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ABSTRACT

Fishes have evolved extraordinary morphological and sensory adaptations to best utilize
their natural habitats and expand their ranges. Due to the large variability among habitats
and geographic regions, an examination of the mechanisms that influence and regulate feeding
mechanisms and sensory systems is essential to understanding the distribution of taxa across
space and time. In particular, an examination of the feeding capabilities of diverse clades of
fishes will elucidate the role of these functional traits on the range size and distribution of
lineages. The overarching goal of this thesis was to explore the phylogenetics, evolution and
biogeography of the goatfishes, with a focus on the unique foraging behavior associated with
substrate preferences and barbel use. In Chapter 2, I explore the evolution of the goatfishes
through inference of the most species rich time-calibrated phylogeny of the goatfishes to
date. This phylogeny was inferred using a robust genomic dataset and is used as the basis
for all evolutionary analyses used throughout this thesis and reveals novel aspects of goatfish
evolution that were previously unknown. In Chapter 3, I examine the global biogeographic
distribution and assemblage structure of the goatfishes using bioregionalization approaches.
The boundaries between these bioregions are specific to the goatfishes and highlight global
patterns of species turnover and the locations of potential barriers to dispersal. In Chapter
4, I test hypotheses about the ecomorphological relationship between head and body shape
with preferential foraging on different substrate types across the goatfishes using a robust
geometric morphometric dataset. I find evidence that preferential foraging on hard substrate
evolved relatively recently, and is associated with changes to forehead shape, elongation ratio,
and head length. This dissertation represents a major advance in the integrative examination
of the evolutionary relationships, assemblage patterns, and ecomorphological associations
across the goatfishes. The results of this thesis provide a comprehensive examination of
the many unique characteristics associated with the goatfishes, provides the phylogenetic
framework required to fully understand the biology of this family, and enables us to begin
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addressing questions about how future changes in reef ecosystem health will impact the

biology of this clade.
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CHAPTER 1
INTRODUCTION

Coral reef ecosystems are of utmost importance to both the scientific community and the
public due to their biodiversity, economic value, and cultural significance. This extraordinary
biodiversity was once thought to buffer coral reef ecosystems against the loss or extinction
of a few species. However, recent research has found that coral reefs, despite their high bio-
diversity, may be more vulnerable to species loss than previously thought due to the limited
distribution of certain fish species that perform important ecological roles (Mouillot et al.
2014). The importance of understanding the relationships between species distributions and
ecological functions has resulted in a novel field of research termed Functional Biogeography.
Functional Biogeography, defined as “the analysis of the patterns, causes, and consequences
of the geographic distribution of the diversity of form and function” has great potential to
predict how species and communities will respond to climate change (Violle et al. 2014).

The Mullidae (goatfishes) are an ideal family of fishes within which to examine the com-
plex associations among morphological adaptations, evolutionary history, and biogeograph-
ical patterns. It is a globally distributed family with 104 species found in close association
with coral reefs. An innovation in goatfish morphology is a pair of highly specialized throat
barbels, which are fleshy extensions capable of taste and prey excavation (Gosline 1984).
These barbels are unique in both their morphology and function through their use to detect
and resuspend otherwise inaccessible food sources within the ocean floor. This behavior has
been shown to play an important role in maintaining coral reef diversity and community
composition (Lukoschek and McCormick 2000), in addition to acting as indicators of coral
reef health (Uiblein 2007; Russ et al. 2015).

This dissertation focuses on understanding the unique role of goatfishes in marine coral
reef communities through exploration of their evolutionary history, biogeography, distinctive

cranial and sensory mechanisms, and feeding behavior. This integrative approach enables
1



a direct examination of the processes that influence rates of species diversification, global
patterns of dispersal, and behavioral adaptability. The central aims of this thesis are a)
to resolve phylogenetics relationships among the goatfishes using phylogenomic approaches
(Chapter 2), b) to examine biogeographic and phylogenetic patterns among global assem-
blages (Chapter 3), and c¢) to investigate the ecomorphological relationships between head

and body morphology and substrate preference in an evolutionary context (Chapter 4).

1.1 Misfit Fishes: current status of goatfish taxonomy,

phylogenetics, and biogeography

First described by Linnaeus in Systema Naturae (1758), the family now contains 104
valid species in 6 genera (Fricke et al. 2023). There have been several genus-level phylogenetic
studies of goatfishes that provide the necessary framework to examine the complex genetic
and morphological relationships among the many closely related species (Turan 2006; Keskin
and Can 2009; Uiblein and Heemstra 2010; Uiblein 2011; Uiblein and Gouws 2015). However,
despite their common occurrence on reefs worldwide, the goatfishes lack a comprehensive
species-level molecular phylogeny, unlike many other charismatic reef fish families (Cowman
2014).

Their divergent morphology, up until relatively recently, made the goatfishes a phyloge-
netic enigma within the larger teleost tree of life. The goatfishes are characterized by having
a pair of hyoid barbels; two widely separated dorsal fins, the first with seven or eight spines,
and the second with nine soft rays; anal fin with a small spine and seven soft rays; deeply
forked caudal fin with seven and six branched rays in upper and lower lobes, respectively;
and 24 vertebrae (Kim 2002). Based on vertebral and cranial similarities, goatfish have been
linked within Perciformes to the Lutjanidae and Sparidae due to shared characters of the
absence of crescent expansion on the endopterygoid and the anterior expansion of adductor

arcus palatini, though Gosline notes that many such characters could be the result of con-
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Figure 1.1: Six species of goatfish. Source: FishBase.

vergent adaptation to benthic feeding (Gregory 1933; Gosline 1984, Kim 2002). Goatfish
taxonomy has been primarily based on morphological characters, such as dentition, fin ray
counts, and body shape (i.e. Uiblein and Heemstra 2011; Uiblein and McGrouther 2012;
Uiblein and Gouws 2013; Bos 2014). These morphological traits have been used to broadly
examine phylogenetic relationships among genera, however the resolution of the data resulted
in several large polytomies (Kim 2002).

Recent large scale phylogenomic studies have placed the Mullidae within the Syng-
nathiformes, an order that also contains highly morphologically derived families such as
the Syngnathidae (sea horses and pipefishes), Aulostomidae (trumpetfishes), Callionymidae
(dragonets), and Dactylopteridae (flying gurnards; Betancur-R et al. 2013; Longo et al.
2017; Santaquiteria et al. 2021). Most coral reef fish families are estimated to have origi-
nated in the Eocene, with subsequent diversification having occurred through the past 50-60
million years (Cowman and Bellwood 2011; Bannikov 2014; Bellwood et al. 2017). Although
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prior research on higher-level phylogenetics of fishes have estimated the origin of goatfishes
to have occurred during this time period (i.e. Betancur-R et al. 2013; Near et al. 2013; Ra-
bosky et al. 2018), recent phylogenomic studies that included a sample of goatfishes inferred
a much more recent crown node age of ~18 Ma for the Mullidae (Santaquiteria et al. 2021).

Several species of Mullidae exhibit exceptionally large range sizes; the coast of Eastern
Africa to the Hawaiian Archipelago is the largest geographic distance where continued gene
flow has been observed (Fernandez-Silva et al. 2013; Lessios and Robertson 2013). Inter-
estingly, there is evidence of isolation and diversification at the extent of these Indo-Pacific
ranges. For example, there are several species of endemic goatfish in the Red Sea and the
Hawaiian Archipelago, which are hypothesized to be closely related to wide ranging species
(Figure 3; Fernandez-Silva et al. 2013; Lessios and Robertson 2013). Range size can have
a large impact on the likelihood of extinction and diversification of a lineage, especially
within coral reef regions (Lester and Ruttenberg 2005; Leis 2007; Luiz et al. 2013). Goatfish
disperse through a pelagic larval stage, in which the larva can remain in the plankton for
over 3 weeks (McCormick and Molony 1995; Pavlov et al. 2011). Traits associated with
pelagic larval dispersal have been hypothesized play a role in determining the range size
of a species, although adult life history traits influence these patterns as well (Lester and
Ruttenberg 2005; Mora et al. 2012; Luiz et al. 2013). Additionally, it has been shown that
relatively small fluctuations in water temperature can influence the patterns of size and age

at settlement of Upeneus tragula (McCormick and Molony 1995).

1.2 Digging and Probing: unique foraging behaviors associated

with the goatfishes

Goatfishes have evolved a specialized method of hunting when compared to other fish
clades, in which they use their hyoid barbels to forage for food on or within the benthic

substrate (Gosline 1984). They achieve this through a large variety of behaviors that differ
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Figure 1.2: Schooling behavior of Mulloidichthys flavolineatus and M. vanicolensis
in Moorea, French Polynesia. Source: C. Nash.

among lineages, as some species use their barbels as an excavation device to turn over soft
substrate (i.e. sand and mud) while other species use their barbels to probe within hard
crevices in coral rubble to dislodge small animals (Gosline 1984; Platell et al. 1998; Meyer
et al. 2000; Lukoschek and McCormick 2001; Krajewski et al. 2006; Galarza et al. 2009;
Striibin et al. 2011; Mittelheiser et al. 2022). These behaviors have been shown to play
an important role in maintaining coral reef diversity and community composition, as they
often act as primary agents of mixed species foraging associations, in addition to acting as
indicators of coral reef health (Lukoschek and McCormick 2000; Uiblein 2007). This is due
to the disruption of the substrate during foraging that leads to a resuspension of nutrients
and otherwise inaccessible detritus into the water column, which can subsequently be taken
up by other fish species and nearby coral reef communities (Lukoschek and McCormick 2000;
Uiblein 2007). When goatfishes forage, they maintain a horizonal body position above the
substrate. This body positioning is likely advantageous for continuously foraging on large
areas and allowing for a rapid escape from potential predators (Gosline 1984).

Notably, different species of goatfish are hypothesized to have a strong preference for the
substrate type upon which they feed, which results in habitat partitioning (Gosline 1984;
Platell et al. 1998; Uiblein 2007). Although goatfishes are well adapted for their unique

foraging behaviors, they are considered dietary generalists and feed primarily on infaunal
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Figure 1.3: Variability in goatfish habitat preference. Images of Parupeneus multifas-
ciatus, P. insularis, P. pleurostigma, and Mulloidichthys flavolineatus foraging in Moorea,
French Polynesia. Source: C. Nash.

invertebrates (Gosline 1984). When species co-occur, there is evidence of habitat and diet
partitioning, most likely due to variation in feeding behavior, depth, spawning time, and
ontogeny (Platell et al. 1998; Lukoschek and McCormick 2001). Although there was evidence
of habitat and diet partitioning on this small spatial scale, the diets between species were
statistically indistinguishable when comparing diet composition across each species range
(Platell et al. 1998, ; Lukoschek and McCormick 2001). Species of goatfish also vary in their
range sizes, social dynamics, circadian rhythms, and color patterning (Gosline 1984; Striibin
et al. 2011; Tosetto et al. 2021).

This dissertation represents the most comprehensive examination of the phylogenetic
relationships (Chapter 2), global assemblage and biogeographic patterns (Chapter 3), and
ecomorphology associated with foraging on differential substrate (Chapter 4) across species
within the Mullidae. The overarching goal of this dissertation is to explore the phylogenetics,

evolution, and biogeography of the goatfishes, with a focus on the unique foraging behavior
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associated with substrate preferences and barbel use. Prior to this thesis, little was known
about their evolutionary history, spatial distribution, morphological diversity, and ecological
niches in comparison to other reef associated families, despite their common occurrence in
these systems. This thesis represents a major advance in the integrative examination of the
evolutionary relationships, assemblage patterns, and ecomorphological associations across
the Mullidae. The results of this thesis provide a comprehensive examination of the many
unique characteristics associated with the goatfishes, provides the phylogenetic framework
required to fully understand the biology of this family, and enables us to begin addressing
questions about how future changes in reef ecosystem health will impact the biology of this
clade. Expanding this approach to multiple reef fish groups with complete phylogenies is
an important future goal and will enable direct comparisons of clade specific assemblage
patterns and the role of functional traits on distribution patterns at different spatial scales

across the marine realm.



CHAPTER 2
PHYLOGENOMICS AND BODY SHAPE MORPHOMETRICS
REVEAL RECENT DIVERSIFICATION IN THE GOATFISHES

2.1 Abstract

Clades of marine fishes exhibit many patterns of diversification, ranging from relatively
constant throughout time to rapid changes in the rates of speciation and extinction. The
goatfishes (Syngnatharia: Mullidae) are a family of marine, reef associated fishes with a
relatively recent origin, distributed globally in tropical and temperate waters. Despite their
abundance and economic importance, the goatfishes remain one of the few coral reef families
for which the species level relationships have not been examined using genomic techniques.
Here we use phylogenomic analysis of ultra-conserved elements (UCE) and exon data to
resolve a well-supported, time-calibrated phylogeny for 72 species of goatfishes, supporting
a recent crown age of the goatfishes at 21.9 million years ago. We used this framework to
test hypotheses about the associations among body shape morphometrics, taxonomy, and
phylogeny, as well as to explore relative diversification rates across the phylogeny. Body
shape was strongly associated with generic-level taxonomy of goatfishes, with morphometric
analyses showing evidence for high phylogenetic signal across all morphotypes. Rates of
diversification in this clade reveal a recent sharp increase in lineage accumulation, with 92%
of the goatfish species sampled across all clades and major body plans having originated in
just the past 5 million years. We suggest that habitat diversity in the early Pliocene oceans
and the generalist ecology of goatfishes are key factors in the unusual evolutionary tempo of

the family Mullidae!.

1. This chapter is published under the following citation: Nash, C. M., Lungstrom, L. L., Hughes, L. C.,
& Westneat, M. W. (2022). Phylogenomics and body shape morphometrics reveal recent diversification in
the goatfishes (Syngnatharia: Mullidae). Molecular Phylogenetics and Evolution, 177, 107616.



2.2 Introduction

Shifts in the tempo and mode of evolution across lineages are a major force in generating
global biodiversity (Simpson 1945; Gould and Eldredge 1977). Modern approaches have
yielded novel evolutionary insights in many regions of the Tree of Life through the detection
of variability in patterns of species diversification across large phylogenetic scales (Pennell et
al. 2012; Stadler 2013; Donoghue and Sanderson 2015; Graham et al. 2018; Rabosky et al.
2018). This variation in the timing and rates of speciation and extinction is often the result
of habitat fragmentation and dispersal capabilities, which can alter the amount of gene flow
between populations (Kisel et al. 2011). As the largest group of living vertebrates, fishes
have been a useful system to explore the impact of variable rates of diversification on current
patterns of diversity (i.e. Alfaro et al. 2009; McMahan et al. 2013; Rabosky et al. 2013;
Santini et al. 2013; Melo et al. 2021).

Heightened diversification rates in temperate fishes have been linked to particular ge-
ologic or climatic events (Rabosky et al. 2018), and likewise, bursts of evolution in reef
fishes are linked to temporal patterns of expansion of coral reefs (Leprieur et al. 2021). The
tempo and mode of diversification in fishes varies widely across taxonomic groups. Rates of
diversification may be elevated towards the crown, as in Caribbean hamlets (Hench et al.
2022); towards the root, as in the case of neotropical cichlids (Lopez-Fernandez et al. 2013);
or a relatively constant rate through the phylogenetic history of a group, such as in the dam-
selfishes (McCord et al. 2021). Our ability to infer variable rates of lineage accumulation
depends on our confidence in the underlying phylogeny and estimation of divergence times.
Fortunately, genome-wide datasets that can greatly improve the resolution of phylogenetic
relationships are now attainable for non-model organisms.

The goatfishes (Syngnatharia: Mullidae) are a diverse, globally distributed family of
fishes found in close association with coral reef ecosystems. First described by Linnaeus in

Systema Naturae (1758), the family now contains 104 valid species in 6 genera (Fricke et al.
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2022). There have been several genus-level phylogenetic studies of goatfishes that provide
the necessary framework to examine the complex genetic and morphological relationships
among the many closely related species (Turan 2006; Keskin and Can 2009; Uiblein and
Heemstra 2010; Uiblein 2011; Uiblein and Gouws 2015). However, despite their common
occurrence on reefs worldwide, the goatfishes lack a comprehensive species-level molecular
phylogeny, unlike many other charismatic reef fish families.

Most coral reef fish families are estimated to have originated in the Eocene, with sub-
sequent diversification having occurred through the past 50-60 million years (Cowman and
Bellwood 2011; Bannikov 2014; Bellwood et al. 2017). Although prior research on higher-
level phylogenetics of fishes have estimated the origin of goatfishes to have occurred during
this time period (i.e. Betancur-R et al. 2013; Near et al. 2013; Rabosky et al. 2018), re-
cent phylogenomic studies that included a sample of goatfishes inferred a much more recent
crown node age of ~18 Ma for the Mullidae (Santaquiteria et al. 2021). This raises intriguing
questions about the timing of goatfish origins and the tempo of diversification that require
a well-sampled time-calibrated phylogeny of the family to answer.

Goatfish taxonomy has been primarily based on morphological characters, such as den-
tition, fin ray counts, and body shape (i.e. Uiblein and Heemstra 2011; Uiblein and Mec-
Grouther 2012; Uiblein and Gouws 2013; Bos 2014). These morphological traits have been
used to broadly examine phylogenetic relationships among genera, however the resolution
of the data resulted in several large polytomies (Kim 2002). The main synapomorphy that
unites goatfishes is a pair of highly specialized hyoid barbels, which are fleshy extensions
capable of chemoreception and prey excavation (Gosline 1984). Goatfishes use these barbels
to detect and resuspend otherwise inaccessible food sources within the benthic substrate
(Gosline 1984). This unique behavior has been shown to play an important role in main-
taining coral reef diversity and community composition (Lukoschek and McCormick 2000),

in addition to acting as indicators of coral reef health (Uiblein 2007; Russ et al. 2015).
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These traits may provide the necessary framework to examine the complex genetic and mor-
phological relationships among many closely related species and reiterate the need for a
comprehensive phylogeny to improve our understanding of goatfish evolution. The integra-
tion of phylogenomics with geometric morphometrics will allow us to examine morphological
evolution associated with lineage diversification across the goatfishes.

The central aims of this study are to 1) infer the phylogenetic relationships among
species, 2) test hypotheses about the congruence between body shape morphology, taxon-
omy, and phylogenetic placement, and 3) examine the tempo of phylogenetic and morpholog-
ical diversification across species of goatfishes. To achieve the primary aim, we use a robust
genomic dataset to infer the first molecular phylogeny of goatfishes using combination of
ultra-conserved elements (UCEs), exons, and ribosomal sequences in order to include the
most species possible from throughout the family. UCEs and exon capture have been shown
to be effective in resolving evolutionary relationships at different degrees of divergence, al-
though genome coverage inversely decreases with the amount of divergence among species
(Faircloth et al. 2012; Bragg et al. 2016). Additionally, we examine the evolution of body
shape using a comprehensive geometric morphometric dataset to assess the phylogenetic

affinities of goatfish morphology.

2.3 Methods

2.5.1 Taxon sampling

We developed a comprehensive data matrix of 72 species of Mullidae, representing all
genera in the family. We include 38 published UCE assemblies for Mullidae from two re-
cent studies (Longo et al. 2017; Santaquiteria et al. 2021), as well as the full genome of
Mullus surmuletus (Fietz et al. 2020). We expanded this taxon sampling by sequencing an
additional 22 species of Mullidae (Table 2.S1) using both acanthomorph UCE (Alfaro et al.
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2018) and sygnatharian-specific exon capture sequencing probes (Hughes et al. 2021). To
further increase taxon sampling, we compiled a matrix of 7 mitochondrial loci (125, 165,
ATPG6, COI, COII, cytB, and nd2) and one nuclear locus (rhod) to incorporate an additional
11 species from previously published datasets available on NCBI (Table 2.52). Sequences
for an additional 14 species were additionally from Longo et al. as representative outgroup
lineages within Syngnatharia. Species identification was confirmed for all samples through
comparison of COI with sequences available in the BOLD database. One specimen previously
identified as Upeneus guttatus was updated to Upeneus willwhite given the recent reclassi-
fication of the sampled specimen (Uiblein and Motomura 2021). Additionally, we updated
the name of a specimen initially identified as Upeneus taeniopterus to Upeneus suahelicus
based on taxonomic input by Franz Uiblein (Uiblein and Gouws 2015, Table 2.51). However,
given its phylogenetic distinctivness from the other U. suahelicus included in this study, we

kept its classification as a distinct taxonomic unit.

