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Synopsis  Extreme abiotic factors in deep-sea environments, such as near-freezing temperatures, low light, and high hydro-
static pressure, drive the evolution of adaptations that allow organisms to survive under these conditions. Pelagic and ben-
thopelagic fishes that have invaded the deep sea face physiological challenges from increased compression of gasses at depth,
which limits the use of gas cavities as a buoyancy aid. One adaptation observed in deep-sea fishes to increase buoyancy is
a decrease of high-density tissues. In this study, we analyze mineralization of high-density skeletal tissue in rattails (family
Macrouridae), a group of widespread benthopelagic fishes that occur from surface waters to greater than 7000 m depth. We
test the hypothesis that rattail species decrease bone density with increasing habitat depth as an adaptation to maintaining
buoyancy while living under high hydrostatic pressures. We performed micro-computed tomography (micro-CT) scans on 15
species and 20 specimens of rattails and included two standards of known hydroxyapatite concentration (phantoms) to ap-
proximate voxel brightness to bone density. Bone density was compared across four bones (eleventh vertebra, lower jaw, pelvic
girdle, and first dorsal-fin pterygiophore). On average, the lower jaw was significantly denser than the other bones. We found
no correlation between bone density and depth or between bone density and phylogenetic relationships. Instead, we observed
that bone density increases with increasing specimen length within and between species. This study adds to the growing body
of work that suggests bone density can increase with growth in fishes, and that bone density does not vary in a straightforward
way with depth.

Introduction ceeding in these extreme deep-sea conditions has re-
quired fishes to evolve a range of adaptations across
almost every organ system (e.g., Gibbs and Somero
1989; Somero 1992; Gillett et al. 1997; Randall and

Deep oceans make up the largest environment on Earth
and are home to a diversity of animals that have adapted
to abiotic factors dramatically different from surface . .
conditions. As ocean depth increases, light levels de- Farrell 1997; Moflta 2008; Partr 1dge et al. 2014; Yancey
crease, and by 1000 m most light from the surface is €t al 2014 Priede 2017; Gerringer et al. 2017a;
filtered out (e.g., Marshall 1960; Randall and Farrell Marranzino and Webb 2018; Martin et al. 2022). To
1997). Water temperature drops within the first 1000 survive in these deep, low-light conditions, fishes have
m to ~4°C and remains steady around 0-3°C in the evolved large and/or dorsally directed eyes (e.g., Bar-
bathyal, abyssal, and hadal zones (e.g., Randall and releye.s (Opisthoproctidae); Warrant and Locket 2004;
Farrell 1997; Priede 2017). Hydrostatic pressure in- Partridge et al. 2014) and the ability to see wavelengths
creases by 0.1 MPa every 10 m, reaching 110 MPa in the of red bioluminescent light (Dragonfishes (Stomiidae);

deepest parts of the ocean and >80 MPa at the greatest
depths bony fishes are believed to inhabit (e.g., Yancey
et al. 2014; Priede 2017; Gerringer et al. 2021a). Suc-

Randall and Farrell 1997). Some fishes, like the grid-
eye fish (Ipnopidae), have lost complex eyes altogether,
relying on other strategies to find food in the dark
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(Warrant et al. 2003). Other deep-sea fishes use en-
hanced mechanoreception to sense their surround-
ings. For example, some dragonfishes (Stomiiformes)
have increased superficial mechanosensing neuro-
masts compared to their shallower-living relatives
(Marranzino and Webb 2018). Frigid deep-sea tem-
peratures can affect the response times of fish, and
swordfish (Xiphias gladius Linnaeus 1758 (Xiphiidae))
evolved the ability to heat their eyes and brain to main-
tain temperature while making daily excursions into the
deep sea to hunt (Carey 1982). Additionally, under high
hydrostatic pressure maintaining buoyancy can become
challenging, especially for fishes that use swim bladders
due to the high compressibility of gasses (Somero 1992;
Priede 2018) posing another obstacle for fishes invading
the deep sea.

Swim bladders are gas-filled organs used for buoy-
ancy, hearing, and sound production. They allow fish
to maintain neutral buoyancy at a specific depth, reduc-
ing the amount of energy needed to swim by allowing
a horizontal thrust vector rather than one that coun-
teracts the downward force of negative buoyancy. Swim
bladders are lightweight and supported by internal gas
pressure that usually matches the pressure of the sur-
rounding water (e.g., Priede 2018). Fishes can change
swim-bladder volume as needed with changes in depth
and pressure. Weight and density of gasses in the
swim bladder increase under pressure, so fishes living
in deep-sea habitats under high hydrostatic pressure
may have a reduced ability to use swim bladders as
a buoyancy aid (e.g., Randall and Farrell 1997; Priede
2018). Not all fishes rely on swim bladders to main-
tain buoyancy. Many have evolved an array of alter-
native methods to aid in buoyancy and successfully
move through the water column and deep sea. Fast-
moving fish species that travel large distances and
are constant swimmers have countered swim bladder
pressure issues by either reducing their swim blad-
ders or losing them completely (e.g., Scombridae (tu-
nas and mackerel) Denton and Marshall 1958; Dagorn
et al. 2000; Rooker et al. 2008). Other fishes have re-
placed the gas in their swim bladders with lipids (e.g.,
Myctophidae (Stenobrachius leucopsarus (Eigenmann
and Eigenmann 1890), Diaphus theta Eigenmann and
Eigenmann 1890); Marshall 1960; Priede 2017). Be-
cause lipids and fats are less dense than water, se-
questering lipids in the body can provide additional
buoyancy in the water column (e.g., Eastman and De-
Vries 1982; Phleger 1998; Eastman and Sidell 2002).
Decreasing high-density body structures can also in-
crease buoyancy either by decreasing the total high-
density tissue amounts or by decreasing tissue density
(e.g., Drazen 2007; Gerringer et al. 2017a). Some of
the highest density tissues in fishes include proteins in
lateral muscles and mineralized skeletal tissue (bone;
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Denton and Marshall 1958). Bone is a heterogeneous
material made of both mineral (calcium hydroxyap-
atite, CaHA, Ca;(PO4);(OH)), and organic (e.g., colla-
gen, proteins, water) components. The hydroxyapatite
content of vertebrate skeletal tissue varies by species and
by individual bone. Some snailfishes have <10% min-
eralization in their lower jaws (Gerringer et al. 2021b);
whereas, the stapes of the human ear is ~98% min-
eralized by dry weight (Boskey 2013). There is evi-
dence for decreasing bone density, or demineraliza-
tion, in the icefishes (notothenioids; Eastman and De-
Vries 1982), bristlemouths (Gonostoma; Denton and
Marshall 1958), and snailfishes (Liparidae; Gerringer
etal. 2021b). There are thousands of species of deep-sea
fishes, but there are a limited number of studies focused
on buoyancy adaptations. One previous study inves-
tigating depth-related buoyancy adaptations in snail-
fishes (Gerringer et al. 2021b) found that deeper liv-
ing species had lower-density skeletons. We hypothe-
sized that there may be other unidentified groups of
deep-sea fishes that possess decreased skeletal miner-
alization as an adaptation to supplement buoyancy un-
der increasing habitat depth and high hydrostatic pres-
sures.

Fishes may have lower bone density at greater
depths due to biological factors other than maintaining
buoyancy. These other biological factors may obscure
assessment of the trends in skeletal demineralization.
Bones provide multiple functions including attachment
points for muscles, defense, and overall support. The
strength and density of the skeletal structures may
be constrained by their association with functions
like feeding and swimming. Fishes feed (e.g., biting,
ram, suction) and swim (e.g., thunniform, labriform,
tetraodontiform) in a variety of ways, and variation in
the mechanical loading of different skeletal elements
may alter their resulting density. Fishes of various sizes
may also vary in their skeletal densities, with a general
trend of increasing skeletal density with growth within
a species (Hamilton et al. 1981). These biological con-
straints on bone density should be considered when
assessing any trends associated with abiotic factors
and adaptations such as those tied to high hydrostatic
pressure and buoyancy.

Here, we investigate trends of bone mineraliza-
tion with increasing habitat depth and other factors,
including body size, by assessing a group of fishes
called the rattails (family Macrouridae), marine fishes
that are known to occur from near the ocean sur-
face down to abyssal depths (Cohen et al. 1990). Rat-
tails, (macrourids) are an abundant benthopelagic clade
of fishes composed of 369 described species (Fricke
et al. 2020). Rattails have a global biomass estimated
at 1.5 x 107 tonnes (Gage and Tyler 1991), a world-
wide distribution, and with species’ depth occurrences
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ranging from near the upper continental shelf (e.g.,
Coelorinchus aconcagua Iwamoto 1978, maximum
depth 450 m; Cohen et al. 1990) to depths greater than
7000 m (Coryphaenoides yaquinae Iwamoto & Stein
1974; Linley et al. 2016). Most species occur between
200-500 m (Priede and Froese 2013). Coelorinchus (122
described species) and Coryphaenoides (66 described
species) are two of the largest genera in the Macrouri-
dae (Priede 2017; Froese and Pauly 2019). Species in
the genus Coryphaenoides are known to be some of the
deepest-living rattails, boasting an average minimum
depth of 1,103 m (Priede 2017) and a maximum known
depth of 7,012 m (Coryphaenoides yaquinae; Linley
et al. 2016). Most rattails glide continuously near or
just above the sea floor, foraging most notably on crus-
taceans and other fishes, but many species are known
to be scavengers (e.g., Drazen et al. 2008; Drazen and
Sutton 2017; Priede 2017). The sheer abundance
of rattails and their benthopelagic behavior makes
macrourids an important connection between the
pelagic and benthic systems in the deep sea worldwide
(e.g., Drazen et al. 2008).

