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Abstract

The dragonfishes and allies (Stomiiformes) are among the most species rich and ecologically important clades of deep-sea
fishes. Within the Stomiiformes, the marine hatchetfishes (Sternoptychidae) are the second largest family with 10 genera
and 79 species. Sternoptychids are well known for their highly reflective bodies and bioluminescent photophores that
are hypothesized to aid camouflage and allow communication with conspecifics in the deep sea. While sternoptychids
in Argyropelecus, Polyipnus, and Sternoptyx have anteriorly deep and posteriorly shallow bodies that resemble a hatchet
or an ax in lateral view, the seven other sternoptychid genera have a more uniform, slender body; these differences
have been used to separate these clades into two subfamilies. Despite their ecological importance and captivating
life history, the phylogeny of this group has not been studied as extensively as other deep-sea fish groups. To date,
phylogenetic studies have primarily used morphological characters to examine sternoptychid evolutionary relationships,
and, perhaps surprisingly, prior molecular studies with sufficient genus-level sampling have never recovered the family
as monophyletic. Herein, we investigate the evolutionary relationships of the Sternoptychidae using 415 mitochondrial
and nuclear loci (including ultraconserved elements [UCEs]) and 149 morphological characters. We present the results
of concatenated and species-tree molecular analyses and combined phylogenetic analysis. Based on these results, we
provide a revised monophyletic classification that recognizes a monophyletic Sternoptychidae without any subfamilies
because our results recovered a paraphyletic Sternoptychinae and a polyphyletic Maurolicinae. Specifically, our combined
analyses revealed that the slender-bodied species in Maurolicus were nested within the traditionally recognized deeper-
bodied sternoptychines (Argyropelecus, Polyipnus, and Sternoptyx). This four-genus clade was found sister to a slender-
bodied clade composed of Araiophos, Argyripnus, Danaphos, Sonoda, Thorophos, and Valenciennellus. Unlike previous
molecular analyses, all genera that included more than one species in our analyses were recovered as monophyletic. Our
revised sternoptychid phylogeny provides a comprehensive framework for subsequent researchers interested in exploring
evolutionary scenarios for the marine hatchetfishes.
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Introduction

The Stomiiformes (dragonfishes and allies) are a clade of marine fishes with 464 described species found worldwide
in pelagic deep-sea habitats at depths typically ranging from 200—1,500 m (Ahlstrom et al. 1984; Fricke et al. 2025).
These deep-sea fishes live in an environment that changes with depth in the ocean: sunlight decreases, eventually
disappears completely; pressure increases linearly; and temperature generally cools, with a steep thermocline
between 100 and 1,000 m (Helfman et al. 2009; Haddock et al. 2010). Many stomiiforms have adaptations to
this midwater habitat, ranging from enlarged fangs, abundant teeth, elongate bodies, and bioluminescent lures and
photophores (Nelson et al. 2016; Alves Gomes et al. 2024). Researchers have hypothesized that bioluminescence in
these and other midwater fishes plays a crucial role in predator-prey interactions, camouflage, and species-specific
communication (Harvey 1952; and Moring 1978; Haddock et al. 2010; Widder 2010). Understanding how these
adaptations arose and vary necessitates a clear understanding of the phylogeny of the group.
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Smith et al. (2024) revised the classification of the Stomiiformes based on a phylogenetic analysis of
morphological and genome-scale molecular data. Their revisions recognized three monophyletic families:
Gonostomatidae (bristlemouths and portholefishes), Sternoptychidae (marine hatchetfishes), and Stomiidae
(dragonfishes and lightfishes). The revised Gonostomatidae and Stomiidae contain predominantly elongate and
dark-bodied fishes, while the sternoptychids are generally less elongate and characterized by more reflective
(silver) bodies. Sternoptychids have traditionally been classified phylogenetically based on body shape and internal
anatomy, with the Maurolicinae (seven genera and 34 species) being more elongated and the Sternoptychinae (three
genera and 45 species) being more deep-bodied and ax-shaped (Weitzman 1974). All marine hatchetfishes have
ventrally directed photophores, and the increased body depth seen in the sternoptychines has been hypothesized to
allow for the emission of lateral light as the photophores are situated high on each side of their bodies allowing the
light to be reflected laterally as well as ventrally (Baird 1971; Baird and Eckardt 1972; Weitzman 1974; Davis et
al. 2014, 2016). As in other bioluminescent pelagic fishes, hatchetfish photophores have been hypothesized to help
with counterillumination and communication (Mensinger and Case 1990; Randall and Farrell 1997; Priede 2017)
and their patterns have been shown to be species specific (Harold, 1994).

