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Abstract

Ecology and life history traits of Chondrichthyes: how cartilaginous fishes live and move
through their environment.

Kayla C. Hall

Chair of the Supervisory Committee:
Adam Summers

Department of Biology

Chondrichthyes (chimaeras, sharks, skates and rays) are a lineage of vertebrates with skeletons
composed entirely of cartilage, that have existed for over 400 million years. This long
evolutionary history has allowed them to diversify their life-history traits, ecology, and
biogeography as they are found throughout the world’s marine and freshwater waterways.

Two critical aspects of an organism’s life are reproduction and locomotion. Chondrichthyans
exhibit most forms of sexual reproduction, from egg-laying to live birth: oviparity, multiple
types of aplacental viviparity, and placental viviparity. They also evolved many modes of
locomotion, from axial-swimming (tail undulations), undulating or oscillating pectoral fins, to
walking (or ‘punting’) along the substrate with pelvic fins. Some species use a combination of
these methods to locomote, depending on their habitat. Aside from using cartilaginous fishes as
my model, the tie between all of my chapters are the principles of form and function. How does
the change in skeletal morphology influence how an animal moves and how is that driven by

where it lives; habitat structuring encompasses what an organism encounters, to eat or avoid



being eaten, it can also be reflective of where they reproduce and how long it takes to develop.
Each chapter plays off these principles and flows into the next. First, I consider chondrichthyan
evolution and life-history traits, what came before and has shaped what remains today; what
characteristics don’t evolve in specific regions and ranges, and why might this be? Next, |
consider the hydrodynamics of egg cases from multiple species of skates (Rajiformes) to
determine how species-specific traits, specifically macro-morphology and microstructure,
contribute to the variation where these eggs occur in order to aid in protective policies to avoid
disturbing nursery grounds. Lastly, | characterize the swimming kinematics of the spotted ratfish
(Hydrolagus colliei, Holocephali). Chimaeras are thought to move via pectoral fin-based
swimming, flapping and fluttering their large fins in order to propel themselves through their
deep dark world. But, chimaeras also have prominent pelvic fins, which allows us to compare the
relationship between these two sets of fins, and the reliance of both sets during variable
swimming conditions. In summary, | use Chondrichthyes as my system to understand how an

ancient lineage of fishes live and move through their environments.
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Abstract

Chondrichthyes (chimaeras, sharks, skates and rays) are a 400+ million-year-old vertebrate
lineage with endoskeletons composed entirely of cartilage. Throughout their long evolutionary
history, cartilaginous fishes have diversified into a variety of freshwater and marine habitats,
distinctive ecological roles, and evolved an array of life-history traits. We described the
ecological structuring of extant chondrichthyan communities over time, with the aim of
exploring correlates and mechanisms that have shaped modern assemblages. We used body size,
trophic level, reproductive mode, and locomotor mode to establish the ecospace occupation of
extant species from all aquatic ecosystems. This synthesis of information allowed us to run meta-

analyses to view ecosystem and community structures in 3D ecospace and contrast the functional



traits and ecological roles across species. The relevant ecospace these communities fill is limited
compared to the theoretical ecospace available throughout the world’s waterways, especially in
the deep-sea. We simulated ancestral states of reproduction on a complete modern phylogeny,
which supports the evolution of viviparity much earlier in chondrichthyan history than
previously suspected. Overall, these results corroborate what has been found in the
paleontological record, and allows us to reinterpret the evolution of vertebrate reproductive