2.3.2  Library preparation and sequencing

Genomic DNA from 22 goatfish samples was extracted from preserved tissues in a 96-well
plate format on a GenePrep (Autogen) at the Smithsonian Institution Laboratory of Analytic
Biology (Washington, DC), following manufacturer’s instructions. Extraction quality was
assessed via visual inspections of genomic DNA on a 1.5% agarose gel. Illumina library
preparation and sequence capture of both UCEs (Acanthomorph 1Kv1; Alfaro et al. 2018)
and single-copy exons (Hughes et al. 2021) were conducted at Arbor Biosciences (Ann Arbor,
MI). Libraries were sequenced on one lane of an Illumina HiSeq 4000 at the University of
Chicago Genomics Facility as 100-bp paired-end reads. The sequence reads generated here

have been deposited on NCBI's SRA database under BioProject PRJNA824087.
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2.3.3 UCE data assembly and bioinformatic processing

We assembled the genomic data using the phyluce 1.6.8 pipeline (Faircloth 2016). Read
data was trimmed and cleaned using the default settings for illumiprocessor 2.0.9 (Faircloth
2013), which uses trimmomatic 0.39-1 (Bolger et al. 2014), to remove adapter contamination
and low-quality bases. After adaptor quality and trimming of the 75 raw sequences, an
average of 21,641 contigs were assembled in Trinity 2.8.5 (Grabherr et al. 2011) and were
matched to the UCE Acanthomorph probe set (Faircloth et al. 2013). We recovered a total
of 1,188 UCE loci with an average of 543 loci per sample. Loci were concatenated using mafft
v7 (Katoh et al. 2002; Katoh and Standley 2013), and we performed edge trimming on the
resulting alignments. Final filtering and concatenation of UCE loci generated matrices of
1031 (60%), 979 (70%), 763 (80%), and 198 (90%) loci. The matrix with > 90% proportion
of taxa was selected for use in downstream analyses as support did not decrease with the
reduction of included loci. It recovered UCE contigs with a mean length of 532 bp and 122
informative sites.

We used the sliding-window approach and entropy site characteristic (SWSC-EN), a
partitioning scheme proposed for UCEs, to determine the best fit scheme for the flanks and
cores across each locus in the 90% complete matrix in PartitionFinder 2 (Tagliacollo and
Lanfear 2018). We merged the right and left flanks into a single “flank” partition and kept
the “core” partition independent. Using ModelFinder implemented in IQ-TREE 1.6.12, we
determined the best-fit partitioning scheme (Chernomor et al. 2016; Kalyaanamoorthy et al.
2017; Minh et al. 2020). We used this partitioning scheme to estimate the concatenation-
based maximum likelihood (ML) trees in IQ-TREE using 1000 Ultrafast Bootstrap replicates
to asses branch support (Hoang et al. 2018). We also conducted coalescent-based species-tree
analyses in ASTRAL 5.7.3 using the UCE gene trees as input (Sayyari and Mirarab 2016;
Zhang et al. 2018; Rabiee et al. 2019). Gene trees were inferred using the UCE “flank” and

“core” partitioning scheme. Given the minimal differences in support between the 70% and
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90% complete UCE loci matrices, we used the 90% complete matrix in downstream analyses

to reduce computational time (Figure 2.A.1).

2.53.4  Incorporating public sequence data

We included data from eight additional loci, downloaded from either GenBank or as-
sembled from raw sequencing reads, in order to increase taxonomic sampling of the group
by including species that did not have genomic data available (Table 2.S51). To extract mi-
tochondrial genes and the nuclear gene rhod, we used the pipeline described in Hughes et
al. (2021). These scripts were additionally modified to include reference sequences from
GenBank for the non-coding loci, 125 (FJ008141.1, EF095566.1, FJ008155.1, 1.C036890.1)
and 165 (FN688081.1, OM470924.1, EU848456.1). All sequences were aligned using mafft
and visually inspected in AliView (Larsson 2014). These resulting alignments were con-
catenated with the 90% complete UCE alignments into a single supermatrix. We used of
partitioning scheme consisting of 22 separate partitions to test differences among the rates
of sequence evolution across loci. For protein-coding loci (ATP6, COI, COII, cytB, rhod,
and nd2), we assigned each codon position for each gene as a potential partition. For the
non-coding loci 125 and 169, each locus was considered designated a single partition. To
infer the appropriate placement of species where only data from GenBank was available, we
used the UCE only ML topology generated previously as a constraint in order to reduce to
potential attraction of lineages with missing data. We reran the ML analysis and searched
for the best partitioning scheme in IQTREE using the concatenated UCE and exon sequence

matrix.

2.3.5 Divergence time and rate estimation

We estimated divergence times of the Mullidae using BEAST 2.6.2 (Drummond et al.

2002; Bouckaert et al. 2014) with multiple calibration points located across the Syngnatharia
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phylogeny. These included a secondary calibration and six fossil calibrations utilized in
Santaquiteria et al. (2021), in addition to two fossils that provide higher resolution within our
clade of interest (Appendix A). This includes the recently described crown callionymoid fossil
species T Gilmourella minuta, which is estimated to be ~49 Ma from Monte Bolca (Carnevale
and Bannikov 2019). We also included a fossil placed within the modern genus Mullus,
which is estimated to ~13 Ma (Carnevale et al. 2006). Given our interest in the timing
of biogeographic events in future studies, we did not include any geographical/geminate
calibrations within this study. To reduce analysis runtime, we used a restricted subset
of the outgroup topology by including only the most divergent pairs of lineages for each
calibration node. The only secondary calibration used in this study was located at the root
of Syngnatharia, based on ages obtained from other phylogenetic studies (Santaquiteria et
al. 2021). Following Santaquiteria et al, we used a uniform distribution with a hard lower
bound at 92 Ma and a hard upper bound at 103.5 Ma. All other calibration points used a
log normal distribution, and their associated priors are defined in Appendix A.

To estimate divergence times, we used a relaxed clock of log normal distributed rates in
BEAST 2.6.2 (Drummond et al. 2002; Bouckaert et al. 2014). A standard birth-death rate
model was used as a tree prior. We partitioned the concatenated matrix containing UCE and
GenBank data into eleven separate partitions: UCE flank, UCE core, and nine additional
partitions based on the best fit partitioning scheme inferred from the initial ModelFinder
search (Chernomor et al. 2016). Each partition was given their own unlinked substitution
model parameters (Supplemental Material). We used the topology inferred from the ML
analyses as a starting topology and we constrained the monophyly of each genus within
Mullidae to reduce the erroneous placement of lineages with limited data. Tracer 1.7.1 was
used to assess the convergence of two independent analyses of 300 million generations each
and confirm proper mixing of all model parameters used in the final Markov Chain Monte

Carlo (Rambaut et al. 2018). We used LogCombiner 2.6.3 to both combine these runs
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and generate a manageable tree set using a 90% burn-in. TreeAnnotator 2.6.3 was used
to calculate the maximum clade credibility tree (MCCT) from the tree set, as well as to
estimate posterior probabilities at each node. This time calibrated phylogeny was used in

subsequent diversification analyses.

2.3.6 Geometric morphometrics

We performed a morphometric analysis to quantify the variation in body shape across
species within the Mullidae. We collected 2D lateral specimen photographs from museum
collections, personal databases, primary literature, and aquarium trade, resulting in a total
of 253 individuals across 6 genera within Mullidac (Appendix C). A total of 26 landmarks
were placed along the specimen image using the R package StereoMorph 1.6.4 (Olsen and
Westneat 2015; Figure 2.1) To adjust several specimens with preservation artifacts, such
as jaws in the open position, we digitally and interactively rotated the jaw tip landmarks
around a reconstructed jaw joint position to a closed orientation, using custom trigonometric
code, while maintaining a fixed distance, base position and maintaining all other coordinates
(Appendix B).

Using the protocol of George and Westneat (2018) as a general framework, we projected
each digitized landmark into linear tangent space using the gpagen function in geomorph
4.0.2 (Adams and Otarola-Castillo 2013; Adams et al. 2013, 2021; Baken et al. 2021).
The generalized Procrustes analysis (GPA) removes the variation in landmark position that
is attributable to rotation, translation, and scaling, while preserving the relevant shape
information (Gower 1975; Rohlf and Slice 1990). We then calculated species means of the
Procrustes-transformed landmark coordinates to account for intraspecific variation using the
mshape function in geomorph 4.0.1 (Adams et al. 2021; Baken et al. 2021). This protocol
was iterated over all species-grouped landmark sets producing 70 shapes representing the

mean body shape of each individual species. From these 70 mean shapes, another GPA was
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performed and the resulting Procrustes aligned shape data was projected into linear tangent
space using the gpagen function in geomorph 4.0.1 (Adams et al. 2021; Baken et al. 2021).
Principal components analyses (PCA) were performed on the species averaged, Procrustes
aligned landmark coordinates using the gm.prcomp function in geomorph 4.0.1 (Adams et
al. 2021; Baken et al. 2021). We used back transformations to visualize the shape changes
associated with the most significant axes of variation (PC1 and PC2), which plots the shape
variation in its relative position in the morphospace (Olsen 2017).

We projected the time-calibrated phylogeny onto the morphospace using the
phylomorphospace function in the R package phytools 0.7-90 (Revell 2012). Additionally, we
generated a phylogenetic PCA using GLS-centering and projection using the implementation
in gm.prcomp function in geomorph 4.0.1 (Revell 2009; Adams and Otérola-Castillo 2013).
To examine the relationship between body shape and genera, we performed a MANOVA
using the procD.1lm function in geomorph 4.0.1 (Adams and Otarola-Castillo 2013). We
used the broken-stick method to inform how many principal components (PC) axes to retain
for subsequent analyses (Barton and David 1959; Frontier 1976).

The partial disparity for genera was calculated using the overall mean over 1000 iter-
ations with the function morphol.disparity in geomorph, taking care to correct the de-
nominator in the variance calculation from n to N-1, where n is the group size and N is the
number of observations (Adams et al. 2021; Baken et al. 2021). Procrustes partial variances
were reported for each genus and these values were used to calculate the proportion of the
total disparity accounted for by each genus (Table 2.S3). We calculated the average disparity
through time (DTT) and the mean disparity index (MDI) using the dtt function in geiger
2.0.7 (Harmon et al. 2008). Significance was determined using 10,000 null disparity through
time simulations generated using the assumptions of Brownian Motion (BM). Additionally,
we computed the weight average times, commonly referred to as the Center of Gravity, to

examine trends within the distribution of disparity across subclades and time (Slater 2022).
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Figure 2.1: Morphometric protocol for the goatfishes. Full body landmark scheme
for the analysis of the geometric morphometrics of goatfishes. The placement location of 26
landmarks with anatomical descriptions are listed in Appendix B.

2.3.7 Rates and pattern of lineage diversification

To test hypotheses about the relative rate of diversification across the phylogeny, we first
tested deviation from a constant-rate pure-birth diversification process using the y-statistic
(Pybus and Harvey 2000). We controlled for incomplete taxon sampling using the Monte
Carlo constant rates (MCCR) test with 10,000 simulations and a sampling fraction of 74.2%
(72 out of 102 species), implemented using the mccr function in phytools 0.7-90 (Revell
2012). We compared the observed lineage through time (LTT) plot and ~y-statistic to the
LTT and ~-statistics of 10,000 simulated phylogenies generated under a pure-birth process

using the pbtree function in phytools 0.7-90 to test for significance (Revell 2012).

2.4 Results

The central product of this research is a well-resolved, time calibrated phylogenetic

hypothesis for the Mullidae. The phylogeny is largely congruent with previous taxonomy,
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and reveals that the crown age of the family is estimated at 21.9 Ma, providing a framework
for comparative analysis. Morphometric analysis of body shape strongly supports the current
taxonomy and has high phylogenetic signal. Our results reveal that goatfish evolutionary
history is characterized by unstable rates of lineage diversification and body shape variation,
with a recent increase in lineage accumulation across all genera in just the past 5 million

years.

2.4.1 Phylogenomic analyses and divergence time estimation

The phylogeny of the goatfishes (Syngnatharia: Mullidae) is well resolved and highly
supported (Figure 2.2 & 2.3). We find strong support for a monophyletic group with the
six described genera: Mulloidichthys, Mullus, Pseudupeneus, Parupeneus, Upeneichthys and
Upeneus. The topologies derived from the ML, ASTRAL, and time calibrated BEAST anal-
yses were well supported and species relationships, for the most part, were concordant. The
Mullidae are sister to the family Callionymidae, which combined represents the suborder
Callionymodei within the order Syngnatharia (Figure 2.2, Betancur et al. 2017). The diver-
gence between the Mullidae and Callionymidae is estimated to have occurred around 58.2
Ma (48.6 — 74.4 Ma), which resulted in a relatively long branch separating these two families
(Figure 2.2).

Within the Mullidae, there are two major clades, which split at the root approximately
21.9 Ma (17.0 — 27.7 Ma; Figure 2.3). The first clade is comprised of the paraphyletic
genus Upeneus, which is subdivided into two subclades. The second major clade within the
Mullidae is comprised of five genera: Mulloidichthys, Upeneichthys, Mullus, Pseudupeneus,
and Parupeneus. All genera are monophyletic and relationships are well resolved within this
clade. There are two main generic sister pairs in this clade, Mullus + Upeneichthys and
Pseudupeneus + Parupeneus. Combined, these genera form monophyletic group with the

genus Mulloidichthys (Figure 2.3).
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Upeneus is the most species rich genus with 25 species. There are two subclades within
the Upeneus that diverged approximately 18.3 Ma, denoted as Upeneus 1 and Upeneus 2
(Figure 2.3). The only taxonomic anomaly in this clade is the inclusion of Mulloidichthys
pfleugeri, which is most closely related to the newly described species goatfish species, Up-
eneus nigromarginatus (Bos 2014). A comparison of COI from M. pfleugeri across the BOLD
database indicates a correct species ID for this sample, and this node has a 100% UF boot-
strap support and 1.0 Posterior probability in the ML and ASTRAL analyses, respectively
(Figure 2.4). Within Upeneus, there are four identifiable species group, which we define as
a clade of three or more species that diverged within the Pleistocene (Figure 2.A.2). There
is one species group in Upeneus I, which is composed of U. quadrilineatus, U.suahelicus
(taeniopterus), U. supravittatus, and U. suahelicus. The remaining three species groups are
found in Upeneus 2. Group 2.1 is composed of U. margarethae, U. heterospinus, U. spot-
tocaudalis, and U. caudofasciatus. Group 2.2 is composed of U. tragula, U. luzonius, U.
oligospilus, and U. heemstra. Group 2.3 is composed of U. asymmetricus, U. lombok, U.
seychellensis, U. itoui, U. willwhite, U. pori, and U. floros. (Figure 2.A.2).

Parupeneus is the second most species rich clade with 22 species, followed by Mul-
loidichthys (6 sp.), Mullus (4 sp.), Pseudupeneus (3 sp.), and Upeneichthys (3 sp.). The root
age of Parupeneus was estimated to be ~7.1 Ma and the estimated divergence time from its
sister genus, Pseudupeneus, was ~12.9 Ma (Figure 2.3). There is evidence of recent diver-
gence across Parupeneus, with 16 species having diverged within the Pleistocene. However,
only two clades met the criteria of species group as the majority of these speciation events
were among species pair. The first group is composed of P. insularis, P. crassilbaris, P.
macronemus, P. multifasciatus, and P. trifasciatus. The second group is comprised of P.
spilurus, P. rubescens, and P. poryphyreus.

The mean crown ages of the remaining genera were estimated to be between 6.3 Ma

and 3.1 Ma (Figure 2.3). When considering Mulloidichthys, Mullus, Pseudupeneus, and
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Figure 2.2: Time-calibrated phylogenetic tree for goatfishes (Family Mullidae)
with outgroups. Divergence time estimation for the Mullidae in the context of the out-
groups from the order Syngnatharia based on relaxed clock node calibration in BEAST 2.
The placement of nine fossil calibrations are shown, and additional information for each
calibration can be found in Appendix 1. Blue error bars at each node represent the high
posterior density (HPD) of each node age estimate.
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Figure 2.3: Time-calibrated phylogenetic tree for the Mullidae. Divergence time
estimates are shown for clades within the Mullidae. Subgenera within Upeneus are indicated
at each respective node. Nodes without a circle have posterior probability of 1.0. Tips
indicated with an asterisk were analyzed with multi-locus data from GenBank only. (Image
credits: John E. Randall via FishBase or referenced by number in Appendix 3).
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Figure 2.4: Phylogenetic tree comparisons for the Mullidae. Congruence between
the ML tree (left) and the tree inferred using ASTRAL III (right) using the 90% complete
UCE matrix. The topologies are largely congruent, with exceptions indicated by a red line
between corresponding tips. Nodes without a circle have either 100% Ultrafast Bootstrap
support (ML) or a local posterior probability of 1.0 (ASTRAL).
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Upeneichthys, the mean difference between root age and stem age is estimated to be ~9.4
Ma. Mulloidichthys has the maximum distance between the root age with a value of ~9.2
Ma and Pseudupeneus has the minimum distance with ~6.6 Ma between the root age and its
divergence from Parupeneus (Figure 2.3). Similar to the diversification patterns observed in
Upeneus and Paruepenus, the majority of divergence events among species occurred within
the middle Pliocene into the Pleistocene. The majority of species within Mulloidichthys,
with the exception of M. flavolineatus, diverged within the Pleistocene and can be classified
as a species group. There is a similar pattern of diversification within the majority of species
within Mullus, consisting of Mu. surmuletus, Mu. auratus, and Mu. argentinae represent a

species group, with the exception of Mu. barbatus.

2.4.2  Lineages through time

Results of diversification analyses strongly support the hypothesis of unstable rates
of diversification throughout goatfish evolution, with a notable inflection point to a sharp
increase in lineage accumulation at about 5 Ma (Figure 2.5A). This pattern of an increase in
lineage accumulation is observed within all genera, but is most evident in the most species
rich clades, Upeneus and Parupeneus (Figure 2.3). The lineage through time (LTT) plot
(Figure 2.5A) shows an exponential growth curve with a significant gamma value (y =
2.4659), which strongly rejects the constant speciation hypothesis under a Yule pure-birth
model (p = 0.004). This result indicates that there is a variable rate of diversification across
the Mullidae phylogeny, which is evident by a reduction in lineage accumulation during the
Middle to Late Miocene prior to the striking acceleration of lineage accumulation during the
Miocene-Pliocene transition (Figure 2.5A). Additionally, over 50% of the mean node ages are
estimated as less than 5 Ma (Figure 2.5B), with 92% of total species (66 out of 72 species)

divergent from their most recent ancestor within the past 5 Ma.
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Figure 2.5: Goatfish diversification patterns through time. (A) Trends in lineage
accumulation through time. The red curve indicates the data from this study, the black
curved indicates the mean of the simulated phylogenies, and the grey area represents the
95% confidence interval of the simulations. Note the inflection point which indicates the
increase in lineage accumulation at approximately 5 Ma. (B) Density of nodes with ages at
specific time intervals.

2.4.8 Body shape morphometrics

Body shapes cluster based on genera and have high phylogenetic signal. The primary
axis of variation (PC1: 45.26%) for this dataset describes the relative ratio of length to
width, termed the elongation ratio (Claverie and Wainwright 2014; Friedman et al. 2019;
Figure 2.6). Higher PC1 scores are associated with a lower elongation ratio, which is asso-
ciated with variability on height in the across the body and to a relatively shorter distance
between the tip of the mouth and edge of the caudal peduncle. This is especially evident
when comparing the height and location of the base of the first dorsal fin to the height of
the caudal peduncle, for example between Parupeneus and Upeneus (Figure 2.6). Lower
PC1 scores are associated with a higher elongation ratio, which corresponds to species with
longer, more evenly slender body shapes. The second axis of variation (Figure 2.6; PC2:

14.11%) is associated with eye size, the relative distance between the bases of the second
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Figure 2.6: Morphospace for the body shape of the goatfishes (Family Mullidae).
Axis 1 and 2 from Principal Component Analysis (PCA) on Procrustes aligned body shape
landmarks for 70 goatfish species. Each coordinate represents the mean shape of each species.
PC1 represents 45.26% of the total variation, and PC2 represents 14.11% of the total vari-
ation. Species are grouped by genus, and this is indicated by color coded hulls to show the
distribution of each genus in morphospace. Gray polygons show the back transformation,
which represents the hypothetical goatfish body shape at intervals along each axis.
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Figure 2.7: Thin-plate spine warp grids for PC1 and PC2 of goatfish body shape.
These plots show the relative deformation associated with the extreme ends of PC1 and PC2
compared to the overall mean shape

dorsal fin and the caudal peduncle, and body depth in relation to the midline (Figure 2.7).
Principal components analysis shows that 90% of the variance in body shape is summarized
within PC1 through PC10.

