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ABSTRACT 

  

The deep-pelagic is the largest biome on planet Earth.  Despite its size the animal 

life inhabiting the deep-pelagic is severely underrepresented in global marine biological 

records.  Accordingly, many questions related to the demographic histories and  

taxonomic relationships of deep-pelagic fishes remain unanswered.  We utilized 

molecular data to investigate taxonomic issues related to the family Cetomimidae (the 

whale fishes) and to infer the demographic histories of 13 species of deep-pelagic fishes. 

 Family Cetomimidae has long been plagued by taxonomic issues.  Even the 

matching of male and female cetomimids has proven difficult due to striking sexual 

dimorphism within the family.  We constructed maximum clade credibility trees and 

performed bGMYC analysis to better understand whale fish taxonomy. 

Our Cetomimidae tree was largely in agreement with past morphological work.  

Areas of disagreement regarding morphological analyses included a clade comprising 

Cetostoma + Ditropichthys, as well as paraphyly within Gyrinomimus with respect to 

Cetomimus.  Our bGMYC analysis revealed Cetostoma regani to be a cryptic species 

complex, comprised of two operational taxonomic units that diverged ~3.1 Ma ago.  We 

identified two new putative Cetomimus species, as well.  Finally, we were able to match 

all of our male samples to three different female species.   

Reconstructions of historic demography shed light on how past 

ecological/evolutionary events impacted the population size of a given species.  By 

understanding the past we can begin to understand how populations will behave in 



 

iii 

 

response to current and future changes to their habitat.  Mitochondrial and nuclear DNA 

markers were sequenced for 13 low-latitude deep-pelagic fish species representing eight 

families.  Demographic histories were reconstructed using two sets of analyses.  Historic 

population expansions were inferred for eight species using frequency-based statistics, 

while our extended Bayesian skyline plots (EBSPs) detected expansions in five of those 

eight species.  Our EBSPs provided estimated dates of expansion that ranged from 80 ky 

ago to 270 ka ago.  All of these dates appear to coincide with periods of warm sea 

surface temperature (SST) at approximately 41° of latitude in the North Atlantic, the 

northernmost range for many low-latitude deep-pelagic fishes.   
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NOMENCLATURE 

 

Trachichthyoidei and Trachthyiformes.  This was the name used in Moore (1993) to 

describe a clade consisting of the families Trachichthyidae, Monocentridae, 

Anomalopidae, Diretmidae, and Anoplogastridae.  When used outside the context of 

Moore (1993) they refer to the original families identified by Moore as well as 

Berycidae. 

Stephanoberycoidei and Stephanoberyiciformes.  This was the name used in Moore 

(1993) to describe a clade comprised of the families Melamphaidae, Hispidoberycidae, 

Stephanoberycidae, Gibberichthyidae, Rondeletiidae, Barbourisiidae, Megalomycteride, 

and Cetomimidae.  Subsequent molecular studies have shown that Berycidae is a 

member of this clade.  When used outside the context of Moore (1993) they refer to the 

original families identified by Moore as well as Berycidae. 
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1.  INTRODUCTION 

 

1.1 Background 

The deep-pelagic is traditionally defined as the marine habitat between 200 

meters in depth to approximately 100 meters above the sea floor (Sutton 2013).   Three 

distinct zones exist within the deep pelagic: the mesopelagic (200 -1000 m), 

bathypelagic (1000-4000 m), and abyssopelagic (4000-6000 m) (Speight and Henderson 

2013).  The deep pelagic constitutes approximately 95 percent of the ocean by volume, 

which covers 70 percent of the Earth’s surface, making it the world’s largest biome 

(Haedrich 1996; Robison 2009; Webb et al. 2010).  

A number of unique abiotic factors characterize the deep-sea.  Pressure increases 

by one atmosphere approximately every ten meters.  The temperature is typically cold, 5 

degrees Celsius or less by 1,000 meters, and it varies only slightly seasonally (Tyus 

2011).  Light levels can no longer support photosynthesis at 200 meters and light 

disappears entirely by 1000 meters (Haddock et al. 2010).  Because photosynthesis 

cannot occur, the majority of energy sources must originate in shallower waters.  Energy 

reaches this environment in the form of marine snow (detritus) or through vertically 

migrating organisms (Asper 1987; Hidaka et al. 2001). 

Despite the enormous size of the deep-pelagic zone, its ecology is poorly 

understood, as less than 1 percent of the biome has been explored (Robison 2009).  

Furthermore, an analysis of the global database of marine biological records shows that 

deep-pelagic species are severely underrepresented, even when compared to deep-
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benthic species (Webb et al. 2010).  Scientific understanding of the deep-sea has lagged 

behind other environments for some time.  The deep-sea was originally presumed to be a 

biological desert, primarily devoid of life.  Accordingly, few scientific efforts were made 

to explore it (Webb et al. 2010).  Since the Challenger expedition of 1872 our view of 

the deep-sea has changed dramatically (Webb et al. 2010; Sutton 2013); containing more 

than 5,200 described species of fishes, the deep-sea is more an oasis than a desert 

(Glover et al. 2019). 

Fishes of the deep-sea are characterized by adaptations to this extreme 

environment.  Bioluminescence is present in more than 80% of all deep-sea fish species, 

and is the only source of light in much of the deep-sea (Haddock et al. 2010; Widder 

2010).  Muscle mass and metabolic rate decreases with depth, as the need to escape 

sight-oriented predators become lower (Seibel and Drazen 2007; Sutton 2013).  

1.1. Description of Key Deep-Water Fish Assemblages of the Gulf of Mexico 

Myctophids (family Myctophiidae) are a species-rich group with approximately 

250 described members (Catul et al. 2011; Davis et al. 2014).  Myctophids are 

commonly known as lanternfishes, a name derived from their intrinsic bioluminescent 

organs, or photophores.  The number and placement of photophores varies drastically by 

species and aids in species recognition (Herring 2007; Davis et al. 2014). 

It has been suggested that myctophids are among the most numerically abundant 

vertebrates on the planet (Catul et al. 2011).  Largely found in the mesopelagic, most 

species undergo a diel vertical migration.  The predominant pattern is that of fish 

retreating to depth during the hours of daylight and entering shallower waters at night to 
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take advantage of the greater abundance of food (Catul et al. 2011).  The number of 

fishes that participate in the daily migration is so large that the phenomenon first 

registered on sonar by the United States Navy, with the appearance of a false ocean 

floor, the deep scattering layer (DSL), that moved throughout the day (Barham 1966).  

This vertical migration is believed to be a major contributor of carbon and energy to 

deeper dysphotic waters (Sutton 2013).   

Members of the family Stomiidae, commonly referred to as barbelled 

dragonfishes, are deep-sea inhabitants distributed circumglobally (Hastings et al. 2015).  

The family is represented by 28 genera and 294 species, making it one of the most 

diverse groups of deep-sea fishes.  Dragonfishes are critically important ecologically in 

the deep-sea environment, as they are dominant upper trophic level predators in both the 

mesopelagic and bathypelagic (Sutton and Hopkins 1996; Sutton 2013; Hastings et al. 

2015). 

Stomiids exhibit a host of morphological traits that are suited to their ecological 

role as deep-sea predators.  Many of these traits relate to modifications of the cephalic 

region to aid in feeding.  Stomiids can open their jaw to angles exceeding 100 degrees, 

allowing them to swallow large prey, an important trait in an environment with 

exceedingly low prey densities (Kenaley 2012).  A long jaw length, over 30 percent of 

the standard length in some species, also aids in the taking of large prey (Kenaley and 

Hartel 2005).  Teeth are pointed and recurved to prevent the escape of prey (Paxton and 

Eschmeyer 1994).  Mental barbels with an intrinsically bioluminescent tip are present in 
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most species and may serve to attract prey items (Gartner et al. 1997; Hastings et al. 

2015). 

The suborder Ceratioidei contains 160 described species of deep-sea anglerfishes 

that are primarily found in the bathypelagic (Pietsch 2005).  This group possesses a 

number of derived characteristics such as extreme sexual dimorphism, male parasitism, 

and bioluminescent lures.  Males are dwarfed by females and in many species live a 

parasitic life where they attach to females.  The two will fuse together providing the 

male nourishment and the female sperm for reproduction (Pietsch 2005).  Unlike 

stomiids and myctophids, anglerfishes not only utilize intrinsic bioluminescence, but 

they also rely on a bacterial symbiont to achieve bioluminescence.  They house their 

symbionts in highly complex light organs on their esca, a structure derived from the first 

fin ray, and utilize bioluminescence as a means to attract prey (Herring 2007).  

Observations indicate these fishes are able to control the bacterial bioluminescence, 

presumably as a result of highly evolved process where secretions are released into the 

light organ to stimulate light emission (Pietsch 2009). 

Cetomimidae is another dominant bathypelagic family, with more than 20 

species.   The cetomomids, or whale fishes, may be the most sexually dimorphic of any 

ray-finned fish families.  Females are characterized by robust whale-shaped bodies, large 

horizontal mouths, extensive lateral line systems, and the lack of both external scales and 

pelvic fins (Paxton 1989; Johnson et al. 2009).  Male are small (under 68 mm), 

elongated in shape, possessing large nasal organs, tiny horizontally oriented mouths, 

mosaic scales, and lacking pelvic fins (Johnson et al. 2009). 
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Several studies have uncovered strong ecological links between the deep pelagic 

and epipelagic surface waters.  Myctophids are consumed by ceteaceans, birds, and 

pinnipeds when undergoing vertical migrations to shallower depths at night (Guinet et al. 

1996).  Varghese (2013) found that a deep pelagic fish from the family Stomiidae was 

one of five prey items most commonly consumed by the Indo-Pacific sailfish, 

Istiophorus playtpterus.  A gut content analysis revealed that blue fin tuna (Thunnus 

thynnus) primarily feed on deep pelagic fishes from the families Stomiidae and 

Myctophidae in the Mediterranean (Battaglia et al. 2013).  The newly discovered 

ecological importance of the deep pelagic to such economically important species 

highlights the importance of efforts to learn more about the environment. 

1.2. Project Overview and Motivation 

This research is a product of the “Deep Pelagic Nekton Dynamics of the Gulf of 

Mexico” (DEEPEND) Consortium, funded by the Gulf of Mexico Research Initiative.  

Six research cruises in the Northern Gulf of Mexico, from 2015-2018, were conducted to 

collect data to better understand the physical and biological characteristics of the deep 

pelagic zone in the Gulf of Mexico (GoM).  

Fishes were obtained through trawls with a “Multiple Opening and Closing Net 

and Environmental Sensing System” (MOCNESS).  This system is comprised of six nets 

that can be opened and closed independently by an operator, allowing for sampling to 

occur at discrete depth zones.  Due to the rarity of the fishes collected on the cruises, 

mitochondrial cytochrome oxidase I (COI) was sequenced for 10 individuals for each 

putative species we collected.  This marker is widely used to identify and barcode 
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species, and our COI sequences frequently represented the first molecular data available 

for these species.  This sequence data provided us the opportunity to investigate larger 

questions that were previously impossible to answer, due to insufficient sample sizes.    

In particular we wished to investigate the phylogenetic relationships of the family 

Cetomimidae and attempt to match male and female species within the family as it is 

characterized by extreme sexual dimorphism.  To date only one male and female species 

have been matched, and the phylogenetic relationships within the group have been 

poorly resolved, due to an overall lack of samples and sequence data.  We also sought to 

better understand the demographic histories of the fishes that reside in the deep pelagic 

of the GoM.  The demographic histories of deep-pelagic fishes are currently unknown, 

and such knowledge is critical to understanding how the community responds to major 

environmental changes. 
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1.2 Objectives 

There were two research objectives coming out of the DEEPEND project utilizing 

genetic data from deep-sea fishes: 

1. For our first objective we utilized molecular data to investigate three areas of inquiry 

related to the family Cetomimidae (whale fishes).  

(i) What are the phylogenetic relationships between the families that comprise 

the clade Stephanoberycoidei? 

(ii) What are the phylogenetic relationships within the family Cetomimidae?,   

(iii) Can we match male and female cetomimid species? 

2.  For our second objective we utilized genetic data (mitochondrial cytochrome oxidase 

I (COI) and three nuclear DNA sequence markers) to answer the following questions 

related to demographic changes in thirteen deep pelagic fish species in the Gulf of 

Mexico. 

(i) Have there been detectable long-term effective population size changes in 

thirteen GoM deep pelagic fish species? 

(ii) What long-term environmental trends can explain the changes we infer? 
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2. PHYLOGENETIC RELATIONSHIPS OF THE WHALE FISHES (FAMILY 
CETOMIMIDAE) AND NEW SPECIES LEVEL MATCHES OF MALES AND 

FEMALES 
 

2.1 Introduction 

2.1.1 Description of Family Cetomimidae 

With nine recognized genera and approximately 15-20 currently recognized 

species, the family Cetomimidae (whale fishes) is one of the dominant bathypelagic 

families and may be the most abundant fish family below 1800 meters (Colgan et al. 

2000; Paxton et al. 2016).  Most species are small, under 200 mm standard length, 

however one individual from a species in the genus Gyrinomimus measured 390 mm in 

length (Paxton 1989).  Inhabiting all of the world’s oceans, Paxton (1989) identified two 

patterns of distribution for whale fishes using the four most commonly collected species.  

Cetostoma regani and Ditropichthys storeri have cosmopolitan distributions between 

fifty degrees north and forty degrees south, while two Gyrinomimus species have a 

North Pacific distribution between thirty-nine and fifty-two degrees and a circumglobal 

distribution in the Southern Ocean between thirty-two and seventy-two degrees south. 

Cetomimids were long a source of mystery, as collections were historically 

comprised entirely of mature females despite the existence of more than 600 specimens 

(Paxton 1989).   The family was defined by three synapomorphies.  Whale fishes possess 

gill rakers in some form other than elongate and flattened and lacked both pelvic fins and 

pleural ribs (Paxton 1989).  Other notable characteristics included a large horizontal 

mouth for feeding on large prey items, small eyes, whale-shaped body, lack of external 

scales, and extensive lateral line system (Johnson et al. 2009). 
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It is now known that two other deep-sea fish families, Megalomycteridae 

(bignose fishes) comprised entirely of males, and Mirapinnidae (tapetails) are, 

respectively, male and larval members of the family Cetomimidae (Johnson et al. 2009).  

This is astonishing given the number of morphological differences between males, 

females, and larvae of the family.  Cetomimid males (formerly Megalomycteridae) are 

small (under 68 mm), elongated in shape, possess large nasal organs, tiny horizontally 

oriented mouths, mosaic scales, and lack pelvic fins (Johnson et al. 2009).  Mirapannidae 

(hairyfish/tapetails) are characterized by a lack of scales and lateral lines with large 

mouths for copepod feeding, as well as vertically oriented fins and jaws (Bertelsen and 

Marshall 1956; Johnson et al. 2009) 

2.1.2 How Three Families Became One 

 Gosline (1971) was the first to recognize a close relation between 

Megalomycteridae and Cetomimidae, going as far as to suggest that megalomycterids 

may be in fact male cetomimids.  In a 1974 review Robins asserted that some of the 

mirappiniform fishes are prejuvenile cetomimids, but no further evidence or discussion 

was given (Robins 1974).  De Sylva and Eschmeyer (1977) provided morphological 

evidence that specimens from the family Kasidoroidae (described in 1975 and placed in 

the order Mirapinniformes) were actually juvenile fishes from the family 

Gibberichthyidae.  The authors further described that metamorphosis in deep-water 

fishes is poorly known, and “bizarre transformations involving more than one 

metamorphosis may be common in certain fish groups.”  Given the previous 

classification of Kasidoroidae as Mirapinniformes, De Sylva and Eschmeyer  (1977) 
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suggested that the identity of Rousauridae, Megalomycteridae, Mirappinidae, and 

Eutaeniophoridae should be reexamined, as they may be “prejuvenile stages of 

cetomimid, berycoid, or other fishes”. 

 Paxton (1989) rejected the notion that Megalomycteridae and Mirapinnidae were 

male and pre-juvenile cetomimids, based on several lines of evidence.  The fin ray 

counts of only one of four megalomycterid genera match any of the nine cetomimid 

genera.  Mirappiniformes differ from cetomimids (adult females) in jaw shape/size, 

caudal ray fin count, and the possession of a pelvic fin.  Furthermore, the largest 

Mirappiniformes were larger in size than the smallest cetomimids.  An investigation by 

Moore (1993) into the phylogenetic relationships of the Trachichthyiformes 

(Trachichthyoidei and Stephanoberycoidei) using osteology and soft anatomy did not 

find any evidence to reject Paxton’s claims.  Instead, Moore placed Mirappinidae as 

sister to Megalomycteridae forming a clade that was in turn sister to Cetomimidae.  All 

three families were united by the distribution of red muscle. 

