestor [MRCA] of S. auliscus and S. californiensis) and
the Atl. (e.g., MRCA of S. schlegeli and S. pelagicus) regions, consistent with findings reported
by Stiller et al. (2022). Additionally, similar trends are observed in Callionymus species within the
IP (e.g., MRCA of C. valenciennei and C. planus). Using tip-associated rates calculated from
GeoHiSSE, we find significant differences between Atl. and IP (p=7.6e and 9.50e®, with or
without ) and between Atl. and EP (p=0.003 +j and 0.047 -j), whereas all analyses show constant
diversification rates within IP subareas (median ~0.008; Fig. 2.3A and Appendix B Table S6). At
the suborder level, Syngnathoidei and Mulloidei also show major rate differences between Atl.
and IP and between Atl. and EP in GeoHiSSE+; analyses (Appendix B Fig. S18 and Table S6).
Other suborders, however, show rate constancy across geographies regardless of the method used
(Appendix B Fig. S18). When comparing these results with those obtained using MCMCTree
trees, analyses based on all species also show no significant differences among biogeographic
regions (Appendix B Fig. S19 and Table S6). However, we find significant differences in the
suborder Callionymoidei between the Atl. and EP, Atl. and IP, as well as within the IP subareas
(between CIP and CP in GeoHiSSE+j and CIP and TA in GeoHiSSE-j) that were not apparent
when using RelTime trees (Appendix B Table S6). We also find significance in Mulloidei between
the Atl. and IP across all the methods except for DR (Appendix B Fig. S20 and Table S6). Results
of DR analyses after accounting for topological incongruences with respect to the Stiller et al.
(Stiller et al. 2022) phylogeny are also similar (Appendix B Fig. S38 and Table S6).
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Figure 2.3 Lineage and morphological diversification rates, and species richness across
biogeographic regions. The high species richness in the Indo-Pacific cannot be attributed to rate
differences: both rates of lineage diversification and shape evolution are similar across both oceans
regions, except for GeoHiSSE analyses which show lower rates in the Atlantic. A) Average log-
transformed rates of lineage diversification as estimated based on three different approaches
(GeoHiSSE+j, BAMM, and DR) and depicted using raincloud plots (half-violin plots and boxplots).
B) Average log-transformed rates of shape evolution as estimated in BAMM with pPC scores and
depicted using raincloud plots for both datasets (head-only and full-body shape). Dots represent mean
tip rates for each species. Asterisks indicate statistical significance between regions
(*p <0.05, **p < 0.01, ***p < 0.001). C) Map shows species richness for syngnatharians; colors are
proportional to the number of species based on data from Marine Ecoregions of the World (MEOW).
See Fig. 2.1 for other area abbreviations; for more detailed analyses see Appendix B Figs. S18-S10
and S33-S36.
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Morphological disparity and rates by region

We found that disparity in head morphology (including seahorses) is higher in the IP (0.055) and
EP (0.057) than in the Atl. (0.048; Fig. 2.4). However, disparity in body morphology is higher in
the Atl. (0.039) and EP (0.045) than in the IP (0.030; Fig. 2.4). Suborder-level analyses reveal
idiosyncratic patterns of disparity across biogeographic regions that do not necessarily reflect
results for Syngnatharia as a whole (Appendix B Fig. S21). These findings hold when using
different tree sources (RelTime and MCMCTree) and PC versus pPC scores (Appendix B Figs.
S21-S23). Morphospace analyses show overlap in major realms and within the IP for both head
and body shape datasets (Fig. 2.4 and Appendix B Fig. S24). However, head morphology exhibits
higher similarity in both morphospace occupation and disparity within IP subareas, particularly
between CIP and TA (Fig. 2.4A, see Appendix 2 available on Dryad). Body shape overlap is
generally lower than that of head shape (Fig. 2.4B, see Appendix 2 available on Dryad).

Multivariate disparity-through-time analyses indicate that a significant proportion of
morphological variation originated early in the history of Syngnatharia (ca. 87-78 Ma), followed
by a steady reduction in disparity during most of the Cenozoic with a small peak towards the
present (Fig. 2.4 and Appendix B Fig. S29). For head-only morphology, BMOUi or EBOU1 models
were best supported (AICw values 0.61 and 0.36, respectively; Appendix B Fig. S30). Most of the
analyses of full-body morphology favored BM (AICw 0.82-0.96; Appendix B Fig. S31).
Morphospace clustering tends to show adaptive peaks that differentiate suborder- or family-level
lineages (Appendix B Fig. S32). Morphological evolutionary rates are similar across major realms
and within subareas of the [P (head: median ~0.0005, body: 0.000034; EP and IP: 0.000024; Fig.
2.3B). No significant differences are found between biogeographic regions overall (Appendix B
Table S7). Within Syngnathoidei, there are significant differences in head-only between the Atl.
and IP (p=0.011; Appendix B Fig. S33 and Table S7). We observe similar results using uncorrected
PC scores, with significance in head-only morphology between WIO and TA subareas (p=0.035)
and between the Atl. and IP for full-body morphology in Syngnathoidei (p=0.011; Appendix B
Fig. S34 and Table S7). Analyses using MCMCTree trees are largely similar (Appendix B Fig.
S35), with PC scores showing significance in body morphology between the Atl. and EP (p=0.041)
and the Atl. and IP (p=0.0002) for Syngnathoidei (Appendix B Fig. S36 and Table S7).
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Figure 2.4 Patterns of morphospace occupation (hypervolumes) and disparity across regions
and through time for syngnatharians as estimated using sum of variances (SOV) for A) head-
only and B) full-body datasets. Disparity-through-time analyses show an early burst of shape
evolution, while patterns of contemporary disparity across regions are relatively similar, except for
full body disparity which is higher in the Atlantic and the eastern Pacific. Two-dimensional
hypervolumes of pPCs 1 and 2 for head and body shape show a greater overlap within Indo-Pacific
regions. Morphospace overlap/similarity is calculated based on hypervolume overlap statistics using
Jaccard (above the diagonal of the heatmap) and Serenson (below the diagonal of the heatmap)
indices, where colder and warmer colors correspond to higher and lower overlap between areas,
respectively. Graphic illustrations denote landmark schemes used for 2D geometric morphometric
analyses. Red dots represent homologous landmarks while green dotted lines are semi-landmarks.
See Fig. 2.1 for area abbreviations; for complimentary analyses see Appendix B Figs. S21-S29.

2.5 Discussion

In this study, we conducted integrative comparative analyses within a robust phylogenomic
framework to test three hypotheses that may explain the high species richness of syngnatharians
in the Indo-Pacific and the evolution of body plans in the group. Of these three, we found the
strongest support for the center of accumulation and time-for-speciation hypotheses.
Syngnatharians originated in the Tethys Sea during the Late Cretaceous, approximately 87 Ma,
and it was in this region that their various body plans evolved. The higher species richness of the
Indo-Pacific today is attributed to its relatively earlier colonization (after Tethys reorganization)
compared to the eastern Pacific and Atlantic, plus a burst of speciation early on with diversification
rates near the present remaining constant across all three realms. Furthermore, there have been
many more colonizations of the Indo-Pacific than of the Atl. and EP, supporting the center of
accumulation hypothesis. These colonizations also facilitated the spread of body plans to different
regions, explaining the similar morphological disparity of assemblages in each region today. This
similarity is not the result of independent evolution of the same body plans within each
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biogeographic region, but rather due to the early burst of shape evolution that likely occurred in
the Tethys.