Genera are significantly associated with body shape and segregate primarily along PC1
into two main groups. Group 1 is composed of Upeneus, Mulloidichthys, and Mullus, and
Group 2 consists of Parupeneus, Pseudupeneus, and Upeneichthys. Group 1 is clustered
on lower on the axis of PC1 and Group 2 is clustered on higher values of PC1. Of note,
Pseudupeneus is fully encapsulated within the Parupeneus morphospace. Although genera do
not cluster across PC2, there are differences among the ranges of values in which each genus
occupies. Species within Upeneus span the entirety of PC2, which ranges highest to lowest
represented by U. luzonius to U. mascareinsis, respectively (Figure 2.6). PC2 does appear to
separate the two subclades within Upeneus, with Upeneus 1 occupying higher values of PC2

and Upeneus 2 occupying lower values of PC2 (Figure 2.A.4). However, these groups are not
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fully distinct as there is overlap within values of PC1 (Figure 2.A.4). The only other genus
that has species that falls within similarly high ranges of PC2 is Upeneichthys, represented
by Up. vlamingii. There are no species that have both high values of PC1 and low values of
PC2, which is represented by the empty lower right quadrant in the morphospace. Upeneus
and Parupeneus have the highest proportion of total variance (Table 2.53) and a MDI of
0.098.

2.4.4 Body shape morphometrics across phylogeny

Analyses revealed a significant phylogenetic signal in the body shapes of goatfishes.
The phylomorphospace estimates the root node within the lower left quadrant, indicating
low values of PC1 and PC2. When considering phylogenetic relationships among the genera,
the two morphotype groups are largely congruent with phylogenetic structure (Figure 2.8A
& 2.A.4). The main exception to this pattern is the convergence of Upeneichthys with
Parupeneus in morphospace, despite its sister genus being Mullus (Figure 2.8A). When
accounting for the variance that is correlated with phylogenetic relationships, there is a strong
overlap among the morphotype groups (Figure 2.A.5). All genera were centered around the
origin, although there were differences between the distribution of the two most species
rich genera, Parupeneus and Upeneus. Parupeneus and Upeneus have equivalent variance
across PC1, and Parupeneus and Upeneus 1 split with Upeneus 2 along PC2. There is a
significant deviation from the null expectations for disparity through time (Figure 2.8B &
2.A.6). Additionally, there is relatively late maintenance of higher within subclade variation

than we would expect with BM into the Pliocene and Pleistocene (Figure 2.8B & 2.A.6).

2.5 Discussion

The addition of a robust phylogeny of goatfishes to the growing marine fish Tree of

Life enriches our understanding of the tempo and mode of coral reef fish biodiversity and
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evolution. The central conclusions of this study are 1) phylogenetic relationships among the
species and genera of Mullidae were highly resolved, 2) body shape morphometrics revealed
several diverse body profiles among the goatfishes, largely congruent with phylogeny and
taxonomy position, and 3) we found strong evidence for unstable rates of phylogenetic and
morphological diversification, with an unusual pattern of recent increase in lineage accumu-
lation across all genera in the family that may be associated with habitat changes at the

Miocene-Pliocene transition.

2.5.1 Highly supported phylogenetic relationships within goatfishes

Our phylogenetic analysis represents the most species rich Mullidae phylogeny to date
with the inclusion of 72 species, representing just over 70% of extant goatfishes. We resolved
the Mullidae into six highly supported genera, which were monophyletic with the exception
of Mulloidichthys (Figure 2.3). The majority of internal nodes were well supported and
the phylogenetic relationships were largely consistent across inferences made using ML, AS-
TRAL, and Bayesian approaches with only a few notable exceptions (Figure 2.3 & 2.4). We
found evidence that some species groups have very short branch lengths between taxa, which
made it difficult to accurately resolve the tip level relationships among some species. This
is most evident with the species group in the Upeneus 1 clade, comprised of U. quadrilinea-
tus, U. suahelicus (taeniopterus), U. supravittatus, and U. suahelicus. The branch lengths
between these species are extremely short, resulting in different topologies with low support
across all three of our inference methods (Figure 2.3 & 2.4). Another interesting incongru-
ence is Parupeneus cyclostomus, which has a large shift in its phylogenetic placement that
is particularly evident when comparing the ML and ASTRAL topologies (Figure 2.4). This
is again likely the result of short branch lengths that result in low phylogenetic support and
low gene tree concordance among P. cylcostomus, P. chrysonemus, and P. chrysopleuron

(Figure 2.4).
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While our phylogenetic analyses generally support the results of previous studies, there
are several main exceptions that can be found across the goatfish topology. In comparison
with the clade-wide phylogeny inferred from solely morphological characters, our results
resolve a slightly different relationship structure among genera with strong support for the
sister relationship of Mullus and Upeneichthys (Kim 2002). Additionally, our inferences
resolved many of the polytomies found in that study, primarily among closely related species.
Interestingly, many of the phylogenetically informative morphological synapomorphies of
each genus were well supported when examining the goatfishes using genomic data. The other
primary source of phylogenetic incongruence with previous studies was found when examining
the relationships among species within closely related species complexes, primarily within
Upeneus and Parupeneus (Figure 2.A.7). These species complexes are often described based
on similarities taxonomic traits, such as the number of fin rays and geographic proximity
(Uiblein et al. 1998; Uiblein and Heemstra 2010, 2011; Uiblein and Gouws 2015; Uiblein
and Motomura 2021). It is important to note that there is uncertainty across many of the
nodes associated with species that are assigned to species groups, which reaffirms the issue of
resolving the relationships among species separated by very short branch lengths (Figure 2.4
& 2.A.7). Despite this, the majority of described species complexes cluster in morphospace,

which indicates some degree of similarity across body shapes (Figure 2.A.8).

2.5.2  Recent diversification of goatfishes

Recent genomic studies on the order Syngnatharia have estimated a far younger crown
age of the goatfishes than previously suggested (Betancur et al. 2017; Santaquiteria et al.
2021). The first study to include an estimation of the crown age of the goatfishes was Near
et al. (2013), which estimated an age of approximately 40 Ma based on ten nuclear genes for
five species (Near et al. 2013). Subsequent studies resulted in a large amount of variation in

the estimated crown age, with ages ranging from 20 Ma to 67 Ma depending on the type of
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genomic data used and the number of species included (Betancur-R et al. 2013; Betancur
et al. 2017; Alfaro et al. 2018; Hughes et al. 2018; Rabosky et al. 2018).

In this study, we estimated the crown age of goatfishes to be approximately 21.9 Ma
(HPD 17.0 — 27.7 Ma) and the divergence between Mullidae and Callionymidae to have
occurred approximately 58.2 Ma (HPD 48.6 — 74.4 Ma; Figure 2.2). Our results most closely
resemble the findings of Santaquiteria et al. (2021), which estimated a slightly younger mean
age of goatfishes at 18.0 Ma and high probability density (HPD) node age range of 14.9-21.8
Ma (Santaquiteria et al. 2021). However, our estimated divergence time between Mullidae
and Callionymoidei is much younger than Santaquiteria et al. (2021), as their estimates
date the split during the Late Cretaceous (Santaquiteria et al. 2021). This variation in
the observed HPD ranges and outgroup divergence times could be due to diffferences in the
calibration scheme. In this study, we did not use any germinate calibrations to constrain the
node ages based on geologic ages, and we included two additional fossil calibrations located
at the stem node and and an internal node within the Mullidae (Figure 2.2). For example,
we included a fossil Mullus from Northern Russia dated as approximatly 13 Ma, which is
relatively close in age to the lower age estimate for the root of Mullidae in Santaquiteria et al.
(2021; Carnevale et al. 2006). Additionally, our inclusion of more species in the crown group
could push the age range older due to the higher resolution of species level relationships.

The estimated crown age of goatfishes is notably younger than many comparable marine
fish clades of this size and geographic distribution (Tedesco et al. 2017; Alfaro et al. 2018;
Miller et al. 2018; Rabosky et al. 2018). For example, the majority of modern coral reef as-
sociated fish families have fossil representatives in the early Eocene deposits at Monte Bolca,
with only butterflyfishes originating after the Eocene at approximately 32 Ma (Cowman and
Bellwood 2011; Bannikov 2014; Bellwood et al. 2017). This young origin age is evident
even among comparisons with the other suborder level clades within the Syngnatharia, as

all of the other major suborder clades within the Syngnatharia diverged within the Late
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Cretaceous (~70-83 Ma; Santaquiteria et al. 2021). These divergence ages are drastically
older than the estimated age of the Mulloidei, a suborder that is comprised of the Mullidae
(Figure 2.2).

Additionally, our inferences resulted in a relatively long branch length between the stem
and crown node of the goatfishes, which spans from the late Oligocene to the early Miocene
(Figure 2.2). The Oligocene — Miocene transition was characterized by a relative decrease in
global temperature and fluctuations in Antarctic ice volume, as well as significant changes
in marine biogeographic regions, which resulted in the migration of the warm water faunas
of the Indo - Pacific into the Mediterranean basin (Beddow et al. 2016). Given the limited
availability of fossil data within the goatfishes, it is impossible to accurately estimate possible
extinction events, and therefore diversification, along the stem branch (Louca and Pennell
2020). However, this transition marked the first major divergence at the root of the crown
goatfishes as the circumglobally distributed genus Upeneus split from the remaining genera

(Figure 2.2 & 2.3).

2.5.8  Morphological differentiation among genera

The geometric morphometrics of body shape among species within the Mullidae highly
supports the phylogenetic placement and previous taxonomy. Our analyses reveal two main
morphotypes that diverged along PC1, along which variation is primarily associated with
differences in body elongation, head depth, and fin base position (Figure 2.6 & 2.7). Each of
these morphotypes are significantly associated with a particular set of genera. For example,
morphotype 1 is comprised of Upeneus, Mulloidichthys, and Mullus which tend to be slender
and more elongated. In contrast, morphotype 2 is comprised of Upeneichthys, Pseudupeneus,
and Parupeneus and is associated with truncated body length and a larger head depth. These
results are consistent with findings from previous studies on body shape evolution across

fishes, which demonstrated that the major axis of variation was often associated with body
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elongation (Claverie and Wainwright 2014). Body elongation, often described as elongation
ratio, has many functional implications and may be associated with habitat, trophic mode,
and swimming performance across a wide variety of fish clades (Claverie and Wainwright
2014; Friedman et al. 2019). Another important aspect of morphological variation associated
with PC1 is head shape. Head shape is often associated with trophic specialization, as the
feeding mechanics that underlie head morphology often impose restrictions on the types and
range of possible morphological variation (i.e. Cooper and Westneat 2009; Lopez-Fernandez
et al. 2013; Mahe et al. 2014). Variation along PC2 is associated with eye diameter, ventral
body depth, and the relative distance between the base of the second dorsal fin and the
caudal peduncle (Figure 2.6 & 2.7). Variation across these traits is associated primarily with
habitat and prey capture. Interestingly, only species within Upeneus occupy the portion of
morphospace associated with lower values of PC2 (Figure 2.6).

All species of goatfishes are specialized benthic carnivores that use their tactile and
chemosensitive barbels to disturb the substratum in search of food (Gosline 1984; McCormick
1993, 1995; Platell et al. 1998; Lukoschek and McCormick 2001). Despite their relative
similarities in feeding morphology, previous research has shown that co-occurring species
often differ in their substrate preferences, feeding modes, and diet compositions (Gosline
1984; Golani 1994; McCormick 1995; Platell et al. 1998; Krajewski et al. 2006). Given
that the precise relationships among head and body shape, substrate preference, and feeding
mode are currently unknown across all species of goatfishes, future work should test the
functional and ecomorphological associations among these traits.

Our results show a highly significant association among genera, body shape, and head
shape. Divergence in body and head shape is consistent with a BM model of evolution, in
which lineages exploited new regions of morphospace during the early divergences among
genera (Figure 2.6A). However, the distribution of PC scores across the phylogeny suggests

that morphotype 2 is derived from morphotype 1, and may be associated with changes in
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preferred benthic substrates and feeding behaviors (Figure 2.A.3). Interestingly, no lineages
occupy the area of morphospace defined by high values of PC1 and low values of PC2, which
is associated with truncated body, larger body depth, and larger eye size (Figure 2.6). Addi-
tionally, we do not find evidence for significant differences in the amount of disparity among
genera. These evolutionary patterns suggest that there were early divergent strategies across
morphotypes early in goatfish history, and species have subsequently radiated within their
distinct areas of morphospace. Further research needs to be done to test hypotheses about
potential ecological or functional constraints and whether this is an example of phylogenetic

niche conservatism within genera.

2.5.4  Phylogenetic and morphological diversification associated with

Miocene-Pliocene transition

The transition from the late Miocene into the early Pliocene marked noticeable changes
in the rates of lineage accumulation across all genera of goatfishes. There was a pulse of
rapid diversification beginning approximately 5 Ma, which is evident by the presence of short
branch lengths and the high density of nodes with ages less than 5 Ma (Figure 2.3 & 2.4).
This pulse follows a period of relatively slower rates of diversification during the middle to
late Miocene, which is evident by long branch lengths and significantly lower rates of lineage
accumulation (Figure 2.3 & 2.4). Although goatfishes have been examined in the context
of large-scale marine diversification studies now (Siqueira et al. 2016; Alfaro et al. 2018;
Rabosky et al. 2018), these variable diversification rates have not been observed until now.
The timing of this increase in lineage accumulation during the end of the Miocene and into the
Pliocene corresponds with the maintenance of greater mean subclade disparity than expected
under pure BM, which could indicate that species were simultaneously undergoing changes
in the rates of both phylogenetic and morphological diversification (Figure 2.4 & 2.8B). The

timing of this variability in diversification rates suggests that the paleogeographic, climatic,
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and sea level changes associated with the Miocene-Pliocene transition played an important
role in the evolution of goatfishes. In particular, the end of the Miocene is associated with
an increase in the interchange of Indo-West Pacific fauna caused by the separation of the
Arabian and African plates, despite the complete separation of the Mediterranean Sea from
the Red Sea and the Indian Ocean due to terrain uplift (Briggs 1995).

The timing of lineage accumulation and morphological diversification most closely re-
sembles the trends observed in studies of adaptive radiations, which often occur in limited
geographic areas and in the absence of competition (Glor 2010; Hench et al. 2022; Thacker
et al. 2022). Although there is evidence for similar rates of diversification in fish clades such
as the parrotfishes, hamlets, and gudgeons, it is unusual for a clade of the species richness
and distribution of goatfishes to have recent bursts of speciation across all genera (Smith et
al. 2008; Hench et al. 2022; Thacker et al. 2022). One example can be found in a recent
study by Knudsen et al. (2019), which observed rapid diversification in the Kyphosidae (sea
chubs), during the middle Miocene into the Pleistocene that was likely associated with their
generalist herbivorous diet and pelagic larval dispersal (Knudsen et al. 2019). However,
the species richness of Kyphosidae is much lower than the goatfishes with only 16 described
species despite their circumglobal distribution (Knudsen and Clements 2016; Fricke et al.
2022).

Given our current understanding of goatfish ecology and life history, high rates of larval
dispersal and specialized feeding modes likely play a large role in driving recent bursts in di-
versification. Water column position has been shown to correlate with rates of morphological
diversification, as benthic associated species may be associated with higher diversification
rates compared to their pelagic counterparts (Friedman et al. 2020; Rincon-Sandoval et al.
2020). However, this trend has been shown to vary widely across clades depending on their
developmental patterns and life history traits (Claverie and Wainwright 2014; McCord et

al. 2021). Population level studies have shown that species of goatfish have been able to
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maintain panmictic populations across large geographic scales due to their long pelagic larval
duration (Lessios and Robertson 2013; Fernandez-Silva et al. 2015). Interestingly, evidence
for population isolation and differentiation was observed primarily at the periphery of the
species’ range (Lessios and Robertson 2013; Fernandez-Silva et al. 2015), which suggests
that recent geographic changes in habitat availability can impact the ability of species to

effectively disperse and subsequently diversify.

2.5.5 Conclusion

A species rich time-calibrated phylogeny of the Mullidae allows us to make important
additions to our understanding of goatfish evolution and diversification. Phylogenetic rela-
tionships among species and genera are highly resolved, and corroborate with the structure
among body shape morphologies. The Miocene-Pliocene boundary marked a period of both
rapid changes in the rates of phylogenetic and morphological diversification, which was pos-
sibly driven by changes in the availability of suitable habitats caused by geologic changes.
An increased understanding of the evolutionary relationships among key groups of organ-
isms will continue to reveal surprising trends in the tempo and mode of diversification that

resulted in the patterns of biodiversity that we observe today.
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APPENDIX

2.A Supplementary Figures

Supplementary tables for this chapter can be viewed at https://figshare.com/s/£81

86af6d6£af64900e6
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Figure 2.A.1: Maximum likelihood phylogeny of the goatfishes inferred using a
70% complete UCE matrix in IQTREE. UF bootstrap support values are shown using
color coded circles on certain nodes. Nodes without a circle have a UF Bootstrap support of
100%, while nodes shaded black = 99% - 95%, grey = 94%-85%, and white = <85%. The
relevant tree and alignment files can be found in supplementary data.
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Figure 2.A.2: Phylogenetic placement of goatfish species groups. Location and labels
of species groups within the Mullidae, shown on the time-calibrated BEAST phylogeny. We
define species group as a clade of three or more species whose mean node age is within the
Pleistocene (2.58 - 0.012 Ma). Posterior probability values for this phylogeny can be found
in Figure 3 and the HPD values are shown in Figure 2.
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Figure 2.A.3: Body shape morphospace for goatfishes labeled by clade member-
ship. Axis 1 and 2 from Principal Component Analysis (PCA) on Procrustes aligned body
shape landmarks for 70 species. Each coordinate represents the mean shape of each species.
PC1 represents 44.95% of the total variation, and PC2 represents 14.06% of the total vari-
ation. Species are grouped by clade, and this is indicated by color coded hulls to show the
relative distribution of each clade in morphospace.

41



Upeneus

piluegeri

Upeneus subvittatus
Upeneus mascareinsis |
Upeneus vittatus [=
Upeneus sulphureus E ﬂ
[=

|

i

Upeneus doriae
Upeneus quadrilineatus
Upeneus taeniopterus
Upeneus supravittatus
Upeneus suahelicus

Upeneus parvus

Upeneus guttatus
Upeneus tragula
Upeneus luzonius
Upeneus oligospilus
Upeneus heemstra
Upeneus australiae
Upeneus asymmetricus
Upeneus lombok
Upeneus itoui
Upeneus willwhite
Upeneus pori
Upeneus floros

Upeneus
Upeneus sundaicus [
Upeneus
Upeneus
Upeneus spottocaudalis
[
Mulloidichthys ayliffe
Mulloidichthys dentatus
Mulloidichthys mimicus
Mulloidichthys vanicolensis
Mulloidichthys martinicus
L totti o
Upeneichthys viamingii ail
Upeneichthys lineatus
Mullus barbatus ]
Mullus surmuletus
Mullus auratus
Mullus argentinae
[ e—

Upeneus fiifer
Upeneus torres
maculatus | — 1 1
prayensis [S —
P
Parupeneus fraserorum
P
[=

]

1 4 4]

|

]

i

Upeneus caudofasciatus
Upeneus japonicus
p ys0p
Parupeneus indicus

P barberinus
Parupeneus jansenii

p
Parupeneus procerigena
p

P
Parupeneus insularis
Parupeneus crassilabris
Parupeneus macronemus
Parupeneus mulifasciatus
Parupeneus trifasciatus
Parupeneus margaritatus
Parupeneus forsskali
Parupeneus spilurus
Parupeneus rubescens
Parupeneus poryphyreus

Tl

-0.051 trait value 0067 -0.055 trait value 0035
Tength=10.963 Tength=10.963
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Figure 2.A.7: Described species complexes within the Mullidae. Distribution of
previously described species groups and complexes on the time calibrated phylogeny inferred
in this study. Species groups/complexes are indicated by color, and a black bar separating
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Figure 2.A.8: Body shape morphospace for the Mullidae labeled by species com-
plex membership. Axis 1 and 2 from Principal Component Analysis (PCA) on Procrustes
aligned body shape landmarks for 70 species. Each coordinate represents the mean shape of
each species. PC1 represents 44.95% of the total variation, and PC2 represents 14.06% of
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the distribution of group in morphospace. Species that are not assigned to a complex or
group are indicated in light grey.
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CHAPTER 3
BIOREGIONALIZATION REVEALS VARIABILITY IN
PHYLOGENETIC AND SPATIAL DIVERSITY ACROSS
GOATFISH ASSEMBLAGES ON A GLOBAL SCALE

3.1 Abstract

Although the marine realm hosts an extraordinary amount of biodiversity, the identifi-
cation of important barriers to dispersal is difficult due to the variability among evolutionary
and ecological traits across clades. In this study, we examine the spatial distribution of the
goatfishes (Mullidae) using bioregionalization methods to infer goatfish specific bioregions.
We curated over 300,000 georeferenced specimen records for the family and used both hierar-
chical and grade-of-membership clustering approaches to identify goatfish-specific bioregions
in shallow marine waters throughout the world. Using a recently published phylogeny of 72
species, we explore the evolution of species within and among bioregions to identify areas of
low species turnover, assess diversification patterns, and test hypotheses about the influence
of range size and dispersal mode on current distribution patterns. At large spatial scales, we
recover distinct assemblages within the Indo-Pacific and the Atlantic/East Pacific oceans,
which is the result of well-known vicariance events. However, at smaller scales, we observe
intermixing among assemblages that likely represent the presence of semi-permeable barriers
to dispersal. We find that the Central Indo-Pacific bioregion defined by high species richness
and low endemism due to the overlap of species’ ranges. Finally, we find limited evidence for

geographic radiations, rather most bioregions trend towards phylogenetic overdispersion!.