Despite the important role that sternoptychids play in their midwater habitat and general interest in their biological
specializations for thriving in the deep sea (e.g., Kinzer and Schulz 1988; Eduardo et al. 2020), there has not been
a comprehensive molecular or combined analysis of the relationships within the family. Using morphological data,
Weitzman (1974) was the first to recognize the taxonomic composition of the modern Sternoptychidae. Several
previous studies had hypothesized that some genera within the modern Sternoptychidae were more closely allied
to taxa in the Gonostomatidae or Stomiidae (Brauer 1906, 1908; Regan 1923; Norman 1930; Schultz 1938, 1961;
Grey 1959, 1960; Weitzman 1967; Baird 1971; Baird and Eckardt 1972). Baird (1971) and Baird and Eckardt
(1972) studied the systematics and zoogeography of three genera of sternoptychines (Argyropelecus, Polyipnus, and
Sternoptyx) by examining 41 anatomical characters with a Wagner parsimony-based approach. They hypothesized
that Polyipnus was sister to a clade composed of Argyropelecus and Sternoptyx to the exclusion of all other
sternoptychids. Weitzman (1974) conducted a more comprehensive study that suggested that this Sternoptychinae
was monophyletic while the Maurolicinae (Araiophos, Argyripnus, Danaphos, Maurolicus, Sonoda, Thorophos, and
Valenciennellus; Figure 1) sensu Parin and Kobyliansky (1996) was paraphyletic relative to the Sternoptychinae.
Although Weitzman’s (1974) work pre-dated computer-aided phylogenetic approaches, he identified traits that he
inferred as “primitive” for the stem lineages of a paraphyletic Maurolicinae, followed by “advanced” synapomorphies
for the deeper-bodied Sternoptychinae. He summarized these features with a genus-level phylogeny that was fully
resolved other than an ambiguous placement of Maurolicus near the base of the Sternoptychidae (Figure 1). Next,
Ahlstrom (1974) discussed the evolution of stomiiform fishes based on larval and adult anatomical characters.
He identified differences in the formation and types of photophores found in these fishes as well as characters
associated with their metamorphosis from larval to adult forms. Within the modern Sternoptychidae, Ahlstrom
(1974) identified two distinct groups based on specializations of photophore development that were consistent with
Weitzman’s (1974) Maurolicinae (Ahlstrom Group C) and Sternoptychinae (Ahlstrom Group D). Later, Harold and
Weitzman (1996) revisited the phylogeny of the group and explicitly coded 150 morphological characters for three
outgroups and 11 sternoptychid taxa (some at the genus and some at the species level). They presented two trees that
differed by one step in their parsimony analyses that largely corroborated the results in Weitzman (1974; Figure 1).
Harold and Weitzman (1996) resolved Araiophos and Thorophos as a grade leading up to all other sternoptychids
(Figure 1) rather than sister taxa (Weitzman 1974; Figure 1). Their most parsimonious tree recovered Maurolicus
sister to a clade composed of Danaphos and Valencienellus, and their nearly optimal tree recovered Maurolicus sister
to all sternoptychids excluding Araiophos and Thorophos; together, these placements are reminiscent of Weitzman’s
partially ambiguous placement of Maurolicus (Figure 1). In addition to these intergeneric studies, Harold (1993,
1994) also provided species-level morphological phylogenies for Argyropelecus and Polyipnus. Given the extensive
published anatomical research on this family and the periodic reappraisal of features by subsequent researchers,
the Sternoptychidae is currently one of the best studied families of deep-sea fishes from a morphology-based
phylogenetic perspective.
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FIGURE 1. Hypotheses of relationships among the Stomiiformes based on previously published studies. Black (G), blue (S),
orange (M), and white (D) rectangles represent the Gonostomatidae, Sternoptychinae, Maurolicinae, and Stomiidae, respectively.
Note that these figures use the currently recognized classification (e.g., use of Zaphotias instead of Bonapartia and separate
recognition of Gonostoma and Sigmops) rather than the classification used in the original studies.

In contrast to the extensive morphological phylogenetic studies of the Sternoptychidae, there have been no
family-level molecular phylogenies of the marine hatchetfishes. The few studies looking at the phylogeny of
sternoptychids using DNA sequence data have either focused on specific genera (Miya and Nishida 1998; Rees et
al. 2020) or have examined relationships across the Actinopterygii or Stomiiformes. Among actinopterygian studies
that have included four or more sternoptychid genera (Mirande 2017; Rabosky et al. 2018), neither study recovered
a monophyletic Maurolicinae, Sternoptychinae, or Sternoptychidae (Figure 1). Mirande (2017; Figure 1) showed
that the maurolicine Maurolicus was nested within the sternoptychine genus Argyropelecus. Further, he found that
Valenciennellus was more closely related to the gonostomatid Margrethia and the stomiid Vinciguerria near the
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base of the stomiiforms while the stomiid 7riplophos was nested within the Sternoptychidae, sister to Sternoptyx.
Next, Rabosky et al. (2018) recovered more conventional relationships, but still recovered Triplophos sister to
Sternoptyx, a polyphyletic Maurolicinae and Sternoptychinae, and a paraphyletic Polyipnus with Argyropelecus and
Maurlolicus nested within it (Figure 1). Given the discordance between molecular and morphological studies and the
corresponding implied taxonomy where the marine hatchetfishes and its subfamilies and occasionally genera are not
recovered as monophyletic with molecular data, a comprehensive study of the sternoptychids that combines existing
morphological and molecular data with new genomic data is needed to resolve sternoptychid relationships.

Herein, we present the results of a simultaneous analysis combining existing morphological characters, new and
existing Sanger-based sequence data, and new genome-scale ultraconserved-element (UCE) sequence data. Earlier
studies have shown that combining these classes of data produces robust phylogenetic hypotheses, even when key
taxa are available only as morphological data (e.g., Martin et al. 2018; Girard et al. 2020; Maile et al. 2025). These
data were combined and analyzed to produce a species-rich phylogeny of the Sternoptychidae. The 149 variable
morphological features (Harold and Weitzman 1996) were combined with 415 mitochondrial and nuclear loci for all
ten sternoptychid genera, 48 sternoptychid terminals, and ten outgroups (including Triplophos that was consistently
recovered within the Sternoptychidae in previous molecular studies; Figure 1). Given the different results between
molecular and morphological phylogenies, the objectives of this study are to use morphological features and DNA
sequence data to 1) hypothesize the relationships among stomiiforms; 2) test the monophyly of the Maurolicinae,
Sternoptychinae, and Sternoptychidae; 3) resolve relationships among the sternoptychid genera and provide the
morphological evidence for higher-level relationships within the family; and 4) make taxonomic changes, as needed,
to produce a classification for the Sternoptychidae based upon monophyletic groups.