Rattails display multiple adaptations to maintain
buoyancy in the deep ocean. Coryphaenoides yaquinae
possesses gelatinous tissues that are buoyant in seawa-
ter (Gerringer et al. 2017a). Crabtree (1995), Drazen
(2007), and Schwarzhans (2014) found evidence for wa-
tery muscles in multiple species of rattails, suggesting
reduced density in their muscle tissue. While assess-
ing rattail osteology, Gregory (1933) and Schwarzhans
(2014) noted a “parchment-like texture” in rattail skulls
and Giinther (1887) found that mucosal chamber bones
expand into thin lamellae and lose their firmness. These
observations suggest possible demineralized skeletons
in rattails, a pattern that may be prevalent throughout
the group. By assessing bone density variation across
species occurring at differing habitat depths, we can ex-
plore whether demineralization is occurring as an adap-
tation to remaining buoyant in the water column under
higher hydrostatic pressures.

One way to measure bone density is through micro-
computed tomography (micro-CT) scanning, a com-
mon technique used in the medical field and with in-
creasing popularity in biological studies (e.g., Burrow
et al. 2005; Puria and Steele 2010; Tapanila et al. 2013;
Friscia et al. 2016; Di Santo 2019; Kruppert et al. 2020;
Gerringer et al. 2021b; Morimoto et al. 2022). Den-
sity standards of known calcium hydroxyapatite val-
ues (phantoms) are included in scans and allow for the
conversion of brightness values in voxels (3D pixels)
in micro-CT images to the density of these standards.
In this study, we use similar micro-CT scanning meth-
ods to investigate the variation in bone density of four
different bones across a subset of rattails, assessing the

possibility of bone demineralization as an adaptation to
increasing buoyancy in this group.

Different bones may display different trends with in-
creasing habitat depth depending on their function. In
this study, we assess variation in density across four
bones with varying biological functions, including the
lower jaw (dentary, articular, and associated teeth), the
pelvic girdle, the eleventh vertebrae, and the first dorsal-
fin pterygiophore. First, the lower jaw might be con-
strained to a higher density due to its use in with feed-
ing. Because prey structure and mechanical loading are
not expected to vary with increasing habitat depth, we
hypothesized that there would be little to no reduc-
tion in density in the lower jaw associated with depth.
Second, the pelvic girdle, which supports the pelvic-fin
musculature, may be less constrained by functional re-
quirements as the pelvic fins of rattails are not used ex-
tensively in locomotion or as sensory systems. Thus, if
demineralization is occurring in association with depth,
it may present in bones with little-to-no mechanical
loading, and we hypothesize a reduction in density of
the pelvic girdle. Third, the eleventh vertebra is associ-
ated with mid-body muscle attachments. We hypothe-
size that intermediate mechanical loading on the verte-
brae will reflect an average specimen bone density and
thus decreases in the density of the vertebrae correlated
with depth may reflect adaptations to increasing buoy-
ancy. The fourth bone selected is the first pterygiophore
which is associated with the dorsal fin. Due to its in-
tramuscular position, we predict the first pterygiophore
will reflect a decrease in bone density with depth if
rattails are decreasing mineralization to increase buoy-
ancy as it may be less constrained by functional use.
We also investigate possible confounding results due to
phylogenetic relationships (Felsenstein 1985) and assess
whether there are changes in density due to specimen
size. In this study, we address the following questions:
(1) Does average bone density decrease with increasing
habitat depth in rattails? (2) Does density vary across
different bones in rattails? (3) Do different species of
rattails exhibit different bone densities? (4) Is there a
phylogenetic influence on bone density variation within
rattails? (5) Is there variation in bone density by body
length within and between rattail species? Observing
trends in bone density variation within rattails occur-
ring at differing habitat depths may allow us to test
the hypothesis that deep-sea fishes are using deminer-
alization as an adaptation to increasing buoyancy under
higher hydrostatic pressures.

Methods
Specimen acquisition and micro-CT protocol

The 20 rattails used in this study (Table 1) were
preserved museum specimens, fixed in 4% buffered
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Bone density variation in rattails

Species and Depth Ranges

WWUQBUHH N _H___

A - Merluccius senegalensis

2000

=<I

B - Coelorinchus aconcagua
30004 C - Nezumia stelgidolepis
D - Malacocephalus laevis

E - Coelorinchus scaphopsis

Depth (m)

4000 4 F - Coelorinchus caelorhincus
G - Nezumia liolepis N

H - Coryphaenoides ariommus

| - Kumba japonica

ol

5000 1 J - Coryphaenoides longifilis

K - Coryphaenoides rupestris
L - Coryphaenoides anguliceps
6000 | M - Coryphaenoides filifer

N - Coryphaenoides leptolepis
O - Coryphaenoides acrolepis

7000 - P - Coryphaenoides yaquinae -
Fig. I Depth ranges of macrourid fishes and a closely related merluc-
cid used in this study. Ranges are described from the following stud-
ies: Cohen et al. (1990), Iwamoto and Sazonov (1994), Iwamoto and
Schneider (1995), Hoff et al. (2015), and Linley et al. (2016), Cruz-
Acevedo and Aguirre-Villasefior (2020).

formalin, and transferred to alcohol (75% ethanol or
50% isopropanol) for long-term storage. Specimens
were loaned from the Scripps Institution of Oceanog-
raphy (SIO; stored in isopropanol), the Burke Museum
(UW; stored in ethanol), and the California Academy of
Sciences (CAS; stored in ethanol). The 15 species in this
study include representatives from the major macrourid
genera Coryphaenoides and Coelorinchus, with addi-
tional representatives in Nezumia and Malacocephalus.
These species also occur across a broad range of habitat
depths, and the full depth range of the family (Fig. 1).
To assess variation in bone density by specimen length
within a species, we included two representatives of four
different species (Table 1). We also included one addi-
tional specimen from a closely related outgroup species
of hake (Merluccius senegalensis Cadenat 1950, Mer-
luccidae), a demersal fish that occurs in shallower wa-
ters. Institutional abbreviations and acronyms for mu-
seums and collections associated with all specimens and
molecular samples follow Sabaj (2020).

Here, we used micro-CT scanning following a
similar protocol to Buser et al. (2020) to reconstruct
high-resolution 3D images of macrourid skeletons.
Micro-CT scans can separate hard tissues from soft

tissues and are advantageous in studies using rare
specimens, as a non-invasive procedure to obtain data
on internal skeletal structure. Specimens were scanned
at the Karel F Liem Imaging Facility at Friday Harbor
Laboratories, University of Washington using a Bruker
Skyscan 1173 scanner with the following settings: 65 kV,
123 uA, 1 mm Al filter, 2k detector, with 0.3 rotation and
voxel sizes ranging from 26.0 and 35.3 um. Each scan
included either two 7.5 mm or two 10.5 mm diameter
Bruker phantoms made of calcium hydroxyapatite used
for bone density calibration. Phantoms were of known
densities: one 25% calcium hydroxyapatite and one 75%
calcium hydroxyapatite. Note, the outgroup hake (Mer-
luccius senegalensis) was not scanned with a phantom
which is considered when discussing the results from
this specimen. Reconstruction of micro-CT data was
performed in NRecon v. 1.7.1.0 (Bruker 2017). Beam
hardening was set to 30% and dynamic image range was
set between 0.00 and 0.020 for each scan. The X/Y align-
ment, post alignment, and ring artifact reduction were
chosen to optimize quality for each scan. If specimens
were large or there were multiple specimens in a scan,
scans were cropped in DataViewer v. 1.5.2.4 (Bruker) to
reduce file size and allow for easier data manipulation
during downstream analyses.

Amira protocol and measuring bone density

To assess bone density across rattails we used the soft-
ware Amira (Stalling et al. 2005; Thermo-Fisher Soft-
ware, MA, USA, 2022) to partition bones and acquire
voxel brightness variation, later converted to relative
bone density. Four different bones with different biolog-
ical functions were chosen for this study including the
lower jaw (dentary, articular, and associated teeth), the
pelvic girdle, the eleventh vertebrae, and the first ptery-
giophore (Fig. 2). Bones were segmented in Amiraand a
low-end masking was used to obscure background ma-
terial (e.g., cheesecloth, skin). Low-end masking values
varied by scan, as some specimens and bones were of
a lower density than others. Voxels of both phantoms
and the four assessed bones were segmented and as-
sessed individually in Amira for use in average bright-
ness (density) analyses.

Brightness values measured from the voxels of each
bone were related to density via a comparison to the
average voxel brightness in the calcium hydroxyapatite
(CaHA) phantom, a known-density standard. Using
Amira, the average brightness values were calculated
from the voxels for each partitioned bone, with brighter
regions associated with higher density values. The mean
pixel brightness (MPB) of the phantoms included in
each scan were graphed against their CaHA percent-
age (a 25% phantom and a 75% phantom) to create a
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Fig. 2 Scan of Coryphaenoides leptolepis (SIO 91-152) with the four assessed bones highlighted: green) lower jaw; orange) first pterygiophore;
purple) pelvic girdle; turquoise) | Ith vertebra. Scale bar represents 10 mm.

standard slope of the % CaHA for a given voxel bright-
ness per scan. The resulting slopes of individual phan-
toms from each scan were used to calculate the % CaHA
of individual bones. Although using two phantoms only
allows for a linear relationship, Di Santo (2019) used
similar methods with five phantoms and found a lin-
ear relationship between voxel brightness and hydrox-
yapatite content. The hake scan lacked associated phan-
toms but was scanned at the same settings for use in this
study.