1. This chapter will be published under the following citation: Nash, C. M., Kang, K. J., & Westneat, M.
W. Bioregionalization reveals variability in phylogenetic and spatial diversity across goatfish assemblages on
a global scale (Syngnatharia: Mullidae). In Prep.
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3.2 Introduction

The delineation of biogeographical boundaries between groups of taxa is one of the
primary objectives of evolutionary biology, macroecology, and community phylogenetics.
Lineages and their distributions are dynamic and heterogeneous, resulting in complex pat-
terns of biotic assembly. The integration of species distribution with phylogenetics have been
examined across numerous taxa, and yet the central question remains: why do some species
co-occur while others do not? This is a deceivingly simple question, as there are many
underlying processes that can influence the distribution and evolution of lineages within as-
semblages and communities. Only through the consideration of phylogenetics in the context
of historical biogeographic and recent ecological processes, in combination with rich spatial
data sets on species occurrence, can we attempt to address these questions.

Research on patterns of species co-occurrence in marine systems has lagged behind their
terrestrial counterparts due to the complexity and inaccessibility to many parts of the ma-
rine environments (Pittman and Olds 2015; Cowman et al. 2017; Sambrook et al. 2019;
Braga et al. 2023; Pinheiro et al. 2023). However, major insights into the patterns of
biotic assembly and biogeography of fishes are now possible with the availability of highly
resolved phylogenetic hypotheses and increasingly detailed spatial distribution data. The
prevalence of georeferenced data enables a high-resolution approach to evaluate the factors
that influence biogeographic boundaries through the fine-scale delineation of faunal groups
and assemblage boundaries. Previous studies on marine biogeography typically delineate
boundaries between regions based on variables such as temperature, depth, benthic com-
plexity, algal/coral cover, and overall patterns of biodiversity (Briggs 1961, 1974; Grant and
Bowen 1998; Spalding et al. 2007; Tittensor et al. 2010; Kulbicki et al. 2013; Mouillot et al.
2013; Cowman et al. 2017; Pinheiro et al. 2023). Although these metrics are useful for broad
scale biodiversity analyses, they often mask taxon-specific biogeographic patterns and tend

to be biased towards lineages with high dispersal capabilities due to their ability to tolerate
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a variety of habitats (Kreft and Jetz 2010). The permeability of a barrier is dependent upon
physiological, morphological, ecological, and behavioral traits, which can vary widely across
the diversity of fishes (Robertson et al. 2004; Bradbury et al. 2008; Luiz et al. 2012). In
order to determine the factors that influence the distribution of specific clades, it is essential
to parse patterns of evolutionary diversification and spatial variance across temporal and
spatial scales.

In this study, we examine patterns of co-occurrence, infer potential barriers to dispersal,
and explore the role of geographic dispersion and community composition on the evolution
of the goatfishes. The goatfishes (Syngnatharia: Mullidae) are a diverse, globally distributed
family of fishes found in close association with coral reef ecosystems. Goatfishes occupy a
distinct role in coral reef ecosystems due to an innovation in their feeding morphology, a pair
of highly specialized hyoid barbels. These barbels are fleshy extensions located under the jaw
that are capable of chemoreception and prey excavation (Gosline 1984). This unique feeding
behavior of the goatfishes have been shown to play an important role in maintaining coral
reef diversity and community composition, in addition to acting as an indicator of coral reef
health, due to the resuspension of otherwise inaccessible food sources within various benthic
substrates (Lukoschek and McCormick 2000; Uiblein 2007; Russ et al. 2015).

A recently published time-calibrated phylogeny of the goatfishes has shown that the
crown ages of goatfishes is younger than most other coral reef fish families of comparable
species richness and global distributions (Nash et al. 2022). Additionally, there was evi-
dence of variability in the rates of phylogenetic and morphological diversification, with an
increase in diversification rates found in association with the Miocene-Pliocene boundary
(Nash et al. 2022). Interestingly, the pulse of an increase in diversification is observed across
most extant lineages, which suggests that the global paleogeographic, climatic, and sea level
changes associated with the Miocene-Pliocene transition (Briggs 1995) impacted the rates

of goatfish evolution. Given these unique evolutionary characteristics of the goatfishes, a

49



direct examination of how the geographic distribution of extant lineages is associated with
patterns of phylogenetic diversification will help elucidate potential influences on patterns of
goatfish diversification.

The central aims of this study are to 1) delimit biogeographic regions based on pat-
terns of species co-occurrence using two methods of bioregionalization, 2) compare levels of
phylogenetic diversity across assemblages and regions, and 3) examine the role of range size
and dispersal on current distribution patterns. The use of a robust georeferenced coordinate
dataset allows us to examine the locations of faunal shifts within the global distribution
of goatfishes. We hypothesize that the boundaries of extant assemblages of goatfishes will
correspond to vicariance in association with the Miocene-Pliocene boundary. Additionally,
we hypothesize that there will be phylogenetic evidence of isolation and subsequent diver-
sification within each assemblage, which would result in a notable proportion of endemic
species within each assemblage. The results of this study, integrated with an examination of
the evolutionary and geographic distribution of key functional traits, forms a powerful tool
that can be used to understand the processes that drive extant goatfish distributions and
dispersal patterns, to explore how shifts between regions have occurred historically, and to

predict where lineages will persist in the future.

3.3 Methods

3.3.1 Georeferenced coordinate acquisition and processing

We included all available geographic coordinates for species within the Mullidae, which
resulted in at minimum a single occurrence for 95 out of 101 total species. Species names were
checked for synonyms using the Catalog of Fishes database, and distribution data was down-
loaded from the following databases: Global Biodiversity and Information Systems (GBIF),

VertNet, and the Ocean Biodiversity Information System (OBIS) using their respective R
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interface (Guralnick and Constable 2010; Boettiger et al. 2012; Provoost and Bosch 2017;
Fricke et al. 2022; Chamberlain et al. 2023; Table 3.51) A total of 301,458 coordinates
were recovered from this search, which was conducted in October 2022. Given the issue
of erroneous coordinates, we used expert compiled distribution descriptions from the TUCN
Red List, AquaMaps, FishBase, the California Academy of Science’s Catalog of Fishes, and
hundreds of published studies to curate the coordinate set for each species independently
(Fricke et al. 2022). This cleaning process involved the removal of all coordinates that fell
outside of described ranges which did not have a recently identified and vouchered specimen
with an associated photograph or a published range extension. Our final coordinate data set
consisted of a total of 109,969 unique coordinates for 95 species (Figure 3.A.1).

To account for variation in sampling effort across taxa and sites, we generated a circular
buffer with a radius of 2 degrees around each coordinate point using the R packages sp 1.5-1
and rgeos 0.5-9, then merged each buffer to form a single polygon layer for each species
(Pebesma and Bivand 2005; Bivand et al. 2013; Bivand and Rundel 2021). Each buffer is
used to estimate the spatial area of potential home ranges of individuals within the sampled
population, and to not bias areas of high sampling density over areas with low sampling
density. These polygons were used to determine the presence or absence of each species
within the grid cells of raster, in the WGS84 projection, with the dimensions 2 degrees by 2
degree grid. This matrix was then filtered to remove grid cells that only contained a single
species, resulting in an assemblage matrix that contains 12,573 grid cells. Any endemic

species that were removed from the matrix filtering were noted.

3.3.2  DBioregion delineation using hierarchical clustering

Following the methodology described in Kreft and Jetz (2010), we generated a pairwise
distance matrix from the grid cell presence and absence matrix using Simpson’s pair-wise dis-

similarity (fsim), implemented in the R package betapart 1.5.6 (Kreft and Jetz 2010; Baselga
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and Orme 2012). fsim, which is a dissimilarity metric of species turnover by calculating the
ratio of shared and unique species between assemblages, is ideal for this type of study given
that it is a richness independent criterion of turnover. This pairwise dissimilarity matrix was
used to assign each grid cell to a particular bioregion using Ward’s clustering algorithm and
k-means clustering. We performed hierarchical clustering using Ward’s clustering algorithm,
which minimizes within cluster variance, maximizes, between cluster variance, and results in
similarly sized clusters bins (Ward 1963). We used the “elbow method” heuristic was used
to determine the optimal number of k-means clusters to prevent over-fitting based on ex-
plained variance (Thorndike 1953). Given that we wanted to examine global scale patterns,
we restricted the maximum allowed k-means cluster to 10. Once the data was partitioned
based on the optimal clustering scheme, each grid cell was assigned membership to a single
cluster.

To examine the spatial distribution of the clusters, grid cells were visualized on a map
projected using WGS84 and were color coded according to their bioregion (Figure 3.1).
Additionally, we calculated species membership, species abundance, and relative range com-
position. To reduce the influence of coordinate and binning errors, we only classified a species
as present within a bioregion if more than five percent of their range was distributed within
that bioregion. Cluster membership is simply the presence of a species within each bioregion.
We define species abundance as the percentage of the cluster that a species occupies, which
was calculated by dividing the number of grid cells a species occupies within a bioregion by
the total number of grid cells within that bioregion. We define relative range composition as
the percentage of a species range found within each bioregion, which is computed by dividing

the number of grid cells a species occupies in each bioregion by range size of the species.
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3.3.3  Clustering procedures using grade of membership models

A key limitation in using hierarchical clustering to delineate biogeographic regions is
that it results in discrete boundaries between geographic units. Although these boundaries
could imply a sharp change in species turnover, it is also possible that these boundaries
represent areas of integration and overlap between biotas (White et al. 2019). To examine
how assemblages co-occur, integrate, and contribute at the junction between bioregions, we
used a grade of membership model using the R package ecostructure 0.99.1 (White et al.
2019). This method assigns species into a particular motif using a probabilistic model and
then computes the contribution of each motif to a realm or local community in order to
more precisely identify regions of mixture and patterns of turnover (White et al. 2019). The
proportional contribution of each motif to each individual grid cell is visualized using a pie
diagram on the global map. We identify biogeographical regions based on the presence of
a predominant contribution from a single motif and if there is a sharp turnover associated
with that region. We investigated the variability of motif schemes inferred using k values
ranging from 2 to 10 to explore patterns of stability across of biogeographical regions and to

examine the patterns of geographic nestedness across the distribution of motifs.

3.3.4  Range size estimation and phylogenetic distribution

Range size was calculated by summing the total number of grid cells that each species
occupies. To adjust for the large amount of variation among species, we scaled range size
values using z-scores. Summary statistics for the distribution of latitude and longitude were
also calculated for each species using the coordinate dataset. We used the phylosig function
in phytools 1.2-0 to compute phylogenetic signal using lambda and K, as well as to conduct
hypotheses tests about their significance while accounting for sampling error (Pagel 1999;

Blomberg et al. 2003; Ives et al. 2007; Revell 2012).
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3.3.5  Phylogenetic diversity metrics across species, grid cells, and bioregions

Using our recent time-calibrated phylogeny as an evolutionary framework, we examined
the phylogenetic structure of assemblages at a variety of spatial scales to test hypotheses
patterns of species co-occurrence across species’ ranges, global grid cells, and our delineated
bioregions (Nash et al. 2022). We used Phylogenetic Species Variability (PSV) index to
measure and summarize the degree to which species are phylogenetically related in an as-
semblage (Helmus et al. 2007). PSV is directly related to the mean phylogenetic distance,
with the exception that it uses a scaled phylogenetic covariance matrix (Helmus et al. 2007).
The expected value of PSV is statistically independent from species richness, and “species
effects” can be parsed through an examination of the signed proportion of the total deriva-
tion of PSV when each species is removed from the dataset. The PSV index ranges from
zero to one, with a value of one indicating that species are unrelated and approaches zero as
species become more related.

To examine the phylogenetic structure of the goatfishes globally, we computed PSV
values for individual grid cells and bioregions by using the subtree that represents all the
species found within each unit (Daru et al. 2017). Additionally, we used a Phylogenetic
Field approach, also known as PhyloFields, to examine the overall phylogenetic structure
contained within the range of each species. This is computed by calculating the PSV value
of the subtree representing the species co-occurring within the range of a focal species,
resulting in a single value that summarizes the phylogenetic structure across the range of the
focal species (Villalobos et al. 2013). Using adapted code from Ceccarelli et al (2020), we
computed a PhyloField for all 95 species of goatfish in our dataset. We used a randomized
approach to test whether the observed PhyloField for each species is significantly “clustered”
or “over dispersed”, which we define as the observed value falling within the lower 0.25%
or upper 0.75% compared to the null distribution, respectively (Ceccarelli et al. 2020) .

Additionally, we evaluated the phylogenetic alpha diversity within each bioregion using the
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Net Relatedness Index (NRI) for both the “taxon shuffling” and “phylogenetic pool” null
models to test for significance using the ses.mpd function in the R package picante 1.8.2
(Webb et al. 2008; Kembel et al. 2010). To compare levels of beta diversity across clusters,
we used the PhyloSor Index, which is based on the total shared branch length between shared

and unshared taxa among bioregions (Bryant et al. 2008).

3.4 Results

The central results of this study are that goatfish specific bioregions inferred using
bioregionalization approaches differ in their geographic continuity, species richness, and phy-
logenetic structuring. Although there is overlap in species composition among bioregions, we
found variable rates of endemism across regions, with the major distinction found between

regions in the Atlantic/East Pacific compared to those in the Indo-Pacific oceanic basins.

3.4.1 Global assemblage structure using hierarchical clustering

The optimal number of assemblage clusters determined using Ssim are k = 10, 13, and
17 (assuming that a maximum number of allowed values of k = 10, 15, and 20 clusters,
respectively; Figure 3.A.2 & Figure 3.A.3). Focusing on the cluster scheme with k = 10 to
reduce complexity, our results show separation among groupings of goatfish bioregions across
major ocean realms, such as the Atlantic Ocean, Eastern Tropical Pacific, Indo-Pacific,
and temperate Australasia, as well as across tropical and temperate regions (Figure 3.1
& Figure 3.A.4). Notably, there is variability in the degree of geographic continuity and
clustering within and among bioregions. The Atlantic Ocean is comprised of four assemblage
clusters distributed across A) the Western Tropical Atlantic, B) the Southwest Temperate
Atlantic (primarily southern Brazil and Argentina), C) the Temperate Northeastern Atlantic
(including the Azores) and Mediterranean, and D) the Eastern Tropical Atlantic (Figure 3.1).

There is an additional bioregion in the Eastern Tropical Pacific (E), which borders southern
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Eastern Indo-Pacific

Figure 3.1: Map of bioregions resulting from Ward’s hierarchical clustering of grid
cell assemblages with k = 10 based on (sim dissimilarity matrices for species of
goatfish. Colors represent the assigned cluster group to each 2° by 2° grid cell, with letters
added for additional clarity. Area names are based on the relative corresponding regions
defined by Spalding et al. (2007). Smaller inset maps show the border of three representative
bioregions found in the Indo-Pacific. These maps were created using convex hulls with alpha
values of 7, and their colors are identical to their corresponding bioregion in the global map
to facilitate comparison.

California south to Peru (Figure 3.1). Overall, the boundaries between the bioregions in the
Atlantic and East Pacific indicate that there is a distinct geographic area of separation with
minimal overlap between bioregions (Figure 3.1). This geographic continuity and distinct
boundaries between bioregions can also be observed in Temperate Australasia, in which the
bioregions cluster at I) the Southeast Australian Shelf and New Zealand, and J) Southwest
Australian Shelf (Figure 3.1).

The three bioregions in the Indo-Pacific span a larger geographic area and distribute
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with considerable overlap among each region (Figure 3.1; Table 3.52). Despite the patch-
work pattern, each region can be broadly classified as belonging into three main realms
using Spalding’s regionalization scheme: F) Western Indo-Pacific, including the Red Sea
and the Seychelles, to Southcentral Indo-Pacific, G) Coastal Western Indo-Pacific, including
the Red Sea and the Gulf of Oman, to Central Indo-Pacific, including the South China Sea
and Northern Australia, and H) Central Indo-Pacific to Eastern Indo-Pacific, including the
tropical northwestern and southwestern Pacific, the Hawaiian Islands, the Marshall Islands,
Central and Southeast Polynesia, and the Marquesas (Figure 3.1). The primary location of
overlap is within the Central Indo-Pacific, often termed the “Coral Triangle”, which spans
from Western Indonesia east to Papua New Guinea, north to the Philippines, and south to
Timor Leste (Figure 3.1).

Given the nature of hierarchical clustering, species are often shared among clusters, and
the way that this occurs can be informative to the processes that create each assemblage
group. There is a considerable range of species richness across each bioregion. Assemblage
groups within the Atlantic Ocean and Temperate Australasian realms have relatively lower
species richness, ranging from a single species, as shown in groups B and D, to eight species
found in I. On the contrary, the species richness in clusters associated with the Indo-Pacific
realm are several magnitudes larger, ranging from 52 to 66 total species. Notably, the
percentage of endemic species, in this case defined as species that have more than 95% of
their range in a particular cluster, varies across clusters and within realms (Table 3.S3).
For example, 100% of species in the Bioregions A and D, the Western Tropical Atlantic
and Eastern Pacific, respectively, are endemic to these bioregions (Table 3.S3). This is
in contrast with clusters B and C, in which there are no endemic species (Table 3.S3).
Despite the larger observed species richness in bioregions within the Indo-Pacific, only a
small proportion of species are endemic in these bioregions (Table 3.S3 & 3.54). There is a

minimum of one species from each genus that can be considered an endemic when considering
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all the bioregions (Figure 3.A.5; Table 3.53).

The species motifs inferred using a grade of membership model with K < 5 separates bio-
geographical regions associated primarily with the geological barriers between major ocean
basins, which is comparable to the results of hierarchical clustering (Figure 3.2). Additional
species motifs based on increasing values of K represent further delineations within these
major ocean basins and represent various levels of cohesiveness and integration across geo-
graphic locations. Results for K = 10 most closely resemble the delineated bioregions inferred
using hierarchical clustering (Figure 3.1). Results show that there is considerable overlap
and interchange of species motifs across the Central Indo-Pacific, represented by the lack of
a single dominant motif in most grid cells in this region (Figure 3.2). Additionally, there is
a higher density of clusters recovered within the Central Indo-Pacific and a distinct species

motif grouping a marine region often termed the Coral Triangle (Figure 3.2).

3.4.2  Phylogenetic diversity within and among assemblages

Using a presence/absence matrix that excludes for species that have less than 5% of their
range in a particular bioregion, our analyses show that the bioregions defined by goatfish
distribution within the Atlantic/East Pacific have the highest amount of Phylogenetic Species
Variability, which indicates a higher mean phylogenetic distance among species within these
assemblages (Figure 3.3, Table 3.54 & 3.S5). Bioregions within the Indo-Pacific, specifically
Bioregions F, G, H, and I, have lower PSV values with little difference among each other
(Table 3.S5). Bioregion J has the lowest PSV value across all assemblages, indicating that
species within this bioregion are more closely related to each other (Table 3.55).

The PSV values across bioregions generally corroborate the results of the Mean Pairwise
Distance metrics. Our results show that lineages within bioregions geographically located
within the Atlantic have positive observed z-values when examining the standardized effect

size of the mean phylogenetic distance within bioregions, which indicates that there is some
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Figure 3.2: Species motifs for goatfishes with A) k = 6 and B) k = 10. Pie charts
within each 2° by 2° grid cell represent the relative proportion of each species motif within
that particular area, with colors representing the contributing motifs. Empty grid cells either
had no species of goatfish present or relatively few species, which resulted in the dominance
of a species motif that was driven by species with low richness and not patterns of co-

occurrence.
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Figure 3.3: Percentage of each species’ range distributed within each bioregion.
Based on the geographic delineation of bioregions shown in Figure 3.1, the colored bars
plotted on the tips of the time-calibrated phylogeny of the goatfishes represent the relative
proportion of each species’ range that is present within a particular bioregion. Colors shown
are identical to the colors used in Figure 3.1 for useful comparison.
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evidence that the bioregions tend to be more phylogenetically over dispersed, although we
cannot reject random distributions (Table 3.S5). Additionally, our results show significant
negative observed z-values in Indo-Pacific bioregions F, G, and H, which suggests there is
less phylogenetic distance than expected by random sampling (Table 3.S5).