 It was not until 2003 that any new evidence was uncovered to reveal the 

relationship of the three families.  Miya et al. (2003) sequenced whole mitogenomes 

from one hundred fishes to explore the phylogenetic relationships of higher teleost 

fishes.  Interestingly, one sample included in study, Parataeniophorus sp. (Family 

Mirapinnidae) was nearly identical to the Cetostoma regani sample (Family 

Cetomimidae) used in the study, only differing by approximately 0.04% in all positions.  

Unfortunately, the Parataeniophorus specimen was small and the entire body was used 

for extraction, leaving no voucher.  Miya et al. (2003) suggested that Mirapinnidae may 
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actually be larval cetomimids, citing a similar phenomenon in the deep-sea family 

Giganturidae, as giganturid larvae had been classified as members of the independent 

family Rosauridae until 1991 (Johnson and Bertelsen 1991).  Paxton and Johnson (2005) 

questioned these results based on extreme morphological differences between the groups 

and the lack of a voucher specimen.  It was believed “impossible anatomically” for 

Parateniophorus to transform into a cetomimid. 

Finally, new specimens from the Gulf of Mexico provided the necessary 

vouchers and molecular evidence to solve this mystery (Johnson et al. 2009).  Whole 

mitogenomes from fifteen species were used to create a maximum likelihood tree.  This 

was in turn used as a backbone constraint for the construction of subsequent maximum 

likelihood trees for thirty-six 16s rRNA sequences.   The sequences belonged to 16 

putative species from the five “whale fish” families as well as two melamphaids.  

According to the molecular results, Mirapannidae were indeed larval whale fishes.  

Furthermore, Megalomycteridae (bignose fishes) known by only sixty-five specimens 

(all male) were male cetomimids.  New transitioning samples from the juvenile stage 

provided additional morphological evidence in support of this conclusion. 

While the maximum likelihood tree confirmed that males of the species 

Ataxolepis apus were embedded within the genera Cetomimus and Gyrinomimus, it did 

not link them to any particular species (Johnson et al. 2009).  Parataeniophorus gulosus 

(larvae) was linked to Cetostoma regani.  An incompletely developed nasal organ and 

good spermatogenic tissue suggested it would develop into a male, providing the first 
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tentative link of a male and female species.  Unfortunately no adult male specimen was 

available for description. 

In the most recent work on the subject, Paxton et al. (2016) wrote that of the 

eight known species of males, only three have been linked to females.  The first species 

match was made for Cetostoma regani, with one known male specimen.  The other two 

males have been linked to the Cetostoma and Gyrinomimus clade, but no species from 

either genus have been linked to a male. 

Johnson et al. (2009) stated that the, “Next challenge is to link the three life 

stages of each species.”  With fourteen new male specimens collected and sequenced on 

the DEEPEND cruises occurring between May 2015 and August 2018, we have a unique 

opportunity to make more species-level matches between male and female cetomimids.  

Since this has been only accomplished for one species at present, it would be an 

invaluable contribution from the DEEPEND consortium. 

2.1.3 Phylogenetic Uncertainty within the Family Cetomimidae 

Our understanding of the phylogenetic relationships within the family 

Cetomimidae is also characterized by a history of uncertainty.  Paxton (1989) provided a 

detailed description of each genus and their relationships using a number of 

morphological traits including gill arches, head laterosensory canals, lateral line scales, 

cavernous tissue, anal lappets, and the subpectoral organ.  Nine genera were identified in 

total.  Rondeletia and Barbourisia were used as outgroups for the polarizations of thirty-

nine traits to determine phylogenetic relationships within the family Cetomimidae (see 

Figure 1).  Procetichthys was identified as the basal member of the cetomimids, 



 

 

 

16 

followed by Ditropichthys and then a clade comprised of Cetichthys and Notiocetichthys.  

Paxton described the relationship between the next five genera as equivocal with the 

exception of Cetomimus and Gyrinomimus, which were identified as sister genera based 

on their lateral lines.  Paxton’s working hypothesis for these five genera was that 

Danacetichthys and Cetostoma were sister groups to the remaining three genera, based 

on the gill-raker tooth plate shape and extent of the fourth gill slit. 

 

 

 

Figure 1.  Cetomimidae Phylogeny adapted from Paxton (1989).  The tree is based on 
morphology. 
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 Colgan et al. (2000) questioned the phylogenetic relationships put forth by 

Paxton (1989).  Colgan et al. (2000) used the 12s DNA sequence marker (30 sequences) 

and 16s rDNA (39 sequences) to investigate relationships within the family 

Cetomimidae and within the Stephanoberyciformes/Beryciformes as a whole (see Figure 

2).  Eleven individuals from the family Cetomidae were included in the study 

representing four genera (Cetostoma, Cetomimus, Ditropichthys, and Gyrinomimus).  

The results of the 16s and combined analyses suggested Cetostoma was sister to 

Ditropichthys rather than the Cetomimus/Gyrinomimus clade.  Also of note, while 

Cetomimus was monophyletic in the 16s and combined trees, Gyrinomimus was 

paraphyletic with respect to Cetomimus.  Three clades were evident: Gyrinomimus cf 

myersi, Gyrinomimus sp R + Gyrinomimus grahami, and Gyrinomimus sp. R + 

Gyrinomimus sp L.  This was an unexpected result as the two genera were clearly 

defined using morphology. Paxton (1989) characterized Cetomimus as possessing domed 

vomer and Gyrionmimus by enlogated jaw teeth.  Colgan et al. (2000) wrote that a 

revision of Gyrinomimus was underway by Paxton based on morphology.  Within the 

revision three species groups were recognized, largely in line with the results of this 

study.     

 

 

 

 

 



 

 

 

18 

 

 

 

 

Figure 2.  Cetomimidae Phylogeny adapted from Colgan et al. (2000). The tree is based 
on 12s and 16s combined analysis.   
 

 

 

 

Figure 3.  Cetomimidae Phylogeny adapted from Johnson et al. (2009). The tree is based 
on whole mitogenomes and 16s rRNA.  The study did not include Ditropichthys, 
Cetichthys, Notiocetichthys, or Rhamphocetichthys.   
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The maximum likelihood tree from Johnson et al. (2009) (described in the 

previous section) included seven putative cetomimid species from five genera (See 

Figure 3).  The placement of Procetichthys as the primitive sister to all other member of 

Cetomimidae was in agreement with the morphological assessment by Paxton (1989).  

However, the molecular evidence pointed to paraphyly within Gyrinimomus with respect 

to Cetomimus.  Only two species from Gyrinomimus were included, so further 

clarification on the number and composition of the Gyrinomimus species groups was not 

provided. 

 We compiled a COI dataset from the DEEPEND project that included twelve 

putative species and five currently recognized genera.  COI sequences from two 

additional Gyrinomimus species, one additional Cetomimus species, one species from the 

genus Danacetichthys, and one species from the genus Procetichthys were downloaded 

from GenBank and included as well.  We used this dataset to investigate the 

phylogenetic relationships of the family Cetomimidae.  No sequences were available for 

the three remaining genera.  This is the most complete phylogenetic investigation into 

the family to date.  We tested for paraphyly within Gyrinomimus with respect to 

Cetomimus and compared the topology to that of Paxton (1989), Colgan et al. (2000), 

and Johnson et al. (2009) (Figures 1-3). 

2.1.4 Phylogenetic Uncertainty in the Stephanoberyciformes and Beryciformes 

 Like the relationships within the family Cetomimidae, the relationships between 

Cetomimidae and the other families comprising the Stephanoberyciformes and 

Beryciformes are unsettled.  Moore (1993) performed phylogenetic analysis on the 
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“Trachichthyiformes” (Beryiciformes and Stephanoberyciformes) using both osteology 

and soft anatomy (See Figure 4 for Higher Level Phylogenetic Relationships and Figure 

5 for Phylogenetic Relationships within Stephanoberycoidei).  Moore proposed a 

monophyletic “cetomimoid” clade comprised of Rondeletiidae, Barbourisiidae, 

Megalomycteridae (now Cetomimidae), and Cetomimidae rejecting Gosline’s (1971) 

earlier assertion that this group was polyphyletic.  Another monophyletic clade 

containing families Hispidoberycidae, Stephanoberycidae, and Giberichthyidae was 

sister to the “cetomimoids”.  Melamphaidae was sister to both of the groups.   Moore 

(1993) assigned the name Stephanoberycoidei for these eight families.  Another five 

families (Trachichthyidae, Monocentridae, Anomalopidae, Diretmidae, and 

Anoplogastridae) were named Trachichthyoidei, which combined with 

Stephanoberycoidei to from the Trachichthyiformes.  Holocentridae was absent from this 

group and placed as sister to “higher percomorphs”. 

Colgan et al. (2000) supported the notion of a monophlyetic clade comprised of 

Barbourisiidae, Rondeletiidae, and Cetomimidae using 12s rDNA (Hispidoberycidae, 

Stephanoberycidae, and Gibberichthyidae were not included in this study).  16s rDNA 

did not support this hypothesis, however only one extra step was required to make the 

16s results monophyletic.  The combined results supported the assertion of Moore 

(1993) that the “cetomimoids”, Berycidae+Melamphaidae, and the rest of the 

Beryciformes excluding Holocentridae form a monophyletic group. 
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Figure 4.  Higher level relationships of Trachichthyoidei, Stephanoberycoidei, 
Holocentridae and Percomorpha.  This arrangement is adapted from Moore (1993) and 
Betancur et al. (2013), with the caveat that Moore did not place family Berycidae within 
Stephanoberycoidei. 
 

 

 

Figure 5.  Phylogenetic Relationships within Stephanoberycoidei adapted from Moore 
(1993).  Based on morphology. 
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 Miya et al. 2003 used whole mitogenomes to investigate phylogenetic patterns of 

higher teleosts (Figure 6 shows the resulting tree).  No samples from the families 

Barbourisiidae were included, but the results suggested that Rondeletiidae and 

Cetomimidae are closely related, and did nothing to harm the notion of monophyletic 

“cetomimoid” clade.  Unlike Moore (1993) and Colgan et al. (2000) the results 

suggested that the “Trachichthyoidei” of Moore split from Percomorpha, Holocentridae, 

and the Stephanoberyciformes.  Percomorpha is sister to a clade containing 

Holocentridae and the Stephanoberyciformes.   Miya et al. (2003) noted that several 

observations indicate that mitogenome data alone may not be able to resolve the higher 

level relationships of Trachichthyoidei, Stephanoberycoidei, Holocentridae and 

Percomorpha. 

 In a follow up to the previous study, Miya et al. (2005) once again employed 

whole mitogenomes from 102 species of fish (Figure 7 shows the resulting tree).  The 

resulting phylogeny for the Stephanoberyciformes and Beryciformes looked strikingly 

different.  Miya et al. (2005) named a clade Berycorpha, which was comprised of two 

clades: Trachichthyoidei and Stephanoberycoidei+Holocentridae.   

Near et al. (2013) explored the phylogenetic relationships throughout the spiny-

ray fish tree of life (Figure 8 shows the resulting tree).  A total of 520 species, ten 

nuclear genes, and thirty-seven fossil age constraints were employed.  Two species from 

Cetomimidae, one species from Rondeletiidae, and one species from Barbourisiidae 

were included in the study.  The results suggest that these three families do not form a 

monophyletic “cetomimoid” clade as proposed by Moore (1993).  In the ultrametric tree, 
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Acanthochaenus luetkenii of the family Stephanoberycidae, diverges from 

Barbourisiidae after Rondeletiidae.  A “Beryciformes” clade was identified that was 

sister to Percomorpha, and includes Trachichthyoidei, Stephanoberycoidei, and 

Holocentridae.  Within the clade, Holocentridae is the first to split and is sister to 

Trachichthyoidei and the Stephanoberycoidei). 

 

 

 

 

Figure 6.  Higher level relationships of Trachichthyoidei, Stephanoberycoidei, 
Holocentridae and Percomorpha.  This arrangement is adapted from Miya et al. (2003), 
Dornburg et al. (2017), and Hughes et al. (2018). 
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Figure 7.  Higher level relationships of Trachichthyoidei, Stephanoberycoidei, 
Holocentridae and Percomorpha.  This arrangement is adapted from Miya et al. (2005). 
 

 

 

 

Figure 8.  Phylogenetic Relationships within Stephanoberycoidei adapted from Near et 
al. (2013).  Based on ten nuclear markers. 
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 Betancur et al. (2013) sequenced twenty-one markers (20 nuclear and one 

mitochondrial) for 1410 bony fishes, two tetrapods, and two chondrichthyan outgroups 

to explore phylogenetic relationships within the bony fishes (Figure 4 shows the 

resulting tree).  The results pointed to the existence of a “Beryciformes” clade consisting 

of Trachichthyoidei and Stephanoberycoidei.  Holocentridae is outside this clade and 

elevated to the “Holocentriformes” which is sister to Percomorpha. 

 Two recent studies using nuclear DNA data have arrived at similar conclusions 

regarding the relationships of Percomorpha, the Beryciformes, and 

Stephanoberyciformes.  Dornburg et al. (2017) used 132 loci and employed techniques 

to account for GC bias convergence to identify the sister group of Percomorpha (Figure 

6 shows the resulting tree).  The Trachichthyiformes appeared to split from a clade 

containing Percomorpha, Holocentridae, and the Stephanoberyciformes. Holocentridae 

and the Stephanoberyciformes are sister to Percomorpha.  Within that clade 

Holocentridae is sister to the Stephanoberyciformes.  Hughes et al. (2018) employed the 

use of 1,105 orthologous exons from 144 genomes and 159 transcriptomes to investigate 

phylogenetic relationships of the ray-finned fishes, and generate a maximum likelihood 

tree (Figure 6 shows the resulting tree).  Gene genealogy interrogation (GGI) was 

applied to problem areas within the tree.  The resultant topology of the GGI analysis for 

Percomorphacea, the Trachichthyiformes (Trachichthyoidei), Beryciformes 

(Stephanoberycoidei), and Holocentridae was identical to that of Dornburg et al. (2017). 

 It appears as though the most recent studies employing vast numbers of loci for 

phylogenetic analysis are beginning to converge on a hypothesis for the relationship 
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between Percomorphacea, the Trachichthyiformes, the Beryciformes, and 

Holocentriformes.  It is unlikely our COI data will be able to improve on these results.  

Phylogenetic relationships within the Stephanoberyciformes are still poorly resolved, 

however.  In the previously mentioned studies only Moore (1993) and Near (2013) 

included the family Stephanoberycidae, and they arrived at strikingly different 

conclusions.  Gibberichthys was only included in Moore’s (1993) analysis. We will use 

COI data to attempt to better resolve the relationships within the Stephanoberyciformes, 

and test for the existence of Moore’s (1993) monophyletic “cetomimoid” clade by 

including all of our Cetomimidae sequences, as well as one representative sequences 

from each genera in the families Melamphaidae, Stephanoberycidae, Gibberichthyidae, 

Rondeletiidae, and Barbourisiidae. 

2.1.5 Objectives 

 The DEEPEND project has provided a large number of new cetomimid samples 

including males, females, and undescribed species.  We sought to use our mitochondrial 

COI data and perform phylogenetic analyses to answer three questions.  (1) Can new 

species level matches be made for more male and female whale fish species? (2) Do our 

results support the previous conclusions drawn by Paxton (1989), Colgan et al. (2000), 

and/or Johnson et al. (2009) regarding the intrafamilial relationships of the family 

Cetomimidae? Finally, (3) what are the phylogenetic relationships between the families 

that comprise the clade Stephanoberycoidei? 

 

 



 

 

 

27 

2.2 Methods 

2.2.1 Sampling 

Samples were taken during six different research cruises from 2015-2018.  Fishes 

were obtained through trawls with a “Multiple Opening and Closing Net and 

Environmental Sensing System” (MOCNESS). This system is comprised of six nets that 

can be opened and closed independently by an operator, allowing for sampling to occur 

at discrete depth zones.  Upon retrieval, samples were identified at sea.  Tissue was 

removed from lateral muscle or the caudal peduncle and placed in 95 % ethanol for 

preservation. Small samples (~ 1cm3) were preserved whole in ethanol, while larger 

samples were fixed in 10% formalin after tissue biopsy. 