We found that the timing of the colonizations played an important role in why
syngnatharian species richness is presently highest in the Indo-Pacific. Our findings indicate that
after colonizing the Indo-Pacific region from the Tethys Sea, lineages underwent in sifu speciation.
A burst of speciation coincides with the PETM paleoclimatic event ~56 Ma, during which global
warming and ocean acidification occurred (McInerney and Wing 2011). The fossil record shows
this event also led to increased extinction in some marine fish groups (Arcila and Tyler 2017),
potentially enabling syngnatharians to expand into vacant niches (Fig. 2.1C). The establishment
of tropical reefs primarily composed of scleractinian corals around the same period (Wallace and
Rosen 2006; Mihaljevi¢ et al. 2014; Santodomingo et al. 2015) might also have helped in
accelerating speciation in syngnatharians. The early Eocene environmental conditions, which
encompassed coastal biomes like seagrasses, played an important role in facilitating the
diversification and rapid expansion of different reef fish clades into new ecological niches
(Bellwood 2003; Goatley et al. 2010; Wainwright et al. 2012). An increase of colonization events
of syngnatharian lineages into the different Indo-Pacific subareas from the CIP took place during
the Miocene (23 Ma onwards). It was also during this period that major reef fish groups, such as
wrasses and damselfishes, began to diversify across various regions globally, particularly
flourishing within the CIP region, as observed in syngnatharians (Cowman and Bellwood 2011;
Siqueira et al. 2020). Notably, this diversification coincided with the rearrangement of the IAA, a
recognized hotspot for marine reef fishes which belongs to the CIP. This rearrangement occurred
after the collision of the Australia and New Guinea plates, which created new shallow water
habitats (Renema et al. 2008; Leprieur et al. 2016). Additionally, this timeframe witnessed the
expansion of modern coral reef formations mainly by acroporids (Cowman and Bellwood 2011;
Bellwood et al. 2017; Siqueira et al. 2021), zooxanthellate corals, and gastropods (Williams and
Duda 2008). Consequently, coral reefs have played a dual role as both evolutionary cradles and
ecological refuges for a wide array of tropical marine lineages (Bellwood et al. 2015).

While we observe that syngnatharian diversity is highest in the CIP, lineages originating
within this region show high dispersal rates to adjacent areas due to its central position within the
Indo-Pacific (Woodland 1983). Consequently, the CIP is acting as a source to the rest of the Indo-
Pacific, as syngnatharians are expanding their range and colonizing the WIO, the CP, and TA. The
high dispersal rates among these biogeographic regions suggest that the presence of soft barriers
(e.g., currents) does not hinder syngnatharians from dispersing (Hughes et al. 2002; Prazeres et al.
2020). Syngnatharian species that successfully dispersed from the Indo-Pacific to both the Atlantic
and eastern Pacific oceans likely did so facilitated by oceanic currents through various routes
mostly during their planktonic larval stage or rafting on the pelagic sargassum and other
macroalgae (Teske et al. 2005; Casazza and Ross 2008; Hamilton et al. 2017). However, most
lineages that colonized either side of the Atlantic and the eastern Pacific tended to remain within
their respective regions, explaining the low number of dispersal events and rates that we observe
out of these regions. As a result, the Atlantic and eastern Pacific regions have generally functioned
as sinks. These regions have also experienced higher extirpation rates compared to the Indo-Pacific
(Appendix B Fig. S13), primarily due to a series of geologic and climatic events—the closure of
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the Tethys Seaway and Isthmus of Panama, and the Middle Miocene Climate Transition—that
caused environmental changes, including sea-level and temperature fluctuations, ocean current
circulation oscillation, salinity variations, and shifts in primary productivity (Leprieur et al. 2016;
Super et al. 2020; Steinthorsdottir et al. 2021). These patterns align with some results from our
lineage diversification rate analyses using GeoHiSSE+/, which indicate higher net diversification
rates in the Indo-Pacific compared to the Atlantic. Noteworthy, however, this finding might not be
a result of elevated in situ speciation in the Indo-Pacific but rather due to the higher extirpation
rates in the Atlantic as explained above. Furthermore, it is crucial to consider the taphonomic bias
affecting this group and other reef fishes, as evidenced by the significant number of fossil
representatives from the Eocene Bolca Lagerstitten (western Tethys Sea (Bellwood 1996;
Friedman and Carnevale 2018), in contrast to the scarcity of fossils from the Atlantic. The Atlantic
exceptions are fossils described from the Tenejapa—Lacandon Formation in Palenque, Mexico,
dated at 63 Ma and located close to the location where the meteorite “Chicxulub impactor”
impacted three million years before. During the Palacocene, this region could have been a marine
hotspot as important as the Tethys Sea (Cantalice et al. 2022).

Although a few body plans in Syngnatharia are restricted to particular regions—for
example, the bat shape of the seamoths, the macroalgae- or octocoral-like appearance of ghost
pipefishes, or the camouflage-mimicking seaweed morphology of seadragons in the Indo-
Pacific—what characterizes the trajectory of morphological evolution in this group is an early
diversification in body plans, followed by the evolution of multiple adaptive peaks within each
subclade. This pattern is intriguing as the subclade diversifications in body shape peak later at the
Miocene-Pliocene transition in seahorses and goatfishes (Nash et al. 2022). Syngnatharian
morphometric divergence is not primarily driven by evolution within any single region, as most
body plans are represented in all the biogeographic regions: the laterally compressed bodies of
snipefishes, the elongated snouts of pipefishes, seahorses, ghost pipefishes, trumpetfishes, and
cornetfishes, or the fusiform shape of flying gurnards and goatfishes. In fact, we see a high
morphospace overlap, similar disparities and morphological rates between the three major realms
and within the Indo-Pacific when examining the shape of the head and the full body. Shallow reefs
have been formed through consistent environmental and ecological pressures (Mclean et al. 2021).
Despite the large differences in species richness between realms and taking into account the
evolutionary history of syngnatharian clades in particular and reef fishes in general, these patterns
suggest that the functional space richness is similar across regions and that regions share similar
functional roles (Mouillot et al. 2014; Mclean et al. 2021). Since syngnatharians originated in the
Late Cretaceous and radiated into different regions of the morphospace, all body plans had already
evolved prior to the K-Pg mass extinction event. It was during this period (90-66 Ma) that
acanthomorph fishes displayed an expansion in their general head shape (Sallan and Friedman
2012), despite the low complexity of reefs at this time (Kiessling 2009). However, we observe
multiple adaptive peaks evolve within syngnatharians after the K-Pg, particularly as they colonized
the Indo-Pacific and exploited vacant empty niches. These niches possibly emerged following the
extinction of competitors, causing a burst of not only diversification of lineages but also
morphological innovations and specializations in acanthomorphs (e.g., Friedman 2010;
Wainwright and Longo 2017; Alfaro et al. 2018; Ribeiro et al. 2018). In fact, the higher disparity
found in the head shape compared to full-body shape of syngnatharian lineages in the Indo-Pacific
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could be due to the trophic specializations in response to the adaptation of these new habitats
(Siqueira et al. 2020). These findings seemingly conflict with a recent study which suggests that
this happened instead due to a gradual accumulation of morphological disparity following the K-
Pg (Ghezelayagh et al. 2021). Overall, the high species richness of coexisting syngnatharian
species in the Indo-Pacific does not seem to correlate with body plan morphology, as levels of
disparity are similar across biogeographic regions.

Our results align with trends observed at larger phylogenetic scales in numerous families
of reef fishes. Research at these scales has emphasized the significance of time and colonization
in shaping regional species richness (Miller et al. 2018), along with the presence of analogous
functional traits across an oceanic longitudinal gradient (Mouillot et al. 2014; Mclean et al. 2021).
Additionally, the age of Syngnatharia could influence the observed patterns, and testing these
hypotheses in younger clades may yield complementary results (Clarke 2021; Miller et al. 2021;
Nash et al. 2022; Diamond and Roy 2023). We did observe different levels of morphological
disparity among regions at the suborder level; for example, the CP showed lower disparity in
Callionymoidei, Dactylopteroidei, and Mulloidei (in both head-only and full-body analyses), while
the eastern Pacific exhibited the highest disparity in Syngnathoidei (in head-only; Appendix B Fig.
S21).