Materials and Methods

Taxonomic sampling. All analyses were rooted with the argentiniform Argentina silus (Ascanius) and included nine
additional outgroups (one osmerid, four gonostomatids, and four stomiids; Supplemental Table 1). These outgroups
were chosen based on the results of previous large-scale analyses that recovered the Osmeriformes sister to the
Stomiiformes with the Argentiniformes more distantly related (e.g., Near et al. 2012; Smith et al. 2016; Hughes
et al. 2018). Our least inclusive, species-tree dataset included ten outgroups and ten sternoptychids classified in
five genera: Argyropelecus, Maurolicus, Polyipnus, Sternoptyx, and Valenciennellus (Supplemental Table 1). Our
concatenated molecular dataset included ten outgroups and 43 sternoptychids classified in seven genera: Argyripnus,
Argyropelecus, Danaphos, Maurolicus, Polyipnus, Sternoptyx, and Valenciennellus (Supplemental Table 1). This
concatenated molecular dataset included 39 known species of sternoptychids and four additional sternoptychids that
could not be identified to the species level or are potentially undescribed species. In addition to the two molecular
datasets, we combined the concatenated molecular dataset with a morphological dataset (Harold and Weitzman
1996) for a combined dataset that added Araiophos, Sonoda, and two species of Thorophos as well morphological
data for all included sternoptychids and five (of ten) outgroups (Diplophos, Margrethia, Sigmops, Triplophos, and
Zaphotias). The combined analysis included all ten sternoptychid genera and nearly two-thirds of sternoptychid
species (Supplemental Table 1). The family-level classification follows Smith ef al. (2024), and all genus- and
species-level taxonomy follows Fricke ez al. (2024). All collection and institutional codes follow Sabaj (2020).

Morphological data. The morphological dataset used in this study included 149 characters coded and described
by Harold and Weitzman (1996). Their character 67 was removed because it was invariant in our dataset (which
cannot be used with the M+ASC likelihood model), so characters 67 to 149 in our study represent their characters
68 to 150 (Supplemental Table 2). The morphological matrix is available as Supplemental Table 3.

DNA extraction. Fish tissues were preserved in 70-95% ethanol or stored cryogenically prior to the extraction
of DNA. Tissue samples used in these analyses were housed in the following collections: AMNH, CSIRO, FMNH,
KU, and SIO. Nucleotide extractions were conducted using muscle tissue or fin clips with either a DNeasy Tissue
Extraction Kit (Qiagen) or the Maxwell® RSC Whole Blood DNA Kit (Promega) following the manufacturers’
extraction protocols (with the replacement of the blood DNA kit’s lysis buffer with Promega’s tissue lysis buffer).
For Sanger sequence data, polymerase chain reaction (PCR) was used to amplify seven gene fragments (COIL, ENC1,
MYH6, RAGI1, SH3PX3, TBR1, and ZICI). Sanger molecular protocols for extracting, amplifying, cleaning, and
sequencing these markers followed Davis et al. (2016). High-throughput extraction and quantification protocols
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followed Smith et al. (2022). Quantified samples were sent to Arbor Biosciences (Ann Arbor, MI) for library
preparation (e.g., DNA shearing, size selection, cleanup), target capture (using the 500 UCE actinopterygian loci
probe set; Faircloth et al. [2013]), enrichment, sequencing using an Illumina HiSeq 2500 or NovaSeq 6000, and
demultiplexing of samples.

DNA sequence data. New Sanger sequence data for COI, ENC1, MYH6, RAG1, SH3PX3, TBRI1, and ZIC1
were built and edited in Geneious v8.1.8 (Kearse et al. 2012). These edited Sanger sequences were combined with
previously published data for 125, 16S, COI, ENC1, MYH6, PLAGL2, RAGI1, SH3PX3, TBR1, and ZIC1 from
the following published studies: Miya and Nishida (1998, 2000); Ilves and Taylor (2009); Davis (2010); Near et
al. (2012, 2013); Chen et al. (2013, 2014); Grande et al. (2013); Davis et al. (2014, 2016); Sparks et al. (2014);
Poulsen (2015); Rees et al. (2017, 2020); Vourey et al. (2017); Arrondo et al. (2020); Teramura et al. (2022);
Smith et al. (2024). Additionally, unpublished DNA sequence data that were publicly available were downloaded
from BOLD (Ratnasingham et al. (2024) or GenBank (Supplemental Table 1). Finally, high-throughput sequence
data were queried for fragments homologous with these Sanger data; specifically, the cleaned reads from Arbor
Biosciences were compared to existing sequences of close taxonomic allies using the “map to reference” function in
Geneious Prime 2022.2.2 (Kearse et al. 2012) set to low-sensitivity with three iterations. The sources of all new and
existing molecular data can be found in Supplemental Table 1. The DNA sequence data for these loci were aligned
individually with MAFFT 7.130b (Katoh and Standley 2013) using default settings. The resulting alignment of this
Sanger dataset was 6,580 base pairs (bps), which was 48.6% complete at the locus level and 45.7% complete at the
base-pair level. Novel Sanger sequences were submitted to GenBank and assigned accession numbers PX508944-
PX508950 and PX511749-PX511761.