Micro-CT settings were optimized for scan quality
resulting in slightly different settings among scans. Be-
cause each scan contained phantoms of known density,
Amira colormap values were standardized across scans
by converting the normal 0-255 BPM grayscale range
to represent 10-90% calcium hydroxyapatite brightness
using the following equations based on MPB and the
VolrenWhite colormap (Equations 1 and 2).

MPB;; — MPB MPB
Minimum Value: (M> %10 + ( 25 ) 1

50 (MPB;—MPB,;)
50
) (MPB75 — MPB;s) MPB;s5
Maximum Value: <750 *90 + \ GrE e 2)
50

Converting MPB using this approach served as a con-
sistent visual and quantitative proxy for density while
reducing the potential for error in the outermost edges
of the grayscale range. These outermost areas in ques-
tion are more variable, uncertain, and contain question-
able data with artifacts of scanning (e.g., cheesecloth,

skin, and other matter). The MPB of the 25% and 75%
phantoms for each scanned species and the resulting
10% and 90% grayscale colormap values can be found
in Supplemental Table 1. In addition to analysis of the
CaHA values, images were captured of each micro-CT
scan set to these calculated colormap ranges. Images
were then qualitatively compared for bone density vari-
ation across macrourids.

Phylogenetic reconstruction, phylogenetic signal,
and ancestral character-state reconstruction

To address the influence of species relatedness on ob-
served bone density variation, a phylogeny of rattail
fishes was inferred from one nuclear (RAG1) and two
mitochondrial (COI, 16S) gene sequences. Previously
published sequences were pulled from GenBank that
were published in the following studies: Yamaguchi
et al. (2000); Smith and Wheeler (2006); Campo et
al. (2007); Miya et al. (2007); Roa-Varén and Orti
(2009); Fukui et al. (2010); Zhang and Hanner (2011);
Near et al. (2012); Wainwright et al. (2012); Grande
et al. (2013); Laptikhovsky et al. (2013); Gaither et
al. (2016); Oliveira et al. (2016); Chang et al. (2017);
Robertson et al. (2017); Martin et al. (2018) and addi-
tional unpublished barcoding studies indicated in Gen-
Bank and found in Table 1. Taxonomic sampling for
the phylogenetic dataset included 12 of the 15 rattail
species used in this study and three additional teleosts
(Myctophidae, Polymixiidae, and Merlucciidae) as the
outgroup (Table 1). The data matrix analyzed was
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85.6% complete and contained 411 informative sites.
Sequences were aligned with MAFFT (Katoh and Stan-
dley 2013) and were concatenated and trimmed by
eye in Mesquite (Maddison and Maddison 2019). Tree
estimation and model testing were performed in IQ-
TREE (Nguyen et al. 2015) rooted with Lampichthys
preocerus, and data were partitioned by gene. Sub-
stitution model testing for each gene was performed
through IQ-TREE using modelfinder and the BIC
criterion (Kalyaanamoorthy et al. 2017). Substitution
models were assigned as follows: COI was assigned
HKY + F 4 I+ G4, 16S was assigned TIM2e + G4, and
RAG1 was assigned HKY + F + G4 (Chernomor et al.
2016). Likelihood analysis for the phylogenetic tree was
performed in IQ-TREE and bootstrap analysis used
ultrafast bootstrapping (Hoang et al. 2018) for 1000
replicates.

To assess phylogenetic signal of bone density across
rattails, the “phylosig” function from phytools (Revell
2012) and ape (Paradis and Schliep 2019) in the soft-
ware program R (R Core Team 2018) were used. P-
values were based on 1000-iteration permutations. An
additional maximum-likelihood ancestral character-
state reconstruction was performed in R using the
“anc.ML” function from phytools. Two outgroup gen-
era, Polymixia and Lampichthys, were trimmed from the
tree prior to analysis.

Statistical analyses

A two-way analysis of variance (ANOVA) was per-
formed in R using the function “aov” from the base stats
package on the average bone densities among species of
macrourid, among bones within a species (lower jaw,
eleventh vertebrae, pelvic girdle, first pterygiophore),
and by number of years since collection. Length of
time in unbuffered formalin is thought to increase the
amount of demineralization that occurs prior to storage
in alcohol. These museum collections lack information
regarding the length of time each specimen spent in for-
malin, but Fonesca et al. (2008) found that after fishes
were immersed in formalin for one day, the only sig-
nificant difference between bone densities was between
day one and any time after 30 days, suggesting that
specimens kept in formalin for any period of time up-
wards of a month are unlikely to show significant den-
sity changes among specimens due to fixation processes.
Additionally, Fonseca et al. (2008) found no signifi-
cant difference between bone mineralization in fishes
that were fixed in 10% unbuffered, 10% formalin phos-
phate buffered, and 10% calcium-carbonate buffered
formalin. Specimen date of collection can be found in
Table 1.

To control for covariation due to species relatedness,
phylogenetic generalized least squares (PGLS) models
were used to analyze the effect of maximum observed
habitat depth, depth at capture, and specimen pre-anal
fin length (PAF) on bone density using the “gls” func-
tion in R. This function assesses whether a particular
trait is influenced by how closely related individuals are
in a given phylogeny. If the assessed trait shows a phy-
logenetic signal, PGLS will correct trait values based on
the strength of that signal. Habitat depths were based on
values given for species occurrences from Cohen et al.
(1990), Iwamoto and Sazonov (1994), Iwamoto and
Schneider (1995), Hoff et al. (2015), Linley et al. (2016),
and Cruz-Acevedo and Aguirre-Villasefior (2020). Pre-
anal fin length is commonly used instead of total length
or standard length in rattail studies because specimen
tails can be easily damaged in life or during collec-
tion (Andrews et al. 1999). Total length measurements
of fishes with damaged tails would skew results. Addi-
tionally, rattails can regenerate their tails, and regener-
ated tails may not reach their initial total length, po-
tentially confounding length-based analyses. Thus, age
and growth curves are better represented using pre-
anal fin length in rattails (e.g., Andrews et al. 1999;
Gerringer et al. 2018). When a species included in the
analyses is represented by multiple specimens in the
study (e.g., Coryphaenoides anguliceps Garman 1899,
C. yaquinae), data from the larger specimen was cho-
sen for phylogenetic-associated analyses. We also per-
formed additional general linearized models associated
with density and pre-anal fin length. Information on
pre-anal fin length, depth of capture, and maximum ob-
served habitat depth can be found in Table 1.

Results

In this study, we micro-CT scanned 20 specimens rep-
resenting 15 species of rattail to assess patterns of bone
density variation related to buoyancy, finding differ-
ences among bones within a specimen and among
bones across species. Rattail micro-CT scan images
in Fig. 3 were configured with Amira colormap set-
tings that visually reflect differences in bone density,
with brighter values portraying higher densities. Promi-
nent differences are seen in the lower brightness values
of Coryphaenoides longifilis Giinther 1877 and Kumba
japonica (Matsubara 1943) and the higher brightness
values of Coryphaenoides leptolepis Giinther 1877 and
Coelorinchus scaphopsis (Gilbert 1890; Fig. 3).

Bone density varied considerably among differ-
ent bones within a specimen and among species
(Fig. 4; Tables 2 and 3). Overall, the lower jaw was
significantly denser than all other assessed bones
(p < 0.001), and the pelvic girdle was significantly less
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Fig. 3 Micro-CT scans of the macrourid specimens used to examine bone density in this study, ordered alphabetically by genus and species.
Images standardized to show 0% — 90% calcium hydroxyapatite for use in qualitatively comparing variation in bone density. Scale bars represent

10 mm.

dense than all other assessed bones (P < 0.001; Fig. 4A
Table 3). When comparing across species, the dens-
est lower jaws were found in Coryphaenoides ariommus
Gilbert and Thompson 1916 (54.0% hydroxyapatite)
and Malacocephalus laevis (Lowe 1843; 32353.6% and
53.4% hydroxyapatite), while Coryphaenoides longi-
filis (12.3% hydroxyapatite) and Coryphaenoides anguli-
ceps (23.8% hydroxyapatite) had the least dense lower
jaws; Figs. 3 and 4; Table 2). Density values for all bones
and all specimens can be found in Table 2. Merluccius
senegalensis (lower jaw density: 44.3% hydroxyapatite),
the near-shore outgroup species in the closely related
family Merluccidae, presented a similar trend in bone
density variation to those of the Macrouridae, with a
dense lower jaw (44.3% hydroxyapatite) compared to
the other assessed bones, and a pelvic girdle with lower
density (Table 2).

Bone density by depth, length, and collection date

Results from the PGLS suggest no relationship be-
tween bone density and collection depth or maxi-
mum depth of the species (Fig. 4C, D; Table 3). How-
ever, we found a significant correlation between bone
density and pre-anal fin length for all assessed bones
(P < 0.01; Fig. 4A; Table 3). Lower jaw density increased
by approximately 2% for every 10 mm increase in pre-
anal fin length, approximately 1% for the pelvic gir-
dle, approximately 1% for the pterygiophore, and ap-
proximately 0.5% for the vertebra (Fig. 4B). Addition-
ally, we found no significant relationship between bone
density and length of time since preservation (Fig. 4E;
Table 3).