Uncertainties in macroevolutionary inferences and study caveats

Using an exhaustive and integrative phylogenomic approach to account for topological, divergence
times, and method uncertainty is crucial in macroevolutionary analyses (e.g., Henao Diaz et al.
2019; Rincon-Sandoval et al. 2020; Goswami et al. 2022; Troyer et al. 2022). Many of our analyses
have used a sample of 28 trees inferred based on independent gene subsets to address these
uncertainties in historical biogeography, lineage diversification, and morphological evolution
analyses. In biogeographic analyses, the major impact was between the dating method used and
the implementation or omission of the jump-dispersal parameter (Ree and Sanmartin 2018; Klaus
and Matzke 2020; Matzke 2022; Budd and Mann 2023), rather than topology (Santaquiteria et al.
2021). A single tree (“master tree” in this study) was required as input in biogeographic stochastic
mapping analyses, and we observed that the dating method significantly impacted speciation,
extinction, and colonization patterns over time (Schwartz and Mueller 2010). Conversely, for
diversification rate analyses, where we calculated average tip rates across trees, the choice of
methods played a crucial role, as some methods supported one hypothesis while others did not. As
a result, we present our results comprehensively by considering all the methods used. While in
morphological analyses we observed that pPC and PC scores produced similar results, dating
methods affect the selection of the best-fit morphological evolution model in body plans. For many
comparative analyses, tree uncertainty had no major effect. However, our model-fitting results on
morphological evolution show substantial variation across trees (Appendix B Fig. S30), suggesting
that choosing a single tree could lead to biased estimates. Despite these insights, many studies still
tend to rely on a single tree and one approach to estimate lineage diversification rates (e.g., Feng
et al. 2017; Xing and Ree 2017). To address uncertainty comprehensively, we advocate for
adopting best practices by employing multiple trees and implementing alternative methodologies
(e.g., Economo et al. 2018; Title and Rabosky 2019).
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Some caveats of our study are worth mentioning. For certain groups, we may have
underestimated morphological disparity due to the lack of semi-landmarks on fins (e.g., dorsal,
caudal) or ornaments (e.g., the leaf-like protrusions in leafy sea dragons). Additionally, the
preservation of seahorse specimens with bent structures makes their inclusion in our full-body
shape analyses unfeasible. Furthermore, the limitations of 2D images prevent us from capturing
the globular shapes of several syngnatharian species (e.g., flying gurnards, dragonets, seahorses),
highlighting the need for future work in collecting CT scan data for 3D geometric-morphometric
analyses (Buser et al. 2018; Evans et al. 2021, 2023). Further studies would benefit from exploring
additional biotic variables, such as different functional traits, along with environmental factors like
sea level, temperature, and primary productivity. These investigations will further enhance our
understanding of evolutionary processes and their effects along this longitudinal gradient of marine
fishes.

2.6 Conclusions

We find that the high diversity of syngnatharian species in the Indo-Pacific is primarily due to
older colonizations followed by in situ speciation in the Palacogene, right after the PETM, and
lineage accrual in the Miocene at the onset of the IAA rearrangement. In contrast, the eastern
Pacific and the Atlantic feature lower regional diversities due to either more recent colonization
and diversification onset, with lineages in these regions mostly accruing during the Miocene.
Overall, these findings best support the time for speciation and center of accumulation hypotheses.
We also observe both disparity and rates of morphological evolution to be similar across areas,
with clade-specific variations. Our analyses demonstrate that a considerable portion of
syngnatharian morphological variation emerged early in their evolutionary history in the Tethys
Sea, followed by a gradual reduction in subclade disparity punctuated by the origin of multiple
adaptive peaks, especially in head morphology. This study advances our understanding of the
evolutionary processes that have shaped the diversity and morphology of marine fishes in general
and syngnatharians in particular, underscoring the importance of considering multiple factors
affecting historical biogeographic and macroevolutionary inferences.
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Chapter 3

Evolution of planktivory in extant and
fossil acanthuriforms and the genomic
basis of this trophic transition

Aintzane Santaquiteria, Giorgio Carnevale, Melissa Rincon-Sandoval, Fernando Meléndez-
Vazquez, Willian T. White, Carol C. Baldwin, Guillermo Orti, Matthew D. McGee, Mark W.
Westneat, James C. Tyler, Dahiana Arcila, and Ricardo Betancur-R.

3.1 Abstract

Independent and recurrent transitions from benthic to pelagic habitats are often associated with the
evolution of novel trophic strategies. Among the different trophic guilds, planktivory is a frequent
evolutionary destination in trophic transition among freshwater and marine fishes. Given their
exceptional fossil record, relatively small genomes, and well-documented trophic strategies,
surgeonfishes, and allies (Acanthuriformes) provide an opportunity to investigate the evolutionary
outcomes of dietary transitions by integrating diverse datasets from fossil and living species. Using
phylogenetic and comparative genomic analyses, we examined the ecological and molecular
drivers of the independent evolutionary transitions from non-planktivory to planktivory diet among
fossil and extant acanthuriforms. By combining genomic data for 80 species (~93% of extant
diversity) with morphological characters for 32 fossil taxa, we constructed a set of time-calibrated
phylogenies using tip-dating approaches that incorporated both extant and extinct species. We then
estimated the ancestral ranges and the evolutionary dynamics of each trophic guild. Our analyses
show that acanthuriforms originated ~64 million years ago in the aftermath of the K-Pg mass
extinction event. We found at least seven transitions to planktivory from non-planktivory lineages
followed by at least four reversals to a non-planktivory dietary condition. Most of these transitions
occurred in the Indo-Pacific, or the ancient Tethys Sea. The evolution of planktivory is driven by
a confounding effect from cool past climatic temperatures and the phylogenetic signal in the trees.
Contrary to our expectation of a potential evolutionary dead end in the relatively homogeneous
water column environment, where opportunities for diversification may be more limited, we found
that, while speciation rates are similar across trophic guilds, extinction is slightly lower in
planktivores. The asymmetry in transition rates is unexpected, as there is a higher rate of transitions
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from planktivores to non-planktivores compared to the reverse direction; however, this pattern is
mostly driven by recent reversals in unicornfishes. We also generated a chromosome-level genome
and short-read genomes for 45 species to identify genes under positive selection underlying
transitions to planktivory. Phylogenetic genotype-to-phenotype analyses found 91 genes that
convergently evolved under positive selection in at least two planktivore lineages and three that
are unique to planktivores. The most common functions of these genes are involved in metabolic
processes and body shape adaptations. This study represents an important step towards
understanding the macroevolutionary dynamics and genetic basis of transitions along the benthic-
pelagic axis in marine fishes.

3.2 Introduction

Convergent adaptations often arise in response to shared ecological challenges or opportunities
present in similar environments (Losos 2011). The transition from benthic habitats to the water
column represents a pivotal shift in the ecological dynamics of aquatic organisms, often paralleled
by corresponding morphological and trophic specializations (Cooper et al. 2010; Burress et al.
2017; Friedman et al. 2020). Among these specializations, the evolution of planktivory emerges
as a deterministic transition, shaping the feeding strategies, ecological roles as well as functional
traits of various freshwater and marine fish taxa. A well-known example is the recent multiple
benthic-pelagic transitions observed in African and Central American cichlids, whitefish, and
three-spined stickleback, where benthic forms specialized for bottom-dwelling invertebrate prey
have transitioned to pelagic forms adapted for planktonic feeding (Rundle et al. 2000; Hulsey et
al. 2013; Preebel et al. 2013; Elmer et al. 2014). While these sympatric lineages reveal strong
evolutionary forces driving divergence along this vertical axis, there are also evident transitions
occurring at deeper evolutionary scales. For example, lutjanids (snappers and fusiliers; Rincon-
Sandoval et al. 2020), haemulids (grunts; Tavera et al. 2018) and acanthurids (surgeonfishes;
Friedman et al. 2016) have transitioned from benthic to midwater habitats multiple times over the
last 60 Ma.