Uce amplification, sequencing and assembly, and molecular dataset construction. New high-throughput
DNA sequence data were collected by Arbor Biosciences using genomic extractions using the 500 UCE
actinopterygian loci probe set (Faircloth ef al. 2013). We processed the raw FASTQ files from Arbor Biosciences
using the PHYLUCE 1.71 (Faircloth 2016) workflow to retrieve UCE and flanking regions from newly sequenced
specimens. All genome-scale bioinformatic methods follow Smith ez al. (2022). The new cleaned sequencing reads
were submitted to GenBank and have been assigned SRA accession numbers SRA35738855 — SRA35738861.
We assembled cleaned reads, assembled contigs for the UCE loci, aligned (with MAFFT), and concatenated the
sequences present for > 75% of taxa using the PHYLUCE pipeline. The resulting 75% complete UCE matrix was
based on 406 UCEs or 217,246 aligned bps that were present for the 20 species that had UCE data. Across all
UCE loci, median sequence fragment length was 1,066 bps, with a range of 117-3,019 bps. The UCE and flanking
region sequences were then partitioned using the sliding-window site characteristics—entropy method (SWSC-EN;
Tagliacollo and Lanfear 2018) to split each UCE locus into left and right flanking regions and the ultraconserved
core (i.e., center segment) by rate of evolution. The final concatenated molecular matrix was based on 406 UCE loci
and ten Sanger loci and included 223,826 aligned base pairs for 54 taxa.

Combined dataset. In addition to the concatenated molecular dataset, we also combined this matrix with 149
morphological characters from the sternoptychid dataset of Harold and Weitzman (1996 [less character 67 because
it was invariant among included taxa]). Outgroup taxa that were not coded in Harold and Weitzman (1996) were
coded as unknown in this dataset.

Phylogenetic analysis. The concatenated molecular and combined datasets were analyzed using maximum
likelihood using 1Q-Tree v2.2.2.6 (Lanfear et al. 2012; Chernomor et al. 2016; Minh et al. 2020). The submitted
concatenated molecular dataset was partitioned into the left, central, and right UCE segments identified by SWSC-
EN as well as the combined 12S and 16S fragments and the three independent codon positions for each of the eight
protein-coding fragments. 1Q-Tree determined the best-fitting nucleotide substitution model for each molecular
partition in the first run of the analysis, and this was input directly in subsequent molecular and combined analyses.
These 1,237 partitions from the concatenated molecular dataset were combined with a morphological dataset that
used an MK+ASC model (Lewis 2001) of evolution for the combined analysis. For each dataset, 20 independent
analyses were conducted and the tree with the optimal likelihood score was recognized. Additionally, 300 traditional
bootstraps (-bo) were conducted in 1Q-Tree. For bootstrap support, we recognize three levels: >50% bootstrap
support represents a supported node or clade, >70% bootstrap support represents a moderately well-supported node
or clade, and >95% bootstrap support represents a strongly supported node or clade. In addition to the concatenated
molecular analyses above, each of the 406 UCEs, seven nuclear genes, and one combined mitochondrial locus
were analyzed individually using RAXML v 8.2 (Stamatakis 2014) using a GTRGAMMA substitution model for
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the 20 taxa that have UCE data. The best likelihood result from five independent analyses for each of these 414
loci were retained and for subsequent analysis in ASTRALv 5.7.7 (Zhang et al. 2018) to infer a species tree from
the individual gene trees (referred to as the “species-tree analysis” below). Finally, we examined and analyzed the
datasets (ancestral-state reconstructions) in Mesquite v3.5 (Maddison and Maddison 2018) using parsimony and
maximum likelihood.

Results

The analysis of the concatenated molecular dataset resulted in a single optimal tree (Figure 2) with a likelihood score
of —1173087.087. Forty-five of 51 possible nodes (88%) were supported with bootstrap values >50%. Additionally,
37 of 51 nodes (73%) were moderately well supported, and 17 of 51 nodes (33%) were well supported (Figure 2).
The analysis of the combined morphological and molecular dataset resulted in a single optimal tree (Figure 3) with a
likelihood score of —1175003.170. In the combined analysis, 47 of 57 nodes (82%) were supported with a bootstrap
value >50%. Additionally, 39 of 57 nodes (68%) were moderately well supported, and 27 of 57 nodes (47%) were
well supported (Figure 3). Finally, the species-tree analysis had a final normalized quartet score of 0.61455 with all
18 nodes being moderately well supported and 15 of 18 nodes being well supported (Supplemental Figure 1). All
three analyses were completely congruent with each other for the included taxa, so the Discussion will focus on the
most taxon-rich combined analysis (Figure 3).