The results of computing PSV values for each grid cell reiterate the geographic trends
found across bioregions, with grid cells in the Atlantic region consisting of on average higher
PSV values compared to grid cells across the Indo-Pacific (Figure 3.4). Species richness
across grid cells is not correlated with PSV values. When sub-setting the data to species
within each genus, our results show that the PSV for all genera are randomly distributed
except for Mulloidichthys, which is statistically over-dispersed (Figure 3.A.10). Our analysis
of phylogenetic fields (PhyloFields) for each species showed that 26 species were phylogenet-
ically clustered, which indicates that these species tend to occur with more closely related
species across their range than expected by random sampling (Table 3.56). The PhyloFields

for the remaining species could not be rejected from statistically random (Table 3.56).

3.4.3  Distribution patterns and range size evolution

Analyses revealed that the distribution of range sizes is skewed towards relatively smaller
range sizes across species within the Mullidae, with a mean of 113 cells (range = 3 — 668,
s.d. = 158.7, Figure 3.A.6). There are six species across two genera that have the minimum
observed range size of three grid cells: Parupeneus louise, P. orientalis, Upeneus dimipaviov,
U. nirgromarginatus, U.randalli, and U. seychellensis. On the contrary, there are five species
across two genera that have range sizes larger than 500 cells: Mulloidichthys flavolineatus,
M. vanicolensis, P. barberinus, P. cyclostomus, and P. multifaciatus, with M. flavolineatus
maintaining the largest range size (Table 3.57). Notably, the maximum range observed for
a species with the genus Upeneus is 439 grid cells and the genus Mullus is 237 (Table 3.S7).

We further examined the distribution of range size through focusing on the latitudinal and
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Figure 3.4: Global map of species richness and phylogenetic species variability of
the goatfishes. This figure shows A) the total number species and B) the phylogenetic
species variability (PSV) for all species present in each 2° by 2° grid cell. Higher values are
shown in warmer colors and lower values are shown in cooler colors. Higher values of PSV

correspond to grid cells with assemblages that are more phylogenetically distinct than would
be expected by random sampling from the phylogeny.
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Figure 3.5: Evolution of range size and latitudinal distribution of georeferenced
coordinates across species of goatfish. Branch colors correspond to the estimated range
size, which is computed as the total number of 2° by 2° grid cells, along the branch lengths,
with cooler colors representing relatively smaller ranges and warner colors representing larger
range sizes. Density plots at the tips show the relative distribution of latitude of georeferenced
coordinates for each species and are color coded by genus, with latitude 0 (equator) indicated
by the gray line.
longitudinal gradients independently (Figure 3.5). We find evidence that the density of
coordinates across species is anti-equatorial, defined here as the observation that the peak
of coordinate point density is clustered either at above the equator, below the equator, or
multiple peaks not centered on the equator (Figure 3.5). Individual species span on average
32.9 of latitudinal degrees and 91.8 of longitudinal degrees (Table 3.57).

To test hypotheses about the evolution of range size in the context of the phylogeny, we
find evidence that range size has a relatively low phylogenetic signal (A = 0.115, p = 0.10; K =
0.072, p = 0.51) and does not fit the assumptions of Brownian motion. Rather, we find higher

likelihood support for models of trait evolution that follow the assumptions of the Trend
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Model and the OU model (Table 3.S8). However, given the stochastic nature of range size
as a trait, we do not put further emphasis on explaining the underlying evolutionary process
that led to the current distribution of range size across extant species. The distribution of
range sizes for species within each bioregion are not statistically significant across regions,
indicating that we cannot reject that species are spread randomly across groups. Despite
this, we find evidence that the percent of a species range that falls within each cluster differs

among species and genera (Figure 3.3; Table 3.54).

3.5 Discussion

We used metrics of species turnover and grade of membership models to delineate dis-
tinct biogeographic regions for the global distribution of the goatfishes. A central conclusion
of this study is that bioregionalization approaches identified ten distinct goatfish global biore-
gions, which broadly match other proposed regionalization schemes of global marine fauna
(Spalding et al. 2007; Guillemot et al. 2011; Kulbicki et al. 2013; Mouillot et al. 2013; Par-
ravicini et al. 2013; Leprieur et al. 2016; Cowman et al. 2017). However, we conclude that
global goatfish bioregions contain varying levels of complexity, representing the influence of
various biogeographical and ecological processes that drive patterns of co-occurrence. We
find that the boundaries between goatfish assemblages differ in their amount of ambiguity,
geographic continuity, and species turn-over, thus highlighting the importance of evaluating

taxon-specific biogeographic regionalization patterns.

3.5.1 DBioregions at large spatial scales corroborate known biogeographical

boundaries

The largest divergence in goatfish species turnover between bioregions is found between

species that occur in the Indo-West Pacific compared to those that occur in the Atlantic/East
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Pacific. The occurrence of barriers to dispersal between these regions for marine fauna
has been well documented, with direct associations to historical vicariance events such the
closure of the Tethys sea ~12 Ma and the East Pacific Barrier (Bellwood and Wainwright
2002; Hughes et al. 2002; Barber and Bellwood 2005; Renema et al. 2008; Cowman et al.
2009). Within the Atlantic, we find evidence for four distinct bioregions, which can broadly
be defined as the Western Atlantic, Southern Brazil, Northeastern Atlantic/Mediterranean,
and Eastern Atlantic (Figure 3.1). These bioregions corroborate with the four primary
provinces described within the Atlantic, which are separated by geographic barriers such as
the Mid-Atlantic Barrier, the Terminal Tethyan Event, Amazon-Orinoco Plume, closure of
the Isthmus of Panama, and the Benguela barrier (Floeter et al. 2008; Luiz et al. 2012).
Our bioregionalization approach also supports the presence of bioregions that delimit the
Western Indo-Pacific, Temperate Australasia, and the Eastern Tropical Pacific (Figure 3.1).
The presence of barriers to dispersal that result in the delineation of these regions have
been well documented, which limit the dispersal of planktonic larva due to variability in
current patterns and water temperature (Briggs 1961, 1995; Bellwood and Wainwright 2002;
Spalding et al. 2007; Gaither et al. 2016).

3.5.2  Central Indo-pacific assemblages are a mizing point of species with

overlapping ranges

The advantage in using regionalization-based methods is the ability infer potential areas
of dispersal barriers unique to the taxonomic group of interest (Kreft and Jetz 2010; Daru
et al. 2017). We delineate goatfish bioregions in the Atlantic/Fast Pacific as geographically
contiguous areas with clear barriers between each region (Figure 3.1). Although Mullidae
species richness is comparatively low in this hemisphere, species’ ranges have considerable
overlap, resulting in distinct assemblage boundaries that are defined by shared species range

boundaries and relatively higher amounts of endemism within each bioregion (Fig.1; Table
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3.593). For example, Bioregion A, which is distributed across the Western Atlantic and the
Caribbean, has the highest percentage of endemism across all global bioregions (Table 3.S3).
These patterns of geographic affinities are not observed in the goatfish bioregions found in
the Indo-Pacific. Although it is possible to categorize most of the bioregions into a general
geographic area, the boundaries between each bioregion are relatively ambiguous due to
the high degree of mixing among grid-cell identities (Figure 3.1). Species richness in these
areas are considerably higher, with the center of goatfish species diversity found within the
center of the Indo-Pacific (Figure 3.4). This high degree of species richness is the result
of overlapping ranges of species the primarily inhabit the Indian Ocean or Western Pacific
bioregions (Table 3.53). Notably, less that 10% of species within each Indo-Pacific bioregions
are endemic, despite a 10-fold increase in the total number of species when compared to the
Atlantic and East Pacific bioregions (Table 3.S3).

There are large-scale regional and historical factors that influence patterns of species
richness across global marine assemblages and communities. Although these factors are
often scale-dependent, it represents the complex influence of historical, biogeographical, and
environmental processes on patterns of lineage diversification. The relatively depauperate
species richness in the Atlantic and Eastern Pacific have been documented across various
reef fish clades and reflects increasing isolation and lineage extinction within these regions
(Floeter et al. 2008; Luiz et al. 2012; Cowman and Bellwood 2013; Parravicini et al. 2013;
Cowman et al. 2017; Sambrook et al. 2019). Although this pattern could be exacerbated by
the smaller geographic scale of this region, it is likely that several wide-scale disturbances
and episodic extinctions have influenced current biodiversity patterns. For example, fossil
evidence suggests a 20-30% genus-level extinction in the Western Atlantic during the Pliocene
due to wide-scale disturbances and episodic extinctions (Vermeij 2001, 2005; Floeter et al.
2008). Additionally, a reduction in the availability of shallow water habitats as a result

of Pleistocene glaciations are predicted to have impacted rates of diversification within the
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tropical Atlantic (Floeter et al. 2008). However, evidence suggests that Indo-Pacific is
a geographic area defined by connectivity and the presence of semi-permeable barriers to
dispersal (Cowman and Bellwood 2013; Parravicini et al. 2013; Cowman et al. 2017) .
Patterns of dispersal across several reef associated families indicate that the Central Indo-
Pacific was historically associated with higher rates of lineage survival, with the adjacent
Indian Ocean and Western Pacific acting as macroevolutionary sinks since the Miocene
(Cowman and Bellwood 2013). Additionally, coral reef benthic complexity is highest in the
center of the Indo-Pacific when compared to other reef systems (Li and Asner 2023).

The complex patterns of species connectivity in the Indo-Pacific are evident when exam-
ining the distribution data through the lens of species motifs. Although the Indo-Pacific is
defined by three major bioregions, the intermixing of species motifs demonstrates that these
boundaries in turnover are permeable (Figure 3.2). Although several species of goatfish can
maintain large panmictic distributions across ocean basins, this pattern of delineation does
not appear to be driven by these wide-ranging species (Lessios and Robertson 2013; Szabo
et al. 2014). Rather, these regions within the Central Indo-Pacific, often termed the Coral
Triangle, represents the nexus of species’ ranges that span some combination of west into
the Indian Ocean, east into the Pacific Ocean, north into the South China Sea, or south
towards the Coral Sea (Hoeksema 2007). This is also evident by the increasing degree of
geographic continuity across the boundaries between bioregions as you move away from this
central point (Figure 3.1 & Figure 3.2). It is likely that the relatively recent changes in sea
level and shallow coastline availability in the Coral Triangle have played a role in shaping
the patterns of co-occurrence of goatfishes in this region (Briggs 1995). The end of the
Miocene is associated with an increase in the interchange of Indo-West Pacific fauna caused
by the separation of the Arabian and African plates, despite the complete separation of the
Mediterranean Sea from the Red Sea and the Indian Ocean due to terrain uplift (Briggs
1995).
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3.5.8  Patterns of phylogenetic diversity differ among assemblages of goatfish

Species within bioregions located in the Atlantic are phylogenetically over-dispersed.
This result is well supported across all phylogenetic diversity metrics used in this study (Table
3.55). Although the Atlantic hosts the lowest species richness, the species that are present
represent a minimum of two genera in each bioregion. Given that these species are primarily
associated with longer branch lengths than average, it is likely that they did not migrate into
the Atlantic recently. Additionally, given the low species richness particularly within a genus,
we find limited evidence to support speciation occurring in these regions. Rather, it is more
likely that there has been substantial extinction across the Atlantic bioregions, which has
been noted by the variable diversification rates of goatfishes throughout their evolutionary
history (Nash et al. 2022). Reduced rates of diversification have been observed across several
fish clades given the relatively unstable geologic history within the Atlantic Ocean and East
Pacific (Briggs 1961; Floeter and Gasparini 2000; Lessios and Robertson 2006; Bender et
al. 2013; McCord et al. 2021; Waechter et al. 2021). The only exception can be found
within the genus Mullus, in which all five of the described species occur within the Atlantic
Ocean or the Mediterranean Sea. Despite this, only two species within this genus marginally
co-occur within this geographic area, as Mullus auratus is distributed along the eastern coast
of North America south to French Guiana and M. argentinae is primarily distributed from
central Brazil south to southern Argentina, although there is a record of this species off the
coast of French Guiana.

Our results show that bioregions within the Indo-Pacific are phylogenetically clustered
with relatively similar amounts of phylogenetic diversity represented across the area
(Table 3.55). This finding is a bit counter intuitive given that rates of endemism within the
bioregions in the Indo-Pacific are comparatively low despite higher levels of species richness
(Table 3.S3). However, it is important to note that the Indo-Pacific is primarily occupied

by taxa within the most species rich genera: Parupeneus and Upeneus, whose presence
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would lead to a higher degree of phylogenetic relatedness (Table 3.54). Bioregion J has the
lowest PSV values, which makes sense given that this bioregion is geographically restricted
to the southwest coastline of Australia and is primarily occupied by species within the genus
Upeneichthys (Figure 3.1; Table 3.S3). This genus is unique among other genera, in which
species occur only in association with the temperate waters of Southern Australia and New
Zealand (Gosline 1984; Platell et al. 1998).

Although we do find evidence that many species are shared amongst at least two of the
bioregions in the Indo-Pacific, there are still considerable amounts of species turnover and
variability in range size across the entire area (Table 3.S3 & 3.S7). One possible explanation
is that our bioregion delimitation is sensitive to wide-spread species, which results in high
numbers of shared species across regions (Kreft and Jetz 2010; Tittensor et al. 2010).
Despite this, there is notable variation among the relative proportion of a species’ range in
a bioregion even if they are present across multiple bioregions (Figure 3.3). For example,
we find that an average of 74% of the ranges of Mulloidichthys are located within Bioregion
H compared to only 39% for species within Upeneus (Figure 3.3). Although this level of
variability is not directly captured by the delimitation of boundaries between bioregions at
this relatively broad geographic scale, it is captured at higher cluster numbers with both

hierarchical clustering and grade of membership methods (Figure 3.2 & 3.54).

3.5.4  Implications of range size evolution and historic dispersal patterns

The phylogenetic structuring across the Indo-Pacific is of particular interest given that
most species of goatfishes diverged within the past ~5 Ma (Nash et al. 2022). Despite
evidence of phylogenetic clustering on a phylogeny-wide scale, our findings show these recent
divergences are likely not the result of radiations within a particular bioregion, which is
unusual for a clade with this pattern of diversification (Nash et al. 2022). Population level

studies have shown that species of goatfish have been able to maintain panmictic popula-
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tions across large geographic scales due to their mass spawning behavior and long pelagic
larval duration (Lessios and Robertson 2013; Fernandez-Silva et al. 2015). Interestingly,
evidence for population isolation and differentiation was observed primarily at the periphery
of the species’ range (Fernandez-Silva et al. 2013, 2015; Lessios and Robertson 2013), which
suggests that speciation is more likely to occur at the extent of species ranges due to high
rates of dispersal.

The range size of a species can influence the likelihood of extinction and diversification
of a lineage, especially within coral reef regions (Lester and Ruttenberg 2005; Leis 2007; Luiz
et al. 2013). We find evidence that the distribution of range size across the goatfishes has
low phylogenetic signal and does not follow the assumptions of Brownian Motion (Figure 3.5,
Table 3.58). Goatfish disperse through a pelagic larval stage, in which the larva can remain
in the plankton for relatively long amounts of time and large quantities (McCormick and
Molony 1995; Pavlov et al. 2011; Hernandez et al. 2023). Traits associated with pelagic
larval dispersal have been hypothesized to influence the range size of a species, although
adult life history traits affect these patterns as well (Lester and Ruttenberg 2005; Mora et
al. 2012; Luiz et al. 2013). Several species of Mullidae exhibit exceptionally large range
sizes (Figure 3.5, Table 3.57). For example, Mulloidichthys flavolineatus has been shown to
maintain gene flow from the coast of Eastern Africa to the Hawaiian Archipelago, which is
an incredibly large geographic distance for a non-migratory species of this size (Fernandez-
Silva et al. 2013; Lessios and Robertson 2013). However, the maintenance of these large
geographic ranges is likely associated with dispersal during the larval phase in conjunction
with other ecological factors such as habitat availability and competition, given that the
post-settlement individuals likely inhabit a relatively small home range (Meyer et al. 2000;
Mora et al. 2012).

There have been several hypothesized pathways of historic dispersal among the goat-

fishes, from vicariance events that isolate circumglobally distributed lineages to more recent
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migration across the East Pacific Barrier, Tethyan Sea, and Isthmus of Panama (Lessios and
Robertson 2013; Santaquiteria et al. 2021). However, there is still uncertainty regarding
dispersal patterns given the variable diversification rates, asynchronous geographical distri-
butions of most genera, and a lack of comprehensive fossil deposits (Nash et al. 2022). It
is well understood that variation in community structure is driven by the complex inter-
actions among ecological and evolutionary processes, such as diversification rates, dispersal
capabilities, and species interactions (Bradbury et al. 2008; Luiz et al. 2012; Cowman and
Bellwood 2013; Kulbicki et al. 2013; Cowman et al. 2017; Braga et al. 2023; Pinheiro et al.
2023). However, these processes are scale dependent and therefore may alter the interpre-
tation of how current distribution patterns arose. In the goatfishes, we find evidence that
the primary boundary associated with geologic events is the separation of the Indo-Pacific
and Atlantic/East Pacific regions (Figure 3.1 & Figure 3.2). However, at smaller spatial
scales within the Indo-Pacific, the overlap in species composition between bioregions sug-
gests that any geographic barriers are semi-permeable and ecological process, such as species
interactions and habitat composition, are at play (Figure 3.1 & Figure 3.2). These ecolog-
ical processes that may influence goatfish distributional patterns, such as coral reef health,
competitive exclusion, and niche partitioning, have not been extensively studied across the
family (Pulliam 2000; Wiens and Graham 2005; Ackerly et al. 2006; Pagel and Schurr 2012;
Winemiller et al. 2015). However, evidence suggests that species use habitat partitioning
to reduce competition in areas of co-occurrence (Platell et al. 1998; Krajewski et al. 2006;
Galarza et al. 2009; Mittelheiser et al. 2022).

In conclusion, the bioregionalization of goatfish co-occurrence patterns reveals the im-
pact of vicariance and dispersal on the current distribution and evolution of species within
the Mullidae. The boundaries between these assemblages can be used to better understand
potential barriers to dispersal for species of goatfish, which can then be used to extrapo-

late the impact of current ecological and geological changes to species distributions across
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their ranges. The comparison of dispersal barriers among different taxa is crucial for the
proper monitoring and conserving of lineages and will help us to better predict future species

distributions and evolution.
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APPENDIX

3.A Supplementary Figures

Supplementary tables for this chapter can be viewed at https://figshare.com/s/b93

c70b7b67fccb3c82f
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Geographic distribution and frequency of all georeferenced coordi-

nates used in this study.