2.2.2 Sequencing 

Approximately one mm3 of tissue was removed from our samples and placed into 

a 96 well plate.  These tissues were shipped to the Canadian Centre for DNA Barcoding 

(CCDB) for the sequencing of mitochondrial cytochrome oxidase I (COI) in their 

automated pipeline.  Samples producing sequences that were too short (under 500 base 

pairs in length), showed sign of contamination, or that failed outright were extracted in 

our lab using the QIAGEN DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA).   

Polymerase Chain Reaction (PCR) was attempted using different sets of custom 

forward and reverse COI primers. (See Appendix Table A-1 for list of COI primers 

used). The PCR products were cleaned using the PEG cleanup method (Glenn 2019) 

DNA pellets were rehydrated with 22 µl of sterile water and the concentration of DNA 

was quantified using a Cytation 5 plate reader. 0.8 µl of the forward or reverse primer 
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was added to each well, along with 15 ng of DNA for every 200 base pairs of the 

amplified sequence, and enough autoclaved water to achieve a total of 18 µl of liquid.  

The plates were shipped to the Keck DNA Sequencing Lab at Yale University for 

Sanger sequencing.  Sequences were cleaned and edited using Sequencher version v5.1 

(Genecodes 2000).  The cleaned sequences were aligned using MAFFT in Geneious 

v9.1.8 (Kearse et al. 2012). 

2.2.3 Intrafamilial Relationships of Cetomimidae 

In order to assess the intrafamilial relationships of the family Cetomimidae, all 

COI sequences obtained in DEEPEND were compiled along with one COI sequence 

from the five other Cetomimid species with COI sequences uploaded to Genbank 

(Cetomimus sp. AMS, Gyrinomimus myersi, Gyrinomimus sp. UWNC, Danacetichthys 

galanethus, and Procetichthys kreffti) (See Table A-2 for Accession Numbers).  One 

COI sequence each from Barbourisia rufa and Rondeletia bicolor were added to the 

dataset to serve as outgroups.  The sequences were aligned and trimmed in Geneious 

v9.1.8 (Kearse et al. 2012).  Identical sequences were pruned, as they lead would lead to 

over partitioning in our downstream bGMYC analysis (Reid 2014).   

PartitionFinder v2 (Lanfear et al. 2012) was used to identify the optimal 

partitioning scheme and substitution models for this dataset.  A NEXUS file containing 

the sequences was uploaded to BEAUTI, part of the BEAST v2.4.7 package (Bouckaert 

et al. 2014).  Partitions and substitution models were set according to the PartitionFinder 

results.  We set a most recent common ancestor prior at 11.717 million years, with a 

normal distribution, for a clade containing Ditropichthys and Cetostoma, but did not 
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enforce monophyly, in order to age calibrate our tree.  This calibration was based on our 

results from our secondarily calibrated tree in section 3 (See Appendix Figure A4).  An 

uncorrelated log normal clock and a birth-death tree prior were set to run for 50,000,000 

generations, sampling every 1,000 in order to generate an ultrametric tree in BEAST. 

We checked for convergence in Tracer v 1.7.1 (Rambaut et al. 2018) and used 

TreeAnnotator (part of the BEAST v2.4.7 package) to generate a maximum clade 

credibility tree that was visualized in FigTree v1.4 (Rambaut 2012). 

We next employed a species or operational taxonomic units (OTUs) discovery 

method, to assess whether or not any of our male and female specimens belonged to the 

same out, and identify any cryptic speciation present in the dataset.  OTUs were 

determined using a Bayesian general mixed Yule coalescent model (GMYC) that does 

not rely on any a priori knowledge of taxonomic distinctions.  The GMYC approach is a 

more robust method for identifying OTUs than more commonly used analyses such as 

the BIN method, which often fail to accurately reflect real-world patterns of diversity 

(Barley and Thomson 2016). The model is paired with ultrametric trees created using 

DNA sequence data, and determines whether any given branching point is a divergence 

event (between species) or a coalescent event (within species) based on the differing 

rates of these processes.  In this manner it can delimit OTUs based on evolutionary 

process and not a simple threshold (Pons et al. 2006; Reid 2014).  bGMYC was run with 

both a single threshold approach on maximum clade credibility tree and maximum 

threshold approach on 100 trees using the R package bGMYC (Reid 2014) (see Figure 

10).  We used the burnin and threshold settings suggested in the bGMYC instructions 
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provided with the program.  The bGMYC run was set to search for between 2 and 26 

OTUs (there were 26 sequences in total). 

2.2.4 Phylogenetic Relationship within the Stephanoberyciformes 

We compiled a dataset including one COI sequence for every genus in the order 

Stephanoberyciformes when available (see Table 1 for breakdown of families, genera, 

and sequences in the order).  Whenever possible, DEEPEND sequences were used.  

Polymixia lowei and Anoplogaster cornuta were included and set as outgroups.  As 

before, PartitionFinder v2 (Lanfear et al. 2012) was used to identify the optimal 

partitioning scheme and substitution models for this dataset.  Partitions and substitution 

models were set according to the PartitionFinder results.  An uncorrelated log normal 

clock and a birth-death tree prior were set to run for 50,000,000 generations, sampling 

every 1,000 in order to generate an ultrametric tree in Beast. We checked for 

convergence in Tracer v 1.7.1 (Rambaut et al. 2018) and used TreeAnnotator (part of the 

BEAST v2.4.7 package) to generate a maximum clade credibility tree that was 

visualized in Figtree v1.4 (Rambaut 2012).  A monophyletic prior was set for the family 

Cetomimidae to improve the running of the chain.    
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Table 1.  Genera and sequence availability for Stephanoberycoidei. 

Family Genus 

Sequence 

Available 

Stephanoberycidae Abyssoberyx No 

Stephanoberycidae Acanthochaenus Yes 

Stephanoberycidae Malacosarcus No 

Stephanoberycidae Stephanoberyx No 

Gibberichthyidae Gibberichthys Yes 

Barbourisiidae Barbourisia Yes 

Rondeletiidae Rondeletia Yes 

Hispidoberycidae Hispidoberyx No 

Cetomimidae Gyrinomimus Clade 1 Yes 

Cetomimidae Gyrinomimus Clade 2 Yes 

Cetomimidae Gyrinomimus Clade 3 Yes 

Cetomimidae Cetostoma Yes 

Cetomimidae Ditropichthys Yes 

Cetomimidae Danacetichthys Yes 

Cetomimidae Procetichthys Yes 

Cetomimidae Cetomimus Yes 

Cetomimidae Cetichthys No 

Cetomimidae Notiocetichthys No 

Cetomimidae Rhamphocetichthys No 

Melamphaidae Melamphaes Yes 

Melamphaidae Poromitra Yes 

Melamphaidae Scopeloberyx Yes 

Melamphaidae Scopelogadus Yes 

Melamphaidae Sio No 

Berycidae Beryx  Yes 

Berycidae Centroberyx Yes 
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2.3 Results 

2.3.1 Phylogenetic Relationships within the Family Cetomimidae 

We sequenced and compiled a dataset that included fifty-two sequences from the 

family Cetomimidae representing six recognized genera to investigate phylogenetic 

relationships within the family Cetomimidae (Table 1).  After pruning identical 

sequences to improve the accuracy of our bGMYC analysis, we were left with twenty-

four sequences.  The sequences were trimmed to a length of 579 base pairs, giving us 

163 variable sites representing 212 mutations and 24 parsimony informative sites.  The 

greatest raw pairwise sequence divergence within the family was found between 

Procetichthys kreffti and Danacetichthys galathenus at 20.21%.  Within the genus 

Gyrinomimus pairwise divergence was as high as 12.09% between two samples and 

there was 4.15% pairwise between the two Cetostoma regani sequences used in tree 

construction.  The twenty-four sequences were used in the construction of an ultrametric 

tree. 

Our maximum clade credibility tree of family Cetomimidae places Procetichthys 

as the most primitive cetomimid and sister to all others, diverging 33.506 million years 

ago (Figure 9).  Ditropichthys and Cetostoma are the next most primitive genera and 

form a clade.  Danacetichthys diverged from the remaining genera ~14.954 million years 

ago.  Gyrinomimus appears to be paraphyletic with respect to Cetomimus, forming three 

clades comprised of 1) Gyrinomimus bruuni, 2) Gyrinomimus myersi + Gyrinomimus sp 

UWNC and 3) Gyrinomimus parri.  The clades diverged 10.111 and then 4.067 million 

years ago, respectively.  Cetomimus is the most derived genus in our tree.  Most of the 
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nodes at the species level are well resolved and have posterior values of greater than 

95%.  However, the node between Gyrinomimus myersi + Gyrinomimus sp UNC and the 

node between Cetomimus + Gyrinomimus parri have posterior values of 54.1% and 

60.5%, respectively.  This may indicate some uncertainty in the existence and/or species 

composition of the three Gyrinomimus clades we identified. 

 

 

 

Figure 9.  Maximum Clade Credibility Tree for family Cetomimidae.  The red lines 
show sequences that belong to the same species or OTU based on our bGMYC analysis.  
Species/OTUs containing both male and female specimens are indicated by the male and 
female symbols. 
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Table 2.  Summary of the cetomimid OTUs identified by bGMYC analysis. 
 

Species/OTU 

Origin of 

Sequence(s) 

# of 

Haplotypes 

# of 

Sequences Sex of Samples 

Cetomimus sp AMS GenBank 1 1 Female 

Cetomimus OTU 1 This study 1 1 Female 

Cetomimus OTU 2 This study 5 18 

Male and 

Female 

Gyrinomimus parri This study 1 1 Female 

Gyrinomimus myersii GenBank 1 1 Female 

Gyrinomimus sp 

UWNC GenBank 1 1 Female 

Gyrinomimus bruuni This study 3 6 

Male and 

Female 

Danacetichthys 

galanethus GenBank 1 1 Female 

Cetostoma OTU 1 This study 1 4 

Male and 

Female 

Cetostoma OTU 2 This study 1 7 Female 

Ditropichthys storeri This study 4 10 Female 

Procetichthys kreffti GenBank 1 1 Female 

  



 

 

 

35 

There are most likely twelve cetomimid OTUs within our dataset according to the 

bGMYC analysis (Figure 9, Figure 10, and Table 2).  Our results were largely in 

agreement with current taxonomy regarding described female species.  Cetostoma regani 

however, was identified as two as a cryptic species complex comprised of two OTUs, 

which we will refer to as Cetostoma OTU 1 and Cetostoma OTU 2.  This is not 

surprising given the more than four percent pairwise divergence between sequences 

noted earlier.  According to our maximum clade credibility tree the two OTUs diverged 

approximately 3.1 million years ago.  One Gyrinomimus sample identified as 

Gyrinomimus sp was found to belong to Gyrinomimus bruuni.  We had numerous 

sequences identified as Cetomimus sp.  All but one formed a single OTU, which we will 

refer to as Cetomimus OTU 2.  The other sequence was identified as a singleton OTU, 

Cetomimus OTU 1. 

2.3.2 Male and Female Matching 

The dataset we compiled included fourteen male sequences in total.  One male 

cetomimid sample is identical to three female Cetostoma OTU 1 samples.  Another male 

sample is identical to three individuals identified as Gyrinomimus bruuni females.  Two 

more male sequences were placed in the Gyrinomimus bruuni OTU by the bGMYC 

analysis (Figure 10).  The remaining male samples were linked by bGMYC with four 

female specimens in the Cetomimus OTU 2.  No male sequences were left unlinked to a 

female OTU/species.  Table 2 and Figure 9 summarize the female species/OTUs 

included in this study and show which species we have matched to at least one male 

specimen.  
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Figure 10.  bGMYC Analysis for our Cetomimidae maximum clade credibility tree (see 
figure 9).  The colors indicate the probability of neighboring tips belonging to the same 
OTU.  The key on the right lists the probability represented by each color.  Light yellow 
is the most likely (p = 0.96-1.00) and red is least likely (p = 0.00-0.05). 
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2.3.3 Phylogenetic Relationships within Stephanoberycoidei 

We were able to sequence and compile a dataset that included samples from 

seven of the eight families in Stephanoberycoidei.  Only Hispidoberycidae was 

unavailable.  Our dataset included one sequence from eighteen of the twenty-six genera 

in Stephanoberycidae (we are treating the three Gyrinomimus clades as three distinct 

genera).  The sequences were trimmed to 579 base pairs in the length, resulting in 231 

variable sites, 206 parsimony informative sites, and an estimated 393 mutations. 

Our maximum clade credibility tree recovered two major clades within 

Stephanoberycoidei with a posterior value of 1.0 (see Figure 11).   The first clade is 

comprised Melamphaidae and Berycidae.  The second clade contains 

Stephanoberycidae, Gibberichthyidae, Barbourisiidae, Rondeletiidae, and Cetomimidae.  

Within this clade, Stephanoberycidae is the most primitive and sister to the rest.  This 

node has a posterior value of 100%.  The maximum clade credibility tree suggests 

Cetomimidae+Barbourisiidae diverged from Gibberichthyidae+Rondeletiidae next. This 

branching event has low support however, with a posterior value of only .45. 
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Figure 11.  Maximum clade credibility tree for Stephanoberycoidei.  The red lines 
indicate sequences from the same family.  Posterior values are displayed at each node. 
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2.4 Discussion 

2.4.1 Phylogenetic Genetic Relationships within the Family Cetomimidae 

 Our Cetomimidae maximum clade credibility tree (Figure 9) was the most 

complete phylogenetic investigation of the family to date.  The tree largely agreed with 

past work done using both morphology and molecular evidence.  Our placement of 

Procetichthys kreffti as the most ancestral genus within the family, and sister to the rest 

is in agreement with Paxton (1989) and Johnson (2009) (Figures 1 and 3).   

The next clade in our tree Cetostoma + Ditropichthys was identified in the only 

other molecular investigation to include Diropichthys, Colgan et al. (2000) (Figure 2).  It 

stands in contrast, however, to Paxton’s (1989) tree based on morphological characters.  

The placement of Ditropichthys agreed with Paxton (1989), but Cetostoma was 

identified as a more derived genus and sister to Grinomimus + Cetomimus and 

RhamphoceticthysCetichthys and Notiocetichthys sequences were unavailable, but 

should be the next clade to diverge according to Paxton (1989).  Given their absence, 

Paxton’s (1989) would place Danaceticthys next, as found in our tree and that of 

Johnson et al. (2009). 

Like Colgan et al. (2000) and Johnson et al. (2009), we identified paraphyly 

within Gyrinomimus with respect to Cetomimus.  Colgan et al. (2000) identified three 

unique Gyrinomimus “species groups” or clades, while Johnson et al. (2009) found two  

(fewer Gyrinomimus species were used in Johnson et al. (2009).  Our maximum clade 

credibility tree included three Gyrinomus clades.  The first of these clades to diverge in 

the Colgan et al. (2000) 16s tree included Gyrinomimus bruuni, in agreement with our 
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findings.  The second Gyrinomimus clade to diverge in Colgan et al. (2000) included 

Gyrinomimus grahami and Gyrinomimus sp R.  COI sequences are not avaialable for 

either of these species, so they are not absent from our tree.  Gyinomimus myersi 

belonged to the final Gyrinomimus clade and was sister to Cetomimus in the 16s tree 

(Colgan et al. 2000).  Gyrinomimus myersi is placed in our second Gyrinomimus clade, 

however, and our clade containing Gyrinomimus parri is sister to Cetomimus.  This 

disagreement brings up two possibilities.  There may be four Gyrinomimus clades, and 

the absence of G. grahami and G. sp R, from our dataset prevented the identification of 

four clades.  The other possibility is that there is simply uncertainty in the order of 

divergence for Gyrinomimus clade 2 and 3.  Colgan et al. (2000) noted that Paxton was 

in the process of revising Gyrinomimus based on morphology and that three species 

groups were recognized.  This work would help to verify the clade delimitation that we 

identified.  The future inclusion of multiple nuclear markers and more Gyrinomimus 

species would also increase the reliability of our conclusions regarding Gyrinomimus. 

Our maximum clade credibility tree is the most comprehensive cetomimid tree 

based on molecular data to date.  Despite this fact, we are still missing sequences from 

three genera.  The sequencing of these species would help to better resolve the current 

hypotheses regarding their position within the family based on morphology.  

Furthermore, the inclusion of more genes would aid in increasing posterior support for 

areas of taxonomic uncertainty 
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2.4.2 Phylogenetic Genetic Relationships within Stephanoberycoidei 

We constructed a second maximum likelihood tree to investigate phylogetnetic 

relationships within Stephanoberycoidei.  Similar to our previous dataset, this was the 

most taxonomically complete investigation to date.  Like Near et al. (2013) we identified 

a strongly supported clade comprised of Melamphaidae and Berycidae.  The rest of our 

tree (Figure 11) resembles neither of the trees built by Near et al. (2013) or Moore 

(1993) with molecular and morphological evidence, respectively. 