modes and cartilaginous fish communities in deep time.
Introduction

Imagine the high-speed pursuit of a mako shark swimming down a billfish, marlin, or
swordfish: sustained swimming at 75 kilometers per hour through an endless blue desert, with
quick turns and a violent end. Contrast this scenario to one you might observe outside a
deepwater submersible: ghost sharks and anglerfishes float by with little to no effort, undulating
their body or oscillating their fins at a seemingly slow-motion pace. These novellas describe the
stark differences between fast-paced life in the shallow, light-filled regions of the ocean’s surface
and life in the slow lane: the depths of the sea. Life in the photic zone, or upper aquatic region,
offers considerably different prey options, in addition to the most light. Once you get past the
200 meter mark or into the Mesopelagic, there is little to no light. And even further, past 1000
meters, in the Bathypelagic, there is an ever-increasing force of pressure and decreasing amount
of oxygen. Various abiotic factors of the deep-sea render a myriad of physiological constraints
for its inhabitants. For instance, try to visualize life in the deep-sea. The first image that pops up
is likely a blob-like, lethargic fish with huge eyes. Although the deep is mysterious to most, this
imagery is easily conjured by many different people, because we can instinctively envision what
a world would look like with no light, little food, and pressures that would crush us.

A primary driver of spatial distributions and habitat structuring of fishes is the depth at which
they live, comparable to the elevational diversity gradients of mountainous terrestrial
ecosystems. Akin to how elevational constraints have imposed physiological selection on
adaptations that facilitate high-altitude migrations in Himalayan geese (Hawkes et al. 2011;
Bishop et al. 2015; Scott et al. 2015), many deep-sea fishes have adapted to the low levels of
light and oxygen. These physiological adaptations can become physiological constraints, as

living near biological extremes place limits on possible phenotypic variation (Collar et al. 2009;



Cohen et al. 2012). Some of the extreme adaptations tied to living in the deep sea are seen
reflected in their disproportionate body size to head and gill ratios (Hughes and Iwai 1978;
Friedman et al. 2012; Wootton et al. 2015), large eyes (Marshall 1954; Douglas et al. 1995;
Warrant and Locket 2004; Musilova et al. 2019), skeletal reductions (Bone and Robert 1969;
Tont et al. 1977; Gerringer et al. 2017), and lack of a swim bladder (Denton and Marshall 1958;
Eastman and DeVries 1981; Davenport and Kjersvik 1986). These extreme habitats influence not
just one or two traits, but entire suites of characters that alter the total organismal phenotype and
by proxy, their interaction with their habitat.

A holistic approach towards encapsulating an organism's life is to consider their life-history
traits and what drives them. Life-history theory was conceptualized from the notion that finite
energy is available in the environment and thereby imposes constraints or trade-offs in the
allocation of this energy to specific traits, like age, growth, size at maturity (standard for
reproductive age), and adult mortality rate (Beverton and Holt 1959; Dulvy and Forrest 2010).
Growth and body size are key functional traits within and among species that influences
population abundance, geographic distribution, physiological performance and more (Peters and
Wassenberg 1983; Pauly 1998; Hildrew et al. 2007; Fisher et al. 2010). Depending on life stage,
an organism might invest differentially in growth, reproductive effort, and basic metabolic
maintenance depending on the habitat and their neighbors. For instance, juveniles in habitats
where predators are small but plentiful might prioritize growth, over maturation, and escape
vulnerable small size classes (Fisher et al. 2013). However, the maximum body size an animal
can achieve is ever entwined with the energetic budget it has available, which is reliant first and
foremost on the food it can find. One way chondrichthyans (chimaeras, sharks, skates and rays)
keep their cost of growth low is to build their endoskeleton with only cartilage. Compared to the
high metabolic activity required for vascularized tissues like bone, which remodel and
regenerate, cartilage can be constructed even on a sluggish metabolism (Currey 2002). Thereby,
the cartilage cells provide a metabolically economical, load-bearing material to sustain
chondrichthyans (Stockwell 1983; Dean 2009). An advantageous byproduct of this cheap
building material is that cartilaginous fishes can attain large body sizes while paying relatively

low physiological dividends.