Figure 3.A.1:
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Figure 3.A.2: The amount of explained variance by increasing the number of
assigned clusters. Using maximum k values of 10, 15, and 20, colored values and dashed
vertical lines show the optimal number of clusters using the elbow method based on each
maximum allowed value, respectively.
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Figure 3.A.3: Dendrogram of bioregions resulting from Ward’s hierarchical clus-
tering of grid cell assemblages with k = 10 based on fsim dissimilarity matrices
for species of goatfish. Colors represent the assigned cluster group to each 2° by 2° grid
cell, which are represented by each tip on the dendrogram. Colors are identical to those used
in Figure 3.1 for comparison.
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Figure 3.A.5: Presence or absence of species of goatfish within each bioregion.
Using the geographic delineation of bioregions shown in Figure 3.1, colored in boxes, which
are identical to colors used in Figure 3.1 indicate present, whereas a gray shaded box indicates
the absence of a species.
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Figure 3.A.6: Distribution of range size across species of goatfishes. White bars

represent the number of species with a particular range size, and the black line and blue

shaded area indicates the density plot of the same dataset.
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Figure 3.A.7: Distribution of range size across the time calibrated phylogeny of
goatfishes. Range size is indicated by the the relative size of the blue bar.
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Figure 3.A.8: Heatmap showing the pairwise comparisons of phylogenetic similar-
ity between bioregions using Sorenson’s Index. Cooler colors indicate more phyloge-
netically similar and warmed colors indicated more phylogenetically distinct.
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Figure 3.A.9: Geographical representation of the mean phylogenetic field values
(PSVsp) for each focal species present within a 2° by 2° grid cell. Warmer colors
indicated higher mean values of PSVsp, which indicates higher levels of phylogenetic distinc-
tiveness across the focal species’ ranges. Cooler colors represent the converse.
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Figure 3.A.10: Geographical representation of the phylogenetic species variability
(PSV) values by genus. Maps were generated by subsetting the dataset to species within
each genus and computing the relative PSV values for species present within a 2° by 2°
grid cell. Warmer colors indicated higher mean values of PSV, which indicates higher levels
of phylogenetic distinctiveness across the focal species’ ranges. Cooler colors represent the
Species within the genus Mulloidichthys have statistically significant values of
phylogenetic overdispersion when compared to random sampling from the phylogeny.
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CHAPTER 4
GEOMETRIC MORPHOMETRICS AND THE EVOLUTIONARY
PATTERNS OF SUBSTRATE FORAGING IN THE
GOATFISHES

4.1 Abstract

Tropical marine fishes are a spectacular case study in how the evolution of specialized
ecological niches can greatly impact rates of phylogenetic and morphological change. The
goatfishes (Family Mullidae) are diverse in body form and foraging behavior, yet remain
relatively unexplored in their evolutionary ecomorphology. The synapomorphy that unites
the goatfishes is the presence of hyoid barbels, a novel exploratory and excavation tool with
important sensory abilities, enabling goatfish species to employ the barbels and other behav-
iors to access food within benthic substrates. Goatfishes preferentially forage on different
substrate types, which results in habitat partitioning across reef systems. In this study,
we integrated a recent phylogeny of the goatfishes with detailed morphometric and ecotype
trait analyses to test hypotheses about the evolution of ecomorphological associations with
substrate preference. We performed a comprehensive geometric morphometric analysis on
various morphological subsets, such as forehead shape, body shape, and fin shape, across 72
species of goatfish. We used a novel computational approach to standardize the positions of
fins and barbels, allowing detailed morphometric analysis of the entire goatfish body plan.
We find evidence that body shape, head shape, and fin profiles are significantly associated
with substrate preference across the family. We show that preferential foraging on hard
substrates evolved relatively recently within the genus Parupeneus, and is associated with
an elongated snout with a prominent rostrum, shorter body lengths, greater body depths,
longer barbels, and larger head sizes. Within this genus, full body shape and caudal fin shape

are highly significantly associated with hard substrate preference. Additionally, we find evi-
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dence that the rates of morphological diversification are significantly faster in hard substrate
species. In conclusion, we find robust evidence for an ecomorphological relationship between

substate preference and morphological diversity?.

4.2 Introduction

One of the most important ecological factors that drive the exceptional diversity of
form and function within communities is trophic dynamics, in which lineages often evolve
adaptative characteristics that exploit prey capture and predation avoidance (Hobson and
Chess 2001). Due to the large variability within and across habitats, a comprehensive exam-
ination of the evolution of morphological diversity through the lens of ecological adaptations
is essential to understanding the distribution of taxa across space and time (Lombarte and
Aguirre 1997). The interactions between morphological traits and ecological specialization
have been extensively examined across a wide range of fishes due to their extraordinary
diversity (Westneat 1995; Antonucci et al. 2009; Davis et al. 2016; Davis and Betancur-R
2017; Cardozo-Ferreira et al. 2018; Rincon-Sandoval et al. 2020; Wilson et al. 2020; Mc-
Cord et al. 2021; Evans et al. 2022; Mittelheiser et al. 2022). Coral reef fishes have been a
particularly useful system in which to examine ecological associations of morphological di-
versity, with ecomorphological trends being revealed with an integrative approach involving
phylogenetics, morphometrics, and ecological trait analysis (Bellwood and Wainwright 2002;
Rocha et al. 2007; Brandl et al. 2015; Bellwood et al. 2016; Bridge et al. 2016; Grenié et
al. 2018).

This biodiversity across reef systems was historically thought to act as a buffer against
the loss or extinction of species. However, variability in the spatial distribution of lineages

that occupy important ecological niches may result in greater rates of extinction than previ-

1. This chapter will be published under the following citation: Nash, C. M., Lungstrom, L. L., & Westneat,
M. W. Geometric Morphometrics and the Evolutionary Patterns of Substrate Foraging in the Goatfishes
(Syngnatharia: Mullidae). In Prep.
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ously thought (Villéger et al. 2010, 2017; Mouillot et al. 2014; Grenié et al. 2018; Leprieur et
al. 2021). Divergent morphological forms in closely related, sympatric species often evolve
to facilitate habitat partitioning along a gradient, such as depth or substrate type, or to
reduce interspecific competition through differing feeding strategies (Via et al. 1995; Bouton
et al. 2002).

In ray-finned fishes, a major axis of morphological variability can be found within the
craniofacial region, as these structures are essential for niche specialization as a response to
shifts in resource availability (Gans and Northcutt 1983; Wainwright et al. 2004; Westneat
et al. 2005; Roberts et al. 2011; McCord and Westneat 2016; Martinez et al. 2018). This
association between niche partitioning and cranial evolution forms the basis of the concept of
ecomorphology, in which variation in cranial morphologies will result in variation in feeding
ability that will subsequently influence performance characteristics for predatory behaviors
and diet (Wainwright and Richard 1995). Although the goatfishes represent a key part of reef
ecosystems, few studies have examined their ecomorphological diversity and its implications
on the evolution of this clade (Mittelheiser et al. 2022).

The goatfishes (Syngnatharia: Mullidae) are a diverse, globally distributed family with
104 described species found in close association with coral reef ecosystems (Santaquiteria et
al. 2021; Fricke et al. 2022; Nash et al. 2022). Goatfishes occupy a distinct role in coral
reef ecosystems due to an innovation in their feeding morphology, a pair of highly specialized
hyoid barbels. These barbels are fleshy extensions located under the jaw that are capable of
chemoreception and prey excavation through the resuspension of otherwise inaccessible food
sources within various benthic substrates (Gosline 1984). These barbels are unique in both
their morphology and function through a variety of behaviors (Gosline 1984; McCormick
1993; Lombarte and Aguirre 1997; Kim et al. 2001; Lukoschek and McCormick 2001; Kirino
et al. 2006; Krajewski et al. 2006).

Different species of goatfish have been shown to preferentially forage on a particular
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substrate type (Gosline 1984; Mittelheiser et al. 2022). For example, some species use
their barbels as an excavation device to turn over soft substrate, such as sand, mud, and
gravel, while other species prefer to forage on harder substrates, such as coral rubble, using
their barbels as probes within crevices to dislodge prey (Sierra et al. 1994; Lukoschek and
McCormick 2001; Nakamura and Sano 2004; Krajewski and Bonaldo 2006; El Bakali et
al. 2010; Mittelheiser et al. 2022). Interestingly, despite evidence of habitat and niche
partitioning, the diets of sympatric species overlap to a large extent and consist primarily
of infaunal invertebrates (Uiblein 1991; Platell et al. 1998; Uiblein et al. 1998; Lukoschek
and McCormick 2001; Kolasinski et al. 2009; Wismer et al. 2009). These behaviors have
been shown to play an important role in maintaining coral reef diversity and community
composition, in addition to acting as potential indicators of coral reef health (Lukoschek and
McCormick 2000; Uiblein 2007; Russ et al. 2015).

In this study, we test hypotheses about the relationship of preferential foraging on dif-
ferent substrate types with morphometric variation of the head, body and fins across the
phylogeny of goatfishes. Specifically, this paper has two central goals: test the association of
head, body and fin shape with substrate preference and examine evolutionary trends within
each foraging mode across the goatfishes. We use a robust geometric morphometric approach
to quantify body, cranial, barbel, and fin shapes. To examine evolutionary patterns of shape
change in the fins and barbels, we developed a new approach to standardizing morphometric
positions of soft tissues in morphometric analysis. We hypothesized that body shape, in
particular the barbel and cranial shape, would differ between ecotypes that primarily forage
on sand versus those that fed primarily on hard substrates (coral reef and rubble) given that
that the barbel and cranium interact directly with the substrate during foraging and feeding.
We use an integrative approach to examine the evolution of substrate preference, patterns of
morphological diversification, and implications for evolutionary ecomorphology. This explo-

ration of the complex interrelationships among morphological diversity, foraging behavior,
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and evolutionary trends across species of goatfish can be used to inform the potential for

adaptability to various habitats due to changing environments.

4.3 Methods

4.3.1  Taxon Sampling and image analysis

In order to explore the geometric morphometrics and ecomorphological relationships of
goatfishes in a phylogenetic context, we examined 72 species of goatfishes that were included
in the most recent time-calibrated phylogeny from Nash et al. (2022). This represents
taxonomic coverage of 69% of the 104 described species described within Mullidae. We
collected 2D lateral specimen photographs from museum collections, personal databases,
primary literature, and aquarium trade, resulting in a total of 494 adult individuals across 6
genera within Mullidae. A total of 83 landmarks (47 fixed landmarks and 45 semi-landmarks)
were placed along the specimen image using the R package StereoMorph 1.6.5 (Olsen and
Westneat 2015).

4.3.2  Computational biomechanical rotations of barbel, jaws, body and fins

Specimen photos were often variable in the fin angles, the tail spread, the barbel
curvature and angle, and the degree to which the lower jaw was open. This variabil-
ity is an artifact of preservation due to the fin or barbel positions when the photograph
was taken. We developed a desktop app (GoatPro, available for download on github;
https://github.com/mwestneat/GoatPro; Figure 4.A.1) to adjust each of these ele-
ments to a standard position. All standard positions are readily attained with a fresh fish
and are within the behavioral and biomechanical range of motion for all species. The app
rotates each fish to the horizontal axis and enables a set of batch processing (all specimens)

and custom functions (individual specimen) functions to biomechanically rotate peripheral
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anatomical elements. Batch functions straighten the barbels and set them to a posteroven-
tral 45-degree angle, rotate all dorsal, anal, and pelvic fin leading edges to a posteroventral
45-degree angle, and all trailing edges to a 10-degree angle to the horizontal. Individuals with
caudal peduncle or caudal fin slightly displaced dorsally or ventrally were straightened while
maintaining all other coordinate positions. The caudal fin was spread by rotating dorsal and
ventral lobes independently, to attain fin edge angles of 20-degrees to the horizontal. Finally,
for several specimens with the mouth open, the lower jaw was rotated dorsally to close the
mouth, through biomechanically computed jaw rotations, with the barbel and barbel base
tracking the jaw as it closed. The app then exported coordinate sets for all specimens with

their adjusted positions to a file used for morphometric analysis.

4.3.8  Morphometric analyses

Landmarks were subdivided into 5 separate datasets for independent morphometric
analyses across different aspects of goatfish morphology. The landmark subsets are defined
as follows: Forehead Curve, which contains 15 semi-landmarks that extend from rostral tip
of the nasal bone to the anterior base of the first dorsal fin; Dorsal Curve, which consists of
5 semi-landmarks that extend from the anterior base of the first dorsal fin to the insertion of
the first caudal fin ray; Caudal Fin Curve, which consists of 17 landmarks that extend from
the insertion of the first dorsal caudal fin ray to the start of the ventral caudal peduncle;
Ventral Curve, which consists of five semi-landmarks that extends from the tip of the ventral
caudal peduncle to the anterior base of the pectoral fin; and Full Body, which includes all
curves mentioned previously, in addition to 5 semi-landmarks along the barbel and all 47
fixed landmarks (Figure 4.1).

We performed a landmark based geometric morphometric analysis to quantify the vari-
ation in head and body shape across species within the Mullidae. Using the protocol of

George and Westneat (2019) and Nash et al. (2022) as a general framework, we projected
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Figure 4.1: Geometric morphometric landmark scheme with curves. Purple circles
represent fixed landmarks. Curve subsets indicated and smaller, red circles represent the
approximate location of the sliding semi-landmarks.

each digitized landmark into linear tangent space using the gpagen function in geomorph
4.0.5 (Adams and Otéarola-Castillo 2013; Adams et al. 2013, 2021; Baken et al. 2021). The
generalized Procrustes analysis (GPA) removes the variation in landmark position that is
attributable to rotation, translation, and scaling, while preserving the relevant shape in-
formation (Gower 1975; Rohlf and Slice 1990). We then calculated species means of the
Procrustes-transformed landmark coordinates to account for intraspecific variation using
the mshape function in geomorph (Adams et al. 2021; Baken et al. 2021). This protocol
was iterated over all species-grouped landmark sets producing 70 shapes representing the
mean body shape of each individual species. From these 70 mean shapes, another GPA was
performed, and the resulting Procrustes aligned shape data was projected into linear tangent
space using the gpagen function in geomorph (Adams et al. 2021; Baken et al. 2021).
Principal components analyses (PCA) were performed on the species averaged, Pro-

crustes aligned landmark coordinates using the gm.prcomp function in geomorph (Adams
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et al. 2021; Baken et al. 2021). We use the shape.space function from the R package
borealis 2022.10.27 to visualize our PC axes, in addition to generating convex hulls to show
the relative placement of species within each substrate preference group within the PC plot
(Angelini 2023). To visualize the shape changes associated with each PC axes, we gener-
ated thin-plate splines of mean shapes using the function plotRefToTarget in geomorph
as a deformation of the average shape of all specimens (Baken et al., 2021; Adams et al.,
2021). Vector deformation plots were also produced using the function plotRefToTarget in
geomorph comparing the mean shapes of each feeding mode group in reference to another
group (Baken et al., 2021; Adams et al., 2021).

We used backtransformations to visualize the shape changes associated with the most
significant axes of variation (PC1 and PC2), which plots the shape variation in its relative
position in the morphospace (Olsen 2017). We projected the time-calibrated phylogeny
onto the morphospace using the phylomorphospace function in the R package phytools 1.2-
0 (Revell 2012). Additionally, we generated a phylogenetic PCA using GLS-centering and
projection using the implementation in gm. prcomp function in geomorph (Revell 2009; Adams
and Otéarola-Castillo 2013). We tested hypotheses on the influence of allometry on overall
shape using centroid size through the procD.1m function in geomorph (Adams et al. 2021).
To further characterize aspects of body and head morphology, we calculated the Euclidean
distance between sets of fixed landmarks to compute length measurements for each image
using “GoatPro” (Figure 4.1; Westneat 2023). These measurements include Barbel Length,
Head Length, Body Depth, and Total Length (Table 4.52 & 4.S3). Barbel Length (BL) is
defined as the distance from the tip of the barbel to the insertion point on the mandible.
Head Length (HL) corresponds the distance between the tip of the rostrum to the farthest
posterior point of the operculum (Figure 4.1). Finally, Total Length (TL) was computed as
the rostral extremity to the tip of the caudal fin. We accounted for allometric variation by

computing three ratios: the barbel ratio, which is defined as BL/TL, the Elongation Ratio,

91



which is defined as BD/TL, and Head Length, defined as HH/TL (Table 4.52 & 4.S3).
Additionally, we computed the aspect ratio (AR) for the caudal fin using the following
equation: AR = b;?, where b is the maximum span of the caudal fin and A is the surface area
of the fin (Figure 4.1; George and Westneat 2019). These ratios were used in subsequent

analyses.

4.83.4  Classification of foraging substrate preference

Previous research has indicated that species of goatfish tend to preferentially forage on
either soft substrates, such as sand or mud, or hard substrates, such as coral rubble (Gosline
1984; Platell et al. 1998; Meyer et al. 2000; Lukoschek and McCormick 2001; Krajewski et
al. 2006; Galarza et al. 2009; Striibin et al. 2011; Mittelheiser et al. 2022). We conducted a
comprehensive survey of the published literature, supplemented by personal observations, to
designate species of goatfish as preferentially foraging on either “soft” or “hard” substrates.
We define these delineations based on relative size and complexity of the preferred substrate
composition that each species forages on, with preference is defined as more than 50% of
observations (Table 4.S1). Species without any available information about their foraging
behavior were given an “unknown” designation and were removed from the analyses when

appropriate.

4.3.5 Ecomorphological analyses

To examine the relationship between body and head shape with substrate preference,
we performed a MANOVA using the procD.1m function in geomorph (Adams and Otérola-
Castillo 2013). The partial disparity for genera was calculated using the overall mean over
1000 iterations with the function morphol.disparity in geomorph, taking care to correct the
denominator in the variance calculation from n to N-1, where n is the group size and N is the

number of observations (Adams et al. 2021; Baken et al. 2021). For the measurement ratios,
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we tested the normality and variance homogeneity using the Shapiro-Wilk and Bartlett’s test,
respectively (Bartlett 1937; Royston 1982). If either parametric requirement were not met,
we performed a Kruskal-Wallis test to examine the differences across substrate preferences
and morphological ratios (Hollander et al. 2013). Additionally, a two-sample Wilcoxon
test with a Bonferroni correction was used to determine assess significance between the
morphological ratios associated with each substrate preference (Bauer 1972).

In addition to these analyses, the following analyses were performed on a subset of the
data that only included the genus Parupeneus to further examine variation in this genus.
Using the time-calibrated phylogeny from Nash et al (2022), we estimated phylogenetic sig-
nal for the Procrustes shape variables using the function physignal from geomorph with
10,000 iterations, which uses the multidimensional equivalent of Blomberg’s K for each mor-
phometric subset (Adams and Otarola-Castillo 2013, Adams 2014). We also performed a
phylogenetic 2-blocks Partial Least Squares analyses using the phylo.integration function
from geomorph to investigate the ecomorphological relationship between substrate preference
and morphological characteristics (Adams and Otérola-Castillo 2013; Adams et al. 2021).
Additionally, we examined these ecomorphological trends in a univariate context using phy-
logenetic generalized least squares (PGLS) method implemented with the function pgls from
the R package caper 1.0.1, in which phylogenetic signal is estimated simultaneously with the
regression model (Freckleton et al. 2002). To test whether there are significant differences
in the rate of shape evolution between substrate preferences in a phylogenetic context, we
used the compare.evol.rates function in geomorph using the permutation approach with
10,000 iterations to test for significance (Adams 2014; Denton and Adams 2015; Adams and

Collyer 2018, 2019).
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4.3.6  Ancestral state estimation of substrate preference and morphological

metrics

We used the ace function in the R package ape 5.6-2 to estimate ancestral character
states for substrate preference across the phylogeny using the transition rate models all rates
different (ARD) and equal rates (ER; Paradis and Schliep 2019). Tip states were mapped
onto the time-calibrated phylogeny, and the estimated likelihoods of each ancestral state
were mapped onto internal nodes within the phylogeny, allowing visualization of indepen-
dent trait origins and convergence across clades. To examine the distribution of PC axes
on the phylogeny, we simulated stochastic character evolution of substrate preference us-
ing the make.simmap and projected the phylogenetic tree in relation to PC scores using
the phenogram functions from phytools (Evans et al. 2009; Revell 2012). For continuous
morphological measurements and ratios, we used the contMap function from phytools to
estimate states at internal nodes and to map continuous characters along branch lengths

(Revell 2012).

4.4 Results

The central results of this study are that forehead shape, dorsal/ventral shape, cau-
dal fin shape, and full body shape are associated with both generic membership and sub-
strate preference. Preferential feeding on hard substrates evolved only in several species
within Parupeneus and is associated with unique morphological characteristics across mor-
phological subsets and metrics. Although hard substrate foraging derived relatively recently
within goatfish evolutionary history, morphological diversification associated with this for-

aging mode are associated with a rapid increase in the rate of change.
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Figure 4.2: Mullidae full shape morphospace. PCA plot showing PC1 (49.58%) vs PC2
(9.89%) for semi-landmarks placed along the head curve for 61 species of goatfish. Genera
is indicated by convex hulls. Backtransformation icons represent the estimated shape of a
species in that particular portion of morphospace.

4.4.1  Morphometric Diversity

We parsed the variation in body and head shape across all species of goatfish through
a comprehensive examination of four aspects of goatfish morphology: Full Body, Forehead,
Dorsal /Ventral curves, and Caudal Fin Figure 4.A.10. All morphological subsets were sig-
nificantly different among genera, and all subsets, except for the caudal fin, had a significant
phylogenetic signal. We found no evidence for an allometric effect as centroid size was found
to be non-significant across subsets.

The first two PC axes of variation associated with full body shape, which includes all

fins and barbels, across all species of Mullidae account for a combined 56.47% percent of
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the total variation (49.58% and 9.89%, respectively; Figure 4.2). Values of PC1 correspond
to changes in head depth, barbel length, fin position, body elongation, and eye size, with
higher PC1 values being associated with stockier body shapes with larger fins and barbels
and smaller eye sizes (Figure 4.2). The second axis of variation reflects the forehead curve
and head height (Figure 4.2). Genera cluster into two groups primarily along PC1, with
species within Mulloidichthys, Mullus, and Upeneus found within the lower quadrants of
PC1 and Parupeneus, Upeneichthys, and Pseudupeneus primarily distributed within the
higher quadrants (Fig 2). Of note, Upeneichthys occupies its own portion of morphospace
and does not intersect with any other genus (Figure 4.2).