Although there is significant variability in bone den-
sity across the rattail species in this study, we found
no relationship between bone density and maximum
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Fig. 4 (A) Bone density variation of the lower jaw, pelvic girdle, first pterygiophore, and | Ith vertebrae across 20 specimens of rattails.
Comparison of average bone density with a specimen’s (B) pre-anal fin length, (C) maximum depth, (D) depth at capture, and (E) years since

collection.

observed habitat depth or habitat depth at capture (all
P values > 0.05; Table 3; Fig. 4). Our specimens of the
deepest living species Coryphaenoides yaquinae (collec-
tion depth 4,100 m), had lower jaw densities of 32.3%
and 33.6% hydroxyapatite, respectively, and C. leptolepis
(collection depth 4,100 m) with a lower jaw density
of 48.7% hydroxyapatite (Table 2; Fig. 4). However, we
found that bone density significantly increased with in-
creasing length across all but one rattail species (Fig. 4D,
P < 0.01). Coryphaenoides yaquinae (Fig. 4D) was the
exception to this trend and had exceptionally low bone
densities.

Macrourid phylogeny, phylogenetic signal, and
ancestral character-state reconstruction

We conducted a phylogenetic analysis to address the
influence of phylogeny on variation in bone density.
We were able to include 12 of the 15 macrourid
species used in this study. The family Macrouri-
dae was recovered as monophyletic (Fig. 5) with
high support (bootstrap values >95). All genera
were recovered as monophyletic with high support.
Nezumia was recovered as monophyletic and sis-
ter to Malacocephalus with high support. The Nezu-
mia + Malacocephalus clade was recovered sister to
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Table 2 Specimens used in this study along with their museum ID, pre-anal fin length, and average hydroxyapatite per assessed bone. Hydrox-
yapatite percentages calculated from voxel brightness of rattail CT scans with known phantom densities.

Ist

Pre-anal fin Lower jaw Pelvic girdle pterygiophore I Ith vertebra

Genus Species Museum ID length (mm) (%CaHA) (%CaHA) (%CaHA) (%CaHA)
Coelorinchus aconcagua SIO 65-675 40 24.05 2.8 8.88 15.16
Coelorinchus caelorhincus ~ SIO 65-367-62A 44 26.63 8.32 10.89 16.25
Coelorinchus scaphopsis SIO 68-90 48 36.54 7.89 13.79 28.29
Coryphaenoides  acrolepis SIO 71-141 91 41.67 13.29 26.96 27.5
Coryphaenoides  anguliceps SIO 59-265 55 23.79 I'1.54 17.97 16.88
Coryphaenoides ~ anguliceps SIO 59-265 60 39.92 6.28 9.74 25.14
Coryphaenoides  ariommus SIO 72-183 95 54 14.09 24 30.94
Coryphaenoides  filifer UW 41684 130 41.35 19.64 24.02 27.52
Coryphaenoides  leptolepis SIO 91-152 85 48.74 20.95 35.72 36.27
Coryphaenoides  longifilis UW 119661 65 12.3 3.8 5.13 12.33
Coryphaenoides  rupestris SIO 74-183 91 43.1 8.06 12.03 20.3
Coryphaenoides  yaquinae SIO 04-101 93 32.28 9.07 15.92 19.71
Coryphaenoides  yaquinae SIO91-145 110 33.55 3.29 12.09 15.23
Malacocephalus  laevis SIO 79-344 94 53.58 18.46 23.53 30.13
Malacocephalus  laevis SIO 00-200 109 53.44 8.73 17.28 30.16
Merluccius senegalensis  CAS 235494 75 44.29 22.36 18.68 36.15
Nezumia japonica SIO 77-157 28 38.46 4 12.2 35.86
Nezumia liolepis SIO71-1 58 41.3 |.54 14.59 18.19
Nezumia stelgidolepis ~ UW 153473 100 40.44 .11 21.32 29.29
Nezumia stelgidolepis ~ UW 153474 110 41.07 9.56 19.73 23.93

a clade containing Coelorinchus + Coryphaenoides
(Fig. 5). Rattail relationships from our phylogenetic
analysis corroborate those of Gaither et al. (2016). There
was low phylogenetic signal in average bone density
for all rattails in this study, but all P-values were non-
significant, suggesting the data provided do not give
enough information to indicate anything other than
random processes of evolution. The ancestral character-
state reconstruction of bone density variation across
the rattail phylogeny also suggests no correlation be-
tween bone density and phylogeny (Fig. 5). The species
with the highest bone density Coryphaenoides acrolepis
(Bean 1884) was resolved as sister to the species with
the lowest bone density (C. longifilis), and bone density
values across the rattail tree shows no pattern.

Discussion

Our micro-CT data show that all the macrourids ex-
amined in this study possess similar patterns of vari-
ability in bone density across all four bones. Contrary
to the prevailing hypothesis, we found no rela-
tionship between bone density and maximum habi-

tat depth or depth at capture for these 15 species
(Priede, 2018). Instead, we find a significant pos-
itive relationship between rattail length and bone
density, suggesting that as a fish gets bigger their
bones get denser (Fig. 4; Table 2). Variation in skele-
tal mineralization of deep-sea fishes has previously
been tied to buoyancy adaptations (Eastman and
Devries 1982; Gerringer et al. 2021b). Our assessment
of bone mineralization in rattails suggests a different as-
sociation in this group. The present study has some lim-
itations. The number of specimens and species was lim-
ited due to the rarity of some deep-sea rattail species,
limiting the statistical strength associated with our find-
ings. Even in this select sample of species, we find sig-
nificant trends in bone-density variation. Additionally,
selecting a targeted small number of bones for analysis
has limiting factors. The specific bones chosen for anal-
ysis were analyzed across all specimens, but we cannot
exclude the fact that some of the bone-density variation
we observed may be due to slight differences in life his-
tory across species. With these limitations in mind, we
introduce the following discussions associated with our
observed variation in bone mineralization in rattails.
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Fig.5 (A) Maximum-likelihood phylogeny of rattail taxa used in this study with available sanger sequence data on Genbank. Scale bar represents
the number of substitutions per site and bootstrap support values shown at nodes. (B) Ancestral character-state reconstruction of lower jaw
bone density mapped along the branches of the phylogeny. Color map corresponds to percent hydroxyapatite.

Buoyancy in rattails

A reduction in the usefulness of gas-filled swim blad-
ders for maintaining buoyancy under the presence
of high hydrostatic pressure in deep-sea environ-
ments has given rise to the hypothesis that fishes
may be decreasing high-density tissues (i.e., bone)
to increase buoyancy in the deep sea. We found no
relationship between bone mineralization and depth
across our sample of rattails. Additionally, almost ev-
ery species of rattail still possesses a swim blad-
der. Approximately 13 species, including Albatrossia
pectoralis (Gilbert 1892), Echinmacrurus, and two
species in the Macrouroidinae, possess either regressed
swimbladders or lack them completely (Cohen et al.
1990). Loss of swim bladders in these species may
be tied to alternative methods of buoyancy or dif-
ferences in life history. Albatrossia pectoralis has ex-
tremely high-water content in its muscles (Crapo et al.
1999), and the two species in the Macrourodinae

are hypothesized to be bathypelagic (Marshall 1965;
Marshall and Taning 1966) and have reduced organ
systems (Marshall 1960). We found no correlation be-
tween bone density and maximum depth or depth at
capture across the 15 rattail species assess in our study.
Previous studies show that many deep-sea fish lineages
that retain their swim bladder generally lack adapta-
tions related to buoyancy seen in lineages that have
lost their swim bladders. Bristlemouths (gonostom-
atids) have a reduced skeleton and muscle tissue or have
oil-filled swim bladders (Blaxter et al. 1971; Crabtree
1995; Priede 2017). Squaretails (tetragonurids) have re-
absorbed their swim bladder (Priede 2017), and some
barreleye species Dolichopteroides binocularis (Beebe
1932) have evolved enlarged pelvic fins for floating in
the water column. Although there are a myriad of adap-
tations for buoyancy in deep-sea fishes lacking swim-
bladders, it is less costly than might be expected to
retain and use a gas-filled swim bladder under the
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extreme hydrostatic pressures of the deep sea. For ma-
rine fishes to be weightless in water, the swim bladder
should have a volume equal to ~ 5% of the animal’s to-
tal volume (Jones and Marshall 1953). Energetically, it
becomes increasingly costly to inflate the swim bladder
in deeper waters due to high hydrostatic pressure, but
less so than producing and sequestering lipids to main-
tain the same amount of buoyancy. It seems unlikely for
natural selection associated with buoyancy to result in
the loss of the swim bladder in a species of deep-sea
fish while, at the same time, evolving something else en-
tirely (Priede 2018). McCune and Carlson (2004) found
that the loss of the swim bladder is common in wild-
caught zebrafish and occurs due to multiple genetically
distinct mutations. They also found that, at a minimum,
the swim bladder has been lost approximately 32 times
within teleosts and up to at least 57 times if multiple
independent losses within a family are included. Loss
of the swim bladder appears to be frequent at the ge-
netic level, so maintenance of swim bladders in rattails
is likely being selected for. The males of many rattail
species also have accessory muscles attached to their
swim bladders used in “drumming” (Marshall 1965),
muscles not found in the deep-living Coryphaenoides.
Having multiple uses for the swim bladder would in-
crease the likelihood that this organ is being maintained
in rattails.