Two critical aspects of an organism’s life are locomotion and reproduction. Chondrichthyans
have evolved many modes of locomotion, from axial-swimming (tail undulations), undulating or
oscillating pectoral fins, to walking (or ‘punting’) along the substrate with pelvic fins, and some
even alternate their pectoral and pelvic fins to walk. These fishes have also evolved nearly all
types of known vertebrate reproductive modes, ranging from egg-laying to live-birth: oviparity,
multiple types of aplacental viviparity, and placental viviparity (Castro, 2013). They have even
evolved reproductive strategies that don't exist in other vertebrates, in-utero cannibalism via
functional embryonic dentition (Gilmore et al. 1983; Gilmore 1993). While we are quite familiar
with the vast diversity of reproductive modes in chondrichthyans, there is still a great debate as
to what the ancestral state would have been. The main source of contention is whether oviparity
(egg-laying) or live-bearing viviparity (yolk-only) is the plesiomorphic state in chondrichthyans.
Musick and Ellis (2005) hypothesize that yolk-sac viviparity, not egg-laying, is the ancestral
mode of reproduction in the sharks, skates and rays, and perhaps more importantly for
chondrichthyans as a whole. This is the opposite conclusion of Dulvy and Reynolds (1997)
which has oviparity as the sole reproductive mode from stem-chondrichthyans back to the
beginning of the phylogenetic reconstruction with jawless fishes.

Chondrichthyes provide the opportunity to identify how the abiotic environment structures
patterns of biodiversity on a large scale, as they are an ancient lineage that spans the globe. They
also serve as an aquatic ectothermic scale, with a size range close to the extremities of mammals,
considering a mouse to a whale: compare a small-eye pygmy shark (Squaliolus) smaller than a
grapefruit to a whale shark (Rhincodon) larger than a school bus. A common test used to indicate
trends of size between species, on a global scale, is Bergmann’s Rule. Specifically, this is an
ecogeographical rule that describes a negative relationship between body size and temperature
(Hendges 2021) or that body size increases with increasing latitude (Bergmann 1847). In general,
many endothermic species and most mammals conform to this rule (Ashton et al. 2000;
Blackburn et al. 1999), while ectotherms, specifically fishes, have been found to both follow and
break this rule (Ray 1960; Belk and Houston 2002; Fisher et al. 2010). Our aim here is to
examine whether chondrichthyans, as a whole, follow Bergmann’s Rule. In other words, are the
largest body sizes found at increasing latitude and decreasing temperatures? There are related
notions about deepwater gigantism: deep-sea creatures will be larger than their nearshore,

shallow-water relatives (McClain et al. 2006), and here we seek to identify if chondrichthyans
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follow this trend as well. Another strategy used to tease apart abiotic and biotic relationships, and
where individuals overlap in their ecology, is the ecospace concept. This concept refers to the
possible combinations of important ecological parameters without reference to limiting
conditions, resources or competition among species (Bambach 1983). It describes which roles
are utilized (or not utilized) and does not evaluate competition among modes of life or within
modes. It serves to evaluate how many of the potential modes of life that could exist were
actually present in a particular regional or temporal framework, and which were not present
(Bambach 1983; 2007). This will allow us to untangle the evolution of chondrichthyans and their
ecological preferences through time. From this, we can look at how chondrichthyan ecosystems

have been structured at different times and scales, locally to globally.

Locomotion and reproduction may seem to have little in common; however, fishes like
ratfish, sharks, and batoids operate at physiological extremes which may shape both traits. These
include marathon-level migrations to natal breeding grounds (Mourier and Planes 2013; Marie et
al. 2019), the longest gestation period known for all vertebrates, lasting up to three years (Tanaka
1990; Lopez-Romero et al. 2020), vertical migrations of several hundreds to a thousand meters
per day (Sims et al. 2003; Tyminski et al. 2015), and a deep, benthic assemblage that lives on
sparse rations in an unchanging landscape. The aims of this study are four-fold: (a) tabulate
locomotor and reproductive modes across extant chondrichthyans in space in an evolutionary
framework; (b) reveal correlations between these strategies with biogeographical and depth
zonation; (c) reconstruct ancestral conditions for locomotion and reproduction and quantify the
number of transitions; (d) use an ecospace framework to explore the locomotor and reproductive
modes of modern cartilaginous fishes to reveal absent trait pairings. We predict Bergmann’s
Rule will not apply to chondrichthyans across latitude and depth (as a proxy for temperature),
because some of the largest elasmobranchs (mantas, whale sharks) are found in tropical waters.
We also predict that reproductive modes like egg-laying are not solely the result of phylogenetic
conservatism, but reflect alternate strategies for dealing with physiological constraints at depth.
This hypothesis would be supported if we find multiple independent transitions to egg-laying as