Among reef fishes, trophic shifts are also a recurring phenomenon, with dietary identity
emerging as one of the most important explanatory variables in reef ecosystems (Siqueira et al.
2020). As fishes adapt to varying dietary preferences, their impact on ecological niches and overall
diversity within reef ecosystems becomes increasingly evident. In fact, planktivorous fishes are
characterized by unique attributes closely associated with their feeding behavior. While the larval
and early juvenile stages of many fish species exhibit planktivory, only those possessing suitable
adaptations typically persist as obligate planktivores in the adult stage (Hobson 1991). Previous
studies have shown that marine diversity is higher in benthic (bottom-living) compared to water
column environments (Gray 1997; Duarte-Ribeiro et al. 2018), suggesting that the adaptation to a
planktivore lifestyle may present an evolutionary dead end. While planktivores may initially
diversify due to the absence of competition for resource in vacant niches, in the long term,
maintaining this diet in an resource-poor and homogeneous environment could potentially lead to
reduced speciation rates or elevated extinction rates (Van Valkenburgh et al. 2010; Rincon-
Sandoval et al. 2020). Understanding trophic shifts enables us to gain insight into species' adaptive
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capacity and evolutionary responses to environmental changes, encompassing both historical
(paleoclimatic) and potential future effects of climate change, and how these impacts subsequently
affect the ecosystem. Past climatic ocean temperatures have been shown to also influence the
diversity of marine taxa, with drastic temperature changes causing extinction (Harnik et al. 2012;
Reddin et al. 2019) while also promoting diversification (Davis et al. 2016). To our knowledge,
no studies examining the effect of temperature in trophic transitions have been conducted.

While ecological factors commonly drive these transitions, the potential role of genetic
factors has received minimal attention (but see De-Kayne et al. 2022; Ahi et al. 2023). A
fundamental question concerns the extent to which adaptive convergence in trophic specializations
is caused by convergent changes at the molecular sequence level (Parker et al. 2013; Vizueta et al.
2019; Chen et al. 2023; Eastment et al. 2024). Genomic innovations have been found to likely
contribute to fuel different ecological specializations, such as habitat transitions (Aristide and
Fernandez 2023), vision (Musilova et al. 2019), or diet (Roycroft et al. 2021; Singh et al. 2022).
Determining which genes or regulatory regions are responsible for a dietary change and
understanding how these DNA regions evolved convergently across distantly related species are
important steps to shed light on the underlying mechanisms of adaptation. Previous research,
primarily in mammals and insects, suggests that dietary evolution is associated with gene family
expansions (Seppey et al. 2019), changes in gene copy number (Li and Zhang 2014), or loss of
gene function (Hecker et al. 2019) involved in metabolism. Genes linked to appetite regulation
like anatomical compartments of gastrointestinal tract and digestive enzymes have been identified
in zebrafish (Ahi et al. 2022). As transitions to the water column are associated with both a shift
to a planktivore diet and morphological changes, previous studies in cichlids, whitefish, or
sticklebacks have also identified genes linked to body elongation and caudal fin shape (Ahi et al.
2023), gill raker counts (Glazer et al. 2014; De-Kayne et al. 2022) and jaw length (Shapiro et al.
2009). As mentioned above, most studies evaluating genomic signatures linked to trophic and
habitat transitions have been conducted in freshwater fishes. However, such studies are rare for
marine fishes, primarily due to the limited availability of high-quality assemblies for reef species,
with only a few representatives available from public repositories [e.g., butterflyfish Zhang et al.
(2023), wrasse Liu et al. (2021), and parrotfish Tea et al. (2024)]. For example, a recent study
examining the genome of a parrotfish, known for its highly specialized herbivorous dietary niche
facilitated by abrasion-resistant biomineralized teeth, found and expansion of detoxification gene
families (Tea et al. 2024).

Reef fishes in the order Acanthuriformes, which includes the charismatic surgeonfishes,
louvars, and zanclids, provide an opportunity to investigate dietary transitions among both extant
and fossil species, as well as the genomic underpinnings of these transitions in living species. This
is made possible by their relatively small genomes (ca. 700 Mb), well-documented ecological life
histories, and exceptional fossil record (over 30 fossils) that can be used as a proxy to investigate
how their diet has been changing over time (Bellwood et al. 2014; Friedman and Carnevale 2018).
While much has been learned from comparative analyses about the role of morphology and
diversification dynamics associated with trophic transitions in acanthuriforms (Klanten et al. 2004;
Friedman et al. 2016; Siqueira et al. 2020; Tebbett et al. 2022), integrating data from fossils and
extant species offers an avenue to explore the macroevolutionary and biogeographic history of this
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clade. A study using a fraction of known fossil and living species (Bellwood et al. 2014) proposed
that the emergence of surgeonfishes took place in two distinct phases: first during the
Paleocene/Eocene (~66-34 Ma) following the K-Pg mass extinction event, potentially due to the
emergence of vacant niches; and second in the Oligocene/Miocene (~23—5 Ma), coinciding with
the establishment of large coral reef habitats (Fliigel and Kiessling 2002). Trophically,
acanthuriforms can be divided in herbivores and detritivores, which eat turf algae, macroalgae, and
detritus (non-planktivores hereafter); and planktivores that feed on zooplankton or small
crustaceans (Siqueira et al. 2020). While this group is widely distributed across the different
tropical realms, planktivore species are predominantly found in the Indo-Pacific Ocean (Siqueira
et al. 2019; Tebbett et al. 2022). Previous studies focused on surgeonfish trophic transitions have
suggested that the planktivore lifestyle independently originated at least five times (Friedman et
al. 2016; Tebbett et al. 2022). However, these studies used a phylogenetic framework that relied
on a restricted set of mitochondrial and nuclear genes, without integrating paleontological data.
Additionally, our understanding of the genomic basis related to trophic transitions in marine fishes
remains exceedingly rare when examined in a macroevolutionary framework.

This study aims to investigate the tempo and mode of the evolution of planktivory in fossil
and extant acanthuriform species, as well as the genomic basis of this trophic transition. More
specifically, we estimated the timing and locations of trophic transitions in acanthuriforms, along
with their frequency. We also investigated whether planktivory constitutes an evolutionary dead
end, examined the correlation between diet shifts and paleoclimatic changes, and explored the
connection between genes subject to diversifying selection and transitions to planktivory. To
address these questions, we first estimated a set of calibrated trees using a total-evidence dating
approach, combining genome-wide data from nearly a thousand loci for 80 extant species and
morphological data (107 characters) coded from 32 fossil and 20 extant species. Based on these
phylogenies, we estimated the ancestral trophic and geographic states, performed diet-dependent
diversification analyses by estimating speciation and extinction rates, and evaluated the influence
of ocean paleoclimatic temperatures on trophic shifts. To explore the genomic signatures of
planktivore transitions, we sequenced and assembled a chromosome-level genome from a
surgeonfish representative as well as short-read genomes for 45 acanthuriform species. We
employed phylogenetic genotype-to-phenotype (PhyloG2P) approaches to identify genes under
positive selection across planktivore lineages and along branches where a transition to planktivory
occurred. We hypothesize that the evolution of trophic strategies in acanthuriform fishes has been
driven by past geological events and ocean temperature changes, with the transition to a
planktivorous diet potentially representing an evolutionary dead end.
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3.3 Materials and Methods

See Appendix C, Supplementary Materials and Methods section for additional methodological
details.