The first two PC axes of variation associated with forehead shape across all species of
Mullidae account for a combined 89% percent of the total variation (50.52% and 38%, respec-
tively; Figure 4.A.3). Values of PC1 correspond to the relative convexity of the curve, with
higher PC1 values being associated with reduced convexity and flatter curve (Figure 4.A.3).
The second axis of variation reflects the presence and degree of an inflection point located
near the rostral side of the curve, which creates well defined rostral region (Figure 4.A.3).
Genera cluster into two groups primarily along PC2, with species within Mulloidichthys, Mul-
lus, and Upeneus found within the lower quadrants of PC2 and Parupeneus, Upeneichthys,
and Pseudupeneus primarily distributed within the upper quadrants (Figure 4.A.3). Only
species within Parupeneus span into the upper values of PC2, which corresponds to degree
of an inflection point in the head curve (Figure 4.A.3). Most of the proportion of total dis-
parity is found within Parupeneus (48%) and Upeneus (22.3%), followed by Mulloidichthys
(20.0%), Mullus (4.2%), Upeneichthys (3.8%), and Pseudupeneus (1.5%).

The first two PC axes of variation associated with the dorsal and ventral body curves
across all species of Mullidae account for a combined 72.25% percent of the total variation
(57.73% and 14.62%, respectively; Figure 4.A.4). Values of PC1 correspond to the body

depth, with higher PC1 values being associated with larger body depth (Figure 4.A.4). The
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convex hulls of genera overlap quite a bit, however there is limited clustering primarily along
PC1. Only species within Upeneus occupy the lower values of PC2, which corresponds to
a rounder ventral curve compared to the dorsal curve (Figure 4.A.4). The first two PC
axes of variation associated with the caudal fin curves across all species of Mullidae account
for a combined 55.68% percent of the total variation (34.22% and 21.46%, respectively;
Figure 4.A.6). Values of PC1 correspond to relative fin size, with higher PC1 values being
associated with caudal fins that have both shorter lobe lengths and relatively rounder lobes
(Figure 4.A.6). The convex hulls of genera also overlap quite a bit, however there is minimal
clustering primarily along PC1. Only species within Upeneus occupy the highest values of
PC2, which corresponds slightly rounder forked fins (Figure 4.A.6).

All morphological measurements and metrics differed significantly among genera. Al-
though species within Upeneus have the highest mean Elongation Ratio (mean = 4.06, sd
= 0.31), these species also have the smallest mean Head Length (mean = 0.26, sd = 0.02)
and the lowest mean Barbel Ratio (mean = 0.16, sd = 0.02; Figure 4.3). On the contrary,
species within Parupeneus have the lowest mean Elongation Ratio (mean = 3.45, sd = 0.28)
and the largest Head Length (mean = 0.30, sd = 0.01; Figure 4.3). Additionally, species
within Mulloidithchys have the highest Caudal Fin Aspect Ratio (mean = 2.75, sd = 0.12).
Given the non-normality of the data, the non-parametric pairwise comparisons showed that
Parupeneus was significantly different from Upeneus for all metrics except for Caudal Fin
AR (Figure 4.3). Additionally, Parupeneus was significantly different from Mullus apart

from Barbel Ratio (Figure 4.3).
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4.4.2  Ecomorphological relationships among morphology and substrate

preference across the Mullidae

Substrate preference is significantly associated with all morphometric subsets, with a
significant value of p = 0.001 for all subsets respectively. Several species that preferentially
forage on hard substrates occupy a distinct portion of morphospace across subsets, however
there is always some overlap (Figure 4.4, Figure 4.A.2, Figure 4.A.5, & Figure 4.A.7). For
example, soft substrate species cluster within the mid- to lower values of PC2 of the fore-
head shape subset, and is composed of all species within Upeneus, Mulloidichthys, Mullus,
Pseudupeneus, and Upeneichthys, in addition to twelve species of Parupeneus (Figure 4.4).
Hard substrate species primarily cluster within upper values of PC2 and consist of eight
species within Parupeneus (Figure 4.4). Although soft substrate species have a higher pro-
portion of total disparity (0.28 and 0.72, respectively), the observed differences in the dis-
parity between groups is not statistically significant (p= 0.93). Although we find evidence
that substrate preference is significantly associated with all morphometric subsets, none of
the subsets show a significant association with substrate preference when evaluated using a
phylogenetic framework.

Pairwise comparisons between substrate preference types were significant when consid-
ering Elongation Ratio and Head Length (p = 0.001, Figure 4.5). Species associated with
soft substrate feeding have a relatively higher mean elongation ratio (mean = 3.85, sd = 0.39)
and smaller mean head length (mean = 0.27, sd = 0.02) when compared to hard substrate
species (Figure 4.5). However, differences in barbel ratio and caudal fin AR associated with

substrate preference were found to be non-significant (p = 0.2).

4.4.8  Ancestral state estimation of substrate preference

Ancestral state estimation of substrate preference showed that the presence of hard

substrate preference is restricted to species within Parupeneus (Figure 4.6). Within Paru-
101



Head Length

;

L

ﬁ
Mm

!

0.323

Mulloidichthys pfluegeri
Upeneus subvittatus
Upeneus mascareinsis
Upeneus vittatus
Upeneus sulphureus
Upeneus doriae
Upeneus quadrilineatus
Upeneus suahelicus
Upeneus parvus
Upeneus moluccensis
Upeneus sundaicus
Upeneus margarethae
Upeneus heterospinus
Upeneus spottocaudalis
Upeneus caudofasciatus
Upeneus filifer
Upeneus torres
Upeneus japonicus
Upeneus guttatus
Upeneus tragula
Upeneus luzonius
Upeneus oligospilus
Upeneus heemstra
Upeneus australiae
Upeneus asymmetricus
Upeneus lombok
Upeneus itoui

Upeneus willwhite
Upeneus pori

Upeneus floros

Mulloidichthys flavolineatus

Mulloidichthys ayliffe
Mulloidichthys dentatus
Mulloidichthys mimicus
Mulloidichthys vanicolensis
Mulloidichthys martinicus
Upeneichthys stotti
Upeneichthys vlamingii
Upeneichthys lineatus
ullus barbatus

Mullus surmuletus
Mullus auratus

Mullus argentinae

Pseudupeneus grandisquamis

Pseudupeneus maculatus
Pseudupeneus prayensis
Parupeneus barberinoides
Parupeneus fraserorum
Parupeneus cyclostomus
Parupeneus chrysopleuron
Parupeneus indicus
Parupeneus barberinus
Parupeneus jansenii
Parupeneus pleurostigma
Parupeneus procerigena
Parupeneus heptacanthus
Parupeneus chrysonemus
Parupeneus insularis
Parupeneus crassilabris
Parupeneus macronemus
Parupeneus multifasciatus
Parupeneus trifasciatus
Parupeneus margaritatus
Parupeneus forsskali
Parupeneus spilurus
Parupeneus rubescens
Parupeneus poryphyreus

102

Substrate Preference

T

|

[ soft
& Hard

] unknown

Figure 4.6: Mirror phylogeny of head size and substrate preference. A comparison of
the mapped ancestral state estimation for A) head size and B) substrate preference across the
phylogeny. Head size estimations were inferred using ContMap, in which branch lengths are
color coded in associated with the mapped character state. Substrate preference is indicated
by colored pie graphs, representing the likelihood of that each state across the nodes of the

phylogeny.



peneus, there are five independent transitions to hard substrate preference, with a total of
seven species (Figure 4.6). The best supported Markov model of state transition was “ARD”,
in which there is a higher rate of transition associated with shifts from soft substrate into hard
substrate. Given the distribution of substrate preference across extant species, the estimated

ancestral state of the root node is associated with soft substrate foraging (Figure 4.6).

4.4.4  Morphological variation and substrate preference within the genus

Parupeneus

We examined morphological shape variation for four subsets of data for species within
Parupeneus: Full Body, Forehead, Dorsal/Ventral Body, and Caudal Fin. PC1 for each
subset explains 29.17%, 57.05%, 54.31%, and 42.81% of the total variation, respectively
(Figure 4.7). PC2 for each subset explains 16.42%, 34.57%, 15.69%, and 19.7% of the
total variation, respectively (Figure 4.7). When considering the Full Body dataset, changes
along PC1 are primarily associated with body depth and barbel length, with higher values
of PC1 being associated with a larger body depth and longer barbels (Figure 4.7). The
variation captured along PC2 is associated with head convexity, with higher values of PC2
corresponding to a higher degree of head convexity (Figure 4.7). Comparable with the
family-wide analysis, the variation along PC1 and PC2 of the forehead subset is associated
with degree of head convexity and presence and degree of an inflection point located near
the rostral side of the curve, respectively (Figure 4.7).

Variation along PC1 for the Dorsal/Ventral subset is primarily associated with changes
in body depth and variation along PC1 for the Caudal Fin subset is related to the relative
rounding of the lobes of the caudal fin (Figure 4.7). Differences in variation of the full body
and caudal fin shape subsets are significantly associated with substrate preference (p =
0.04), although forehead shape is marginally considered to be non-significant with a p-value

of 0.06. However, there are noticeable trends associated with other aspects of morphology
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given areas of morphospace occupied exclusively by species that prefer hard of soft substrate
(Figure 4.7). We find evidence that hard substrate preference is associated with a significant
increase in the rate of morphological diversification for the full body and forehead subsets,
with a ratio of 6.8 and 15.9 higher when compared to their soft substrate counterparts,

respectively (Figure 4.A.11 & Figure 4.A.12).

4.5 Discussion

The integration of geometric morphometrics with a robust time-calibrated phylogenetic
hypothesis and ecological traits of foraging behavior and substrate preference yields novel in-
sight into the ecomorphological radiation of the goatfishes. In this study, we present evidence
for the association of substrate preference with various aspects of goatfish morphology. Al-
though morphological diversity is tightly linked to their phylogenetic history, we discuss the
evolution of hard substrate feeding within the genus Parupeneus and its potential influence
on patterns of rapid morphological diversification. We conclude that several aspects of goat-
fish morphology, particularly the forehead shape, are associated with unique characteristics

that allow for the utilization of hard substrates during foraging in marine habitats.

4.5.1 Forehead and body shape is associated with preferential foraging on

different substrates

Transitions across ecological niches in association with morphological diversification can
greatly impact a lineages ability to survive and diversify. In goatfishes, we find evidence that
substrate preference impacts patterns of head and body shape diversification. We find that
although species that prefer to feed on hard substrate make up a small proportion of the
total species diversity, they tend to occupy a distinct set of morphological characteristics

(Figure 4.4 & Figure 4.5). These characteristics include an elongated snout with a promi-
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nent rostrum, shorter body lengths, greater body depths, longer barbels, and larger head
sizes (Figure 4.4 & Figure 4.5). Interestingly, the evolution of hard substrate preference is
restricted to several species within the genus Parupeneus (Figure 4.6). Despite this, forehead
shapes associated with hard substrate feeding occupy comparable levels of overall disparity.
The observed association between all morphometric subsets and substrate preference in the
goatfishes provides evidence of robust ecomorphological relationships.

The influence of head and body shape on fish foraging behavior has been extensively
studied across a wide variety of fish clades, including cichlids, damselfishes, wrasses, and
morymrids (Liem 1973; Westneat 1995; Cooper and Westneat 2009; Parsons et al. 2011;
Lopez-Fernandez et al. 2013; Evans et al. 2022; Peterson et al. 2022). However, fishes
that interact with the benthic substrate require a specific set of morphological traits that
allow them to manipulate the substrate to gain access to infaunal food sources or to burrow
within. For example, many benthic foraging specialists have evolved ventral facing, pro-
trusible mouths, that allow for feeding off the seafloor (McCormick 1995; Lukoschek and
McCormick 2001; Ribeiro et al. 2018; Friedman et al. 2020).

Although all species of goatfish are specialized benthic foragers, we find evidence that
aspects of their cranial morphology might constrain the diversity of behaviors they are able
to perform. Species that are associated with preferential feeding on soft substrates lack elon-
gated pre-orbital morphology, which may limit their ability to manipulate and maneuver
around more complex substrate types, such as coral rubble (Mittelheiser et al. 2022). For
example, individuals of the Spangled Emperor, Lethrinus nebulosus, have been observed us-
ing their elongated snouts to forage within the substrate to access food sources (Sweatman
1996). Notably, evidence suggests that individuals of L. nebulosus rarely exceed a forag-
ing depth that exceeded their snout length. A similar observation has been made for P.
barberinus, in which individuals rarely foraged deeper than their barbel or snout lengths,

highlighting the potential association between foraging ability and morphological variables
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(Lukoschek and McCormick 2001). Potential adaptation-based explanations include a lack
of ability to detect prey at depths greater than the reach of their sensory barbels, as well as a
reduction of time where their eyes are below the sediment surface to decrease the likelihood of
a predation event (Lukoschek and McCormick 2001). Therefore, evolution towards elongated
foreheads may allow for access to food in deeper and more complex substrate types.

Many benthic associated fish lineages have convergently evolved sensory projections that
increase the ability to detect potential prey items within the substrate or environments with
limited visibility (Katagiri 1966; Diogo and Chardon 2000; Kim et al. 2001; Kiyohara et
al. 2002; Eakin et al. 2006; LeClair and Topczewski 2010). Notably, we find evidence that
a longer barbel length is associated with preferential foraging on hard substrates, despite
the loss of significance when controlling for body length. The presence of longer barbels
in species that preferentially forage in more complex environments makes functional sense,
as longer barbels represent an increase in the surface area of exposed tissue that is capa-
ble of chemosensation and mechanical potential (McCormick 1993; Lombarte and Aguirre
1997; Uiblein et al. 1998). Goatfish barbels are unique in their developmental patterns,
structure, and functionality when comparted to the barbels of other fish clades (Gosline
1984; McCormick 1993; Lombarte and Aguirre 1997; Kim 2002; Kirino et al. 2006). Their
pair of hyoid barbels are modified, rod-like branchiostegal rays that provide stability and a
strengthening support (Gosline 1984). Modifications of branchiostegal rays in conjunction
with sensory systems are rare, as they have only convergently evolved within the Mullidae
and the genus Polymizia (Gosline 1984; Kim et al. 2001). Each barbel is able to move
independently due to their own set of musculature, and can be used to probe for food and
as an excavation tool (Gosline 1984).

Previous research has shown that there is evidence for plasticity in barbel development,
which is dependent on habitat complexity and food availability during the time of post-

larval settlement (McCormick 1993). Larval goatfishes have the typical teleost arrangement
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of their branchiostegeal rays and only begin to utilize their barbels post settlement on a reef or
associated habitat (Gosline 1984; McCormick 1993; Pavlov et al. 2011). During development,
the anterior branchiostegeal ray separate from the other rays and move forward on the hyoid
bar to become level with the tip of the glossohyal (Gosline 1984; McCormick 1993; Pavlov
et al. 2011). The barbels show a period of rapid growth during the settlement phase, in
which the individual transitions from its pelagic life phase to its benthic phase (McCormick
1993; McCormick and Milicich 1993; McCormick and Molony 1993). For example, the
amount and depth of food availability during the settlement phase of individuals of Upeneus
tragula led to significant variability in barbel development, with the food deprived treatment
group developed the longer barbels and larger taste buds compared to their counterparts in
a treatment of excess food (McCormick 1993). Although this phenomenon has not been
examined in other species of goatfish, it highlights potential ecomorphological implications
of barbel morphology in relation to available substrates. However, it also poses the question
about the degree of plasticity across species and whether this relates to their propensity to

utilize differing substrate types while foraging.

4.5.2  Recent evolution of preferential foraging on hard substrates

The evolution of preferential feeding on hard substrates is restricted to several species
within the genus Parupeneus, indicating that this foraging mode likely derived within the
past 5.5 Ma (Figure 4.4). When considering the evolution of forehead shape diversity, we find
evidence that preferential feeding on soft substrate may act as a significant constraining force
(Figure 4.4). Our relative rate analyses revealed that the foreheads of species that preferen-
tially forage on hard substrate evolved 15.9 times faster than soft substrate species, which
is corroborated by the statistical non-significance between the disparities associated with
each foraging mode despite differences in species richness and origination time (Figure 4.4).

The goatfishes underwent a pulse of phylogenetic and morphological diversification associ-
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ated with the Miocene-Pliocene transition, which is marked by increase in the interchange of
Indo-West Pacific fauna caused by the separation of the Arabian and African plates, despite
the complete separation of the Mediterranean Sea from the Red Sea and the Indian Ocean
due to terrain uplift (Briggs 1995; Nash et al. 2022).

Although this period of rapid morphological diversification was observed for the body
shape across all species of goatfish, it remains unclear why this rapid evolution of forehead
shape was restricted to species within Parupeneus. Given that Parupeneus partitions the
morphospace with minimal overlap to other genera, this suggests that there was possibly a
burst of morphological diversification associated with the initial divergence of Parupeneus or
a pattern of gradual morphological diversification followed by extinction of the intermediate
or overlapping forms (Sidlauskas 2008). Another possibility is that there are other phenotypic
and biomechanical factors that constrain head shape to a particular range of morphologies
within other genera (Sidlauskas 2008). For example, one of the diagnostic anatomical traits
associated with Parupeneus is the presence of a crest on the dorsal midline of the frontal
bone, which is the attachment point of the epaxial muscles (Gosline 1984; Kim 2002). The
epaxial muscles within Parupeneus reach the anterior portion of the frontal near the nasal and
mesethmoid bones, which is substantially farther than observed in other genera of Mullidae
(Gosline 1984; Kim 2002). The anteriorly located epaxial muscles potentially allow the
neurocranium to exert more force when manipulation substrate, such as shifting larger pieces
of rubble, compared to other confamilial species.

Given that preferential foraging on hard substate is restricted to species within Paru-
peneus, but is not ubiquitous across the genus, this suggests that the morphological radiation
associated with Parupeneus allows for expansion into multiple foraging substrates. Although
we find evidence that there are general trends across morphological subsets that differentiate
species that forage on either hard or soft substrate types, we find limited evidence that sup-

ports a significant different between these two foraging modes (Figure 4.7). This concept of
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foraging flexibility is reinforced by observations of individuals of species that preferentially
feed on hard substrate, such as P. multifasciatus, foraging on soft substrate sporadically
(personal observations). Although this behavior was observed at a relatively low frequency,
it highlights the potential that species within Parupeneus can use alternative foraging modes

on a situational basis.

4.9.8  Ecological and evolutionary implications for diversity in foraging

behaviors

Radiations of head and jaw morphology have been observed across a large variety of
taxa and habitats, suggesting that there are multiple factors, such as environmental and
developmental, that can influence trends of adaptive divergence. Two common mechanisms
for variation in phenotype are genetic differentiation among phenotypic forms and envi-
ronmentally induced modifications that result in discrete morphologies during development
(Robinson and Parsons 2002). Adaptive variation among jaw morphologies is relatively
common, and the specific genetic mechanisms that drive this adaptive variation has been
examined across a variety of clades (Roberts et al. 2011; Reeck and Oxford 2022). Morpho-
logical variation can initially occur without genetic change. For example, new or unusual
external inputs during development can facilitate the origination and evolution of novel mor-
phological traits (West-Eberhard 2005). These new phenotypes can head start the process
of adaptation as they may to lead to traits that will undergo favorable natural selection.
For this to occur, the trait must be phenotypically plastic, which indicates that it is able to
respond to environmental stimuli (Via et al. 1995; West-Eberhard 2005).

Phenotypic plasticity has the potential to enhance the chance of genetic divergence
through the potential increase in the probability of survival and reproduction within dif-
fering environments. However, for morphological plasticity to be effective in reducing the

probability of lineage extinction, individuals must respond behaviorally different in order to
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a utilize a variety the available habitats (Abaad et al. 2016). Although we find evidence
that species of goatfish have a preferential foraging substrate type, the specific behaviors that
individuals use to interact with each substrate can differ drastically among species (personal
observations, Gosline 1984; McCormick 1995; Krajewski et al. 2006). Additionally, it has
been shown that despite variability in substrate preference and feeding behavior, the diets
of most species are statistically indistinguishable from each other (Platell et al. 1998). This
follows the paradigm known as Liem’s Paradox, in which lineages with specialized morpholo-
gies can be ecological generalists and highlights the importance of evaluating the ability of a
lineage to adapt in the presence of competition and ecological stress (Liem 1980). For exam-
ple, differences in the craniofacial structure of Lake Malawi Cichlids vary in their ability to
collect and process food items, despite overlapping feeding strategies (Albertson 2008). In
goatfishes, it has been shown that species that co-occur can employ habitat partitioning in
order to reduce competition over infaunal invertebrates in the substrate (Platell et al. 1998;
Lombarte et al. 2000; Krajewski et al. 2006; Mittelheiser et al. 2022). The disparity in the
efficacy of these feeding modes would be obscured during periods of plentiful food sources
and would become evident during shortages of available resources (Albertson 2008).