Moore proposed a monophyletic “cetomimoid” clade that included 

Rondeletiidae, Barbourisiidae, and Cetomimidae, while Near et al. (2013) found a clade 

containing these three genera + Stephanoberycidae.  Gibberichthyidae was not included 

in their analysis, which could have affected their phylogenetic inferences (Near et al. 

2013).  Our tree identified a clade comprising Rondeletiidae, Barbourisiidae, 

Cetomimidae and Gibbericthyidae instead of Stephanoberycidae. Unfortunately, 

posterior support on the nodes was low, casting some doubt on the topology we 

recovered.  Regardless, it would appear as though the monophyletic “cetomimoid” clade 

proposed by Moore may not be accurate.  Either Gibberichthyidae or Stephanoberycidae 

may be members of a clade containing Barbourisiidae, Cetomimidae, and Rondeletiidae.   

In the future, Hispidoberycidae must be sequenced and included in phylogenetic 

investigations into Stephanoberycoidei, something that has not been done up to this 

point.  Furthermore, a next generation sequencing approach, or the inclusion of 

additional genes, may help to resolve the uncertain phylogenetic relationships within the 

group as it has done for the relationships between Stephanoberycoidei, Percomorphacea, 
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Trachichthyoidei, and Holocentridae.  This would be particularly beneficial in 

strengthening posterior support for the relationships within the clade that diverges from 

Berycidae + Melamphaidae. 

2.4.3 Matching of Males and Females 

Johnson et al. (2009) stated that the, “Next challenge is to link the three life 

stages of each species.”  To date, only one male specimen from the family Cetomimidae 

has been linked to a female at the species level: Cetostoma regani (Paxton et al. 2016).  

Our bGMYC analysis identified one more male specimen that was identified as 

Cetostoma OTU 1.  Because Cetostoma regani is a cryptic species, we do not currently 

know to which OTU the previous male specimen belongs.  It may be a new species level 

match between male and female specimens or it may represent the second male voucher 

for the species. 

It was known that majority of the male samples previously sequenced belonged 

to the clade containing Gyrinomimus + Cetomimus, however matches at the species level 

were elusive (Johnson et al. 2009; Paxton et al. 2016).  Our 13 other male samples fell 

into this clade as well.  Fortunately, we were able to match all of our remaining male 

samples to two different female species/OTUs, the firsrt matching to a named species, 

Gyrinomimus bruuni.  The second is an unnamed OTU, Cetomimus OTU 2.  It is now of 

great importance for morphological work to performed.  The Cetomimus OTU 2 was 

identified as Cetomimus sp, but several new Cetomimus species have been described 

(Paxton et al. 2016).  We need to check to see if any of these newly described match our 

Cetomimus OTU 2.  If not, a species description including both the males and females 
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can be written.  The morphology of Gyrinomimus bruuni males must also be described.  

Given the scarcity of cetomimid samples and the historic confusion regarding the 

relations between males and females, the matching of so many male and female samples 

is an especially exciting result. 

2.5 Conclusions 

 In summary, we have provided further evidence as to the phylogenetic 

relationship within Cetomimidae, as well as between Cetomimidae and the other 

families comprising the Stephanoberyciformes.  Our work supports a sister clade 

identified by Colgan et al. (2000), comprised of Ditropichthys and Cetomimidae.  We 

found paraphyly within Gyrinomimus with respect to Cetomimus, in agreement with 

Colgan et al. (2000) and Johnson et al. (2009).  Our results suggest the possibility of 

three or four species groups within Gyrinomimus.  The Cetomimidae bGMYC tree also 

identified the existence of a cryptic Cetostoma OTU, which must now be described.  

While definitive phylogenetic relationships within the Stephanoberyciformes remain 

elusive, we found no support for the monophyletic “cetomimoid” clade of Cetomimidae 

+ Rondeletiidae + Barbourisiidae suggested by Moore (1993).  Next generation 

sequencing or the sequencing of multiple nuclear markers will help to resolve 

uncertainty on the phylogentic relationships within the Stephanoberyciformes.  Finally, 

we were able to match all of our male samples to female species/OTUs.  This is a 

particularly exciting product of the DEEPEND Consortium, as this has only been done 

for one male voucher previously.  Our next step is to perform the morphological work 

necessary to describe the males and the unnamed female OTU 
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3.  HISTORIC FLUCTUATIONS OF EFFECTIVE POPULATION SIZES OF AN 

ASSEMBLAGE OF GULF OF MEXICO DEEP-PELAGIC FISHES 

 

3.1 Introduction 

Historic fluctuations in effective population sizes often reveal the effects of 

major evolutionary and ecological phenomena on the genetic diversity of a population or 

a species, such as geologic events and climatic oscillations (Almada, Almada, Francisco, 

Castilho, & Robalo, 2012; Avise, Avise, Fisher, & Brick, 2000; Eytan & Hellberg, 2010; 

W. Grant & Bowen, 1998; William Stewart Grant, 2015; Henriques, Potts, Santos, 

Sauer, & Shaw, 2014; Robalo et al., 2012). These changes in population sizes can be 

inferred through the use of genetic data.  Detecting changes in demography helps to 

elucidate processes affecting the genetic diversity of a species and its ability to respond 

to environmental disturbance.  However, while the historical demography of certain 

faunal assemblages has been thoroughly studied, others have not. This is because the 

effort and cost needed to collect sufficient material from certain habitats for population 

genetic analyses is high. The deep-pelagic is a difficult environment to sample, requiring 

extensive ship time and specialized collection gear.  

Knowledge of the demographic history of Gulf of Mexico (GoM) deep-pelagic 

fishes is lacking, and predictions about which environmental factors may have 

influenced past population size changes of these fishes are difficult to make.   This 

information is critical given the ecological importance of midwater fishes.  The deep-

pelagic comprises approximately 95% of the ocean by volume, and the biomass of deep-
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pelagic fishes is at minimum ~1,000 million tons, several orders of magnitude larger 

than the total global commercial fisheries landings (Gjøsaeter & Kawaguchi, 1980; 

Irigoien et al., 2014; T. Sutton, 2013).  Furthermore, deep-pelagic fishes are important 

prey items for numerous commercially targeted species (Battaglia, 2013; Varghese, 

Somvanshi, & Gulati, 2013). 

Global climate conditions have varied greatly since the beginning of the 

Quaternary, approximately 2.4 million years ago (Hewitt, 2000).  This period has been 

characterized by periodic glaciation, leading to alterations in global currents, oceanic 

temperatures, and sea level (Becquey & Gersonde, 2002; Clark et al., 2006; Clark et al., 

2009; Mix, Bard, & Schneider, 2001; Otto‐Bliesner et al., 2007; Ruddiman, Raymo, 

Martinson, Clement, & Backman, 1989).  Severe glaciation events have led to the 

creation of small and isolated refuges where climatic conditions are conducive to the 

survival of a species (Canino, Spies, Cunningham, Hauser, & Grant, 2010; Maggs et al., 

2008; Provan & Bennett, 2008; Stewart, Lister, Barnes, & Dalén, 2009).  Range 

expansions and contractions greatly affect population size and species abundance (Avise 

et al., 2000; Nye, Link, Hare, & Overholtz, 2009).  During these times, the reduction in 

available habitat may lead to a population bottleneck (Bernatchez, Dodson, & Boivin, 

1989).  Following the glaciation events, new habitat becomes available and then 

populations can expand once again (Bernatchez et al., 1989; Hewitt, 2000).  

Accordingly, many marine fishes are believed to have experienced population 

expansions following the most recent glacial maximum 21,000 years ago (Almada et al., 

2012; Avise et al., 2000; Eytan & Hellberg, 2010; W. Grant & Bowen, 1998; William 
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Stewart Grant, 2015; Henriques et al., 2014; Robalo et al., 2012).  Several studies have 

uncovered strong evidence of recent genetic bottlenecks attributed to changes in the 

marine environment, but with the added caveat that taxonomically and ecologically 

similar species do not always share these same demographic trends (Eytan & Hellberg, 

2010; Moore & Chaplin, 2014; Sakuma, Ueda, Hamatsu, & Kojima, 2014).    

Investigations into historic changes in the population size of deep-sea organisms 

are few and have focused on benthic species.  Etter et al. (2005) suggested that deep-sea 

bivalve population sizes have remained relatively stable through time with a few recent 

fluctuations.  On the other hand, Sakuma et al. (2014) found that two closely related 

deep-sea benthic fishes exhibited distinct patterns of historic population size: one has 

greatly expanded since the last glacial maxima while the other maintained a consistent 

large population throughout.  Varela et al. (2012) inferred a population size increase in 

the deep-sea benthic fish species, Hoplostethus atlanticus, approximately 100,000 years 

ago.  It is therefore likely that while the population sizes of some deep pelagic fishes 

have remained relatively stable in the face of historic changes in climate, others may 

have been affected greatly. Thus, although there is evidence for effects on benthic 

organisms in the deep-sea, the consequences of climactic change on the demography of 

deep-pelagic organisms is poorly understood.  

 In order to predict how deep-pelagic fish populations have changed over time, a 

mechanism of population control must be identified.  Based on the stability of the 

environment over space and time, it is unlikely that physical conditions at depth would 

be the primary driver of population dynamics in deep-pelagic fishes (Clark et al., 2009; 
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Levitus et al., 2012; Robison, 2009).  While deep-pelagic fishes are characterized as 

those living below 200 meters, many species inhabit the epipelagic at different stages of 

their life both as adults and larvae (Hsieh, Kim, Watson, Di Lorenzo, & Sugihara, 2009; 

Johnson et al., 2009).  Because sea surface conditions are more variable than those at 

depth, the obligate use of surface waters could strongly influence species distribution 

patterns and in turn, the population sizes of deep-pelagic fishes (Becquey & Gersonde, 

2002; Clark et al., 2006; Clark et al., 2009; Ruddiman et al., 1989). 

The use of surface waters in  adult deep-pelagic fishes is limited to species that 

undergo diel vertical migration, and differences in the vertical migratory habits of deep-

pelagic fishes may be a key predictor of the degree to which climatic changes affect 

deep-sea fish population over time.  Hsieh et al. (2009) analyzed changes in the 

geographic distribution of pelagic fishes over 50 years.  They found that the distribution 

of vertically migrating mesopelagic fishes was more likely to vary in response to 

environmental change, primarily fluctuations in temperature, than non-vertically 

migrating mesopelagic fishes.  This could be a result of significantly greater heating in 

the upper ocean than deep waters, which vertical migrators visit on a daily basis.  If the 

changes in surface waters are no longer tolerable to the vertically migrating fishes these 

species can no longer persist in their former range.  Their range may simply contract or it 

may shift latitudinally, a phenomenon that has been observed in numerous marine fish 

species (Dulvy et al., 2008; Nye et al., 2009).  Because range expansions and 

contractions greatly affect population sizes and species abundances, deep pelagic fishes 

may exhibit two generalized patterns of historical population change (Avise et al., 2000; 
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Nye et al., 2009).  One is that vertical migrators will be characterized by recent 

population expansions and/or contractions, but the population size of non-vertical 

migrators will be relatively stable over time.  

Alternatively, the larval characteristics of deep-pelagic fishes may have a greater 

impact on population dynamics than the migratory behavior of their adult forms.  While 

adult deep-pelagic fishes differ greatly in their use of surface waters, the majority of 

deep-pelagic fish families have pelagic larvae that inhabit the variable upper 200 meters 

of the water column (Bowlin, 2016; Johnson et al., 2009; Moser, 1996; T. T. Sutton, 

2013).  

The extent to which the larval phase may influence population dynamics can be 

evidenced in the distribution patterns exhibited by deep-pelagic fishes.  Mesopelagic and 

bathypelagic fishes frequently possess circum-global populations (Catul, Gauns, & 

Karuppasamy, 2011; Gaither, Bowen, Rocha, & Briggs, 2016; Miya & Nishida, 1996; 

Sutton & Hopkins, 1996) (See Appendix Table A2 for distribution of species included in 

this study).  Their ranges typically exhibit strong latitudinal boundaries and can broadly 

be characterized as low-latitude/tropical or high-latitude/polar in distribution with a 

transition zone at approximately 40 degrees North and South (Olson, 2001; Pearcy, 

1991; Randall, 1981).  Even non-vertically migrating bathypelagic families such as the 

whale fishes fit this pattern (Paxton, 1989).  It seems unlikely that this distribution can 

be explained by physiological constraints on adults of these species given the latitudinal 

homogeneity of the environment at the depths they reside (Helfman, Collette, Facey, & 

Bowen, 2009; Tyus, 2011).  
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Rather, it would be more likely that the physiological tolerances of the larvae 

inhabiting surface waters place constraints on deep-pelagic fish ranges.  Numerous 

studies have pointed to environmental factors in the surface waters such as temperature 

and salinity as being primary predictors of larval species distributions (Ahlstrom, 1969; 

Netburn & Koslow, 2018; Sassa, Kawaguchi, Oozeki, Kubota, & Sugisaki, 2004; Urias-

Leyva et al., 2018).   In transition zones between tropical and subpolar regions, the 

dominant larval assemblage has been shown to vary annually based on sea surface 

temperatures (Ahlstrom, 1969; Hsieh et al., 2009).  Aceves-Medina et al. (2004) found 

that the distribution of larvae was congruent with that of the adults.  If the physiological 

tolerances of surface water dwelling larvae do indeed dictate range sizes, long-term 

changes in sea surface conditions (particularly changes in temperature) could lead to 

significant changes in the ranges and population sizes of these species.  If true, increases 

in sea surface temperature (SST) would be expected to lead to an increase in suitable 

habitat and population sizes for the tropical species included in this study as it would 

shift the maximum extent of their range poleward.  The cooling of SST would have the 

opposite effect. 

To better understand the demography of deep-pelagic fishes, we answered the 

following questions: (1) Has there been historical changes in genetic effective population 

sizes in deep-pelagic fishes of the Gulf of Mexico?  (2) Can these patterns be explained 

by long-term changes in sea surface temperature? and if so (3) Are these patterns the 

result of adult migratory habits or the effects of sea surface temperature fluctuations on 

shallow-dwelling larvae? 
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To investigate these questions, we collected a DNA sequence dataset of both 

mitochondrial and nuclear genes for thirteen fish species present in the GoM deep-

pelagic environment.  These species represent eight families, and differ greatly in life 

history characteristics (Appendix Tables A-4 and A-5).  The inclusion of a large number 

of unrelated species provides greater power to establish demographic trends in deep-

pelagic fish assemblages. 

If population size changes are inferred in species that vertically migrate, but are 

absent from species that do not do so, it would suggest that the adult migratory habits of 

deep-pelagic fishes is the main determinant of their demographic histories.  If this was 

not found to be the case, reconstructions of historic SST at 41°N (the northern extent of 

many low-latitude midwater ranges) could help determine whether the larval phase 

controls population size.  This would be evidenced if population expansion correlated to 

periods of warm SST at this latitude.  These results provide insights into the biological 

and environmental factors that influence population size dynamics in deep-pelagic 

fishes, which as a group is both ecologically critical and poorly understood. 
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3.2 Methods 

3.2.1 Selection of Nuclear Markers 

In addition to the mitochondrial gene cytochrome oxidase I (COI), we generated 

DNA sequence data from three nuclear DNA exons for use in the demographic analyses.   

The inclusion of multiple loci allowed for replicate samples of a species demographic 

history that could be missed by the use of only one gene (Eytan & Hellberg, 2010).  This 

is particularly important when interpreting frequency-based test results.  Significant 

results can be indicative of either demographic changes or departures from neutrality.  

Differing selective forces may be acting independently on each locus, while demography 

should affect any neutral site uniformly (Heled & Drummond, 2008; Li, 2010). 

Finding a suitable nuclear marker proved difficult, as our thirteen species were 

distributed across the fish tree of life and spanned over one hundred million years of 

evolution (Near et al., 2013).  PCR trials were performed using nested exon primers, 

because coding regions are more readily conserved, meaning that they would be more 

likely to amplify distantly related species. Three genes, PLAG, ENC, and MYH, were 

successfully amplified and sequenced for a large proportion of the study species (See 

Appendix Tables A1, A4, and A5 for Primer Sequences). We Sanger-sequenced all 

species that that produced appropriately sized PCR products on an ABI 3730 capillary 

sequencer. Prior to sequencing, all PCR products were cleaned using a standard PEG 

protocol (Glenn 2019). 
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3.2.2 Frequency Based Analyses 

We performed demographic analyses on every species with at least one nuclear 

marker (for a minimum of ten individuals) in addition to the mitochondrial COI 

sequence, for a total of 13 species.  Our first set of analyses were frequency-based where 

the number and distribution of segregating sites in an alignment of DNA sequences 

provided information on a species’ demography such as the presence of population 

growth, population structure, positive selection, and balancing selection (Innan, Zhang, 

Marjoram, Tavaré, & Rosenberg, 2005; Rogers & Harpending, 1992; Rosendahl, Mcgee, 

& Morton, 2009; Watterson, 1975).   