Even though swim bladders remain useful under
high hydrostatic pressures, their functionality may still
be reduced in the deep sea. Rattails may be enhancing
the use of their swim bladders by incorporating addi-
tional adaptations. Of the four bones assessed in this
study, we find the lowest bone density in the pelvic
girdle, and the pelvic fins of rattails are not known to
be actively used in swimming (Greek-Walker and Pull
1975). Previous work found chemosensory cells on fin-
rays of other gadiforms (Whitear and Kotrschal 1988),
suggesting that similar chemosensation could be occur-
ring throughout the order and is worth assessing on
macrourid pelvic fins. Pelvic fins are thought to be one
of the most frequently lost features of teleosts and are
hypothesized to have been lost at least 50 independent
times and up to 92 times or more (Nelson 1989-1990).
If, at the species level, rattails are differentially reduc-
ing mineralization in their skeleton, it would likely oc-
cur in lesser used structures such as the pelvic girdle.
Within rattails, there is a complete loss of pelvic fins in
Macrouroides, and greatly reduced pelvic fins in Squalo-
gadus (Marshall and Taning 1966; Priede 2017). Ross
and Gordon (1978) analyzed multiple species of rattails,
including Coryphaenoides rupestris Gunnerus 1765 and
Coelorinchus caelorhincus (Risso 1810), and uncovered
a trend of increasing guanine crystals in deeper-living
species. Under high pressures, large quantities of gua-
nine crystals may decrease the permeability of gasses

13

through the swim-bladder membrane, helping retain
gas and reducing the energetic cost of maintaining an
inflated swim bladder. Retention of the swim bladder in
deep-sea fishes is not uncommon and is seen in deep-
sea cusk-eels (ophidiids, caught at 7160 m; Nielsen and
Munk 1964). One of the deepest-living fish species that
still retains the use of their swim bladders is the rattail
species Coryphaenoides yaquinae (Linley et al. 2016).
Additionally, many rattail species have restricted depth
ranges. These fishes are not performing long migrations
across the sea floor to shallower depths or regularly
moving large vertical distances in the water column.
This restriction of depth reduces the need to routinely
change the volume of gas sequestered in the swim blad-
der (Cohen et al. 1990). Although some of the deeper-
dwelling species have wider depth ranges than their
shallower-water relatives (Fig. 1), recent research by
Gaither et al. (2018) shows that within Atlantic popu-
lations of Coryphaenoides rupestris there exists deeper
and shallower water specialists with distinct genotypes
at 1000 m and 1800 + m. Juveniles of these populations
sort by habitat as they mature. If these findings are re-
flected in even a small portion of other deep-sea rat-
tail species, they may be behaving similarly to shallower
species that exhibit more restricted ranges and are strat-
ifying by depth.

We found no relationship between bone mineraliza-
tion and depth across our sample of rattails, but these
fishes may be reducing density in other tissues. Crabtree
(1995) and Tuponogov et al. (2008) found that, similar
to some mesopelagic fishes like alepocephalids (Priede
2017), some rattails exhibit reduced density via the de-
velopment of soft watery muscles. Rattails are one of
the few benthopelagic lineages studied that, while re-
taining their swim bladders, also showed an increase
in the water content of their muscles. Crabtree (1995)
suggested this could result in more efficient growth at
depth tied to a decrease in energy input needed to pro-
duce a given body size. We suggest this could also be
related to increasing buoyancy. Additionally, Gerringer
etal. (2017a) found gelatinous tissue in Coryphaenoides
yaquinae that was buoyant in seawater, the main func-
tion of which was thought to be aiding in buoyancy.
Gerringer et al. (2017a) assessed only a handful of rat-
tail species in their study and found this tissue-type
in one species. There are 369 described species of rat-
tails, so this type of buoyant gelatinous tissue may
be more widespread across the group. The combina-
tion of these findings, in addition to our own, sug-
gest that deep-sea rattails are using a variety of adap-
tations to remain buoyant under high hydrostatic pres-
sure. Although we do not see a clear trend of selection
against non-adaptive skeletal structures or reduction of
the density of certain bones associated with increasing
depth in rattails, we do see what could be a complex
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system where very specific adaptations associated with
buoyancy occur mainly at the species level. If different
species are evolving a variety of adaptations to living in
increased hydrostatic pressures, then the variability we
find in skeletal density across the group may suggest a
more apomorphic trend and that demineralization of
the skeleton in specific species has evolved as a supple-
ment to other buoyancy adaptations.

Demersal and benthopelagic comparisons

Specific environmental conditions and natural selec-
tion can drive the evolution of convergent adapta-
tions among disparate lineages of animals. Many of
the fish lineages that have lost swim bladders and
may need other adaptations to maintain neutral buoy-
ancy are also associated with benthic or deep-sea
lifestyles (McCune and Carlson 2004). A recent study
by Gerringer et al. (2021) analyzed skeletal density
in the snailfishes (family Liparidae), a mainly demer-
sal/benthic lineage, using micro-CT scanning methods.
Most snailfishes lack swim bladders and were found
to have reductions in structural dimensions and loss
of skeletal elements with increasing depths. Gerringer
et al. (2021b) additionally found skeletal differences
among the few pelagic species compared to the demer-
sal species, where pelagic species had lower numbers of
vertebrae and lower bone density than their demersal
relatives. Alternatively, most rattails are benthopelagic
and regularly inhabit the water column (Iwamoto and
Schneider 1995). Lifestyle and habitat differences (i.e.,
pelagic vs. demersal/benthic) are thought to be a major
driver behind the variation in adaptations tied to buoy-
ancy in fishes. Lineages that have retained their swim
bladders and continue to use the water column may
rely more heavily on adaptations associated with the
swim bladder itself. Other lineages like the snailfishes
that have more benthic life histories, are more closely
associated with the seafloor, and have lost their swim
bladders, may rely more heavily on other adaptations to
maintain buoyancy, including reduction or loss of skele-
tal structures. Additional insights may be gained by
looking at other lineages occupying similar bathymetric
ranges and which have similar lifestyles (e.g., cusk eels
(Ophidiidae) and eelpouts (Zoarcidae)). The intrica-
cies behind skeletal mineralization and other anatom-
ical changes across all fishes are arguably immensely
complicated and could be tied to a wide variety of fac-
tors other than as an adaptation to buoyancy, including
ontogeny, feeding, and locomotion.

Body size and feeding

While we did not see a decrease in density with an in-
crease in depth, we did find increased mineralization
of the skeleton in larger rattail species and in larger in-

R. P. Martin et al.

dividuals within a species. There are numerous studies
across a wide range of taxa focused on osteological de-
velopment and adaptations of fishes growing from lar-
vae to adults (e.g., Matsuoka 1985; Brown et al. 2001;
Murray 2004; Rutledge et al. 2019). It is hard to study
these developmental aspects in most rattail species due
to limited survey data for various life stages in many
of these species (Endo et al. 1992; Busby 2005). Most
rattails are believed to have pelagic eggs and larvae
which migrate to deeper waters through larval, juve-
nile, and adult stages (e.g., Fukui et al. 2010; Lin et al.
2012). Gas glands can be found in the larval forms of
these species (Matarese et al. 1989), many of which are
inhabiting different pressure regimes throughout their
lives and where retention of the swim bladder may be
the most viable way to maintain buoyancy. Our find-
ings suggest that bone density may increase in rattails
through ontogeny, not only during the larval and juve-
nile stages, but also during adulthood. When account-
ing for phylogeny, this trend is significant for each bone
analyzed in this study (Table 3). Increasing mineral-
ization of the skeleton throughout adulthood could be
tied to multiple factors. Vertebrae are important sup-
port structures for muscle attachments and swimming
in fishes. Hamilton et al. (1981) analyzed the mechani-
cal properties of vertebrae in three species of freshwater
fishes at different ages. In all three species, they found an
increasing trend of bone density with age and length.
Increases in bone density, though, were not necessar-
ily associated with “strength,” and variation in the ra-
tios of organic and inorganic matrices determined how
strong vertebrae were at each age (Hamilton et al. 1981).
Rattails are very efficient, slow, undulatory, swimmers
and use the epaxial and hypaxial muscles (myotomes)
that are anchored to the vertebral column during swim-
ming (Neat and Campbell 2013). Myotomes become
larger as individuals increase in size and may need in-
creased structural support via increased density of the
bone matrix. Similarly, pterygiophores provide attach-
ment points and support structures for fish dorsal fins.
We found increasing density with increasing specimen
length in the first pterygiophore of the 15 rattail species
in this study. Rattails have small, but tall, first dorsal fins.
Increasing the structural integrity of the first pterygio-
phore would provide necessary support for the increas-
ing size of the dorsal fin with increasing size of the spec-
imen. Lastly, an increase in the bone density of the lower
jaw throughout adulthood could be tied to feeding.
Rattails are known to feed on a wide range of or-
ganisms and, depending on the species, have been cat-
egorized as micronektonivores, crustacean feeders, and
piscivores (Drazen and Sutton 2017). Similar to many
deep-sea demersal fishes, they are also facultative scav-
engers, eating whatever they can find that is available.
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Drazen et al. (2008) found that abyssal macrourids
Coryphaenoides armatus (Hector 1875) and C. yaquinae
are top predators on benthic fauna but also derive much
of their nutrition from larger epipelagic organisms that
sink as carrion. Given the opportunity, these rattails
scavenge, and carrion may be a more vital resource than
benthic prey. Dense jaws enable feeding on carcasses of
larger organisms from the epipelagic and would play
a large role in a rattail’s ability to be both a predator
and scavenger. Studies looking at zebrafishes show in-
creased mineralization due to changes in water flow
conditions, similar to how physical activity promotes
gain in bone mass and lack of mechanical loading re-
sults in resorption in vertebrates (Suniaga et al. 2018).
Analogous to the findings in this study, Denton and
Marshall (1958) noted that in Gonostoma, a pelagic fish
genus with species that exhibit reduced bone mineral-
ization, have watery muscles, and impaired swimming
performance, maintained highly mineralized jaws that
retained full function. Although we do not see a trend
of demineralization of the skeleton with depth, we do
find that the lower jaw was significantly denser than the
other bones assessed in this study and had the largest in-
crease in density associated with specimen length. The
necessary use of the oral jaw bones for feeding sug-
gests there may be a constraint on reducing bone den-
sity in the jaw compared to more underutilized bones in
rattails.