DNA extractions, exon capture, sequencing, and assembly

We generated new exon capture data from tissue samples extracted from museum voucher
specimens for a total of 57 acanthuriforms (Acanthurus tractus duplicated) and 9 outgroups from
closely related families. High quality DNA extractions were sent to Arbor Biosciences for library
preparation and exon capture to target the 1,105 single-copy exons developed for the FishLife
project (Hughes et al. 2018) using the Eupercaria-specific probe set (Hughes et al. 2020), that also
includes PCR-based 29 legacy markers (mtDNA and nuclear genes) commonly used for fish
phylogenetics (e.g., Li et al. 2007; Betancur-R et al. 2013; Broughton et al. 2013). Enriched
libraries were sequenced using one lane of the Illumina HiSeq 4000 platform with paired-end
100bp at the University of Chicago Genomics facility. The raw sequence data was assembled and
aligned using the bioinformatic pipeline developed by Hughes et al. (2020; available at
https://github.com/lilychughes/FishLifeExonCapture/). The final step of the pipeline generate
alignments in their correct reading frames for each exon using MACSE v. 2.03 (Ranwez et al.
2018). After implementing a set of quality control steps, the final reduced molecular matrix
assembled consists of 998 genes for 56 ingroup species (including a duplicated 4. tractus) out of
the 86 extant acanthuriforms (~65.1%), representing all genera and families, along with 9 outgroup
species as outlined above.

Taxonomic sampling augmentation

To increase the number of species, we generated an expanded matrix combining the 91 newly
sequenced species (reduced matrix) with sequences for up to 29 markers obtained from GenBank.
We first individually aligned each legacy marker from GenBank using MACSE. We then aligned
them with their corresponding legacy marker sequenced on our reduced matrix. The final expanded
molecular matrix comprises of 1002 genes for 80 ingroup species (~93%) and 9 outgroup species
(65 spp. with FishLife exons and 25 spp. with legacy markers).

Phylogenomic inference

For each assembled molecular matrix, reduced and expanded, we inferred maximum likelihood
(ML) trees and multispecies coalescent species trees. First, we determined the best-fitting partition
scheme for each matrix using PartitionFinder2 (Lanfear et al. 2017) based on a priori by-codon
partitions for each protein-coding marker, and two partitions for each of the ribosomal markers
(12S and 16S). We estimated concatenation-based ML trees in RAXML v. 8.2.11 (Stamatakis
2014) using the best-fit partitioning schemes selected via the Bayesian Information Criterion (BIC)
and the GTRGAMMA model. Using the raxml-ng (extension of RAXML for supercomputers;
Kozlov et al. 2019) we ran 30 independent ML searches and used 100 nonparametric bootstrapping
to assess edge support. To infer species trees while accounting for incomplete lineage sorting
(ILS), we initially estimated individual gene trees in RAXML using by-codon partitions. All
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mtDNA markers were grouped into a single locus alignment, with by-codon partitions applied
specifically for protein-coding genes and two partitions for 12S and 168, as explained above. After
inferring best trees from multiple runs and bootstrap support (BS) values, we collapsed gene tree
branches with low BS (<33%). We then conducted multispecies coalescent species-tree analyses
with multi-locus bootstrapping in ASTRAL-III (Zhang et al. 2017) using collapsed gene trees as
input to generate a species tree for each matrix. We also assessed gene concordance factors (Minh
et al. 2020) by calculating the percentage of gene trees in the data matrix that support a specific
branch in the concatenation-based (RAXxML) and multispecies coalescent-based (ASTRAL-III)
species trees inferred for both datasets (Minh et al. 2020).

Integration of fossils and extant species

We newly coded a morphological matrix consisting of 107 characters for 32 fossil and 19 extant
acanthuriform species plus 5 extant outgroups (see below for the list of osteological characters and
character states). To assess the phylogenetic placement of each species based on morphology, we
inferred trees based on parsimony and ML approaches. We estimated the parsimony tree in TNT
v. 1.5 (Goloboff and Catalano 2016) using a driven-search strategy (sectorial ratchet, tree-fusing
methodologies) with default parameters. The ML morphological tree was estimated using the
MULTIGAMMA and Mk models with 30 iterations in RAXML. We combined the morphological
and the expanded molecular matrices for a total of 112 fossil and extant ingroup species and nine
outgroups. We estimated the combined matrix in RAXML using the MULTIGAMMA and Mk
models, 100 bootstraps and six partitions: five for the molecular sequences (one for each codon
position of all nuclear and mtDNA protein-coding markers, plus two for 12S and 16S) and one for
the morphological dataset. Taxa with polymorphic character states were coded as missing (“?”)
for RAXML, which cannot handle polymorphic characters.

Total-evidence dating analyses and phylogenetic uncertainty

We conducted divergence time estimations under a total-evidence, or tip-dating, framework using
the Fossilized Birth Death (FBD) model in MrBayes v 3.2.7a (Ronquist et al. 2012). To account
for topological uncertainty, we assembled largely independent subsets (randomly subsampled
from the expanded matrix with genes only), each with enough genes to overcome sampling error.
Each genomic subset was combined with the morphological dataset with fossil and extant taxa to
include a total of 112 taxa. The ages of each fossil used to estimate divergence times are provided
in Appendix C Table S2. After independently estimating phylogenies based on datasets with
morphology only and combining molecules with morphology, we noticed that there were two
fossils, fGazolaichthys vestenanovae and TPadovathurus gaudryi, that had incongruent
placements in the resulting trees. In the combined matrix these fossils appear as the sister group of
Zanclidae+Acanthuridae (Scheme 1, Appendix C Fig. S7), while on the morphology-only dataset
(Appendix C Fig. S6) and a previous study (Siqueira et al. 2019) their placement was sister to
Acanthuridae (Scheme 2). To address this ambiguity, we chose to include these two schemes as
constraints in our dating analyses, conducting a total of 10 analyses by running MrBayes for each
scheme on every subset. Each analysis was run with eight independent runs and four Monte Carlo
Markov chains (MCMCs) for over 350 million generations each, sampling every 10,000
generations. We used a sample probability of 0.94 and a relaxed clock model with the clock rate
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prior following a log normal distribution and independent gamma rate (IGR). The first 10% of
trees sampled were discarded as relative burn-in and convergence of the MCMC was verified using
the estimated sample size (ESS) criterion for each parameter in TRACER v. 1.7 (Rambaut et al.
2018). After more than 14 months of total runtime, we found that 9 (of the 10) analyses reached
convergence where ESS values were close to or above 200 (Appendix C Table S4). Because these
analyses ran for over a year, we removed the Subset 2 based on the Scheme 2 for all downstream
analyses. We sampled ~2000 trees for Scheme 1 and ~2500 trees for Scheme 2 evenly distributed
along the posterior distribution from each subset to have a total of 10000 trees. For each scheme
independently, we inferred a Maximum Clade Credibility tree (MCC tree) in TreeAnnotator v.
2.7.5 (Drummond and Rambaut 2007). To obtain a posterior distribution (PD) of trees for
phylogenetic comparative analyses, depending on the type of analysis and their computational
time, we sampled either 100 or 4 trees from each subset, resulting in a total of 500 and 20 trees for
each scheme.

Diet and biogeographic data

We compiled a discrete diet database for extant and fossil taxa (i.e., non-planktivore vs.
planktivore). While extant species were coded based on the diet composition from existing
literature, fossil diet is typically determined based on their tooth morphology, paleoecology, and
paleoenvironment (Purnell et al. 2012; DeSantis 2016). However, for surgeonfishes, this task is
particularly daunting given the complex tooth morphology in the group. We thus examined if there
is a correlation between tooth morphology and diet for extant species only by codifying three types
of teeth: conical, multi-denticulate, and brush-like. We then conducted a phylogenetic regression
to determine their relationship, finding no significant evolutionary correlation (p = 0.842;
Appendix C Fig. S11). We find cases where both non-planktivore and planktivore fishes displayed
multi-denticulate or conical tooth morphologies. This result indicates that factors other than tooth
morphology should be used to determine the diet of acanthuriform fossils. Therefore, we focused
on the paleoenvironment of each fossil, categorizing fossils derived from oceanic sediments as
planktivores and from limestones as non-planktivores (Marrama et al. 2016; Friedman and
Carnevale 2018). Two fossils (7 Gazolaichthys vestenanovae and tPadovathurus gaudryi) were
coded as ambiguous.