The results of both maximum-likelihood analyses and the species-tree analysis supported the monophyly of
the order Stomiiformes and the families Gonostomatidae, Sternoptychidae, and Stomiidae with Sternoptychidae
and Stomiidae resolved as sister taxa (Figures 2-3, Supplemental Figure 1). Every genus represented by multiple
species was recovered as monophyletic in all three analyses (Figures 2—-3, Supplemental Figure 1). Neither the
Maurolicinae nor the Sternoptychinae were recovered as monophyletic in any analyses (Figures 2—3, Supplemental
Figure 1). In all analyses, Maurolicus was nested within the Sternoptychinae. With the exception of Maurolicus, the
Maurolicinae was otherwise consistently resolved as a clade (Figures 2—3, Supplemental Figure 1). In all analyses,
Argyropelecus was resolved sister to Sternoptyx (Figures 2—3, Supplemental Figure 1). These two genera were
consistently recovered sister to Maurolicus, and all three of these genera were recovered as the sister group to
Polyipnus (Figures 2-3, Supplemental Figure 1). The sister group to the clade of these four genera was the remainder
of the Sternoptychidae in all three analyses, but the taxon sampling for this shallower-bodied clade varied across all
three analyses while the relationships among the included taxa were identical (Figures 2—3, Supplemental Figure
1). As such, we will describe the relationships for the combined analysis (Figure 3) and Figure 2 and Supplemental
Figure 1 should be examined for the hypothesized intergeneric relationships in the more taxon-limited, exclusively
DNA-based, analyses. In the combined analysis, this shallower-bodied clade was composed of three pairs of
sister taxa. Argyripnus was recovered sister to Sonoda, and this clade was recovered sister to a clade composed of
Danaphos and Valenciennellus. As a clade, these four genera were then recovered sister to a clade composed of
Araiophos and Thorophos. Given these results, we will continue to recognize all currently valid marine hatchetfish
genera (Fricke et al. 2024). We no longer recognize the sternoptychid subfamilies Maurolicinae and Sternoptychinae
because they were not recovered as monophyletic. We also do not recognize the sternoptychid tribe Sternoptychini
(Baird, 1986) which had the same taxonomic composition as Sternoptychinae. We have elected not to describe or
recognize any new or existing sternoptychid subfamilies because the support values for the two major clades are
among the least supported nodes in the phylogeny (Figure 3). This lack of support for the major clades is primarily
due to the inclusion of several morphology-only taxa (Araiophos, Sonoda, and Thorophos) in the shallower-bodied
clade that, in the absence of molecular data, includes Maurolicus (Harold and Weitzman 1996). Further evidence
of this explanation for the low support is that the molecular-only analysis recovered both clades as reciprocally
monophyletic with moderate support (87%; Figure 2).

Our combined phylogeny recovered a monophyletic Sternoptychidae (Figure 3), which is consistent with the
hypotheses of Weitzman (1974) and Harold and Weitzman (1996), but is contradicted by the findings of all previous
molecular phylogenies that recovered a non-monophyletic Sternoptychidae (e.g., Mirande 2017; Rabosky et al.
2018; Figure 1). Our revised intergeneric phylogeny is somewhat congruent with Weitzman (1974) and Harold
and Weitzman’s (1996) morphological hypothesis, particularly regarding the following sister-group relationships:
Argyripnus+Sonoda, Argyropelecus+Sternoptyx, and Danaphos+Valencienellus. Beyond these sister-group pairings,
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the results are more similar to Weitzman (1974). Given the topological changes, many of the synapomorphies for

the various genera and the higher-level sternoptychid clades are altered relative to Harold and Weitzman (1996) and
are presented in Figure 4.
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FIGURE 2. Maximum-likelihood relationships of the Sternoptychidae based on molecular data (ultraconserved elements and

mitochondrial and nuclear coding fragments). Numbers at nodes indicate bootstrap support values and bootstrap values >95 are
listed as an asterisk. Nodes with no number had less than 50 bootstrap support.
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FIGURE 3. Maximum-likelihood combined relationships of the Sternoptychidae based on ultraconserved elements,
mitochondrial and nuclear coding fragments, and morphological features. Numbers at nodes indicate bootstrap support
values and bootstrap values >95 are listed as an asterisk. Nodes with no number had less than 50 bootstrap support. Images of
representative species from each sternoptychid genus are: Araiophos eastropas Ahlstrom & Moser USNM 203240; Thorophos
nexilis (Myers) USNM 151400; Argyripnus brocki Struhsaker USNM 207657; Sonoda paucilampa Grey USNM 196967,
Danaphos oculatus (Garman) USNM 438499; Valenciennellus tripunctulatus (Esmark) USNM 203267; Maurolicus muelleri

(Gmelin) USNM 202396; Polyipnus asteroides Schultz USNM 298936; Argyropelecus aculeatus Valenciennes USNM 247619;
Sternoptyx diaphana Hermann USNM 192850.
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FIGURE 4. Genus-level topology based on the combined result optimizing the unambiguous transformations of the 149
morphological features from Harold and Weitzman (1996) using parsimony. Note: their character 67 was removed, so all
characters beginning with number 67 are one number fewer than their reported character numbers. Full or black bars represent
unique unreversed synapomorphies and hollow or outlined bars represent homoplastic synapomorphies. See Supplemental
Table 2 for character (linked via numbers in figure) and character-state descriptions.
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Discussion

There were four primary goals of this study that combined morphological data from Harold and Weitzman (1996)
with new and existing DNA sequence data to produce the first robust molecular or combined analysis of sternoptychid
relationships. Our broadest goal was to test the monophyly of the Stomiiformes and the limits and relationships of
its families proposed by Smith et al. (2024). Our second goal was to test the limits of the Sternoptychidae and
its subfamilies given that molecular studies of the Stomiiformes with sufficient genus-level sampling have failed
to recover these clades as monophyletic (Figure 1; Mirande 2017; Rabosky et al. 2018). Our third goal was to
resolve the intrarelationships of marine hatchetfishes and provide morphological evidence for these relationships
using a dataset that was densely sampled with molecular and morphological data. Finally, we will make the
necessary taxonomic changes dictated by our results to produce a classification for the Sternoptychidae based upon
monophyletic groups.