different lineages invade the depths.
Methods

Chondrichthyan Life-History Meta-Dataset
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A meta-dataset for 1,188 chondrichthyans was compiled to include the geographical
distributions of where they’re found, their maximum body size, and depth range (via Weigmann
2016 and sources within), coupled with their reproductive mode, locomotor mode, and trophic
level. See Supplemental Table 1.

Abundance

We analyzed the meta-data from 1,188 extant Chondrichthyan species: Chimaeras exhibit
one living order with 49 species, Selachians (sharks) have eight orders with 511 species, Skates
are the most diverse of all chondrichthyans, being one order with 285 species, and Rays are

comprised of six orders with 343 species.
Depth Categories

Depth ranges were pulled from Weigmann (2016) and Last et al. (2016), then categorized
following NOAA oceanic zonation, as this is relevant for fisheries management. We then
characterized the NOAA depth zonations into two major categories, those where species are
restricted, or remain within one zone, and into combined zones where species are known to
migrate between various zones. Restricted Zones: are those that fall within: E: Epipelagic [0 -
200m] range of 200m, M: Mesopelagic [200 - 1,000m] range of 800m, and B: Bathypelagic
[1,000 — 4,000m] range of 3,000m. Combined Zones: are those that travel between zones: EM:
Epi-Meso [0 — 1,000m] range of 1,000m, MB: Meso-Bathy [200 — 4,000m] range of 3,800m, and
EMB: Epi-Meso-Bathy [0 — 4,000m] range of 4,000m.

There is only one species of extant chondrichthyan known to be able to reach the Abyssal
region, Rajella bigelowi from the depths of 625 - 4156m. Because it is a single taxon, we have

grouped it with the other MB species for the analyses.
Body Size (BS)

An animal’s body size correlates strongly with many physiological, ecological, and life-
history traits (McMahon and Bonner 1983; McKinney and McNamara 1990; West et al. 1997).
Body size can have an important influence on the organization of ecological communities and
assemblages (Lawton 1990), therefore we categorized species based on their maximum length.
Body size for all taxa was pulled from Weigmann (2016), then categorized by max body size,
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total length or wingspan; as follows: 1) Small, size is <.3m (n= 103), 2) Medium, size is

between .3m - 3m (n=1,035), 3) Large, size is from 3m - 30m (n=50).
Reproductive Mode (RM)

1) Oviparous (Ovi) is when the fertilized embryo plus its yolk are encapsulated within an egg
and then deposited into the environment where it will develop, then hatch, here “Egg laying” (n=
526). The following reproductive methods all happen via live-birth where the young are
delivered by the mother: 2) Lecithotrophy (Yol) is when the embryos are supplied with “Yolk-
only” (n=257), 3) Histotrophy (His) embryos are supplemented throughout development from
yolk supplies, plus maternal lipid secretions, known as “Uterine milk” (n= 280), 4) Oophagy
(Oop) is when embryos are supplied with yolk to develop, and additional ova (unfertilized eggs)
to ingest, known as egg eating (n= 13), 5) Adelphophagy & Oophagy (Aop) egg-eating +
cannibalism of additional developing embryos in utero, or siblings that have not fully developed
and died (n= 3), 6) Oophagy & Histotrophy (Ohi) egg-eating + uterine milk (n=5), and lastly, 7)
Placental (Pla) where mothers form a placental connection and directly exchange nutrients with
the embryo, who is still supplied with yolk (n= 104).