We calculated Tajima’s D, Fu’s Fs, and R2 for each nuclear and mitochondrial 

marker (Fu, 1997; Ramos-Onsins & Rozas, 2002; Tajima, 1989).  Comparisons of the 

statistical power of frequency-based tests have shown that Fs and R2 are the most capable 

of detecting population growth (Ramos-Onsins & Rozas, 2002).  They are 

complementary to one another as well, with Fs excelling at population growth detection 

in large sample sizes, while R2 performs better with small sample sizes.  A significant 

and large negative Fs value suggests population growth, while a significant and small 

positive R2 value indicates population growth. Tajimas’s D points to population growth 

and/or a selective sweep when significant and negative.  All of the frequency-based tests 

were performed in DNAsp v6 (Rozas et al., 2017).  Ambiguity codes were replaced with 

Ns to allow for calculation in DNAsp.  Tajima’s D is a two-tailed test, so significance 

was initially determined by the test itself. The significance of all three tests was also 



 

 

 

56 

determined using coalescent simulations with 1000 replicates implemented in DNAsp.  

Other statistics, such haplotype diversity (Hd) and Pi were recorded, as well. 

3.2.3 Gene Tree Based Analyses 

The second set of tests makes use of the topologies and branch lengths of gene 

trees to infer changes in population size over time using the coalescent. We performed 

these analyses in BEAST v2.4.7 (Bouckhaert et al. 2016) to generate Extended Bayesian 

skyline plots (EBSPs) to show changes in population size over time.   EBSPs utilize 

coalescent theory and a Markov Chain Monte Carlo Algorithm to infer and visualize 

demographic changes in a dataset.  The Bayesian skyline plot is preferable to earlier 

skyline plot methods as it models both genealogy and demographic history 

simultaneously, which reduces error rates from uncertainty in estimates of node time 

(Heled & Drummond, 2008; Ho & Shapiro, 2011). 

3.2.4 Calculation of the Clock Rate 

Secondarily calibrated ultrametric trees were constructed in BEAST to calculate 

species-specific clock rates.  Near et al. (2013) investigated the patterns of lineage 

diversification in spiny ray fishes using 520 species, 37 fossil calibrations, and 10 genes.  

Divergence dates from lineages taxonomically related to our study species served as 

priors on nodes calibrated with normal distributions matching the posterior estimates of 

divergence times obtained from the Near et al. tree (See Appendix Tables A-8 to A-12 

for calibrations used).   

COI sequences were generated for this study, but some were obtained from 

GenBank for those species not present in our dataset but included in the Near et al. 
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paper.  In these cases, five sequences were downloaded for each species from GenBank 

when available and pairwise comparisons of these sequences were examined to ensure 

that there was no evidence of misidentifications between samples, which would be 

indicated by large intraspecific DNA sequence divergences.   This could indicate that 

identification errors were present in the GenBank database.  Once confident in the 

taxonomic identity of the sequences, one sequence from each species was compiled in a 

NEXUS file using Geneious v9.1.8 (Kearse et al., 2012).  The list of samples used in the 

final tree construction and their accession number is present in Appendix Tables A11-

A15. 

Partition schemes and substitution models were determined using PartitionFinder 

v2 (Lanfear, Calcott, Ho, & Guindon, 2012).  A relaxed, uncorrelated log-normal clock 

was set to allow for variation in rates between lineages.  Most recent common ancestor 

priors were set with normal distributions according to the results from Near et al. (2013) 

(Tables A-8 to A-12).  We used a Birth Death Model with a chain length of 50,000,000 

sampling every 1,000 generations.  After each run the log files were examined in Tracer 

v 1.7.1 (A Rambaut, Drummond, Xie, Baele, & Suchard, 2018) to ensure convergence.   

The Stomiiformes and Gempylidae trees did not converge due to poor 

substitution model fit on one of the three partitions.  The substitution models for the 

poorly running partitions were replaced with bModeltest (R. R. Bouckaert & 

Drummond, 2017).  bModeltest does not require a substitution model to be set prior to 

running.  Rather, different substitution models and gamma-distributed rate heterogeneity 
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are explored throughout the run to infer the model of best fit.  After this change was 

made, the Stomiiformes and Gempylidae trees converged properly. 

A maximum clade credibility tree was constructed using Tree Annotator (part of 

the BEAST package) with a burnin of 25% of the posterior set of trees.  The maximum 

clade credibility tree was visualized in FigTree v 1.4 (Andrew Rambaut, 2012). Five 

trees were constructed in total (Appendix Figures A-1 to A-5).  Divergence dates 

between our study species and their sister species were recorded. 

We then calculated the COI clock rate for each species.  To do this in a Bayesian 

framework we created another set of ultrametric trees for each study species that 

included their sister species (from the previous set of secondarily calibrated trees).  A 

dataset was compiled using all available COI sequences for the each species.  Once 

again, we ran these trees in BEAST under a Birth Death Model.  The substitution models 

were set according to PartitionFinder.  We set a strict clock with a MRCA prior date 

taken from our previous set of trees (Appendix Figures A-1 through A-5).  Trees were 

run with chain length of 50,000,000.  Log files were inspected in Tracer for convergence 

and the clock rate was recorded.  This process was repeated for our nuclear markers in 

order to determine an initial clock rate to set in our EBSP runs. 

3.2.5 Extended Bayesian Skyline Plot Construction 

All available genes were included in the analysis for each species.  We were 

unable to find one method of extended Bayesian skyline plot (EBSP) construction that 

would lead to convergence for every single species present in this study.  Instead, we 
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constructed two different EBSPs using two different approaches for each species.  The 

six methods are outlined below. 

In EBSP construction method 1, the optimal partitioning scheme and model of 

evolution were determined for each species and marker set using Partition Finder v2.0 

(Lanfear et al., 2012).  Partition schemes and substitution models were set according to 

the Partition Finder results, and the chain length was set to 50,000,000 sampling every 

1,000.   A strict clock was set for each of the markers, and COI rates from previously 

described clock rate calculation were used.  The initial nuclear rates were taken from 

Appendix table A-18.  The COI rate was fixed, while the clock rates for nuclear markers 

were estimated in relation to COI.  The nuclear gene clock rates were given a normal 

distribution with a median equal to the initial rate.  The sigma, or standard deviation, 

was adjusted to prevent the chain from exploring nuclear clock rates that were faster 

than the COI rate, as mitochondrial substitution rates are typically faster than that of 

nuclear genes (Eytan & Hellberg, 2010).   As suggested in Heled (2010), a normal 

distribution was set for the popmean.alltrees prior and the size of three operators were 

tripled (“EBSP bitflip operator”, “EBSP indicator sampler”, and “EBSP population 

sizes”). 

Method 2 was identical to Method 1 with the exception of the selection of 

substitution models.  All partitions were set to the RBS substitution model.  RBS is a 

reversible-jump based substitution model for nucleotide data (R. Bouckaert et al., 2014).  

This substitution model does not require a fixed substitution model to be assigned to 

each partition at the beginning of the analysis.  Instead, it allows five different 
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substitution models to be explored through the run, in order to find the substitution 

model with the best fit to the dataset (R. Bouckaert, Alvarado-Mora, & Pinho, 2013; R. 

Bouckaert et al., 2014).   

3.2.6 Post-EBSP Construction 

After running in BEAST, log files were inspected using Tracer v 1.7.1 (A 

Rambaut et al., 2018).  The results of each run are summarized in Appendix table A-19.   

Runs were assessed as “Good” or “Poor”.  “Good” runs were those where key values 

such as “Prior”, “Posterior”, “Likelihood”, and “sum(indicators.alltrees)” had all 

converged and their ESS values were above 200.  “Poor” runs were those where key 

parameter values never converged on a stable posterior distribution, and one or more of 

these key values had ESS values under 100.  The most strongly supported EBSP 

analysis, based on ESS values, was selected and used for the inference of each species’ 

demographic history.  The posterior estimate of the number of population size changes 

provided a test for a rejection of constant population size (Appendix table A-19).  

Finally, the trees files were uploaded to Rstudio v 0.99.484 (Studio, 2012).  The Rscript 

“plotEBSP”, provided with the EBSP tutorial 

(http://www.beast2.org/files/2016/01/ebsp2-tut.zip), was used to generate and visualize 

the extended Bayesian skyline plots as well as histograms for the timing of inferred 

population size change events (Figures 12-21) (Heled, 2010). 

3.2.7 Population Dynamics and Vertical Migration 

 Any species for which we inferred a population change, using both frequency-

based statistics and gene tree analyses, was classified as having undergone a population 
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size change sometime in its evolutionary history.  We divided species into two 

categories; vertical migrators and non-vertical migrators.  A chi-squared test was used to 

test for the significance of the correlation of between inferred population size changes 

and vertical migration.  Information on the migration patterns of two fishes (Polymixia 

lowei, and Synagrops spinosus) was unavailable, so we left these species out of the 

analysis (Table 9). 

3.2.8 Sea Surface Temperature and Population Size Changes 

 We plotted sea surface temperatures (SST) for the past 500,000 years from the 

North Atlantic based on foraminifera records (Clark et al., 2006; Ruddiman et al., 1989).  

The site is located at 41°N and corresponds to the northern extent of the range inhabited 

by many tropical and polar deep-pelagic species.  The date of the onset of population 

size change inferred from our extended Bayesian skyline plots were indicated on the plot 

to allow for the comparison of fluctuations in SST and population dynamics in our study 

species (Figure 22). 
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3.3 Results 

3.3.1 Frequency Based Statistics 

Our first set of analyses were frequency-based, and run for both COI and each 

nuclear marker.  The analyses suggested population expansions in a number of species 

(Tables 3-6).  These species included Chauliodus sloani, Cyclothone alba, Diplospinus 

multistriatus, Ditropichthys storeri Photostomias guernei, Polymixia lowei, 

Scopelogaudus mizolepis, Sigmops elongates,Sternoptyx pseudobscura, Stomias affinis, 

and Synagrops spinosus.  

 Chauliodus sloani showed the strongest evidence of population expansion, as all 

three tests for the two genes used (COI and ENC) were significant (Tables 3 and 5).  The 

two largest negative Fs values calculated for any species and marker were for 

Chauliodus sloani COI, -33.567, and ENC, -10.151 (Tables 3 and 5).  These Fs values 

are strong indicators of population expansion (Fu, 1997; Ramos-Onsins & Rozas, 2002).  

Both of the Chauliodus sloani R2 values were very small and positive, further evidence 

of recent population expansion (Ramos-Onsins & Rozas, 2002). 

 The frequency-based tests also provide strong evidence that Sternoptyx 

pseudobscura has undergone population changes.  Nine of the twelve tests performed on 

the four markers were significant (Tables 3-6).  PLAG and ENC were significant and 

negative for both Tajima’s D and Fs, while significant and positive for R2 (Table 4 and 

5). Only Fs was significant for COI, but Tajima’s D and Fs were both significant for 

Myh6 (Tables 3 and 6). 
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Table 3. Results of COI frequency-based statistics analysis.  Tajima’s D values that were significant based on the two-tailed 
test are dark grey.  Significant values determined through coalescent simulations are highlighted in light grey. 
 

COI 

Species Tajima's 
D 

R2 Fs Fragment 
Length 

Individual
s 

Segregating 
Sites 

Haplotype
s 

Nucleotide Diverstiy Haplotype 
Diversity 

Bathophilus pawneii 1.210 0.206 1.761 645 10 12 5 0.00831 (+/- 0.00104) 0.822 (+/- 0.097) 

Chauliodus Sloani -2.124 0.027 -33.567 563 97 32 39 0.00341 (+/- 0.00029) 0.859 (+/- 0.031) 

Cyclothone alba -1.831 0.200 -1.008 594 12 5 4 0.00140 (+/- 0.00062) 0.455 (+/- 0.170) 

Cyclothone 
pseudopallida 

-0.026 0.133 -0.680 651 14 7 5 0.00297 (+/- 0.00072) 0.756 (+/- 0.130) 

Diplospinus 
multistriatus 

-1.141 0.267 -0.476 645 12 1 2 0.00026 (+/- 0.00021) 0.167 (+/- 0.134) 

Ditropichthys storeri -0.796 0.137 -0.865 612 11 6 5 0.00267 (+/- 0.00064) 0.782 (+/- 0.107) 

Photostomias guernei -1.830 0.096 -3.216 651 12 9 7 0.00251 (+/- 0.00071) 0.773 (+/- 0.128) 

Polymixia lowei -1.243 0.075 -8.968 597 19 20 15 0.00683 (+/- 0.00125) 0.959 (+/- 0.036) 
Scopelogaus mizolepis -0.786 0.182 -2.995 642 11 7 7 0.00300 (+/- 0.00051) 0.909 (+/- 0.066) 

Sigmops elongatus -1.141 0.227 -0.476 651 12 1 2 0.00026 (+/- 0.00021) 0.167 (+/- 0.134) 

Sternoptyx 
pseudobscura 

-1.149 0.227 -0.537 537 13 1 2 0.00029 (+/- 0.00024) 0.154 (+/- 0.126) 

Stomias affinis -1.673 0.070 -8.668 651 11 17 11 0.00559 (+/- 0.00087) 1.000 (+/- 0.039) 

Synagrops spinosus -1.775 0.151 -1.564 531 13 4 4 0.00116 (+/- 0.00054) 0.423 (+/- 0.423) 
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Table 4.  Results of PLAG frequency-based statistics analysis.  Tajima’s D values that were significant based on the two-tailed 
test are dark grey.  Significant values determined through coalescent simulations are highlighted in light grey.  NA refers to 
samples for which no data was available. 
 

PLAG 

Species Tajima's 
D 

R2 Fs Fragment 
Length 

Individual
s 

Segregating 
Sites 

Haplotype
s 

Nucleotide Diverstiy Haplotype 
Diversity 

Bathophilus pawneii -0.395 0.146 -0.070 576 10 4 4 0.00171 (+/- 0.00034) 0.689 (+/- 0.060) 

Chauliodus Sloani NA NA NA NA NA NA NA NA NA 

Cyclothone alba -1.591 0.068 -4.890 555 12 7 8 0.00166 (+/- 0.00049) 0.507 (+/- 0.125) 

Cyclothone 
pseudopallida 

-0.023 0.137 0.216 555 10 6 5 0.00304 (+/- 0.00062) 0.774 (+/- 0.052) 

Diplospinus 
multistriatus 

-0.163 0.126 0.200 516 12 4 4 0.00197 (+/- 0.00041) 0.612 (+/- 0.087) 

Ditropichthys storeri -2.186 0.074 -5.778 561 10 11 9 0.00213 (+/- 0.00065) 0.653 (+/- 0.122) 

Photostomias guernei -1.346 0.086 -2.582 603 12 10 8 0.00274 (+/- 0.00054) 0.739 (+/- 0.088) 

Polymixia lowei -0.248 0.114 0.230 516 12 1 2 0.00044 (+/- 0.00020) 0.228 (+/- 0.102) 

Scopelogaus mizolepis -1.165 0.121 -0.097 495 11 8 5 0.00089 (+/- 0.00089) 0.519 (+/- 0.114) 

Sigmops elongatus -1.494 0.096 -2.383 552 12 3 4 0.00059 (+/- 0.00024) 0.308 (+/- 0.118) 

Sternoptyx 
pseudobscura 

-1.993 0.046 -9.189 549 17 10 11 0.00158 (+/- 0.00028) 0.686 (+/- 0.088) 

Stomias affinis NA NA NA NA NA NA NA NA NA 

Synagrops spinosus NA NA NA NA NA NA NA NA NA 
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Table 5.  Results of ENC frequency-based statistics analysis.  Tajima’s D values that were significant based on the two-tailed 
test are dark grey.  Significant values determined through coalescent simulations are highlighted in light grey.  NA refers to 
samples for which no data was available. 
 