Stomiiform monophyly and intrarelationships. Essentially all explicit analyses that have investigated
stomiiform monophyly have recovered the order as monophyletic (e.g., Weitzman 1974; Fink 1984; Betancur-R.
et al. 2013; Kenaley et al. 2014; Davis et al. 2016; Mirande 2017; Rabosky et al. 2018; Smith et al. 2024). While
this study did not extensively test stomiiform monophyly, all three of our analyses recovered a monophyletic order
with strong bootstrap support (Figures 2—3; Supplemental Figure 1). None of the morphological features coded by
Harold and Weitzman (1996) united the Stomiiformes, as their dataset only included gonostomatids, sternoptychids,
and stomiids. Fink and Weitzman (1982) identified eight diagnostic characters of the Stomiiformes, encompassing
features from their light-organ system, jaws, cranial ligaments, gill arches, hyoid arches, and gas bladder. Given the
consistent finding of a monophyletic Stomiiformes, these features should still be treated as synapomorphies for the
order.

In contrast to the consistent recovery of a monophyletic Stomiiformes, the limits of the order’s families and
their interrelationships have varied tremendously (Figure 1). Smith et al. (2024) reviewed the historical treatment
of the stomiiform families, so we will focus on the explicit higher-level relationships of stomiiforms with sufficient
sampling of sternoptychids. Weitzman (1974) placed his Gonostomatidae sister to the Sternoptychidae; together,
these families were sister to his Photichthya (i.e., the modern Stomiidae less Triplophos, which he included in his
Gonostomatidae). Fink (1984) recovered Sternoptychidae sister to the modern Stomiidae, and this was recovered
sister to the Gonostomatidae less Diplophos. Further, Fink (1984) placed Diplophos sister to all other stomiiforms.
Harold (1998) recovered the Sternoptychidae sister to the Gonostomatidae (less Diplophos and Manducus) with the
modern Stomiidae sister to these two clades. Then, he placed a clade composed of Diplophos and Manducus sister
to all other stomiiforms. Next, Mirande (2017) recovered a clade composed of the sternoptychines with Maurolicus
and Triplophos nested within it (Figure 1). This predominantly sternoptychid clade was nested within a grade that
included most other stomiids and Zaphotias. This clade was sister to a clade composed of representatives of all
three families. Finally, there was a grade of gonostomatids at the base of the order (Figure 1). Rabosky ef al. (2018)
recovered Vinciguerria sister to all other stomiiforms (Figure 1). Moving up the tree, the next two branches included
all gonostomatids (Figure 1). Finally, the Sternoptychidae (with Triplophos nested within it) was nested within the
remainder of the Stomiidae (Figure 1). All of these previous studies hypothesized different relationships among the
core stomiiform taxa with Diplophos and Triplophos being the most variably placed genera.

Our results were in contrast to most previous studies (Figure 1) and consistent with the findings of Smith
et al. (2024) who recovered a monophyletic Gonostomatidae (including Diplophos), a monophyletic Stomiidae
(including Triplophos), and a monophyletic Sternoptychidae with the Sternoptychidae sister to the Stomiidae with
moderate to strong support (Figures 2—-3; Supplemental Figure 1). Given the changes in sister-group relationships
relative to Harold and Weitzman (1996), the characters supporting the monophyly of the Sternoptychidae have
changed with Harold and Weitzman (1996) reporting 22 synapomorphies for the clade. In this study, we recovered
20 synapomorphies supporting the monophyly of the family (Figure 4), so morphological character support has
decreased with the altered phylogenetic result. Further, our results were consistent with Smith et al. (2024) who
included a largely independent morphological dataset and vastly different taxonomic sampling.

Sternoptychidae. Both previous morphological phylogenetic analyses of sternoptychids have recovered the
family Sternoptychidae and subfamily Sternoptychinae as monophyletic (Weitzman 1974; Harold and Weitzman
1996; Figure 1). Previous molecular studies have failed to recover the Sternoptychidae as monophyletic (Mirande
2017; Rabosky et al. 2018). Our molecular analyses (Figure 2; Supplemental Figure 1) and combined analysis
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(Figure 3) recovered the family as monophyletic. Given that our results are consistent with the traditional familial
limits, we continue to recognize the Sternoptychidae as previously circumscribed (i.e., Weitzman 1974; Harold
and Weitzman 1993; Smith et al. 2024; Fricke et al. 2025) with 79 species and 10 genera (Fricke et al. 2025). This
family was supported by 20 characters (Figure 4): parietals separated by the supraoccipital (character 12: state
1); mesopterygoid long (39: 1); quadrate dorsally articulates with the ectopterygoid and/or mesopterygoid plus
metapterygoid (44: 1); mandible coronoid platform present (47: 1); infraorbital series reduced to four or fewer bones
(51: 1); interopercle much longer than subopercle (56: 1); anterior ceratohyal shape not greatly constricted (76:
2); branchiostegal rays ten or fewer (78: 1); ventral ethmoid absent (86: 1); myodome bone absent (87: 1); lateral
ethmoid small to moderate in size (88: 1); ethmoid cornu moderately to well developed (93: 1); epipleurals absent
(99: 1); parhypural fused to preural centrum 1 and/or hypural 1 (106: 1); hypurals 1 and 2 fused (107: 1); sagitta
crista superior absent (111: 1); photophores development via budding (117: 1); adipose fin with long-based shape
(118: 1); SO photophores absent (131: 1); posterior infraorbital bones absent (133: 1). Our results do not support the
monophyly of the two sternoptychid subfamilies (Maurolicinae and Sternoptychinae); this is not surprising given
that no previous study had found the two subfamilies as reciprocally monophyletic (Figure 1).

While previous studies have failed to recover a monophyletic Maurolicinae and Sternoptychinae (Weitzman
1974; Harold and Weitzman 1996; Mirande 2017; Rabosky et al. 2018), our dataset provides the first opportunity to
rigorously test the monophyly of both subfamilies with molecular data, and that hypothesis of monophyly is rejected
because Maurolicus was resolved as sister to the clade composed of Argyropelecus and Sternoptyx rather than a
member of the Maurolicinae. Given the lack of support for these two subfamilies and the result that Argyropelecus,
Maurolicus, and Sternoptyx form a clade relative to other sternoptychids, and include the type genera for all available
marine hatchetfish family-level names, we do not recognize any supergeneric names between genus and family.