Reproductive modes were pulled from Dulvy and Reynolds (1997), Kyne and Bennett
(2002), McEachran and Aschliman (2004), Hamlett (2005), Musick and Ellis (2005), Castro
(2013), Rocha and Gadig (2013), and (Burgos-Vazquez et al. 2017). Reproductive rank order
follows increasing amount of energetic maternal investment and anatomical modifications
occurring to the maternal uterus in order to produce offspring; similar to the order in Dulvy and
Reynolds (1997). But, here we have consolidated their reproductive scheme to focus on the final
output of the reproductive process, i.e. egg-laying here exemplifies specimens that deposit egg
cases onto the seafloor, where the embryos then develop for an extended period of time before
hatching. Moreover, we have collapsed their numbering scheme of 2 & 3 into one output, now
number 2 being lecithotrophic viviparity: where embryos solely feed off of yolk throughout
development, and mothers give birth to full-grown precocial young. See Dulvy & Reynolds
(1997) and Supplemental Table 1 for further descriptions of reproductive classifications.

This scheme better allows us to make inferences into extinct taxa with regards to fossils,
whether it be egg-cases or full-body preserved taxa with reproductive features (Long et al. 2008).

This scheme will allow us to place extinct taxa into the hypothetical ecospace and compare them
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to the extant taxa we see today, allowing us to make further inferences about the evolutionary

ecology and life-history traits that have persisted or disappeared throughout time.
Locomotor Mode (LM)

1) Anguilliform (Ang) swimming is when the entire trunk and tail participate in lateral
undulations where more than one wave is present (n= 248), 2) Carangiform (Car) swimming is
when undulations, of the axial skeleton (in this case their tail), are mostly confined to the
posterior half of the body with less than one wave present (n= 228), 3) Thunniform (Thu)
swimming is when only the tail and caudal peduncle undulate; a distinguishing feature of fast
swimming lamniforms (n= 16), 4) Anguilliform + Undulatory (Aun) swimming is the continuous
lateral undulations of the axial skeleton, plus undulating of pectoral fins (n= 131), 5) Undulatory
(Und) swimming is having more than one wave present on the pectoral fins at a time (n= 161), 6)
Oscillatory + Undulatory (Osu) swimming is when the pectoral fins have 0.5-1 wave present at
any time (n=61), 7) Oscillatory (Osc) swimming is when the pectoral fins move up and down
with less than half a wave on the fins (n= 41), 8) Undulatory + Punting (Upu) is when the pelvic
fins are planted into the substrate and then retracted caudally, which thrusts the body forward,
plus undulating of pectoral fins (n= 285), and lastly, 9) Walking + Anguilliform (Wan) is when
synchronous pectoral and pelvic fins alternate diagonally to ‘walk’ along the substrate, plus
anguilliform/axial swimming (explained above, n= 17).

Swimming mode for taxa was pulled from Pridmore (1994), Webb (1994), Goto et al. (1999),
Rosenberger (2001), Koester and Spirito (2003), Maia et al. (2012, and references within), Allen
et al. (2016), Travis (2020). Here we’ve broken down the distinct swimming or locomotor modes
for all Classes and most Orders. Due to the lack of kinematic data for many species, swimming
mode here has been generalized to the Order level. While there has been a distinction in the
literature of carangiform swimming to sub-carangiform swimming mode, there are not enough
kinematic studies to differentiate them on this great a scale. Therefore, we have considered any
species or orders in the literature that fall within either of those two categories to be carangiform
swimmers for the analyses done here.

Similar to the rank ordering of the maternal investment, here we consider the mechanical and
physiological investments needed for the animal to navigate through its different environments.

Starting with axial motions, or a singular plane of movement, we then move onto axial +
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undulatory movement which goes from body caudal movements to now employing a secondary
plane, being the pectoral fins. This progression transitions to a more modified mode of
swimming seen in rays, where they propel themselves via only their pectoral fins. We then have
pectoral fin based swimming coupled with the pushing off/activation of the pelvic fins, found in
skates. Finally, we have a single family of sharks (Hemiscylliidae) that are known to employ
axial swimming when submerged, but are also known to employ synchronous switching of the
pectoral and pelvic fins to walk through the subtidal coral environments off the Australian coast

where they’re found.
Trophic Level (TL)

The trophic level, for all available 1,089 species, was pulled and calculated from FishBase
using the dietr package in R, following the FishBasePreyVals & FoodTroph functions. dietr
provides trophic levels from the conglomerate datasets, composed of diet data and prey trophic
level data (Borstein 2020).