Conclusions

Our findings suggest that although rattails exhibit varia-
tion in the density of their bones (Figs. 3 and 4; Table 2),
that variation is not altogether correlated with buoy-
ancy and under high hydrostatic pressures with in-
creasing depth (Fig. 4). Rattails are likely using a vari-
ety of adaptations to increase buoyancy at great habi-
tat depths, including evolving lower density muscles,
guanine crystals in their swim bladders, and buoyant
gelatinous tissues. Bone demineralization may be oc-
curring on a more case-by-case species level to en-
hance the usefulness of the swim bladder. Addition-
ally, the low-density pelvic girdles of our 15 assessed
species could point to reducing mineralization in com-
paratively unused bones. We do find a significant cor-
relation between pre-anal fin length and average bone
density (Fig. 4B), where density increases with increas-
ing specimen length. Increased density of the verte-
brae and first pterygiophore may be tied to structural
support and muscle attachment points while increasing
density in the lower jaw is likely tied to feeding, espe-
cially since rattails are known to be opportunistic scav-
engers on carcasses. Ultimately, the functional implica-
tions behind variation in bone density across the rattails
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is complex and likely tied to range of behavioral, envi-
ronmental, and life history factors.

Future work in this area should focus on increasing
the taxonomic sampling of rattail species. Although this
study includes specimens from a wide range of habitat
depths and from the largest genus of rattails (Coelor-
inchus, ~122 spp.), it lacks species from a large por-
tion of the macrourid phylogeny (Roa-Varén and Orti
2009). Additional focus on assessing the differences
in bone densities among macrourid species that are
known to be more pelagic (e.g., Cynomacrurus, Nezu-
mia parini Hubbs & Iwamoto 1977), or have extremely
reduced or missing swim bladders (Echinmacrurus,
Macrouroides, Squalogadus, Albatrossia) than the more
common benthopelagic species that have retained their
swim bladders. The few species that have reduced or
lost their swim bladders may show a trend in bone dem-
ineralization, similar to other lineages of fishes that have
adapted similar strategies to staying buoyant in the wa-
ter column.

Data Availability

The data collected for this study are available in the sup-
plementary data section.

Supplementary Data
Supplementary Data available at IOB online.

Acknowledgements

We would like to thank B. Frable, P. Hastings, and
H.J. Walker from the Marine Vertebrate Collection at
Scripps Institution of Oceanography, L. Tornabene, and
K. Maslenikov from the Burke Museum (University
of Washington), and D. Catania from the California
Academy of Sciences for providing the specimens used
in this study. We would like to thank D.EB. Vaz and
M.A. Kolmann for their help with CT scanning, W.L.
Smith for additional discussion on this research, and
the 2018 Fish Biomechanics class for all of their contin-
ued encouragement and support. The article process-
ing charges related to the publication of this article were
supported by The University of Kansas (KU) One Uni-
versity Open Access Author Fund sponsored jointly by
the KU Provost, KU Vice Chancellor for Research &
Graduate Studies, and KUMC Vice Chancellor for Re-
search and managed jointly by the Libraries at the Med-
ical Center and KU - Lawrence. Lastly, we would like
to thank Dr. Blob and the two anonymous reviewers
for handling the manuscript and their thoughtful com-
ments and suggestions. Funding for this work was pro-
vided by the Ida Hyde Scholarship from the University
of Kansas, Friday Harbor Laboratories Financial Aid,

20z I1dy 61 uo 3senb Ag 00.1.9/9/7709€d0/ | //8191He/q01/Woo" dNO"0lWepEDE//:Sd]Y WOy POPEOJUMOQ


https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obac044\043supplementary-data

16

the Seaver Institute, and the State University of New
York at Geneseo.

Declaration of competing interest

The authors declare no competing interests.

References

Andrews AH, Cailliet GM, Coale KH 1999. Age and growth of
the Pacific grenadier (Coryphaenoides acrolepis) with age es-
timate validation using an improved radiometric ageing tech-
nique. Can J Fish Aquat Sci 56:1339-50.

Blaxter JHS, Wardle CS, Roberts BL 1971. Aspects of the circula-
tory physiology and muscle systems of deep-sea fish. ] Marine
Biol Ass United Kingdom 51:991-1006.

Boskey AL 2013. Bone composition: relationship to bone fragility
and antiosteoporotic drug effects. BoneKEy Rep 2:447.

Brown A, Busby M, Mier K 2001. Walleye pollock Theragra
chalcogramma during transformation from the larval to ju-
venile stage: otolith and osteological development. Mar Biol
139:845-51.

Bruker 2017 NRecon user guide. https://www.bruker.com/file
admi2011n/user_upload/8-PDF-Docs/Preclinicallmaging/
microCT/2018/NRecon_version_history.pdf

Burrow CJ, Jones AS, Young GC 2005. X-ray microtomography
of 410 million-year-old optic capsules from placoderm fishes.
Am Zool 36:551-7.

Busby MS 2005. An unusual macrourid larva (Gadiformes) from
San Juan Island, Washington, USA. Ichthyol Res 52:86-9.

Buser TJ, Boyd OF, Cortés A, Donatelli CM, Kolmann MA, Lu-
parell JL, Pfeiffenberger JA, Sidlauskas BL, Summers AP 2020.
The natural historian’s guide to the CT galaxy: step-by-step in-
structions for preparing and analyzing computed tomographic
(CT) data using cross-platform, open access software. Integr
Org Biol 2:0baa009.

Campo D, Machado-Schiaffino G, Perez ], Garcia-Vazquez E
2007. Phylogeny of the genus Merluccius based on mitochon-
drial and nuclear genes. Gene 406:171-9.

Chang CH, Shao KT, Lin HY, Chiu YC, Lee MY, Liu SH, Lin PL
2017. DNA barcodes of the native ray-finned fishes in Taiwan.
Mol Ecol Resour 17:796-805.

Carey FG 1982. A brain heater in the swordfish. Science
216:1327-9.

Chernomor O, Von Haeseler A, Minh BQ 2016. Terrace aware
data structure for phylogenomic inference from supermatri-
ces. Syst Biol 65:997-1008.

Cohen DM, Inada T, Iwamoto T, Scialabba N 1990. FAO species
catalogue. Vol. 10. Gadiform fishes of the world (Order Gadi-
formes). An annotated and illustrated catalogue of cods, hakes,
grenadiers and other gadiform fishes known to date. FAO Fish-
eries Synopsis, 125. Rome: FAO. p. 442.

Crabtree RE 1995. Chemical composition and energy content of
deep-sea demersal fishes from tropical and temperate regions
of the western North Atlantic. Bull Mar Sci 56:434-49.

Crapo C, Himelbloom B, Pfutzenreuter R, Lee C 1999. Causes
for soft flesh in giant grenadier (Albatrossia pectoralis) fillets. ]
Aquat Food Syst Biol 8:55-68.

Cruz-Acevedo E, Aguirre-Villaseior H 2020. Distribution of
grenadiers (Pisces: Macrouridae) in the continental slope of
the tropical Eastern Pacific off Mexico. Reg Stud Mar Sci
39:101442.

Dagorn L, Bach P, Josse E. 2000. Movement patterns of large big-
eye tuna (Thunnus obesus) in the open ocean, determined us-
ing ultrasonic telemetry. Mar Biol 136:361-71.

R. P. Martin et al.

Denton EJ, Marshall NB. 1958. The buoyancy of bathypelagic
fishes without a gas-filled swimbladder. ] Mar Biolog Assoc U
K 37:753-67.

Di Santo V. 2019. Ocean acidification and warming affect skeletal
mineralization in a marine fish. Proc Royal Soc B: Biolog Sci
286:20182187.

Drazen JC. 2007. Depth related trends in proximate composition
of demersal fishes in the eastern North Pacific. Deep Sea Res
Part I 54:203-19.

Drazen JC, Popp BN, Choy CA, Clemente T, Forest LD,
Smith KL, Jr. 2008. Bypassing the abyssal benthic food
web: Macrourid diet in the eastern North Pacific inferred
from stomach content and stable isotopes analyses. Limnol
Oceanogr 53:1412-30.

Drazen JC, Sutton TT 2017. Dining in the deep: the feeding ecol-
ogy of deep-sea fishes. Ann Rev Mar Sci 9:337-66.