We also gathered geographic distribution data and built a presence/absence matrix by
coding each extant and fossil species according to their geographic ranges primarily based on the
IUCN Red List (IUCN 2021), Ocean Biogeographic Information System (OBIS 2021), and
Paleobiology database (http://paleodb. org) as well as from the primary literature. We used a
seven-region biogeographic scheme (based on Spalding et al. 2007 and Kulbicki et al. 2013):
Western Indian Ocean (WI0O), Central Indo-Pacific (CIP), Central Pacific (CP), Tropical Eastern
Pacific (TEP), Western Atlantic (WA), Eastern Atlantic (EA), and Tethys Sea (Tet).

Ancestral diet and ancestral range estimates

To examine the frequency of shifts to planktivory and their timing, we conducted ancestral diet
reconstruction analyses using “make.simmap” function in the R package phytools (Revell 2012).
We fixed the root state to non-planktivory, considering that close acanthuriform relatives primarily
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feed on algae and benthic invertebrates, such as Chaetodontidae (Hodge et al. 2021) and
Pomacanthidae (Baraf et al. 2019). We first assessed whether these trophic transitions fit to a
model where shifts between non-planktivory (state 0) and planktivory (state 1), and vice versa,
exhibit equal rates (ER), or if instead these transitions are different (ARD; (Revell 2012). We then
conduced stochastic character mapping using the best-fit model on the MCC tree and across 20
trees of each scheme. Transitions were counted when a nodal pie is >50% of state 0 and one of its
descendant branches is >50% for state 1 and vice versa. Exceptions were made following
parsimony principle when the nodal pie with one state was between two nodes with the alternative
state, resulting in fewer transition count. For comparison purposes only, we also ran the analysis
excluding all the fossils for MCC tree from Scheme 1.

We also investigated where trophic transitions occurred. To this end we conducted
ancestral range reconstruction analyses in the R package BioGeoBEARS (Matzke 2013) following
the approach outlined in Santaquiteria et al. (2021). We evaluated 12 biogeographic models
combining DEC (Ree and Smith 2008), DIVA (Ronquist 1997), and BayAREA (Landis et al.
2013), with and without the jump-dispersal or founder-speciation event (j) (Matzke 2014) and the
dispersal matrix power exponential (w) parameters (Dupin et al. 2017). We analyzed each model
using three time slices based on two major geological events: (i) prior to the closure of the Tethys
Seaway (65—-16 or 12 Ma), (ii) after the closure of the Tethys Seaway and prior to the last rising
of the Panama Isthmus (16 or 12-2.8 Ma), and (iii) after the last rising of the Panama Isthmus
(2.8-0 Ma; O’Dea et al. 2016). Due to the ambiguous age of the total closure of the Tethys Seaway,
the terminal Tethyan event, we decided to ran separate biogeographic analyses assuming 16 Ma
(Adams et al. 1983) and 12 Ma (Steininger and Rogl 1979, 1984; Rogl 1999) as the final closure.
We also accounted for connectivity between areas by implementing three different dispersal
probability categories: 1 (high connectivity), 0.5 (intermediate separation), and 0.0001 (wide
separation/no connectivity). We ran these analyses for both schemes using the MCC trees with
fossils as input phylogenies. We then selected the best-fit biogeographic model based on the
Akaike Information Criterion scores corrected for small sample size (Appendix C Table S5). The
best-fit model was implemented in 20 time trees and the results were summarized by overlying
average probabilities across compatible nodes on each MCC tree (Matzke 2019).

Diet-dependent diversification

We estimated diversification and transition rates between non-planktivory and planktivory diets,
by conducting state-dependent speciation and extinction analyses (SSE) in HiSSE (Beaulieu and
O’Meara 2016). Because SSE analyses cannot handle non-ultrametric trees, for these analyses we
used extant-only trees (but see below). We fitted a total of five SSE models with and without
unknown (‘hidden’) states: null BiSSE model (rates independent to the trait), full BiISSE or BiSSE
like HiSSE (rates dependent to the trait), (iii) full HISSE model (rates dependent to the trait with
hidden states), CID-2 model (character-independent model with two hidden states), and CID-4
model (character-independent model with four hidden states). We defined sampling fractions for
each trophic guild to account for missing taxa; non-planktivores 91% and planktivore 100%. As
with ancestral diet reconstruction analyses, we also fixed the root to non-planktivory. We ran this
analysis on the MCC tree and across 20 trees of each scheme. To incorporate uncertainties in
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model choice, we then model-averaged rates for all tips and nodes in the trees calculated under
five models using AIC weights. We then used the R package ggplot2 (Wickham 2016) to generate
boxplots plots and assess differences in diversification rates between two the states for all tips and
nodes. Finally, we statistically compared tip-associated lineage diversification rates between the
trophic guilds conducting a phylogenetic ANOVA in phytools (Revell 2012) with Bonferroni
correction.

To incorporate fossil data into our diversification analyses, we estimated the number of
lineages over the evolutionary history of this group for the two trophic guilds. We generated
lineage-through-time plots in phytools (Revell 2012) using the 500 trees for each scheme. For
comparison purposes only, we also ran this analysis excluding all the fossils for MCC tree from
Scheme 1 with 100 simulations.

Paleoclimate-dependent diet evolution

We compiled paleoclimatic temperature curves spanning the last ~64 Ma of acanthuriform’s
evolutionary history, to examine the association of planktivory to two alternative temperatures: the
global average ocean temperatures obtained from oxygen isotope data and the tropical ocean
temperatures based on sea surface temperatures from tropical latitudes (Scotese et al. 2021). We
assessed the association of the global and tropical paleoclimatic temperature curves with the
evolution of planktivory using a modified regression threshold model (Felsenstein et al. 2012). We
fitted a total of four different evolutionary models for discrete data separately for both temperature
curves: three climate-independent models, Brownian motion, early burst, and phylogenetic signal
or lambda, and the climate-dependent model recently developed (Melendez-Vazquez et al., in
prep.). We used 100 integrations (N=100) and a climatic spline interpolation function based on
500 degrees of freedom (df= 500). For each curve we fitted all these models using both the MCC
tree and the 500 trees of each scheme.

Sequencing and assembly of chromosome-level genome

We generated a phased chromosome-level genome and transcriptome for Acanthurus chirurgus.
We obtained flash-frozen muscle tissues from an individual caught using a hand net in the Florida
Keys (24°59.564 N, 80°25.753 W), US, by Phillip Rauch on the 29" of January of 2023. The
voucher specimen is deposited at Scripps Institution of Oceanography (SIO), collection number
SIO 24-10. Subsequently, we outsourced the DNA and RNA extractions, library preparations,
sequencing, assembly, and annotation to Cantata Bio LLC. Briefly, high molecular weight DNA
extraction was followed by PacBio library construction and sequencing. The resulting PacBio
reads were assembled into scaffolds using Hifiasm v. 0.15.4-r347 (Cheng et al. 2022), yielding
one de novo assembly for each haplotype. To improve genome architecture through scaffolding
and read orientation, Dovetail Omni-C library sequencing was performed on an Illumina HiSeqX
platform at ~30x sequence coverage. The de novo assembly and Dovetail OmniC library reads
were then assembled with for Omni-C HiRise (Putnam et al. 2016). Transcriptomic data was
obtained by extracting RNA, preparing libraries, and sequencing on a NovaSeq6000 platform.
Genome completeness was assessed using Benchmarking Universal Single-Copy Orthologs
(BUSCO) v. 5.0.0 (Simao et al. 2015) based on the single-copy orthologs for ray-finned fishes
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database (actinopterygii_odb9). Scaffolds were assigned chromosomal numbers based on their
length as no other surgeonfish genome was available at the time of assembly. For the genome
annotation, first repeat families found in the genome assembly of A. chirurgus were identified de
novo and classified using the software package RepeatModeler v. 2.0.1 (Flynn et al. 2020). The
custom repeat library obtained from RepeatModeler were used to discover, identify, and mask the
repeats in the assembly file using RepeatMasker v. 4.1.0 (Smit et al. 2013-2015). Finally, the
coding sequences across the genome were predicted using AUGUSTUS (v. 2.5.5; Stanke et al.
2006), SNAP (v. 2006-07-28; https://github.com/ KorfLab/SNAP), and MAKER2 (Holt and
Yandell 2011) software.