For species with unknown TL’s, where FishBase and dietr couldn’t calculate the TL, we
imposed two TL values. If there was more than 1 species within the Genus with a dietr TL, we 1)
copied the TL of the species with the highest prey sample, in order to minimize skew from prey
abundance, and 2) the average dietr TL, across the available species within Genus, was taken and
applied to the unknown specimens, in order to avoid inconsistent prey biases. These steps were
completed for 633 species, across 109 Genera. Similar to the categorization of rank order used
with BS, LM, and RM, for TL, we used the rank category from the dietr value or our average
value imposed from the related species within a genera. For the ranking, raw trophic levels were
rounded up to the trophic categories of 3: secondary consumers, 4: tertiary consumers, 5: apex
predators. For example, the great white shark (Carcharodon carcharias) TL = 4.7, and rank = 5.

Biogeographical Distribution of Chondrichthyans.

Geographic distributions from the 10 major ocean areas and the subsequent combinations of
those areas were used to visualize the majority of extant species. In fig. 1, 30 distinct locations
are shown, out of the 127 total aquatic combinations, following NOAA, IHO (1953) and
Weigmann (2016). The labeling of aquatic areas here follows the third edition of the Limits of

Oceans and Seas (IHO, 1953). The 10 major ocean areas include the Western Indian Ocean
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(WI10), Eastern Indian Ocean (EIO), South West Pacific Ocean (SWP), North West Pacific
(NWP), North East Pacific (NEP), South East Pacific (SEP), South West Atlantic Ocean (SWA),
North West Atlantic (NWA), North East Atlantic including the Mediterranean and Black Seas
(NEA) and South East Atlantic (SEA).

Using aquatic area and species richness from our meta-dataset we were able to visualize
these geographical distributions in fig. 1 by using the following R packages: dplyr, ggplot2,
ggmap, ggspatial, ggthemes, mapdata, mapproj, maps, marmap, MASS, vegan (R Core Team
2020; RStudio Team 2020).

Body Size by Depth

Max body size and depth range data were taken for 1,151 of the 1,188 species from
Weigmann (2016). A handful of unknown depth ranges for rays were supplemented from Last et
al. (2016). Body size (BS) of each species was characterized as being 1) small, 2) medium, or 3)
large. The total number of species (or species richness) for each body size was then categorized
by depth zone. The BS breakdown for the 6 depth zones were visualized using the Doughnut plot
in Excel, where the ring width of each plot represents the total % of chondrichthyans found in
that zone. The BS data was standardized, dividing the total number of species of each size within
a depth zone by the total number of species that have depth data (1,151 sp.), this allowed us to
change the scale of the plots without altering the information conveyed to the viewer. The 6 plots
were then combined into two main plots, and adjusted in InkScape to create fig. 2. The 3 zones
grouped into the left-side plot are those with species that are Stenobathic or having a small depth
range which they are able to live, those being the Epipelagic, Mesopelagic, and those two regions
combined (EM); and the right-side plot being the more Eurybathic zones where species are able
to live and move through a greater depth of water, being the Bathypelagic, Meso-Bathypelagic,
and those three regions combined (EMB).

To test if Bergmann’s Rule applies to chondrichthyans we compared body size to both

latitudinal zone and depth zone we ran multiple ANOVA’s and Tukey tests (Table S1).
Species Richness by Depth

Species richness for each depth zone in fig. 3 was visualized using the 100% stacked column

plot in Excel. Where each band represents the number of Orders present and band length is the
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percentage of species within the Order. A visual of the community structuring throughout the
depths, with an increasing depth range along the Stenobathic-Eurybathic continuum, zone order
being: E, M, EM, B, MB, EMB.