ENC 

Species Tajima's 
D R2 Fs Fragment 

Length 
Individual
s 

Segregating 
Sites 

Haplotype
s Nucleotide Diverstiy Haplotype 

Diversity 
Bathophilus 
pawneii NA NA NA NA NA NA NA NA NA 
Chauliodus Sloani -2.162 0.046 -10.151 660 19 20 15 0.00257 (+/- 0.00043) 0.791 (+/- 0.065) 
Cyclothone alba NA NA NA NA NA NA NA NA NA 
Cyclothone 
pseudopallida NA NA NA NA NA NA NA NA NA 
Diplospinus 
multistriatus -1.863 0.073 -5.836 663 12 8 9 0.00157 (+/- 0.00035) 0.703 (+/- 0.098) 

Ditropichthys 
storeri NA NA NA NA NA NA NA NA NA 
Photostomias 
guernei NA NA NA NA NA NA NA NA NA 
Polymixia lowei -1.319 0.115 -1.142 705 12 6 5 0.00129 (+/- 0.00035) 0.616 (+/- 0.073) 
Scopelogaus 
mizolepis NA NA NA NA NA NA NA NA NA 
Sigmops elongatus NA NA NA NA NA NA NA NA NA 
Sternoptyx 
pseudobscura -2.410 0.059 -6.027 678 16 16 10 0.00166 (+/- 0.00050) 0.532 (+/- 0.107) 

Stomias affinis NA NA NA NA NA NA NA NA NA 
Synagrops spinosus -0.414 0.112 -7.083 711 12 8 12 0.00266 (+/- 0.00036) 0.895 (+/- 0.045) 
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Table 6.  Results of MYH frequency-based statistics analysis.  Significant values determined through coalescent simulations 
are highlighted in light grey.  NA refers to samples for which no data was available. 

 

MYH 

Species Tajima's 
D 

R2 Fs Fragmen
t Length 

Individuals Segregating 
Sites 

Haplotype
s 

Nucleotide Diverstiy Haplotype 
Diversity 

Bathophilus pawneii NA NA NA NA NA NA NA NA NA 

Chauliodus Sloani NA NA NA NA NA NA NA NA NA 

Cyclothone alba NA NA NA NA NA NA NA NA NA 

Cyclothone 
pseudopallida 

NA NA NA NA NA NA NA NA NA 

Diplospinus multistriatus NA NA NA NA NA NA NA NA NA 

Ditropichthys storeri NA NA NA NA NA NA NA NA NA 

Photostomias guernei NA NA NA NA NA NA NA NA NA 

Polymixia lowei NA NA NA NA NA NA NA NA NA 

Scopelogaus mizolepis NA NA NA NA NA NA NA NA NA 

Sigmops elongatus NA NA NA NA NA NA NA NA NA 

Sternoptyx pseudobscura -1.346 0.07
4 

-2.209 594 15 3 4 0.00055 (+/- 0.00020) 0.306 (+/- 0.106) 

Stomias affinis -0.477 0.11
5 

0.430 543 11 5 4 0.00213 (+/- 0.00089) 0.333 (+/- 0.124) 

Synagrops spinosus NA NA NA NA NA NA NA NA NA 
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Figure 14.  Extended Bayesian Skyline Plot for Cyclothone alba.  Dates are given in 
terms of millions of years. The y-axis shows population size on a log-scale. 
 

 

 

Figure 15.  Histogram of tree events for Cyclothone alba.  Dates are given in terms of 
millions of years. 
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Figure 16.  Extended Bayesian Skyline Plot for Photostomias guernei.  Dates are given 
in terms of millions of years.  The y-axis shows population size on a log-scale. 
 
 
 

 

Figure 17.  Histogram of tree events for Photostomias guernei.  Dates are given in terms 
of millions of years. 
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Figure 18.  Extended Bayesian Skyline Plot for Polymixia lowei.  Dates are given in 
terms of millions of years.  The y-axis shows population size on a log-scale. 

 
 
 

 

Figure 19.  Histogram of tree events for Polymixia lowei.  Dates are given in terms of 
millions of years. 
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Figure 20.  Extended Bayesian Skyline Plot for Sternoptyx pseudobscura.  Dates are 
given in terms of millions of years.  The y-axis shows population size on a log-scale. 

 
 
 

 

Figure 21.  Histogram of tree events for Sternoptyx pseudobscura.  Dates are given in 
terms of millions of years. 
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3.3.6 Vertical Migration and Population Dynamics 

In order to determine the significance of vertical migration on demographic 

history we made use of a chi-squared test.  We divided our species into two categories: 

those that vertically migrate and those that do not (Table 9).  Two of the thirteen study 

species were excluded from this analysis, as information on the vertical migratory habits 

was unavailable (Appendix Table A-4).  The chi-squared test provided low support for 

this line of inquiry, as we obtained a p-value of 0.8190 (Table 9).  It therefore seems 

unlikely that vertical-migration has a significant effect on population size change 

dynamics in deep-pelagic fishes. 

 

 

 

Table 9.  Chi-squared test for significance of vertical migration on the inference of 
recent population size changes. 

 

	

Pop	Size	Change	
Inferred	

No	Pop	Size	
Change	Inferred	

	 	
Vertical	Migrator	 4	 3	

Chi-
squared	 0.0524	

Non	Vertical	Migrator	 2	 2	 p-value	 0.8190	

 

 

 

 



 

 

 

78 

3.3.7 Sea Surface Temperature and Population Size Changes 

The dates of inferred population expansion were plotted against published 

resconstructions of historic sea surface temperature (SST) in the North Atlantic to 

identify potential links between SST and the demographic histories of our study species 

(Clark et al., 2006; Ruddiman et al., 1989) (Figure 22).  These climate records were 

utilized, because they came from a site located at ~41°North, the northern boundary for 

many low-latitude deep-pelagic fishes ranges.  Major changes in SST here could impact 

deep-pelagic larval fish distribution and in turn drive population dynamics.  Eight warm 

periods of SST, when SST was greater than 15 degrees Celsius stand out in the 

reconstructions of Atlantic SST (Figure 22).  The dates of the five population size 

increases show a clear pattern, coinciding with four of the five most recent warm periods 

(within ten thousand years in every case).  This correlation suggests that periods of warm 

SST may lead to population expansions in low-latitude deep-pelagic fishes.   
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Figure 22.  Reconstructed Atlantic SST at ~41°North for the past 500 ky plotted with 
dates of population size changes.  The red plot provides SST estimates from 41 N 
(Ruddiman et al. 1989). Red lines on the top of the plot indicate periods of time where 
the North Atlantic site was 15°C or warmer.  The numbers on top (1-5) refer to 
Sternoptyx pseudobsura, Polymixia lowei, Photostomias guernei, Chauliodus sloani, and 
Cyclothone alba, respectively. 
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3.4 Discussion 

Historic changes in effective population size are frequently inferred for marine 

fishes and attributed to major ecological events (Almada et al., 2012; Avise et al., 2000; 

Eytan & Hellberg, 2010; W. Grant & Bowen, 1998; William Stewart Grant, 2015; 

Henriques et al., 2014; Robalo et al., 2012).  Previous studies however, have largely 

focused on species inhabiting shallower environments that are more volatile over time in 

terms of physical conditions such as temperature.  Given the relative stability of the 

deep-pelagic it was therefore possible that the populations of fishes inhabiting this 

environment would also be stable and no effective population size changes would be 

inferred.  Nonetheless, we were able to uncover evidence of population expansions in 

five of our thirteen deep-pelagic study species, the most ancient event occurring 

approximately 270 thousand years ago.  These expansions and their timings were based 

on our EBSPs, which utilized both mitochondrial and nuclear data.  The dates of these 

population expansions coincide closely with periods of warm sea surface temperatures 

(SST) at 41° North in the Atlantic, a transition zone for many tropical deep-pelagic 

species. However, migration habit does not appear to predict the occurrence of 

population size changes 

3.4.1 Frequency Based Statistics vs Gene Tree Based Analysis 

The frequency-based statistics and gene tree based analysis were largely in 

agreement.  Both sets of analyses made use of COI and all available nuclear data. The 

frequency-based tests detected population expansions in the five species identified by the 

gene tree based analysis, as well as an additional six species.  The frequency-tests 
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provided the strongest evidence of demographic changes in four species: Chauliodus 

sloani, Cyclothone alba, Photstomias guernei, and Sternoptyx pseudobscura.  The EBSPs 

inferred population expansions in every one of those species. 

It is not surprising that these tests would not agree in every case.  Simulated data 

sets have shown that frequency-based tests can fail to detect recent population expansion 

(Ramos-Onsins & Rozas, 2002).  Furthermore, different tests perform better in different 

circumstances.  For example, Rozas R2 tends to be the most sensitive test when dealing 

with small sample sizes, whereas Fu’s Fs is the most sensitive when given a large sample 

size (Ramos-Onsins & Rozas, 2002).   

Similarly, the Extended Bayesian Skyline Plot can fail to identify recent 

population expansions in a variety of circumstances (William Stewart Grant, 2015; 

Heled & Drummond, 2008).  Simulated datasets demonstrate that larger sample sizes 

increase the sensitivity of EBSP analyses (William Stewart Grant, 2015).  The fact that 

our EBSP did not infer population size changes in the four species identified by the 

frequency-based test statistics does not necessarily reject population expansion in those 

species.  Rather, it is possible that some of our sample sizes were not sufficient to 

capture all coalescent events in a species’ gene genealogy and the frequency based 

statistics were more sensitive than the EBSP, which has shown to have a relatively high 

type-I error rate (Heled and Drummond 2008). 

3.4.2 Factors Influencing Deep-Pelagic Fish Population Dynamics 

Numerous studies have made use of extended Bayesian skyline plots to infer 

demographic changes in fish populations in a variety of different environments. These 
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studies have frequently inferred recent population expansions under 20,000 years in age, 

roughly coinciding with the end of the last glacial maximum (Eytan & Hellberg, 2010; 

Henriques et al., 2014; Robalo et al., 2012).  In a review of EBSPs in publication, Grant 

(2015) found that the most commonly reported date of expansion for fishes was under 

20,000 years in age.  The disparity between the age of these geologically recent 

population expansions and the expansions uncovered in this study is not unexpected.  

Many of the species presented in the Grant review are coastal fishes or inhabitants of 

specialized communities such as coral reefs.  There has been a dramatic increase in the 

availability of shelf habitat since the last glacial maximum that would have led to an 

increase in carrying capacity of these species (Crandall, Sbrocco, DeBoer, Barber, & 

Carpenter, 2011; W Stewart Grant, Liu, Gao, & Yanagimoto, 2012).   

The amount of deep-pelagic habitat has increased negligibly in comparison, so it 

is not immediately clear as to what mechanisms would control population dynamics in 

deep pelagic fishes.  Furthermore, the deep-pelagic is thermally stable over time and 

space, when compared to surface waters (Clark et al., 2009; Levitus et al., 2012; 

Robison, 2009).  It would therefore be possible that the population size of deep-pelagic 

fishes would be less susceptible to change in response to major global climatic changes 

than fishes inhabiting shallower waters.   We did not find this to be the case however, 

and uncovered a minimum of five cases of population expansion (identified by both 

frequency-based statistics and gene tree based analysis) and as many as nine cases, 

within the past 300,000 years.  Similar findings have been found for deep-benthic fish 

species, as well (Sakuma et al., 2014; Varela et al., 2012).   
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We identified two potential drivers of population size change in deep-pelagic 

fishes.  Both were based on the obligate use of more variable surface waters by these 

species.  The first focused on vertical migration.  Hsieh et al. (2009) reported that the 

distribution of larvae from species with vertically migrating adults changed more rapidly 

than the larvae of non-vertically migrating species.  They attributed this to short-term 

changes in surface water conditions.  Because vertically migrating adults utilize these 

shallower waters on a daily basis, if physical conditions (like SST) became intolerable 

their range would contract and their population would shrink.  When surface conditions 

grew more tolerable, their range would increase and their population would expand.  If 

this were the case, non-vertically migrating fishes would be less susceptible to changes 

in range than vertical migrators.  We did not however, detect any difference in 

population dynamics between these two groups. 

The other mechanism we tested for was a relationship between pelagic larvae and 

SSTs, as the larvae of most deep-pelagic fishes reside in the upper 200 meters where the 

effects of climatic changes are more pronounced (Bowlin, 2016; Hsieh et al., 2009; 

Johnson et al., 2009; Paxton, 1989; Sassa et al., 2004; Smith & Moser, 1988).  Two lines 

of evidence support this hypothesis.  The first comes from long-term monitoring efforts 

in transition zones between tropical and subpolar regions that have shown that physical 

conditions, such as sea surface temperature (SST), are key predictors of larval 

community composition.  Furthermore, physical changes in these environments alter the 

larval composition of the community (Ahlstrom, 1969; Netburn & Koslow, 2018; Sassa 

et al., 2004; Urias-Leyva et al., 2018).  Aceves-Medina et al. (2004) found that the 
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distribution of larvae was congruent with that of the adults.  This would suggest that as 

sea surface conditions change the distribution of larvae is altered, and in turn the range 

of the adults for a given species. 

Further evidence comes from the distribution patterns of deep-pelagic fishes. 

Deep-pelagic fishes can broadly be classified as tropical or polar species, and tend to 

have clear latitudinal geographic boundaries to their ranges (Olson, 2001; Pearcy, 1991; 

Randall, 1981) (See Appendix Table A2 for range description of study species).  Within 

oceanic basins, latitudinal differences in temperature decrease by depth.  By 1000 meters 

the temperature is a near uniform 5 degrees Celsius throughout most of the world’s 

oceans (Helfman et al., 2009; Tyus, 2011).  It is therefore noteworthy that even the range 

of non-vertically migrating bathypelagic groups such as the whale fishes fit this pattern 

(Paxton, 1989).  It seems unlikely that this distribution can be explained by physiological 

constraints on adults of these species given the relative homogeneity of the environment.  

Rather, the adult range is constrained to regions with surface waters tolerable to their 

larvae.  If correct, we hypothesized that periods of warm SST in high latitudes would 

increase the range of tropical deep-pelagic fishes, and lead to population expansions.  

Our comparison of reconstructed SSTs for the North Atlantic at 41° N and the 

dates of inferred population expansion support this hypothesis.  We inferred five cases of 

population expansion with our EBSPs, and all of them appear to coincide with warm 

periods of SST at this site, a transition zone for many tropical and polar deep-pelagic 

species (Olson, 2001).   This is strong evidence in support of the notion that sea surface 

conditions constrain the ranges of species living far below them through their larval 
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phase, and that they have profound impacts on their population sizes.  If the tolerances of 

pelagic larvae dictate species distribution, it would explain why we were unable to detect 

any difference between vertically migrating and non-vertically migrating adults.   The 

SST conditions present in a region will lead to a pelagic larval community that will 

mature into adults tolerant to those conditions. 

3.4.3 Future Directions 

 Exploration of the demographic histories of polar mesopelagic and bathypelagic 

fishes could provide further support for our findings.  If periods of warm sea surface 

temperatures benefit low latitude species, polar species would be expected to experience 

population bottlenecks during these times.  Instead, high-latitude species would only 

undergo range expansion and a resultant population expansion when sea surface 

temperatures were low.  Repeating this methodology on a set of polar deep-pelagic fish 

species could demonstrate, whether this is the case. 

 One of the limitations of this study was sample sizes, both in terms of sample 

number and number of genes used (William Stewart Grant, 2015; Heled & Drummond, 

2008). Collecting large numbers of specimens of deep-pelagic fishes is expensive and 

labor intensive.  A follow up study that utilizes exon capture methods or SNP generation 

would greatly increase the information available for demographic analyses.  

3.5 Conclusions 

Insights into the mechanisms that control deep pelagic-fish population dynamics 

are lacking.  Our results demonstrate that despite the long-term stability of the deep-

pelagic, the population sizes of the fishes that reside in this habitat are not static in 



 

 

 

86 

nature.   The dates of expansion we inferred suggest that low latitude deep-pelagic fish 

species respond positively to an increase in sea surface temperature at high latitudes.   

As we come to understand the environmental factors that influence demographic 

changes in these fishes we will better be able to predict how populations of these fishes 

will behave in the face of future changes in sea surface temperatures.
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4. CONCLUSIONS 

 

The deep-pelagic is the largest biome on planet Earth.  Despite it size, only one 

percent of the habitat has been explored and the animal life inhabiting the deep-pelagic 

is severely underrepresented in global marine biological records.  Accordingly, many 

questions related to the demographic histories and taxonomic relationships of deep-

pelagic fishes remain unanswered.  We utilized molecular data to infer the demographic 

histories of 13 species of deep-pelagic fishes and to investigate taxonomic issues related 

to the family Cetomimidae (the whale fishes). 