In conclusion, there are significant associations between head and body shape with
foraging substrate preference across the goatfishes. Although preferential foraging on hard
substrates recently evolved within several lineages within the genus Parupeneus, we find
evidence that it is associated with a dramatic increase in the rate of morphological change
across the forehead shape of the goatfishes. We recognize that categorizing species into
preferential feeding on hard or soft substrate potentially masks the underlying diversity of
behavioral adaptations that occur within each of these foraging modes and across species.
However, this examination of the relationship between morphological traits and foraging
mode highlights the importance of examining the evolution of behavior using an integrative

framework.
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APPENDIX

4.A Supplementary Figures

Supplementary tables for this chapter can be viewed at https://figshare.com/s/465

545284ac987a7b372
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Figure 4.A.1: GoatPro Interface.The desktop app GoatPro, in which the rotational biome-
chanical flexibility of barbel, jaws, fins, and caudal peduncle enables the user to adjust mor-
phometric coordinates for the leading and trailing edges of median fins to a standard angle,
straighten the barbel and posterior body, and close the lower jaw.
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Figure 4.A.8: Phylomorphospace of forehead curve subset of the Mullidae.
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Figure 4.A.11: Distribution of rate ratios of Full Body shape evolution associated
with each substrate preference.
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Figure 4.A.12: Distribution of rate ratios of Forehead shape evolution associated
with each substrate preference.
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CHAPTER 5
CONCLUSION AND FUTURE DIRECTIONS

5.1 Conclusion

The overarching goal of this thesis was to explore the phylogenetics, evolution and
biogeography of the goatfishes, with a focus on the unique foraging behavior associated
with substrate preferences and barbel use. Prior to this thesis, little was known about
their evolutionary history, spatial distribution, morphological diversity, and ecological niches
in comparison to other reef associated families, despite their common occurrence in these
systems. This dissertation represents a major advance in the integrative examination of the
evolutionary relationships, assemblage patterns, and ecomorphological associations across
the Mullidae. The results of this thesis provide a comprehensive examination of the many
unique characteristics associated with the goatfishes, provides the phylogenetic framework
required to fully understand the biology of this family, and enables us to begin addressing
questions about how future changes in reef ecosystem health will impact the biology of this
clade.

One primary result of this thesis is the inference of the most species rich, time-calibrated
phylogeny of the goatfishes to date. This phylogeny is used as the basis for all evolutionary
analyses performed throughout this thesis and reveals novel aspects of goatfish evolution
that were previously unknown. For example, the root age of the Mullidae is estimated to
have occurred within the Miocene, which is far younger than most comparable families with
similar species richness and biogeographic distribution. Additionally, we find evidence for
unstable rates of diversification, which is based on the combination of long internal branch
lengths paired with divergences within the past 5 Ma between most extant species. This
variability in diversification and species accumulation is also associated with an increase in

body shape diversification across the family.
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Another main result of this dissertation is the delineation of goatfish assemblage groups
using bioregionalization approaches. The boundaries between these bioregions are specific to
the Mullidae, highlighting global patterns of species turnover and the locations of potential
barriers to dispersal. These bioregions represent the complex influence of scale on biogeo-
graphic distributions, as the boundaries between regions represent the impact of both historic
vicariance events and current ecological processes on extant species ranges. This varied his-
tory results in variability in species richness, phylogenetic diversity, and rates of endemism
across regions, with the major distinction found between regions in the Atlantic/East Pacific
compared to those in the Indo-Pacific oceanic basins. Additionally, we find limited evidence
for regional patterns in lineage diversification, but rather we find that patterns of biodiversity
are driven by areas of range overlap with relatively high levels of phylogenetic diversity.

The final major result of this dissertation is robust evidence for an ecomorphological
relationship between multiple morphometric variables of body shape, fin shape and forehead
shape, and preferential foraging on different substrate types across the goatfishes. Geometric
morphometrics of head, fin, barbel and body shape morphology show that most patterns of
shape dispersion are strongly associated with phylogenetic relationships, with major axes
of variability including elongation ratio, head length, barbel length, eye size, and dorsal fin
positioning. Despite this overall variability in morphology, hard substrate foraging is primar-
ily associated with forehead shape, elongation ratio, and head width. Notably, preferential
feeding on hard substrate, such as coral rubble, is restricted to several species with the genus
Parupeneus. Although this transition occurred relatively recently, the rate of morphological
change associated with forehead shape is significantly higher than in species that forage on
soft substrates. Given the variability in behavior associated with foraging, these results sug-
gest that species that preferentially forage on soft substrates may be limited in the types of

behaviors they are capable of due to aspects of their morphology.
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5.2 Future Directions

5.2.1 Comparative barbel and cranial anatomy

The way in which organisms receive information from their environment is through sense
organs that detect and process a range of stimuli, such as chemical, electrical, mechanical,
and optical. Due to the large variability of sensory stimuli within habitats and trophic
ecology, an examination of the mechanisms that influence and regulate sensory systems
is essential to understanding the distribution of taxa across space and time (Lombarte and
Aguirre 1997). In fishes, sensory systems involved with feeding behaviors have evolved into a
diverse array of morphological traits that result in both the specialization and loss of certain
sensory capabilities. These physical adaptations highlight the strong connection between
ontogenetic development and environmental stimuli, which have the potential to greatly
impact sensory development, growth patterns, behavior, and mortality rates of individuals
(McCormick 1993). The unique sensory morphology of goatfishes make this clade ideal
for a robust examination of the comparative anatomy across species, in comparison with
variability in foraging behaviors across a variety of benthic habitats.

The gustatory system in fishes has undergone rather remarkable adaptive evolution
resulting in large amounts of variation based on the functional needs of the taxa. Gusta-
tion, in conjunction with olfaction, have evolved to become a functionally interconnected
chemosensory complex that plays an important role in fish feeding (Devitsina 2006). These
sensory systems have become highly specialized due to chemical stimuli being present within
the water column and benthos, facilitating chemosensory food search behaviors (Kasumyan
2002). In particular, the evolution of the extraoral system of taste reception has resulted in
morphological variability among actinopterygians due to the development of extraoral taste
buds located within the epithelium, which increases the surface area that is in direct contact

with the environment (Herrick 1903; Devitsina 2006; LeClair and Topczewski 2010). These
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Figure 5.1: Unique use of barbels in Mulloidichthys flavolineatus. Source: C. Nash.

are most commonly expressed in the form of ventrally located projections, which range from
facial barbels to extensions of pectoral fin rays, that contain sense organs (Gosline 1984).
One hypothesis for the evolution of barbels is the need for a compensatory mechanism with
increased sensory sensitivity in turbid waters where the visual field is reduced (Lombarte
and Aguirre 1997; LeClair and Topczewski 2010). From an ecomorphological perspective,
the evolution of barbels allows for the utilization of resources that are otherwise unavailable
within the benthos.

In the simplest anatomical definition, a teleost barbel must consist of an outer ep-
ithelium, dermal connective tissue, blood vessels, and taste buds that are innervated by
extensions of the facial nerve (LeClair and Topczewski 2010). However, the number, loca-
tion, and structure of barbels is highly variable among and within fish species. Historically
barbels were used as a phylogenetically informative character used within the taxonomy
due to their variability (LeClair and Topczewski 2010). However, the usefulness of barbels
as a phylogenetic signal has become relatively obsolete due to the strong body of evidence

suggesting that barbels were the result of numerous independent evolutionary events (Kim
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Figure 5.2: Head and barbel CT scans for three species of goatfish. A) Mulloidichthys
flavolineatus, B) Pseudupeneus maculatus, and C) Parupeneus bifasciatus.

2002; LeClair and Topczewski 2010).

The most derived and specialized barbel structure is found within the Mullidae. The
goatfish’s hyoid barbels are modified, rod-like branchiostegal rays that provide stability and
a strengthening support (Gosline 1984). Modifications of branchiostegal rays in conjunction
with sensory systems are rare, having convergently evolved in only the Mullidae and the
distantly related genus Polymixia (Gosline 1984). The barbel originates from a cap of fibro-
cartilage that forms a socket with the tip of the forward projection of the anterior ceratohyal
of the hyoid bar (Gosline 1984; Kim et al. 2001). This articulation increases the freedom
of movement of the barbel, which facilitates the barbel’s role in probing for food and as an
excavation tool (Gosline 1984; Kim et al. 2001). The indiviual barbel includes a large nerve
ending encased within each barbel, with only the basal portion being completely ossified
(Kim et al. 2001). Notably, there is variarion in the degree of ossification of the barbel bone

across species (Kim et al. 2001; Kim 2002).
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There are two mechanically separate components that facilitate barbel manipulation
for species within the Mullidae. The first component is with regard to the movement of
the barbel in relation to their articulation with the hyoid bars, and the second component
controls the lowering and raising of the anterior ends of the pair of hyoid bars in relation
to the head of the fish (Gosline 1984). Each barbel has their own musculature that allows
for independent movement, with the following four muscles associated with each hyoid arch:
the extensor tentaculi, retractor tentaculi, and two sections of the rotator tentaculi (Gosline
1984; Kim et al. 2001). Additionally, the taste buds on the barbels are found in high
densities and are innervated in a strict orthogonal fashion by bundles of nerve fibers from
the facial nerve (McCormick 1993; Kirino et al. 2006, 2013). In a comparison among two
species, it was observed that although the epidermal area and the mean size of the taste
buds are highly correlated with barbel length, taste bud density and cross-sectional area of
the nerve bundle were not (McCormick 1993). The distribution of taste buds can also differ
even among species, with the taste buds on some species forming clusters while others are
solitary (Lombarte and Aguirre 1997). These differences in the distribution of taste buds
among clades indicates that there is variability in the organization of the gustatory system
in different lineages of goatfishes (Kirino et al. 2006). For example, an examination of the
Mullidae genus Parupeneus revealed external taste buds on the barbels and the outer skin
of the head, while the taste buds possessed by members of the genus Upeneus are limited to
the barbel region (Kirino et al. 2006).

The primary aims of a developing future study are to quantify anatomical variation
related to the cranium and barbel to examine the evolution of these traits across the Mulli-
dae. This will yield a comprehensive dataset in which key anatomical traits can be analyzed
to examine patterns of feeding capabilities and behavior. Additionally, this morphological
trait data will be used to analyze the distribution of traits within and among different bio-

geographic regions to elucidate complex relationships among feeding capabilities, ecological
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Figure 5.3: Distribution of taste buds from two species of Mullidae. A) Mullus
surmuletus and B) Mullus barbatus. Source: Lombarte and Aguirre (1997).
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niches, and range determinants. Variation in external facial and barbel morphology can be
quantified through either standard morphometric landmarks or three-dimensional surface
scanning. Data on the osteological and soft tissue anatomy of the barbel mechanism can be
collected using micro-computed tomography (uCT) scans of the craniofacial region. pCT
scanning is an ideal method because it is non-destructive to the specimens and can be used to
more accurately quantify volume and spatial variation. Additionally, it would be of interest
to quantify intraspecific variation and ontogenetic changes given evidence for plasticity in
barbel development (McCormick 1993; Pavlov et al. 2011). Variation in taste bud structure
and distribution would be collected using Scanning Electron Microscopy (SEM). Combined,
these scans will be used to quantify key traits, such as 1) muscle attachment angle, 2) mus-
cle volume, 3) barbel length, width, and volume, 4) ceratohyal length, 5) dentition, and 6)
taste bud complexity. Quantification of this anatomical variation will be used to examine
the evolution and biomechanical potential of the barbel apparatus across species, which can
then be applied to increasing our understanding of how head and barbel structure influence

the unique foraging behavior of the goatfishes.

5.2.2  Comparative kinematics of barbel use during foraging

A goatfish’s barbels are the primary appendage used to detect food items within loose
substrates through a large variety of behaviors that differ among lineages. Different species of
goatfish are hypothesized to have a strong preference on the substrate type that they inhabit
and feed on (Gosline 1984). For example, some species use their barbels as an excavation
device to turn over soft substrate (i.e. sand and mud), while other species use their barbels
to probe within crevices and dislodge small animals (Gosline 1984). Another interesting
behavior exhibited by Mulloidichthys flavolineatus is the blowing of the substrate away once
a food item is detected within the substrate. Goatfishes also can feed on plankton within the

water column through jaw protrusion while their barbels are retracted, although no adult
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Figure 5.4: Frame of P. multifasciatus foraging. Lateral tank view from kinematics
experiment in Moorea, French Polynesia. Source: C. Nash.

goatfish has been shown to feed primarily on the plankton (Krajewski and Bonaldo 2006).
An examination of the complex interrelationships among feeding morphology, behavior, and
habitat use can be used to inform predictions on how effectively species of goatfish will be
able to adapt to changing environments. These experiments and observations will provide
an estimate of how well goatfishes can perform when feeding on non-preferential substrate
types, revealing species that may be particularly vulnerable to changes in habitat availability.

To accomplish these aims, we have begun the collection of three-dimensional kinematic
data through filming a controlled foraging event on multiple substrate types using high
speed videography. In collaboration with UChicago undergraduate Olivia Grobmyer, we are
digitizing and calculating the motion of the head and barbels during each feeding event. The
data from these videos will be used to quantitatively calculate the intra- and interspecific
variation in feeding behavior across different substrate types. Additionally, this data will
be integrated with morphological measurements from micro-CT scans of museum specimens
to create a 3D biomechanical model of how individuals use their barbels during a foraging

event. This model will be used to infer feeding capabilities across the goatfish phylogeny
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to predict which species are able to feed on non-preferential substrate types and adapt to
multiple habitat types.

Currently we have data on Parupeneus multifascitus, and plan to expand our behavior
observations across species. To examine the variability in feeding behavior and habitat
specificity in situ, I will generate a robust observational database of foraging and feeding
behaviors from different reef localities. One option is to use a time budget approach, in
which one follows an individual for a fixed amount of time and estimates the percentage of
time spent performing different behaviors, such as searching for food, digging, feeding, and
interacting with other individuals. Another option is to use stationary camera rigs that will
record video footage for a set amount of time. To stimulate foraging behavior, baited food
sources can be placed in front of the camera rig. Ideally, several cameras would be placed
in areas with divergent substrate types and reef zones to capture any variability in behavior
across species. Additionally, this set up would be able to capture other behaviors, such as
conspecific and interspecific social interactions. Environmental data, such as temperature,
salinity, current speed, and turbidity will be recorded for each site. Additional data, such
as diet composition, depth range, diurnal patterns, and spawning times, will be collected

through a meta-analysis of the primary literature and personal observations.

5.2.3  Comparative plasticity in barbel development across the goatfishes

Due to the large variability within habitats and trophic ecology, an examination of the
mechanisms that influence and regulate sensory systems is essential to understanding the
distribution of taxa across space and time (Lombarte and Aguirre 1997). In fishes, sensory
systems involved with feeding behaviors have evolved into a diverse array of morphological
traits that result in both the specialization and loss of certain sensory capabilities. For
example, cavefish have undergone a severe reduction in their optic capabilities due to a lack

of exposure to light sources and have subsequently undergone an increase in the functionality
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of their olfactory systems as a form of sensory compensation (Jeffery 2009; Eifert et al. 2015).
These physical adaptations highlight the strong connection between ontogenetic development
and environmental stimuli, which have the potential to greatly impact sensory development,
growth patterns, behavior, and mortality rates of individuals (McCormick 1993). Larval
goatfishes have the general teleost arrangement of their branchiostegeal rays and only begin
to utilize their barbels post settlement (Gosline 1984). During development, the anterior
branchiostegeal ray separate from the other rays and migrate forward on the hyoid bar to
become level with the tip of the glossohyal (Gosline 1984; McCormick and Molony 1993).
The barbels show a period rapid growth during the settlement phase, in which the individual
transitions from its pelagic life phase to its benthic phase (McCormick and Molony 1993).
This is represented by an over 50% increase in barbel length over a twelve-hour period
(McCormick and Molony 1993). Additionally, it has been observed that the level of food
availability during the settlement phase of Upeneus tragula in affects the size of the barbel
and the size of the taste buds depending on the treatment (McCormick 1993). Interestingly,
goatfishes deprived of food developed the longest barbels with the largest taste buds, while
individuals that had access to an excess of food developed shorter barbels (McCormick
and Molony 1993). This relationship, although not necessarily intuitive, does make sense
functionally. A longer barbel with larger taste buds can increase the surface area available to
detect and obtain food. This also indicates that, at least in the specific species studied, there
is some degree of plasticity in the development of the barbels dependent on the environment
at the time of settlement.

The ability for the sensory system to adapt based on the environment that an organism
experiences as it develops greatly increases the potential fitness of that individual. Current
research suggests that different elements of the teleost sensory system have the mechanisms
required to respond to a variety of environmental and biotic coniditions (Holland 1978; Mec-

Cormick and Molony 1993). For barbels in particular, the ability to regenerate taste buds
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after being damaged is a recurrent trait found across many lineages. Catfishes, in partic-
ular, have been studied for over 100 years to investigate mechanisms of cell and sensory
regeneration. Although the quality of the regenerated barbel is dependent on the species,
an experiment by Katagiri (1966) demonstrated that the regenerated barbel of a juvenile
Japanese catfish, Parasilurus asotus, expressed functional taste buds three days after am-
putation and eventually reached its initial length and size (Katagiri 1966). Sturgeons have
also been observed to regenerate their barbels, as the effectiveness of using the amputation a
barbels as a mark-and-recapture technique for individuals of short-nose sturgeon was found
to be rather ineffective method for long-term study as the 100% of the individuals partially
regenerated their barbel within two years (Collins et al. 1994). Barbel regeneration has also
been tested in zebrafish, in which regenerated barbels were found to be grossly similar in
terms of proportion and pigmentation to the original barbel (LeClair and Topczewski 2010).
Additionally, the vasculature, nerves, and positioning of taste buds were restored by similar
cell types in their original position (LeClair and Topczewski 2010). However, the central
rod of connective tissue within the barbel was replaced by a scar tissue like assemblage of
mesenchymal cells within extracellular matrix (LeClair and Topczewski 2010).

No prior work appears to have explicitly examined the regeneration of goatfish barbels.
An evaluation of the plasticity of the sensory system begs the question of what precisely is
causing the variation observed among taxa. Various fish clades have adapted and utilized
their extra-oral taste buds in order to access a novel and underutilized food source (Kiyohara
et al. 2002; Kirino et al. 2006). However, the mechanism by which these adaptations have
occurred remains a mystery. For example, is the observed variation in barbel and brain
structure within fishes caused by alterations in fish feeding behavior that resulted in changes
in brain structure, or did the changes in brain structure precede and drive the changes in
feeding behavior? To answer these questions requires an intimate knowledge of the variation

within and among species, as well as the mechanisms that produce morphological change.
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Although this is an arduous task, this knowledge is crucial in understanding the exact ways
in which organisms interact with the environment and which ways the environment impacts
the evolution of an organism. One place to start would be a detailed examination of the
plasticity of barbel and brain development among goatfishes under different environmental
conditions.

This study will provide insight on both the level of plastic capabilities in both barbel
and brain structure, as well as the degree in which the environment has an impact on
morphological development. Another important avenue of research is a detailed analysis of
the genome and gene expression patterns in order to better understand the underlying genetic
mechanisms and potential epigenetic effects. It is unquestionable that the goatfishes have
evolved extraordinary morphological and sensory adaptations in order to best utilize their
habitats. An understanding of how goatfishes interact and evolve with their environment
is essential in order to inform accurate predictions on the resilience of goatfish species to

impending environmental changes.
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5.2.4  Concluding Remarks

The research described in this thesis will greatly contribute to our understanding of evo-
lutionary and ecological patterns in a relatively poorly studied clade, will enhance our ability
to analyze and predict marine biogeographic patterns, and will enable broader analyses of
reef fishes across multiple families. Integrated with patterns of biodiversity, an examination
of the evolutionary diversification of important functional traits is a powerful tool that can be
used to understand the processes that drive current lineage distributions and dispersal pat-
terns, to explore how shifts between regions have occurred historically, and to predict where
lineages will persist in the future. The datasets generated as part of this thesis will be used to
address further questions about the life history, comparative anatomy, and phylogeography
across species within this clade and beyond. In conclusion, the research presented in this dis-
sertation yields a substantial contribution to our understanding of the phylogenetic history,
biogeographic distribution, comparative morphology, and ecomorphological associations of

the goatfishes.
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