Sequencing and assembly of short-read genomes

Using the libraries prepared at Arbor Biosciences, we sequenced genomes for a total of 48
acanthuriform species (average genome size 0.8 Gbp). We sequenced short reads at 30x coverage
using the [llumina NovaSeq S4 PE150 platform at the Oklahoma Medical Research Foundation
(OMRF) sequencing facility. We pre-assembled the raw data in MaSuRCA v. 4.0.8 (Zimin et al.
2013) and removed three species due to bad quality. We then enhanced scaffolding of each genome
by using as a reference the chromosome-level genome for 4. chirurgus in RagTag v. 2.1.0 (Alonge
et al. 2022) to reorder, reorient, and fill gaps. Finally, we assessed genome completeness for the
45 species in BUSCO (Simdo et al. 2015) using the same procedure as for chromosome-level
genome. This analysis also identified single-copy and duplicated genes within each species based
on the ray-finned fishes database.

Variations in transposable elements linked to trophic shifts

First, we used Tandem Repeats Finder for the identification of tandem repeats (Benson 1999). We
then conducted both homology-based and de novo methods to detect transposable elements (TEs).
The homology-based TE identification for all species was carried out using RepeatMasker and
based on the Repbase library (Bao et al. 2015). Additionally, the de novo TE annotation was
conducted using RepeatModeler with default settings to create a de novo repeat library for each
assembled genome. Subsequently, we employed the de novo repeat library in conjunction with
RepeatMasker to predict soft-masked repeats for each species. The identified repeat elements were
categorized into ten distinct class/subfamilies, encompassing long interspersed nuclear elements
(LINE), short interspersed nuclear elements (SINE), long terminal repeats (LTR), transposons,
rolling circle elements, small RNAs, satellites, simple repeats, low complexity repeats, and
unclassified elements. To evaluate the correlation between the quantity of TEs (total and for each
class/subfamily) and trophic guilds, we conducted a phylogenetic ANOVA in phytools (Revell
2012) using Bonferroni correction.

Identification of ortholog genes

We identified single-copy genes among species based on the genes retained by BUSCO in
OrthoFinder (Emms and Kelly 2019). We pruned the MCC tree from Scheme 1 to match the
species with genomes and use it as the guide tree. OrthoFinder identified 1269 ortholog genes
among the 45 species. Each gene was aligned in MACSE (Ranwez et al. 2018) using the same
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approach as for the exon capture data. As positive selection analyses are sensitive to alignment
error (Jordan and Goldman 2012), we cleaned the edge of the alignments by only allowing the
maximum proportion of gaps to be 20% in MACSE and then removed genes with less than 70%
of the species (31 or less) and shorter than 200bp. We then visually inspected all the alignments to
adjust the reading frames, remove poor-quality reads and correct misaligned sections in Geneious
(Kearse et al. 2012), retaining 1250 single copy orthologs.

Positive selection linked to trophic shifts

To identify instances of positive selection associated with planktivory, we used the dN/dS metric
(the ratio of non-synonymous substitutions or dN to synonymous substitutions or dS) implemented
in HyPhy (Kosakovsky Pond et al. 2020) to interrogate the 1250 single-copy genes. The MCC tree
from Scheme 1 was pruned to retain the species present in each gene alignment, and the respective
gene alignments were used as input. We first ran BUSTED-E to screen each alignment for regions
that might exhibit ‘odd’ variation patterns (0v>100 and weight <1%), which can be indicative of
false signals of positive selection arising from sequencing or alignment error. To do that we
selected the branches with planktivore diet as foreground. This analysis identified 126 high
confidence positively selected genes (PSGs), which we retained for downstream analyses.
Subsequently, we assessed the incidence of positive selection occurring exclusively on the
branches where a transition to planktivory occurred, using the branch-site model with adaptive
branch-site random effects likelihood (aBSREL; Smith et al. 2015). For the aBSREL analysis, we
selected the branches that experienced transitions to planktivory based on ancestral diet
reconstruction analyses (five total, see Fig. 3.3A). This test thus assesses each specific branch,
facilitating the identification of convergence signals when distinct branches featuring a dietary
transition independently display positive selection in the same set of genes. To illustrate the
number of convergent genes in each transition to planktivory, we created an upset plot using the
function UpSet in the UpSetR R package (Conway et al. 2017). Additionally, we examined whether
selection that occurred in any lineages is linked to a specific trophic guild (non-planktivore or
planktivore) using BUSTED-PHenotype (BUSTED-PH; Spond 2022). In this analysis, we
designated both stem and crown lineages with a planktivore state as foreground, non-planktivores
as background, and reversals to a non-planktivore diet as nuisance, which are not considered in
the analysis (Fig. 3.3D). We identified positively selected genes (PSGs) after correcting for a false
discovery rate (FDR) p-value <0.05 for aBSREL and BUSTED-PH analyses. Lastly, we
determined gene ontology (GO) information (e.g., GO terms, gen family name, and biological
functions) for each PSG using the Protein Analysis Through Evolutionary Relationships
(PANTHER) database in the PANTHER Classification system (https://www.pantherdb.org;
Thomas et al. 2022).
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3.4 Results

Phylogenomic inference, total-evidence dating, and tree uncertainty

The time-calibrated MCC trees, derived from total-evidence dating analyses of five independent
subsets that integrate morphological and non-overlapping molecular data for 112 species (32 fossil,
80 extant), generally exhibit stable phylogenetic relationships. This stability holds true when
compared with different phylogenies obtained by previous molecular (Clements et al. 2003;
Klanten et al. 2004; Sorenson et al. 2013a; Friedman et al. 2016; Betancur-R. et al. 2017; Siqueira
et al. 2019; Ghezelayagh et al. 2022) and morphological (Winterbottom 1993) studies. All three
families are monophyletic, with Luvaridae being the sister group of Zanclidae plus Acanthuridae.

While the topologies inferred from exon and legacy markers, using both reduced and
expanded datasets with concatenation ML (Appendix C Figs. S1 and S3) and summary
multispecies coalescent approaches (Appendix C Figs. S2 and S4), along with the combined matrix
in RAXML (Appendix C Fig. S7), consistently show similar placements, phylogenies based
exclusively on morphological data reveal the non-monophyly of Zanclidae and Acanthuridae.
Additionally, these morphological-based phylogenies do not position Luvaridae as the earliest
branching family (Appendix C Fig. S6). All genera, except for the fossil genus Tylerichthys and
the extant genera Ctenochaetus and Acanthurus, are monophyletic, with the latter two being
paraphyletic, a result that is also consistent with previous studies (Clements et al. 2003; Sorenson
et al. 2013b; Siqueira et al. 2019). Additionally, gene concordance factor analyses based on only
molecular data reveal several clades with consistent gene tree and species tree relationships (e.g.,
the genera Naso, Zebrasoma or Ctenochaetus), with few exceptions such as the placement of
Acanthurus thompsoni or the clade containing the most recent common ancestor of A. dussumieri
and A. grammoptilus (see Appendix C Fig. S5).