Taxonomic issues have long plagued family Cetomimidae.  Phylogenetic 

relationships within the family are poorly resolved.  The same is true for the 

relationships between all of the families comprising Stephanoberycoidei.  Even the 

matching of male and female cetomimids has proven extremely difficult, due to striking 

sexual dimorphism within the family (only one male and female species have been 

matched prior to this study).  Molecular data is a powerful tool that we used to construct 

two maximum clade credibility trees and perform bGMYC analysis in order better 

understand whale fish taxonomy. 

Our tree for the family Cetomimidae largely agreed with past morphological 

work.  Areas of disagreement regarding morphological analyses included a clade 

comprising Cetostoma + Ditropichthys, as well as paraphyly within Gyrinomimus with 

respect to Cetomimus.  These results are supported by several previous studies that 

relied on different markers.  Our Stephanoberycoidei tree failed to uncover a previously 
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proposed monophyletic “cetomimoid” clade, and was only in partial agreement with 

previous morphological analyses.  Instead of a “cetomimoid” clade we identified a clade 

comprised of Cetomimidae + Barbourisiidae that was sister to Gibberichthyidae + 

Rondeletiidae.  The bGMYC analysis revealed Cetostoma regani to be a cryptic species 

complex, comprised of two operational taxonomic units that divered ~3.1 Ma ago.  We 

identified two new putative Cetomimus species, as well.  Finally, we were able to match 

all of our male samples to three different female species.    

Reconstructions of historic demography shed light on the way the population size 

of a given species has reacted to past ecological and evolutionary events.  By 

understanding the past we can begin to understand how populations will behave in 

response to current and future changes to their habitat.  Both mitochondrial and nuclear 

markers were sequenced for 13 low-latitude deep-pelagic fish species representing 8 

families.  Demographic histories were reconstructed using two sets of analyses: one 

based on frequency derived summary statistics and the other based on the topologies and 

branch lengths of gene trees (extended Bayesian skyline plots). 

Historic population expansions were inferred for eleven species using frequency-

based statistics, while our extended Bayesian skyline plots (EBSPs) detected expansions 

in five of those species.  Our EBSPs provided estimated dates of expansion that ranged 

from 80 ky ago to 270 ky ago.  All of these dates appear to coincide with periods of 

warm sea surface temperature (SST) at approximately 41° of latitude in the North 

Atlantic, the northernmost range for many low-latitude deep-pelagic fishes.  The 

influence of SST on deep-sea fish population size is intriguing given the long-term 
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stability of the environment.  It is likely that physiological tolerances of the pelagic 

larval phase of deep-pelagic fishes constrain range and control population dynamics.  In 

the case of low-latitude deep-pelagic fishes warming SST would allow the larval range 

to expand toward the poles leading to and increase population size. 
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APPENDIX  

 

 

Table A-1.  List of mitochondrial COI primers used. 
 

Gene Primer Name Primer Sequence 

COI FISH1F  TCAACCAACCACAAAGACATTGGCAC 

COI FISH1R  TAGACTTCTGGGTGGCCAAAGAATCA 

COI FISH2F TCGACTAATCATAAAGATATCGGCAC 

COI FISH2R ACTTCAGGGTGACCGAAGAATCAGAA 

COI BOLD_COI_Forward TTCTCCACCAACCACAARGAYATYGG 

COI BOLD_COI_Reverse CACCTCAGGGTGTCCGAARAAYCARAA 

COI FISHCOI_F TCAACYAATCAYAAAGATATYGGCAC 

COI FISHCOI_R  ACTTCYGGGTGRCCRAARAATCA 
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Table A-2.  Samples and accession numbers used to generate the Cetomimidae 
maximum clade credibility tree. 
 

Number Genus (Field 
ID)  

Species (Field 
ID) 

Sex (if 
known) Source 

DPND_2173 Cetomimus sp. Female Deepend 
DPND_2521 Cetomimus sp. Female Deepend 
DPND_2904 Cetomimus sp. Female Deepend 
DPND_4578 Cetomimus sp. Female Deepend 
RIE_364 Cetomimus sp. Female Deepend 
RIE_756 Cetomimus sp. Female Deepend 
DPND_1316 Cetostoma regani Female Deepend 
RIE_232 Cetostoma regani Female Deepend 
RIE_960 Gyrinomimus sp. Female Deepend 

Pisces_P543 Gyrinomimus parri Female 
Pisces 
Cruises 

DPND_1525 Ataxolepis apus Male Deepend 
DPND_2798 Ataxolepis apus Male Deepend 

Pisces_P553 Ataxolepis apus Male 
Pisces 
Cruises 

DPND_5048 Cetomimus sp. Female Deepend 
DPND_2989 Ditropichthys storeri Female Deepend 
DPND_3302 Ditropichthys storeri Female Deepend 
DPND_3911 Ditropichthys storeri Female Deepend 
DPND_1466 Ditropichthys storeri Female Deepend 
RIE_522 Ditropichthys storeri Female Deepend 
DPND_5635 Anoplogaster cornuta NA Deepend 
AP010881.1 Cetomimus sp Female Genbank 
AP010884.1 Gyrinomimus myersi Female Genbank 
UWNC_12049.1 Gyrinomimus sp. Female Genbank 
AP002936.1 Danacetichthys galathenus Female Genbank 
NC_12047.1 Procetichthys kreffti Female Genbank 
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Table A-3.  Samples and accession numbers used to generate the Stephanoberycoidei 
maximum clade credibility tree. 

 

Number Genus (Field 
ID) 

Species 
(Field ID) Source 

RIE_756 Cetomimus sp. Deepend 
DPND_1316 Cetostoma regani Deepend 

RIE_960 Gyrinomimus bruuni Deepend 

Pisces_P543 Gyrinomimus parri 
Pisces 
Cruises 

RIE_522 Ditropichthys storeri Deepend 
AP010884.1_ Gyrinomimus myersi Genbank 
AP002936.1_ Danacetichthys galathenus Genbank 
DPND_1383 Melamphaes sp Deepend 
JF492951.1_ Beryx decadactylus Genbank 
KF489520.1_ Centroberyx druzhinini Genbank 
DPND_2511 Scopelogadus mizolepis Deepend 

RIE_172 Poromitra megalops Deepend 
RIE_63 Scopeloberyx opisthopterus Deepend 

DPND_1991 Anoplogaster cornuta Deepend 
KF929557.1_ Acanthochaenus luetkenii Genbank 
DPND_1947 Gibberichthys pumilus Deepend 
DPND_4011 Barbourisia rufa Deepend 

RIE_773 Rondeletia bicolor Deepend 
NC_12047.1 Procetichthys kreffti Genbank 
DPND_1983 Polymixia lowei Deepend 
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Table A-4.  Life History Trait Data. Vertical migration refers to habits of adults not larvae or juveniles 
 
 

Species Family Order 
Diel 
Vertical 
Migrators 

Max 
Length 

(cm) 

Upper 
Depth of 

occurrence 

Lower 
Depth of 

occurrence 

Total 
Depth 
Range 

References 

Bathophilus pawneei Stomiidae Stomiiformes Yes 12.4 0 1500 1500 McEachran & Fechhelm (1998) 

Chauliodus sloani Stomiidae Stomiiformes Yes 30 0 1800 1800 McEachran & Fechhelm (1998); 
Clarke (1983) 

Cyclothone alba Gonostomatidae Stomiiformes No 3.4 300 600 300 McEachran & Fechhelm (1998); 
Miya & Nemoto (1986) 

Cyclothone 
pseudopallida Gonostomatidae Stomiiformes No 5.8 300 900 600 McEachran & Fechhelm (1998); 

Miya & Nemoto (1986) 

Ditropichthys storeri Cetomimidae Stephanoberyciformes No 12.8 650 2150 1500 McEachran & Fechhelm (1998); 
Pacton (1989) 

Diplospinus 
multistriatus Gempylidae Perciformes Yes 33 100 1000 900 McEachran & Fechhelm (1998); 

Levya-Cruz et al. (2016) 

Polymixia lowei Polymixiidae Polymixiiformes   19.8 82 660 578 McEachran & Fechhelm (1998); 
Moore et al. (2003) 

Scopelogadus 
mizolepis Melamphaidae Stephanoberyciformes Yes 7.4 268 1250 982 

McEachran, Fechhelm & Clarke 
(1983); Willis & Pearson (1982); 
Keene, Gibbs & Krueger (1987) 

Sigmops elongatus Gonostomatidae Stomiiformes Yes 27.5 50 1200 1150 
McEachran & Fechhelm (1988); 
Lancraft et al. (1988); Gartner 
(1993) 

Sternoptyx 
pseudobscura Sternoptychidae Stomiiformes No 5.5 800 1500 700 McEachran & Fechhelm (1998) 

Stomias affinis Stomiidae Stomiiformes Yes 20.4 850 50 -800 McEachran & Fechhelm (1998); 
Sutton & Hopkins (1996) 

Synagrops spinosus Acropomatidae Perciformes   13 72 412 340 McEachran & Fechhelm (1998) 

Photostomias guernei Stomiidae Stomiiformes Yes 13.5 15 800 785 McEachran & Fechhelm (1998); 
Clarke (1974) 
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Table A-5.  Range Description for Study Species.  

Species Range Description Oceans Inhabited 
Latitudes 
Inhabited Citations Notes 

Bathophilus pawneii Circumglobal; Tropical 
Atlantic, Indian, 
Pacific 36°N-34°S Agustin 2018 

 

Chauliodus sloani 
Circumglobal; Tropical and 
Polar 

Atlantic, Indian, 
Pacific 50°N-50°S Mundy 2005 

Less common but records exist 
from individuals as far as 70°N-
56°S (Priede 2017) 

Cyclothone alba Circumglobal; Tropical 
Atlantic, Indian, 
Pacific 40°N-40°S 

Miya & Nemoto 
1986 

 
Cyclothone pseudopallida 

Circumglobal; Tropical and 
Polar 

Atlantic, Indian, 
Pacific 65°N–30°S Mundy 2005 

 
Diplospinus multistriatus Circumglobal; Tropical 

Atlantic, Indian, 
Pacific 40°N-40°S Mundy 2005 

 
Ditropichthys storeri Circumglobal; Tropical 

Atlantic, Indian, 
Pacific 48°N-43°S Paxton 1989 

 Photostomias guernei Non circumglobal; Tropical  Atlantic 40°N-3°N Kenaley 2009 
 

Polymixia lowei 
Non circumglobal; Tropical  Atlantic 40°N-34°S 

Lachner 1955; 
Haimovici 1994 

 
Scopelogadus mizolepis Circumglobal; Tropical 

Atlantic, Indian, 
Pacific 40°N-22°S Mundy 2005 

 Sigmops elongatus Circumglobal; Tropical and 
Polar 

Atlantic, Indian, 
Pacific 65°N–35°S Torres 2018 

 
Sternoptyx pseudobscura 

Circumglobal; Tropical 
Atlantic, Indian, 
Pacific 40°N-40°S 

Mundy 2005; 
Zammaro & Loris 
1999 One record from 42°N and 47°N 

Stomias affinis Circumglobal; Tropical 
Atlantic, Indian, 
Pacific 35°N-39°S Priede 2017 

 Synagrops spinosus Non circumglobal; Tropical  Atlantic 36°N-34°S Haimovici 1994 
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Table A-6.  Table of nuclear introns that were tested and rejected.  These primers failed 
to amplify anything or amplified multiple sequences for the majority species in this 
study.  
  
 

Gene Primer Name Primer Sequence 

14867E1 14867E1-FOR CCACAARTACAAGGCCAAGAGRAACTG 
14867E1-REV GTTCTCCTTSTCCTGSACGGTCTT 

36298E1 36298E1-FOR GATCCTGAGGGAYTCCCAYGGTGT 
36298E1-REV GGGCCAGGACTCTCYTGGTCTTGTAGT 

55378E1 55378E1-FOR ATGARGAAAATGAGGCCAACTTGCT 
55378E1-REV GCCACCTGKGTATTGATTATAGCTGAG 

4174E20 4174E20-FWD CTYTCGCTGGCTTTGTCTCAAATCA 
4174E20-REV CTTTTACCATCKCCACTRAAATCCAC 

L8Ex L8Ex2F CAYATTGACTTCGCTGARCG 
L8Ex3R TTGCCGCAGTAGATRAACTG 

P0Ex P0ExAF ATGATGCGYAARGCCATCCG 
P0ExBR GYAAGRTCCTCCTTGGTGAA 

S8Ex S8Ex4F GGCMGSAAGAAGGGAGCCAA 
S8Ex5R TGCWGGAACTGCTCCTCCAG 

19231E4 19231E4-F CGGARGACTACGGACGTGATTTGAC 
19231E4-R CTCCYTCCAGTGSTCCACAAACT 

59107E2 59107E2-F GGAGATGGGYGTGGACTGGTCYCT 
59107E2-R ATTGTAGATCTCVTCCACCACCTGRAT 

40245E5 40245E5-F CTGAGGAGGAYGGCTGGGARTTYGT 
40245E5-R ACCATCAGCTTCACCACCTGCTC 

1777E4 1777E4-F AGGAGYTGGTGAACCAGAGCAAAGC 
1777E4-R AGATCRGCCTGAATSAGCCAGTT 

25073E1 25073E1-F GTACTCTCKGTACATGTTGTGRGTKCC 
25073E1-R GAAGGTGAARAACTTTGGBATCTGG 

Gpd Gpd2F GCCATCAATGACCCCTTCATCG 
Gpd3R TTGACCTCACCCTTGAAGCGGCCG 

GnRH3 GnRH3F GCCCAAACCCAAGAGAGACTTAGACC 
GnRH3R TTCGGTCAAAATGACTGGAATCATC 

A-Enol EnolF_731 TGGACTTCAAATCCCCCGATGATCCCAGC 
EnolR_912 CCAGGCACCCCAGTCTACCTGGTCAAA 

Alpha-tropomyosin 
ATROP_F GAGTTGGATCGCGCTCAGGAGCG 

ATROP_R CGGTCAGCCTCCTCAGCAATGTGCTT 
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Table A-7.  List of nuclear exon primers used to generate extended Bayesian skyline 
plots. 
 
 

Gene Primer Name Primer Sequence 

ENC Perc_ENC_F TTCCTRGAGAGAAACCTTCACC 

ENC Perc_ENC_R GAYGGAGARGCNGGGAGGCAGCC 

PLAG Perc_PLAG_F CATGAYCCYAACAARGARGCCTT 

PLAG Perc_PLAG_R TGRCARCCCATGCCCATAGCTG 

MYH Perc_MYH_F ACYAARAGRGTYATYCAGTACT 

MYH Perc_MYH_R CCRAKGGMRTAGTAGACYTGRTC 
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Table A-8.  List of Calibrations used to generate the Stomiiformes tree.   Adapted from 
Near et al. (2013). 
 

Prior Mean Sigma   Species 

Chauliodus 16 2 Monophyletic 

Chauliodus sloani 

Chauliodus macouni 

Chauliodus dane 

Gonostomatidae 46 1.9 Monophyletic 

Cyclothone microdon 

Sigmops bathyphilus 
Cyclothone 
pseudopallida 
Sigmops elongatus 

Cyclothone alba 

Gonostomatidae/Sternoptychidae 53 2 Monophyletic 

Argyropelecus gigas 

Argyropelecus affinis 

Cyclothone microdon 

Polyipnus spinifer 

Sigmops bathyphilus 

Sternoptyx diaphana 
Cyclothone 
pseudopallida 
Polyipnus clarus 

Sigmops elongatus 

Cyclothone alba 
Sternoptyx 
pseudobscura 

Neonesthes/Astronesthes 33 4 Don't enforce 
monophyly 

Neonesthes capensis 

Astronesthes similus 

Sternoptychidae 45 3 Monophyletic 

Argyropelecus gigas 

Argyropelecus affinis 

Polyipnus spinifer 

Sternoptyx diaphana 

Polyipnus clarus 
Sternoptyx 
pseudobscura 

Sternoptyx/Argyropelecus 11 1 Monophyletic 

Argyropelecus affinis 

Argyropelecus gigas 

Sternoptyx diaphana 

Sternoptyx 
pseudobscura 

Table A-8.  Continued. 
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Prior Mean Sigma   Species 

Stomiidae 50 2.5 Monophyletic 

Stomias affinis 

Bathophilus pawneei 

Chauliodus sloani 

Malacosteus niger 

Stomias boa 

Photostomias goodyeari 

Chauliodus macouni 

Neonesthes capensis 

Chauliodus dane 

Stomiidae 50 2.5 Monophyletic 

Bathophilus proximus 

Astronesthes similus 

Photostomias goodyeari 

Stomiiformes 69 2 Monophyletic 

Stomias affinis 

Bathophilus pawneei 

Chauliodus sloani 

Argyropelecus gigas 

Argyropelecus affinis 

Malacosteus niger 

Cyclothone microdon 

Stomias boa 

Polymetme thaeocoryla 

Chauliodus macouni 

Neonesthes capensis 

Chauliodus dane 

Polyipnus spinifer 

Bathophilus proximus 

Sternoptyx diaphana 

Cyclothone pseudopallida 

Astronesthes similus 

Polyipnus clarus 

Sigmops elongatus 

Cyclothone alba 

Sternoptyx pseudobscura 

Photostomias goodyeari 
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Table A-9.  List of Calibrations used to generate the Stephanoberyciformes tree.   
Adapted from Near et al. (2013). 
  