Reproductive Phylogeny of Modern Chondrichthyans

We used the Stein et al. (2018) phylogeny consisting of 1,192 chondrichthyans, 10,000 fully
resolved trees with 10 fossil calibration scenarios “10.cal.tree.nex”, downloaded via
http://vertlife.org/sharktree/downloads/. We then dropped the missing tips between our dataset
and the Stein et al. (2018) 10.cal.tree phylogenies and then combined our character trait datasets
with those trees. These data were then run through the make.simmap function for 1,000
simulations to create the stochastic character maps. Additionally, we chose the 95% confidence
consensus tree to map the ancestral state reconstructions, via the ace function, onto our chosen
topology. The final simmap trait tree was chosen to visualize the state changes over
chondrichthyan history, with precedence given to the deep nodes, branch lengths, and order of
major classes. We recognize that species-specific relations may be considerably plastic across
this abundance of trees, but the major general trends hold true, and for this manuscript are our
focus.

Further, it's worth noting that the conditions and simulations are solely considering modern
extant species of chondrichthyans. We are interpreting modern chondrichthyans, sans outgroup,
as the reproductive history for the closest sister group (Acanthodians) is seemingly non-existent
in the fossil record. To test for phylogenetic signal of reproductive modes, across modern
chondrichthyans, we used two packages (phylosig and phyloSignal) to analyze and compare
results between the K and Lambda methods under a Brownian Motion model. R packages for
ancestral states and to create fig. 4 include: ape, caper, geiger, nime, mvtnorm, phangorn,
phytools, tidyverse (R Core Team 2020; RStudio Team 2020).

Reproductive Mode by Depth

The proportion of reproductive modes that are present in each depth zone was visualized in R
using a waterfall chart. The R packages used to create the waterfall chart in fig. 5 were dplyr and
ggplot2 (R Core Team 2020; RStudio Team 2020). Where each band represents the reproductive
mode(s) found within a depth category, and the length of each band is the percentage of species

17



that exhibit that specific mode. The total bar length indicates the range in meters for each depth

category.
Ecospace + Ecological Disparity

Three general factors are generally used when assigning species to assemblages/guilds: food
source (diet), space utilization (locomotion), and bauplan (size). The bauplan of an organism
includes all aspects of its physiology, reproductive strategy, growth, and other such intrinsic
features that influence the presence or success of the organism in the habitat of the community
(Bambach 1983; Bush et al. 2007). But because chondrichthyans exhibit the most variation in
reproductive modes of all vertebrates, we have incorporated this variable as a category for

ecospace visualization.

Following Bambach (1983; Bambach et al. 2007) who formulated the ecospace method, and
Chen et al. (2019) who re-envisioned fossil mammals using this 3D space and framework, we
used similar methods to revamp how extant chondrichthyans are analyzed. Eco-physiological
parameters (body size, reproductive mode, and locomotor mode) were used to form a three-
dimensional theoretical ecospace of 189 ecological-parameter-value combinations (~“niches,” or
eco-cells, sensu Chen et al. 2019; with 3 body-size ranks x 7 reproductive mode ranks x 9
locomotor ranks). The R packages used to create fig. 6 and 7,were rgl and scatter3d; using the
type = "p" and “h” separately to get the vertical lines to correspond to the symbols, as to create a
“lollipop” effect for viewing the 3D space (R Core Team 2020; RStudio Team 2020), illustrator
was then used to align and clean up the overlaid ecospace images for each depth zone and
latitude group (see Supplemental figures 3 and 4).

Using these parameters, we can quantify the magnitude of the filled ecospace of each
community using two indices: ecological richness (ERich) and ecological disparity (EDisp).
Ecological richness measures the number of eco-cells occupied by a community in the
theoretical ecospace. ERich is expected to be highly correlated with species richness: the higher
the number of species, the higher the ERich in a community. Ecological disparity is how
morphologically different species in the same ecosystem are from each other and measures the
magnitude of ecological differences among species in a given ecospace. Following Chen et al.