Relationships among members of the Sternoptychidae. Our combined analysis recovered two clades within the
Sternoptychidae: one composed of exclusively slender-bodied genera (Araiophos, Argyripnus, Danaphos, Sonoda,
Thorophos, and Valenciennellus) and another composed of predominantly deeper-bodied genera (Argyropelecus,
Maurolicus, Polyipnus, and Sternoptyx). Despite the lack of support for the traditional subfamilies (Maurolicinae
and Sternoptychinae), these two major clades of sternoptychids are supported with morphological support despite
non-compelling bootstrap support (44% or 75%). The clade of more slender forms composed of Araiophos,
Argyripnus, Danaphos, Sonoda, Thorophos, and Valenciennellus was supported by three morphological characters
(mesopterygoid fenestra present [40: 1]; palatopremaxillary ligament continuous [65: 1]; anterior ceratohyal is
larger [77: 1]) and a bootstrap support of 44%. The predominantly deeper-bodied clade composed of Argyropelecus,
Maurolicus, Polyipnus, and Sternoptyx was supported by four morphological characters (posttemporal fossa reduced
and specialized [26: 3]; palatine posterior head lost [37: 1]; ethmoid cartilage broad and modified [95: 2]; sagittal
post-caudal trough absent [110: 1]) and a bootstrap support of 75%. For the remaining smaller-scale relationships,
interested parties should examine Appendices 1-2 and Figure 4 for morphological support.

Within the clade of exclusively slender-bodied forms, Argyripnus and Sonoda formed a clade supported by 15
characters (Figure 4) and with a bootstrap support of 100% (Figure 3). This same clade was presented in Weitzman
(1974) and Harold and Weitzman (1996). The sister group of this clade was composed of species in Danaphos and
Valenciennellus, which was supported by 18 characters (Figure 4) and a bootstrap support of 100% (Figure 3). This
same clade was resolved in Weitzman (1974) and Harold and Weitzman (1996). This four-genus clade was supported
by four characters (Figure 4) and a bootstrap support of 85%. The last remaining clade in the more slender-bodied
clade was composed of Araiophos and Thorophos, and it was supported by two morphological characters (Figure
4), a bootstrap support of 87%, and was recovered by Weitzman (1974).

In contrast to the shallow-bodied clade, the predominantly deeper-bodied clade (4rgyropelecus, Maurolicus,
Polyipnus, and Sternoptyx) has generally more morphologically distinct and species-rich genera with four of the
five genera with the most diagnostic features (Figure 4). Argyropelecus was recovered sister to Sternoptyx with 24
characters (Figure 4) and a bootstrap support of 100% (Figure 3). This clade was recovered in Baird and Eckardt
(1972), Weitzman (1974), and Harold and Weitzman (1996). The sister group to this clade was Maurolicus, and
this was supported by one morphological character (Figure 4) and a bootstrap support of 63% (Figure 3). No
previous analyses recovered this clade (Figure 1). Neither morphological nor molecular data support the traditional
subfamilial classification (Figures 1-3). Our hypothesis and classification is based on the first combined analysis
of the Sternoptychidae with sufficient molecular and morphological data to assess the limits. Bootstrap support
for several nodes in our phylogeny are not compelling (Figure 3), but when morphology-only taxa are removed
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or species-tree methods are applied, the relationships are not disrupted and show increased support. The current
hypothesis of relationships among sternoptychid genera is the best current hypothesis, and, if corroborated,
we believe that a subfamilial designation for the two recovered clades would be warranted. With the current
morphological and bootstrap support combined with the lack of molecular data for some genera, we felt such a
change was premature.

While the species-level relationships within the larger genera of sternoptychids were not the focus of this study,
the dense sampling of marine hatchetfishes allows for commentary relative to other focused studies of Argyropelecus,
Maurolicus, and Polyipnus. Relationships within Argyropelecus were among the most strongly supported in our
phylogeny, with both the genus and all internal nodes receiving high support (Figure 3). Although our dataset did not
include the morphological variation described by Harold (1993), our inferred relationships differed from his only
in the placement of A. hemigymnus. We recovered A. hemigymnus as sister to a clade composed of 4. aculeatus,
A. lychnus, A. olfersii, and A. sladeni, rather than to A. aculeatus alone, indicating strong congruence between our
molecular results and the existing morphological hypothesis.

Our relationships within Maurolicus (Figure 3) were among the least supported in our phylogeny with the genus
and two additional clades being well supported. Our results largely corroborated the findings of Rees et al. (2017,
2020), including the separation of M. mucronatus and an unidentified species on a long branch separate from most
congeners. The weak support and short branch lengths within the genus further support the conclusions of Rees et
al. (2017, 2020) that Maurolicus may contain fewer valid species than currently recognized (Parin & Kobyliansky,
1996; Fricke et al., 2025).