Eastman JT, Devries AL 1982. Buoyancy studies of notothenioid
fishes in McMurdo Sound, Antarctica. Copeia 1982:385-393.

Eastman JT, Sidell BD 2002. Measurements of buoyancy for some
Antarctic notothenioid fishes from the South Shetland Islands.
Polar Biology 25:753-60.

Endo H, Yabe M, Amaoka K 1992. A rare macrourid alevin of
the genus Hymenocephalus from the Pacific Ocean. Japanese |
Ichthyol, 39:265-7.

Felsenstein ] 1985. Confidence limits on phylogenies: an ap-
proach using the bootstrap. Evol 39:783-91.

Fricke R, Eschmeyer WN, van der Laan R. (Eds.). 2020.
Eschmeyer’s catalog of fishes: Genera, species, refer-
ences: California Academy of Sciences. Available from
(http://researcharchive.calacademy.org/research/ichthyology/
catalog/fishcatmain.asp).

Friscia A, Sanin GD, Lindsay WR, Day LB, Schlinger BA, Tan
], Fuxjager MJ 2016. Adaptive evolution of a derived radius
morphology in manakins (Aves, Pipridae) to support acrobatic
display behavior. J Fish Biol 277:594-5.

Froese R, Pauly D 2019. FishBase. Available from www.fishbase.
org.

Fonseca AA, Cherubini K, Veeck EB, Ladeira RS, Carapeto LP
2008. Effect of 10% formalin on radiographic optical density
of bone specimens. Dentomaxillofacial R 37:137-41.

Fukui A, Takami M, Tsuchiya T, Sezaki K, Igarashi Y, Kinoshita S,
Watabe S 2010. Pelagic eggs and larvae of Coelorinchus kishi-
nouyei (Gadiformes: Macrouridae) collected from Suruga Bay,
Japan. Ichthyol Res 57:169-79.

Gage JD, Tyler PA 1991. Deep-Sea Biology: A Natural History
of Organisms at the Deep-sea Floor. Cambridge: Cambridge
University Press.

Gaither MR, Violi B, Gray HWI, Neat F, Drazen JC, Grubbs RD,
Roa-Varo6n A, Sutton T, Hoelzel AR 2016. Depth as a driver
of evolution in the deep sea: Insights from grenadiers (Gadi-
formes: Macrouridae) of the genus Coryphaenoides. Mol Phy-
logenet Evol 104:2741-54.

Gaither MR, Gkafas GA, de Jong M, Sarigol F, Neat F, Regnier
T, Moore D, Grocke DR, Hall N, Liu X, et al. 2018. Genomics
of habitat choice and adaptive evolution in a deep-sea fish. Nat
Ecol Evol 2:183-90.

Gerringer ME, Drazen JC, Linley TD, Summers AP, Jamieson
AJ, Yancey PH 2017a. Distribution, composition, and func-
tions of gelatinous tissues in deep-sea fishes. R Soc Open Sci 4:
171063.

Gerringer ME, Drazen JC, Yancey PH 2017b. Metabolic enzyme
activities of abyssal and hadal fishes: pressure effects and a
re-evaluation of depth-related changes. Deep Sea Res Part I
125:135-46.

¥202 I4dy 61 U0 1senb Aq 001 9/29/7¥098q0/ | /1/3101e/qol/wod dnoolwspede//:sdiy wodl papeojumo(


https://www.bruker.com/fileadmi2011n/user_upload/8-PDF-Docs/PreclinicalImaging/microCT/2018/NRecon_version_history.pdf
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://www.fishbase.org

Bone density variation in rattails

Gerringer ME, Andrews AH, Huss GR, Nagashima K, Popp BN,
Linley TD, Gallo ND, Clark MR, Jamieson AJ, Drazen JC 2018.
Life history of abyssal and hadal fishes from otolith growth
zones and oxygen isotopic compositions. Deep Sea Res Part
1132:37-50.

Gerringer ME, Linley TD, Nielsen JG 2021a. Revision of the
depth record of bony fishes with notes on hadal snailfishes (Li-
paridae, Scorpaeniformes) and cusk eels (Ophidiidae, Ophidi-
iformes). Mar Biol 168:167.

Gerringer ME, Dias AS, von Hagel AA, Orr JW, Summers AP,
Farina S 2021b. Habitat influences skeletal morphology and
density in the snailfishes (family Liparidae). Front Zool 18:1-
22.

Gibbs AG, Somero GN 1989. Pressure adaptation of Na*/K*-
ATPase in gills of marine teleosts. ] Exp Biol 143:475-92.

Gillett MB, Suko JR, Santoso FO, Yancey PH 1997. Elevated
levels of trimethylamine oxide in muscles of deep-sea gad-
iform teleosts: a high-pressure adaptation? J Exp Zool 279:
386-91.

Grande T, Borden WC, Smith WL, Arratia G, Schultze HP, Wil-
son MVH 2013. Limits and relationships of Paracanthoptery-
gii: a molecular framework for evaluating past morphological
hypotheses. Mesozoic Fishes 5:385-418.

Greek-Walker M, Pull GA 1975. A survey of red and white mus-
cle in marine fish. J Fish Biol 7:295-300.

Gregory WK. 1933. Fish skulls: a study of the evolution of natural
mechanisms. Amer Philos Soc 23:412-49.

Giinther A. 1887. Report of the deep-sea fishes collected by HMS
Challenger during the years 1873-76. Zool 22:1-268.

Hamilton SJ, Mehrle PM, Mayer FL, Jones JR. 1981. Method to
evaluate mechanical properties of bone in fish. Trans Am Fish
Soc 110:708-17.

Hoang DT, Chernomor O, Von Haeseler A, Minh BQ, Vinh LS.
2018. UFBoot2: improving the ultrafast bootstrap approxima-
tion. Mol Biol Evol 35:518-22.

Iwamoto T, Sazonov YI. 1994. Revision of the genus Kumba
(Pisces, Gadiformes, Macrouridae), with the description of
three new species. Proc Calif Acad Sci Ser. 4, 48, 221-37.

Iwamoto T, Schneider W. 1995. Macrouridae. Granaderos. In:W
Fischer, F Krupp, W Schneider, C Sommer, KE Carpenter, V
Niem, editors. Guia FAO para Identification de Especies para
lo Fines de la Pesca. Pacifico Centro-Oriental. Vol. 3. Rome:
FAO. p. 1246-65.

Jones FRH, Marshall NB. 1953. The structure and functions of
the teleostean swimbladder. Biol Rev 28:16-82.

Katoh K, Standley DM. 2013. MAFFT multiple sequence align-
ment software version 7: improvements in performance and
usability. Mol Biol Evol 30:772-80.

Kruppert S, Chu F, Stewart MC, Schmitz L, Summers AP.
2020. Ontogeny and potential function of poacher armor
(Actinopterygii: Agonidae). ] Morphol 281:1018-28.

Laptikhovsky V, Gaither MR, Black A. 2013. A Pacific grenadier
Coryphaenoides acrolepis in the south-west Atlantic and envi-
ronmental changes in the Falkland deep seas. Mar Biodivers
Rec 6:e126..

Lin HY, Shiao JC, Chen YG, lizuka Y. 2012. Ontogenetic ver-
tical migration of grenadiers revealed by otolith microstruc-
tures and stable isotopic composition. Deep Sea Res Parlt I:
Oceanographic Research Papers 61:123-30.

Linley TD, Gerringer ME, Yancey PH, Drazen JC, Weinstock CL,
Jamieson AJ. 2016. Fishes of the hadal zone including new

7

species, in situ observations and depth records of Liparidae.
Deep Sea Res Part I 114:99-110.

Maddison WP, Maddison DR. 2019. Mesquite: a modular
system for evolutionary analysis. Version 3.61 http://www.
mesquiteproject.org

Marranzino AN, Webb JF 2018. Flow sensing in the deep sea:
the lateral line system of stomiiform fishes. Zool J Linn Soc
183:945-65.

Marshall NB. 1960. Swimbladder structure of deep-sea fishes in
relation to their systematics and biology. Discovery Reports
31:1-122.

Marshall NB. 1965. Systematic and biological studies of the
macrourid fishes (Anacanthini-Teleostii). Deep Sea Res
Oceanogr Abstr 12:299-322.

Marshall NB, Tining AV 1966. The bathypelagic macrourid fish,
Macrouroides inflaticeps Smith and Radcliffe. Dana Report
69:36.

Martin RP, Olson EE, Girard MG, Smith WL, Davis MP (2018).
Light in the darkness: new perspective on lanternfish rela-
tionships and classification using genomic and morphological
data. Mol Phylogenet Evol 121:71-85.

Martin RP, Davis MP, Smith WL. 2022. The impact of evolution-
ary trade-offs among bioluminescent organs and body shape
in the deep sea: a case study on lanternfishes. Deep Sea Res
Part I 184:103769.

Matarese A, Kendell AW, Jr., Blood DM, Vinter BM. 1989. Lab-
oratory guide to early life history stages of northeast Pacific
fishes. NOAA Tech. Rep., NMFS 80.

Matsuoka M 1985. Osteological development in the red sea
bream, Pagrus major. Japanese J Ichthyol 32:35-51.

McCune AR, Carlson RL. 2004. Twenty ways to lose your blad-
der: common natural mutants in zebrafish and widespread
convergence of swim bladder loss among teleost fishes. Evol
Dev 6:246-59.