Prior Mean Sigma   Species 

Barbourisiidae 27 1 Monophyletic 
Acanthochaenus luetkenii 

Barbourisia rufa 

Berycidae/Melamphaidae 39 2.5 Monophyletic 

Beryx decadactylus 

Centroberyx druzhinni 

Melamphaes sp. 

Scopelogadus mizolepis 

Poromitra crassiceps 

Poromitra megalops 

Scopeloberyx opisthopterus 

Scopelogadus beanii 

Trachichthyiformes 96.1 0.7 Monophyletic 

Acanthochaenus luetkenii 

Barbourisia rufa 

Beryx decadactylus 

Centroberyx druzhinni 

Melamphaes sp. 

Cetostoma regani 

Scopelogadus mizolepis 

Ditropichthys storeri 

Gyrinomimus grahami 

Gyrinomimus bruuni 

Poromitra megalops 

Anoplogaster cornuta 

Cetostoma sp 

Scopeloberyx opisthopterus 

Rondeletia loricata 

Sargocentron cornutum 

Scopelogadus beanii 
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Table A-9.  Continued. 
 

Prior Mean Sigma   Species 

Cetomimidae 21 1 Monophyletic 

Cetostoma regani 

Ditropichthys storeri 

Gyrinomimus grahami 

Gyrinomimus bruuni 

Cetostoma sp 

"“Cetomimoid” + 
Stephanoberycidae 32 0.7 Monophyletic 

Acanthochaenus luetkenii 

Barbourisia rufa 

Cetostoma regani 

Ditropichthys storeri 

Gyrinomimus grahami 

Gyrinomimus bruuni 

Cetostoma sp 

Rondeletia loricata 

Cetomimidae and 
Barbourisiidae 28 1 Monophyletic 

Acanthochaenus luetkenii 

Barbourisia rufa 

Cetostoma regani 

Ditropichthys storeri 

Gyrinomimus grahami 

Gyrinomimus bruuni 

Cetostoma sp 

Stephanoberyciformes 54 2 Monophyletic 

Acanthochaenus luetkenii 

Barbourisia rufa 

Beryx decadactylus 

Centroberyx druzhinni 

Melamphaes sp. 

Cetostoma regani 

Scopelogadus mizolepis 

Ditropichthys storeri 

Gyrinomimus grahami 
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Table A-9.  Continued 

Prior Mean Sigma   Species 

Stephanoberyciformes 
continued    

Gyrinomimus bruuni 

Poromitra megalops 

Cetostoma sp 

Scopeloberyx opisthopterus 

Rondeletia loricata 

Scopelogadus beanii 

Stephanoberyciformes 
and Holocentridae 92 1.3 Monophyletic 

Acanthochaenus luetkenii 

Barbourisia rufa 

Beryx decadactylus 

Centroberyx druzhinni 

Melamphaes sp. 

Cetostoma regani 

Scopelogadus mizolepis 

Ditropichthys storeri 

Gyrinomimus grahami 

Gyrinomimus bruuni 

Poromitra megalops 

Cetostoma sp 

Scopeloberyx opisthopterus 

Rondeletia loricata 

Sargocentron cornutum 

Scopelogadus beanii 

Poromitra NA NA Monophyletic 
Poromitra crassiceps 

Poromitra megalops 
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Table A-10.  List of Calibrations used to generate the Gempylidae tree.   Adapted from 
Near et al. (2013). 
 

Prior Mean Sigma   Species 

Bramidae 15 0.7 Monophyletic 

Brama dussumieri 

Taractes asper 

Taractes rubescens 

Gempylidae/Bramidae 26 0.7 Monophyletic 

Brama dussumieri 

Paradiplospinus gracilis 

Diplospinus multistriatus 

Taractes asper 

Taractes rubescens 

Gempylidae/Trichiuridae/Bramidae 27 0.7 Monophyletic 

Brama dussumieri 

Paradiplospinus gracilis 

Diplospinus multistriatus 

Taractes asper 

Taractes rubescens 

Assurger anzac 

Trichiurus lepturus 

Gempylidae/Trichiuridae/Bramidae/
Peprilus 30 0.1 Monophyletic 

Brama dussumieri 

Paradiplospinus gracilis 

Diplospinus multistriatus 

Taractes asper 

Taractes rubescens 

Assurger anzac 

Trichiurus lepturus 

Peprilus paru 

Gempylidae NA NA Monophyletic 
Paradiplospinus gracilis 

Diplospinus multistriatus 

 

 

 

 



 

 

 

110 

Table A-10.  Continued. 

Prior Mean Sigma   Species 

Scombriformes 34 0.6 Monophyletic 

Brama dussumieri 

Paradiplospinus gracilis 

Diplospinus multistriatus 

Taractes asper 

Taractes rubescens 

Assurger anzac 

Trichiurus lepturus 

Peprilus paru 

Thunnus albacares 

Psenes maculatus 

Scombroidei 32 0.7 Monophyletic 

Brama dussumieri 

Paradiplospinus gracilis 

Diplospinus multistriatus 

Taractes asper 

Taractes rubescens 

Assurger anzac 

Trichiurus lepturus 

Peprilus paru 

Psenes maculatus 

Trichiuridae 27 1.8 Monophyletic 
Assurger anzac 

Trichiurus lepturus 
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Table A-11.  List of Calibrations used to generate the Polymixiiformes tree.   Adapted 
from Near et al. (2013) 
 

Prior Mean Sigma   Species 

Amphredoderoidei 44 1.8 Monophyletic 
Aphredoderus sayanus 

Chologaster cornuta 

Percopsiformes 58 1.7 Monophyletic 

Aphredoderus sayanus 

Chologaster cornuta 
Percopsis 
omiscomaycus 

Percopsiformes/Polymixiiformes 127.8 0.5 Monophyletic 

Aphredoderus sayanus 

Chologaster cornuta 

Polymixia lowei 

Polymixia japonica 
Percopsis 
omiscomaycus 

Polymixiiformes 8 1 Monophyletic 
Polymixia lowei 

Polymixia japonica 
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Table A-12.  List of Calibrations used to generate the Acropomatidae tree.   Adapted 
from Near et al. (2013) 
 

Prior Mean Sigma   Species 

Acropomatidae/Ostracoberyx 37 1.8 Monophyletic 

Acropoma japonicum 

Synagrops bellus 

Synagrops spinosus 

Doederlenia berycoides 

Ostracoberyx dorgenys 

Malakichthys elegans 

Howella/Acropomatidae/Ostracoberyx 38 1.8 Monophyletic 

Acropoma japonicum 

Synagrops bellus 

Synagrops spinosus 

Doederlenia berycoides 

Malakichthys elegans 

Howella brodei 

Howella sherbourni 

Howella atlantica 

Howella zina 

Howella NA NA Monophyletic 

Howella brodei 

Howella sherbourni 

Howella atlantica 

Howella zina 

Acropomatidae NA NA Monophyletic 

Acropoma japonicum 

Synagrops bellus 

Synagrops spinosus 

Doederlenia berycoides 

Malakichthys elegans 

 
 
 
 
 
 



 

 

 

113 

 
 
 
 

Table A-13.  Samples used to generate the secondarily calibrated Stomiiformes tree. 
 

Number Genus  Species  Source 
RIE_1171 Polyipnus clarus DEEPEND 
RIE_278 Sigmops elongatus DEEPEND 
RIE_506 Photostomias guernei DEEPEND 
RIE_349 Cyclothone alba DEEPEND 
RIE_238 Cyclothone pseudopallida DEEPEND 
RIE_415 Sternoptyx pseudobscura DEEPEND 
RIE_577 Stomias affinis DEEPEND 
RIE_71 Sternoptyx diaphana DEEPEND 
RIE_1051 Astronesthes similus DEEPEND 
MG856583.1 Bathophilus proximus GenBank 
KY033761.1 Sigmops bathyphilus GenBank 
KU893054.1 Polyipnus spinifer GenBank 
KF929724.1 Chauliodus danae GenBank 
KF768171.1 Neonesthes capensis GenBank 
JQ354039.1 Chauliodus macouni GenBank 
GU071725.1 Photostomias goodyeari GenBank 
GQ860359.1 Sigmops bathyphilus GenBank 
FJ918933.1 Polymetme thaeocoryla GenBank 
EU148335.1 Stomias boa GenBank 
EU148136.1 Cyclothone microdon GenBank 
DPND_4220 Argyropelecus affinis DEEPEND 
DPND_1835 Argyropelecus gigas DEEPEND 
DPND_4568 Malacosteus niger DEEPEND 
DPND_1556 Chauliodus sloani DEEPEND 
DPND_1336 Bathophilus pawneei DEEPEND 
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Table A-14.  Samples used to generate the secondarily calibrated Trachichthyiformes, 
Holocentridae, and Stephanoberyciformes tree. 
 
 

Number Genus  Species  Source 
RIE_425 Anoplogaster cornuta DEEPEND 
RIE_172 Poromitra megalops DEEPEND 
RIE_63 Scopeloberyx opisthopterus DEEPEND 
RIE_441 Cetostoma sp DEEPEND 
Pisces_P558 Gyrinomimus bruuni Pisces 
KP267663.1 Centroberyx druzhinini GenBank 
JQ354324.1 Rondeletia loricata GenBank 
JQ354300.1 Poromitra crassiceps GenBank 
JQ354000.1 Barbourisia rufa GenBank 
JF492951.1 Beryx decadactylus GenBank 
FJ237588.1 Sargocentron cornutum GenBank 
FJ164637.1 Gyrinomimus grahami GenBank 
EU148314.1 Scopelogadus beanii GenBank 
EU148067.1 Acanthochaenus luetkenii GenBank 
DPND_2130 Cetostoma regani DEEPEND 
DPND_4130 Ditropichthys storeri DEEPEND 
DPND_1383 Melamphaes sp DEEPEND 
DPND_2511 Scopelogadus mizolepis DEEPEND 

 
 
 
 
 
 
Table A-15.  Samples used to generate the secondarily calibrated Polymixiiformes tree. 
 
 

Number Genus  Species  Source 
KX145224.1 Percopsis omiscomaycus GenBank 
HQ557552.1 Chologaster cornuta GenBank 
JN024804.1 Aphredoderus sayanus GenBank 
KF930291.1 Polymixia japonica GenBank 
DPND_1983 Polymixia lowei DEEPEND 
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Table A-16.  Samples used to generate the secondarily calibrated Gempylidae tree. 
 
 

Number Genus  Species  Source 
AB205444.1 Psenes maculatus GenBank 
DQ835957.1 Thunnus albacares GenBank 
EU263815.1 Assurger anzac GenBank 
EU263823.1 Trichiurus lepturus GenBank 
GU440550.1 Taractes asper GenBank 
JN641062.1 Paradiplospinus gracilis GenBank 
KY372189.1 Taractes rubescens GenBank 
EU400170.1 Taractes asper GenBank 
DPND_3230 Brama dussumieri DEEPEND 
DPND_4576 Peprilus paru DEEPEND 
RIE_882 Diplospinus multistriatus DEEPEND 

 
 
 
 
 
 

Table A-17.  Samples used to generate the secondarily calibrated Acropomatidae tree. 
 
 

Number Genus  Species  Source 
DQ648437.1 Acropoma japonicum GenBank 
KP266851.1 Doederleinia berycoides GenBank 
KY033633.1 Howella brodiei GenBank 
KY033904.1 Howella sherborni GenBank 
KY371711.1 Malakichthys elegans GenBank 
KU943423.1 Howella zina GenBank 
KU892849.1 Ostracoberyx dorygenys GenBank 
DPND_1874 Synagrops spinosus DEEPEND 
DPND_1495 Synagrops bellus DEEPEND 
DPND_2153 Howella atlantica DEEPEND 
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Table A-18.  Initial nuclear rates.  Taken from the trees constructed for our study species 
and their sister species. 
 

Inferred From EBSP Runs 

  PLAG ENC MYH 

Species PLAG 95%HPD ENC 95%HPD MYH 95%HPD 

Bathophilus 
pawneii 0.00177 

[0.00027, 
0.00370]         

Chauliodus 
Sloani     0.00090 

[0.00047, 
0.00134]     

Cyclothone 
alba 0.00577 

[0.00178, 
0.01970]         

Cyclothone 
pseudopallida 0.00519 

[0.00046, 
0.01020]         

Diplospinus 
multistriatus 0.00885 

[0.00259, 
0.01600] 0.01010 

[0.00333, 
0.01780]     

Ditropichthys 
storeri 0.00102 

[0.00060, 
0.00146]         

Photostomias 
guernei 0.01344 

[0.00707, 
0.02020]         

Polymixia 
lowei 0.00100 

[0.00012, 
0.00219] 0.00237 

[0.00079, 
0.00424]     

Scopelogaus 
mizolepis 0.00272 

[0.00053, 
0.00544]         

Sigmops 
elongatus 0.00226 

[0.00046, 
0.00423]         

Sternoptyx 
pseudobscura 0.00229 

[0.00134, 
0.00323] 0.00412 

[0.00278, 
0.00549]     

Stomias 
affinis         0.00188 

[0.00019, 
0.00424] 

Synagrops 
spinosus     0.01260 

[0.00466, 
0.02090]     

Mean 0.00443 
[0.00152, 
0.00864] 0.00602 

[0.00241, 
0.00995] 0.00188 

[0.00019, 
0.00424] 
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Table A-19.  Summary of EBSP Runs.  “Good” (Green) refers to runs where key traces 
converged and all ESS values < 200. “Bad” (Red) refers to runs where one or more key 
traces failed to converge, and at least one ESS value was > 200. 
* Best Run for each species 
 

Study Species Method 1 Method 2 

Reject 

Constant Pop 

Date Change 

Begins 

Bathophilus pawneii Bad Good* No [0,3] NA 

Chauliodus Sloani Good Good* Yes [1,3] ~100 ky ago 

Cyclothone alba Good Good* Yes [1,3] ~80 ky ago 

Cyclothone pseudopallida Good Good* No [0,3] NA 

Diplospinus multistriatus Good* Good No [0,3] NA 

Ditropichthys storeri Good* Bad No [0,3] NA 

Photostomias guernei Good Good* Yes [1,3] ~120 ky ago 

Polymixia lowei Good* Good Yes [1,3] ~200 ky ago 

Scopelogaus mizolepis Good* Bad No [0,3] NA 

Sigmops elongatus Bad Bad No [0,3] NA 

Sternoptyx pseudobscura Good* Good Yes [1,3] ~270 ky ago 

Stomias affinis Good* Good No [0,3] NA 

Synagrops spinosus Bad Good* No [0,3] NA 
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Figure A-1.  Clock Calibration Tree 1 (Acropomatidae).  Dates are given in terms of millions of years 
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Figure A-2.  Clock Calibration Tree 2 (Gempylidae).  Dates are given in terms of millions of years. 
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Figure A-3.  Clock Calibration Tree 3 (Polymixiiformes).  Dates are given in terms of millions of years.q
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Figure A-4.  Clock Calibration Tree 4 (Stephanoberyciformes).  Dates are given in terms of millions of years. 
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Figure A-5.  Clock Calibration Tree 5 (Stomiiformes).  Dates are given in terms of millions of years. 
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Table A-20.  COI Consensus Sequences for every species.  Polymorphic sites are highlighted in grey. 
 

 
 



 

 

 

124 

Table A-20. Continued. 
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Table A-20.  Continued. 
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Table A-20.  Continued. 
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Table A-21.  PLAG Consensus Sequences for every species.  Polymorphic sites are highlighted in grey. 
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Table A-21.  Continued. 
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Table A-21.  Continued. 
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Table A-22.  ENC Consensus Sequences for every species.  Polymorphic sites are highlighted in grey. 
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Table A-22.  Continued. 
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Table A-23.  MYH Consensus Sequences for every species.  Polymorphic sites are highlighted in grey. 
 

 