Relationships within the species-rich genus Polyipnus varied in support, ranging from moderate to strong across
different nodes (Figure 3). As with Argyropelecus, we did not include the existing morphological data for the genus
(Harold 1994) in our analysis that was focusing on higher levels. While our taxon sampling relative to Harold (1994)
was not identical, our relationships largely corroborated the findings of Harold (1994). In contrast to Harold (1994),
we recovered Polyipnus asteroides Schultz sister to all other species in the genus. The remaining members of
Harold’s (1994) P. asteroides species group were nested within the P. meteori species group. The included members
ofthe P. spinosus species group were recovered as monophyletic and sister to the included members of the P. omphus
species group. This was sister to clade composed of the P. asteroides and P. meteori species group, so our molecular
phylogeny (Figure 3) largely corroborated the species groups recognized by the morphological phylogeny of Harold
(1994). As with Argyropelecus, the congruence between our results and prior morphological studies suggests that
relationships within Polyipnus are relatively well resolved.

Support for prior morphological hypotheses. The results of our combined analyses are clear—Weitzman’s
(1974) inexplicit hypothesis regarding the limits and relationships of hatchetfishes are largely corroborated. Our
results also broadly corroborate the relationships proposed by Harold (1993, 1994) and Harold and Weitzman
(1996). All four sister-group pairs proposed by Weitzman (1974) were recovered in our combined hypothesis, with
support values ranging from 87% to 100% (Araiophos and Thorophos, Argyripnus and Sonoda, Argyropelecus and
Sternoptyx, and Danaphos and Valenciennellus; Figures 1-3; Supplemental Figure 1). The differences between
Weitzman’s hypothesis and our own (e.g., the placement of Maurolicus, grouping of Argyripnus, Danaphos, Sonoda,
and Valenciennellus, and the monophyly of the slender-bodied hatchetfishes excluding Maurolicus) correspond to
the poorest supported higher-level nodes in our combined phylogeny, with support values ranging from 44% to
85% (Figure 3) and only one to four diagnostic morphological characters (Figure 4). While our hypothesis is best
supported by the available data, it remains possible that additional elements of Weitzman’s hypothesis may yet be
supported.

Evolution of body depth. Our results with a paraphyletic Sternoptychinae indicate that body-depth has
transitioned at least twice within the Sternoptychidae. Recent studies have demonstrated the body-shape variation
among deep-sea fishes vary interestingly along evolutionary or ecological trajectories (Martinez et al. 2021, Martin
et al. 2022, Maile et al. 2025) Either the ancestor of Argyropelecus and Sternoptyx and the ancestor of Polyipnus
independently evolved the deep-bodied hatchetfish shape or the ancestor of Argyropelecus, Maurolicus, Polyipnus,
and Sternoptyx evolved a deeper body and Maurolicus reverted to a shallower body (Figure 3). May (2019) noted
that outside of Argyropelcus, Polyipnus, and Sternoptyx, that Argyripnus and Maurolicus possess bodies with less
compression than the other hatchetfishes, so the more moderate body depth in Maurolicus does not particularly
support either evolutionary scenario more. Additional research is required to resolve this ambiguity.

The reason that body-depth evolution is intriguing in this clade is due to the hypothesis that the increased
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body depth of “sternoptychines” allowed for the emission of lateral light as the photophores are situated high
on each side of their bodies (Baird 1971; Baird and Eckardt 1972; Weitzman 1974; Davis et al. 2016). This is
particularly relevant in the species-rich genus Polyipnus (43% of described marine hatchetfishes) in which Harold
(1994) clearly demonstrated that the lateral light organs had species-specific locations. The presence of species-
specific bioluminescent systems (particularly when sexually dimorphic) has been tied to increased diversification
(Chakrabarty et al. 2011; Davis et al. 2014; Ellis and Oakley 2016). Interestingly, the shallow bodied Maurolicus
is the second most species-rich sternoptychid genus with 15 species (19% of described marine hatchetfishes, but
see Rees et al. [2017, 2020] and above for possibility that species are in need of synonymy). This genus has the
common name of “pearlsides” because the light organs looking like a string of pearls along the ventrolateral margin
of the fish. Despite the presence of these clearly visible lateral photophores, they are notoriously invariant with
Parin and Kobyliansky (1996: 186) noting that species in this genus “unlike most other luminescent fishes ... have
almost the same pattern and number of photophores.” Given this lack of morphological variation in the photophores,
these light organs would need behavioral (e.g., flashing duration or pattern) or color differentiation to have species-
specific bioluminescent signaling, which contrasts with the deep-bodied marine hatchetfish species. Additional
ecological or physiological work is needed to explore the possibility that variation in lighting is playing a role in the
diversification in Maurolicus, specifically, sternoptychids, generally. It is likely that other aspects of their biology
are aiding speciation in this midwater clade (see Wainwright and Longo [2017] for a discussion of potentially
relevant specializations).
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Supplementary Materials. The following supporting information can be downloaded at the DOI landing page of
this paper.

SUPPLEMENTAL TABLE 1. Morphology presence, voucher, and GenBank SRA and nucleotide accession numbers
for existing and previously published sequences.

SUPPLEMENTAL TABLE 2. Characters taken without modification directly from Harold and Weitzman (1996)
except that character 67, which was removed. Reproduced here to aid with the use of these features given the necessary
renumbering caused by removal of character 67.
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SUPPLEMENTAL TABLE 3. Matrix of morphological characters analyzed in the current study. Species were coded by
Harold and Weitzman (1996) generally at the genus-level, so only a single genus will be included below if invariant. All
terminals in each genus were coded identically, even if the species was not examined by Harold and Weitzman (1996).

SUPPLEMENTAL FIGURE 1. Species-tree relationships of the Sternoptychidae based on molecular data (ultraconserved
elements and mitochondrial and nuclear coding fragments) for the 20 taxa with ultraconserved element data. Numbers at nodes
indicate bootstrap support values and bootstrap values >95 are listed as an asterisk. Nodes with no number had less than 50

bootstrap support.
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