The placement of the tGazolaichthys vestenanovae and tPadovathurus gaudryi fossils, initially
suggested to be within the family Acanthuridae based on morphological data alone (Appendix C
Fig. S6 and a previous study by Siqueira et al. 2019), is now placed outside of this clade, and
identified as the sister group of Zanclidae and Acanthuridae (Appendix C Fig. S7). Although two
constraints were applied for tip-dating analyses, we support their position in Scheme 1 over
Scheme 2, given Tyler's (1970) conclusion that the osteological differences between the families
Acanthuridae and Zanclidae are so limited that they could potentially be placed within a single
family. From an anatomical perspective, the demarcation of two distinct families primarily stems
from historical inertia and the taxonomic status quo. Thus, here we report the phylogenetic
comparative results based on the time trees obtained from Scheme 1 and from Scheme 2 in the
Appendix C, Supplementary Materials and Methods. Total evidence dating analyses suggest that
acanthuriforms originated in the Paleocene at 63.6 Ma (95% highest posterior density [HPD]:
64—63.3 Ma), soon after the K-Pg mass extinction event, rather than the previously suggested 80
Ma based on more limited dataset that lacked a morphological matrix for fossil placement
(Siqueira et al. 2019). Luvars originated 62.1 Ma (95% HPD: 63.8-60.6 Ma), followed by
unicornfishes, surgeonfishes and tangs (Acanthuridae) at 61.7 Ma (95% HPD: 62.9-59.3 Ma),
and zanclids at 57.8 Ma (95% HPD: 62.1-54.6 Ma). At the genus level within acanthurids, most
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fossil genera originated between 60 and 50 Ma (e.g., Avitoluvarus, Tauichthys, and
Proacanthurus), with Naso diversifying at 26.4 Ma (95% HPD: 28.5-23.5 Ma), Prionurus at
14.4 Ma (95% HPD: 29.1-12.2 Ma), Paracanthurus at 25.0 Ma (95% HPD: 27.5-12.9 Ma),
Zebrasoma at 17.9 Ma (95% HPD: 23.2-9.8 Ma), Acanthurus at 23.2 Ma (95% HPD: 31.7-18.5
Ma), and the clade including Acanthurus + Ctenochaetus at 11.6 Ma (95% HPD: 17.4-8.2 Ma).

Tempo, mode, and geography of planktivory evolution

We reconstructed the diet of acanthuriforms to investigate the number of times the planktivory
lifestyle evolved, as well as the regions and timing of these transitions. Ancestral state
reconstruction analyses were conducted based on the best-fit, all rates different (ARD) model
(AICw 0.62 over equal rates 0.38). Our analysis reveals 6 transitions to planktivory using the
extant-only tree (Fig. S12 and S15). However, when incorporating fossils in the phylogeny, our
analyses identified that planktivory evolved independently at least 7 times (7-9 based on PD trees),
including 1 time (1-3 for PD trees) in extinct lineages, 3 times (2—3 for PD trees) in stem clades
that include fossil and extant species, and 3 times (3—4 for PD trees) in extant-only clades (Fig.
3.1A and Appendix C Figs. S13 and S16). Additionally, we observe 3 reversals to non-planktivory
when fossils are excluded (Appendix C Fig. S12), and 4 (3—5 for PD trees) reversals when fossils
are included (Fig. 3.1A and Appendix C Figs. S13 and S16). Notably, we observe trophic
transitions spanning most of acanthuriform’s history, ranging from 62.1 Ma to 3.6 Ma (Fig. 3.1A).
Biogeographic analyses conducted using either 16 (Adams et al. 1983) or 12 (Steininger and Rogl
1979, 1984; Rogl 1999) Ma as the final closure of the Tethys Seaway yielded similar results (Fig.
3.2 and Appendix C Fig. S18). Based on the best-fit model, BAYAREALIKE+w (Appendix C
Table S5), we initially identified that acanthuriforms originated in the Tethys Sea, with 5 lineages
(from all genera, except Ctenochaetus) subsequently expanding into the Indo-Pacific, and one (by
Eonaso) to the WA. From the Indo-Pacific, at least 6 dispersal events occurred towards the TEP,
1 towards the WA, and 2 towards the EA. Then 2 lineages crossed the Atlantic: (i) the ancestor of
Acanthurus chirurgus, A. bahianus, and A. tractus, which dispersed from EA to WA; and (ii) an
ancestral Prionurus biafraensis lineage that went from the TEP to the WA. This biogeographic
history aligns with a previous study on surgeonfishes and many other circumglobal shallow marine
fish groups (Baraf et al. 2019; Siqueira et al. 2019; Rincon-Sandoval et al. 2020; Santaquiteria et
al. 2021). These biogeographic inferences also suggest that early transitions to planktivory (4-5
events) occurred in the Tethys Sea, while more recent transitions (3—4 events) predominantly took
place in the Indo-Pacific region: 2-3 widespread in WIO, CIP and CP; and 1 in CIP and CP. No
transitions were identified in the WA, EA or TEP (Fig. 3.2).

We assessed the effect of diet on acanthuriforms’ diversification by running HiSSE
analysis using the MCC tree with only extant species (80 tips). To incorporate uncertainties in
model choice, we model-averaged rates for all tips and nodes in the trees calculated under five
models using AIC weights (Appendix C Table S6). Our results indicate that both net diversification
(p-values = 0.893 for the MCC tree and 0.001-0.995 for PD trees) and speciation rates (p-values
=0.893 for the MCC tree and 0.001-0.996 for PD trees) are similar between non-planktivore and
planktivore species, but extinction is slightly lower in planktivores (p-values = 0.001 for the MCC
tree and 0.001-0.895 for PD trees; Fig. 3.1C and Appendix C Table S7). Transition rates from
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non-planktivory to planktivory (0.010 for the MCC tree and 0.007—0.011 for PD trees) are lower
than the reverse (0.026 for the MCC tree and 0.013—0.034 for PD trees; Appendix C Table S7).
LTT analyses conducted on both fossil and extant species show that non-planktivore species
exhibited greater diversity, characterized by increased species origination, during the aftermath of
the K-Pg in the Paleocene and early Eocene (6650 Ma) compared to planktivore species.
However, during the Middle and Late Eocene (44-30 Ma), planktivore species had higher
origination rates than their non-planktivore counterparts. From the Oligocene onwards (30 Ma—
present), both trophic guilds resulted in an increase in speciation, with non-planktivores exhibiting
a higher rate (Fig. 3.1A).

We further evaluated whether paleoclimatic temperatures influenced the diversification of
planktivore species. We observe a pattern where non-planktivore lineages tend to originate during
periods of temperature increase, such as in the aftermath of the K-Pg mass extinction event and
the formation of the Indo-Australian Archipelago in the Miocene. We also see a slight increase in
planktivore lineages when temperatures decrease after 50 Ma (Fig. 3.1B). After running the
paleoclimatic model on the MCC tree, we find that both the phylogenetic signal as estimated with
the lambda model (AICw=0.55 vs. 0.51) and the climate dependent model (AICw=0.44 vs. 0.48)
have a better fit in both temperature curves (global average and tropical temperatures, respectively)
than climate independent models like Brownian motion (AICw=0.005 vs. 0.004) and early burst
(AICw=0.002 vs. 0.002, Fig. 3.1B and Appendix C Table S8). However, when we test the model
over the 500 trees from the posterior distribution, the lambda model is slightly better supported
than the climatic model, with global average temperature curve AICw average of 0.34 compared
to 0.63 for lambda, and the tropical temperature curve at 0.15 compared to 0.82 for lambda (Fig.
3.1B and Appendix C Table S8). Finally, the same set of phylogenetic comparative analyses
conducted on Scheme-2 time trees show identical or very similar results, as the placement of the
tGazolaichthys vestenanovae and TPadovathurus gaudryi fossils did not affect the outcomes of
the analyses. See Appendix C Figs. S14, S17, S20, S21, and S22 and Tables S5-S7.
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Number of line