Miya M, Holcroft NI, Satoh TP, Yamaguchi M, Nishida M, Wiley
EO. 2007. Mitochondrial genome and a nuclear gene indicate
a novel phylogenetic position of deep-sea tube-eye fish (Style-
phoridae). Ichthyol Res 54:323-32.

Morimoto J, Barcellos R, Schoborg TA, Nogueira LP, Colago MV.
2022. Assessing anatomical changes in male reproductive or-
gans in response to larval crowding using micro-computed to-
mography imaging. Neotrop Entomol 51:526-35.

Morita T. 2008. Comparative sequence analysis of myosin heavy
chain proteins from congeneric shallow- and deep-living rat-
tail fish (genus Coryphaenoides). ] Exp Biol 211:1362-7.

Murray AM. 2004. Osteology and morphology of the characi-
form fish Alestes stuhlmannii Pfeffer, 1896 (Alestidae) from the
Rufiji River basin, east Africa. ] Fish Biol 65:1412-30.

Near TJ, Eytan RI, Dornburg A, Kuhn KL, Moore JA, Davis MP,
Wainwright PC, Friedman M, Smith WL 2012. Resolution of
ray-finned fish phylogeny and timing of diversification. Proc
Natl Acad Sci 109:13698-703.

Neat FC, Campbell N. 2013. Proliferation of elongate fishes in the
deep sea. J Fish Biol 83:1576-91.

Nelson JS 1989/90. Analysis of the multiple occurrence of pelvic
fin absence in extant fishes. Matsya 15-16:21-38.

Nguyen LT, Schmidt HA, Von Haeseler A, Minh BQ. 2015. IQ-
TREE: a fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol Biol Evol 32:268-74.

Nielsen JG, Munk O. 1964. A hadal fish (Bassogigas profundis-
simus) with a functional swimbladder. Nature 204:594-5.

¥202 I4dy 61 U0 1senb Aq 001 9/29/7¥098q0/ | /1/3101e/qol/wod dnoolwspede//:sdiy wodl papeojumo(


http://www.mesquiteproject.org

18

Oliveira LM, Knebelsberger T, Landi M, Soares P, Raupach MJ,
Costa FO. 2016. Assembling and auditing a comprehensive
DNA bar-code reference library for European marine fishes.
] Fish Biol 89:2741-54.

Paradis E, Schliep K. 2019. ape 5.0: an environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics
35:526-8.

Partridge JC, Douglas RH, Marshall NJ, Chung WS, Jordan TM,
Wagner HJ. 2014. Reflecting optics in the diverticular eye of a
deep-sea barreleye fish. Reflecting optics in the diverticular eye
of a deep-sea barreleye fish (Rhynchohyalus natalensis). Proc
Royal Soc B: Biolog Sci 281:20133223.

Phleger CF. 1998. Buoyancy in Marine Fishes: Direct and Indirect
Role of Lipids. Am Zool 38:321-30.

Priede IG. 2017. Deep-Sea Fishes: Biology, Diversity, Ecology and
Fisheries. Cambridge: Cambridge University Press.

Priede IG. 2018. Buoyancy of gas-filled bladders at great depth.
Deep Sea Res Part I: Oceanogr Res Pap 132:1-5.

Priede IG, Froese R. 2013. Colonization of the deep sea by fishes.
J Fish Biol 83:1528-50.

Puria S, Steele C. 2010. Tympanic-membrane and malleus-
incus-complex co-adaptations for high-frequency hearing in
mammals. Hear Res 263:183-90.

R Core Team 2018. R: A Language and Environment for Statis-
tical Computing. R Foundation for Statistical Computing, Vi-
enna. https://www.R-project.org.

Randall DJ, Farrell AP. 1997. Deep-sea Fishes. New York: Aca-
demic Press.

Revell L]. 2012. phytools: an R package for phylogenetic compar-
ative biology (and other things). Methods Ecol Evol 3:217-23.

Robertson DR, Angulo A, Baldwin CC, Pitassy DE, Driskell A,
Weigt LA, Navarro IJ. 2017. Deep-water bony fishes collected
by the B/O Miguel Oliver on the shelf edge of Pacific Central
America: an annotated, illustrated and DNA-barcoded check-
list. Zootaxa 4348:1-125.

Rooker JR, Secor DH, DeMetrio G, Kaufman AJ, Rios AB, Ticina
V 2008. Evidence of trans-Atlantic movement and natal hom-
ing of bluefin tuna from stable isotopes in otoliths. Mar Ecol
Prog Ser 368:231-9.

Ross LG, Gordon JD 1978. Guanine and permeability in swim-
bladders of slope-dwelling fish. In: Physiology and Behaviour
of Marine Organisms. Pergamon. p. 113-21.

Roa-Varén A, Orti G. 2009. Phylogenetic relationships among
families of Gadiformes (Teleostei, Paracanthopterygii) based
on nuclear and mitochondrial data. Mol Phylogenet Evol
52:688-704

Rutledge KM, Summers AP, Kolmann MA. 2019. Killing them
softly: ontogeny of jaw mechanics and stiffness in mollusk-
feeding freshwater stingrays. ] Morphol 280:796-808.

Sabaj MH. 2020. Codes for natural history collections in ichthy-
ology and herpetology. Copeia 108:593-669.

Schwarzhans W. 2014. Head and otolith morphology of the
genera Hymenocephalus, Hymenogadus and Spicomacrurus

R. P. Martin et al.

(Macrouridae), with the description of three new species.
Zootaxa 3888:1-73.

Smith WL, Wheeler WC. 2006. Venom evolution widespread
in fishes: A phylogenetic road map for the bioprospecting of
piscine venoms. ] Hered 97:206-17.

Somero GN. 1992. Adaptations to high hydrostatic pressure.
Annu Rev Physiol 54:557-77.

Stalling D, Westerhoff M, Hege HC. 2005. Amira: a highly inter-
active system for visual data analysis.In:Hansen, CD, CR John-
son, editors. The Visualization Handbook. Elsevier: p. 749-
767. CiteSeerX 10.1.1.129.6785.

Kalyaanamoorthy S, Minh BQ, Wong TK, Von Haeseler A, Jer-
miin LS. 2017. Model Finder: fast model selection for accurate
phylogenetic estimates. Nat Methods 14:587-9.

Suniaga S, Rolvien T, vom Scheidt A, Fiedler IA, Bale HA,
Huysseune A, Witten PE, Amling M, Busse B 2018. Increased
mechanical loading through controlled swimming exercise in-
duces bone formation and mineralization in adult zebrafish.
Sci Rep 8:1-13.

Tapanila L, Pruitt ], Pradel A, Wilga CD, Ramsay JB, Schlader R,
Didier DA 2013. Jaws for a spiral-tooth whorl: CT images re-
veal novel adaptation and phylogeny in fossil Helicoprion. Biol
Lett 9:20130057.

Tuponogov VN, Orlov AM, Kodolov LS. 2008. The most abun-
dant grenadiers of the Russian Far East EEZ: distribution and
basic biological patterns. Am Fish Soc Symp 63:285-316.

Wainwright PC, Smith WL, Price SA, Tang KL, Sparks JS, Ferry
LA, Kuhn KL, Eytan RI, Near TJ 2012. The evolution of
pharyngognathy: a phylogenetic and functional appraisal of
the pharyngeal jaw key innovation in labroid fishes and be-
yond. Syst Biol 61:1001-27.

Warrant EJ, Collin SP, Locket NA 2003. Eye design and vision
in deep-sea fishes. In:SP Collin, NJ Marshall, editors. Sensory
Processing in Aquatic Environments. Berlin, Heidelberg, New
York: Springer-Verlag. p. 303-22.

Warrant EJ, Locket NA 2004. Vision in the deep sea. Biolog Rev
79:671-712.

Whitear M, Kotrschal K. 1988. The chemosensory anterior dor-
sal fin in rocklings (Gaidropsarus and Ciliata, Teleostei, Ga-
didae): activity, fine structure, and innervation. J Zool 216:
339-66.

Yamaguchi M, Miya M, Okiyama M, Nishida M. 2000. Molec-
ular phylogeny of the lanternfishes (Pisces: Myctophidae) in-
ferred from mitochondrial 16S rDNA (Doctoral dissertation,
PhD thesis. Tokyo, Japan: University of Tokyo Ocean Research
Institute, Minamidai 1-15-1, Nakano-kul64-8639.

Yancey PH, Gerringer ME, Drazen JC, Rowden AA, Jamieson
A. 2014. Marine fish may be biochemically constrained from
inhabiting the deepest ocean depths. Proc Natl Acad Sci
111:4461-5.

Zhang JB, Hanner R. 2011. DNA barcoding is a useful tool for the
identification of marine fishes from Japan. Biochem Syst Ecol
39:31-42.

¥202 I4dy 61 U0 1senb Aq 001 9/29/7¥098q0/ | /1/3101e/qol/wod dnoolwspede//:sdiy wodl papeojumo(


https://www.R-project.org

	Introduction
	Methods
	Specimen acquisition and micro-CT protocol
	Amira protocol and measuring bone density
	Phylogenetic reconstruction, phylogenetic signal, and ancestral character-state reconstruction
	Statistical analyses

	Results
	Bone density by depth, length, and collection date
	Macrourid phylogeny, phylogenetic signal, and ancestral character-state reconstruction

	Discussion
	Buoyancy in rattails
	Demersal and benthopelagic comparisons
	Body size and feeding

	Conclusions
	Data Availability
	Supplementary Data
	Acknowledgements
	Declaration of competing interest
	References