(2019) and Dr. Meng Chen’s code, found here https://github.com/biomchen/mammal-community

18



we were able to calculate these indices. EDisp is calculated as the mean pairwise distance of all

species pairs in the same community. The calculation for one pair of species (i, j) is:
EDisp(i,j) =|BSi—BSj|+|LMi-LMj|+|RMi-RM;j|

where BS is the Body Size rank, RM is the Reproductive Mode rank, and LM is the Locomotor
Mode rank for species i and j. Example: EDisp(i, j) =|2-3|+|2-8|+|3-3|=7

We compared the EDisp for all species and communities, using both BS and LM, then the
third factor was RM: BS + LM + RM. Because RM may fall more within the physiological
realm, we ran a separate analysis of EDisp, RM was replaced with the Trophic Level (TL): BS +
LM + TL. This was done to simulate a more traditional ecological scheme where diet preference,

such as herbivore vs. carnivore, is taken into account.

Results
Biogeographical Diversity of Chondrichthyans

These fishes have thrived for hundreds of millions of years, in varying environments, thus it
might come as no surprise that they are widely geographically distributed. And similar to
Weigmann (2016) and Stein et al. (2018), we find that some bodies of water do exhibit a higher
species richness than others. In fig. 1, we show 30 distinct locations out of the 127 total
combinations, found in Weigmann 2016; while these locations make up 24% of the known
biogeography of chondrichthyans, they account for 78% of all chondrichthyans or 932 species.
There are certain distinct locations that exhibit hot spots; we find that most hot spots are larger,
or have more species, in endemic regions, versus in cosmopolitan regions.

Endemic Regions: The largest hotspot is the North West Pacific (NWP) Ocean with 128
endemic species. The second largest hotspot is found in the West Pacific, being the South West
Pacific (SWP) with 120 species. The Western Indian Ocean (WIQO) hosts 86 species, and the
Eastern Indian Ocean (EIO) has 74. The North West Atlantic (NWA) has 78, and the South West
Atlantic (SWA) has 34. The North East Pacific (NEP) has 29, and the South East Pacific (SEP)
has 32. The North East Atlantic (NEA) has 35, while the South East Atlantic (SEA) has only 2

endemic species.
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Cosmopolitan Regions: The largest hotspot of cosmopolitan regions is the EIO+SWP region
southwest of Australia, with 68 species. The NEP+SEP region is the only cosmopolitan region
that outcompetes its endemic sister regions, with 42 species present. We primarily find this due
to the high rates of latitudinal migrations of these species. The SEA+WIO region south of Cape
Town, South Africa has many more species than its sister SEA region, with 34 species.

When comparing the “Polar” and “Equatorial” groups of species (Table S1), we found no
significant difference (p = 0.0593729) between them, indicating that maximum body length is
not biased towards increasing latitudinal zones or decreasing temperatures. Therefore,

chondrichthyans do not follow Bergmann’s Rule.

Body Size & Species Richness by Depth

Partitioning species maximum body size by depth allowed us to identify and quantify
patterns found across chondrichthyans. In fig. 2 we visualize the major trends in chondrichthyan
body size with relation to the depth at which they’re found. Interestingly, we find that the
Mesopelagic, Meso-Bathypelagic, and Bathypelagic zones do not exhibit the large body size
class. In other words, all chondrichthyans that live below 200 meters are under 3 meters
long/wide.

Stenobathic Zones: The Epipelagic (E) ring width represents 34% of all Chondrichthyans.
The 434 species restricted to the top zone exhibit all body size categories; Max length is the
Longcomb sawfish (Pristis zijsron) at 730cm. The Mesopelagic (M) ring width represents 15%
of all Chondrichthyans. The 187 species restricted to the middle zone do not exhibit large body
sizes; Max length is the Japanese velvet dogfish (Scymnodon ichiharai) at 151cm. The Epi-Meso
(EM) ring width represents 22% of all Chondrichthyans. The 285 species that can swim through
the top two zones exhibit all body sizes; Max length is the Giant oceanic manta ray (Mobula
birostris) at 700cm.

Eurybathic Zones: The Bathypelagic (B) ring width represents 2% of all Chondrichthyans.
The 21 species restricted to the deep do not exhibit large body sizes. Max length and the deepest
swimming species is the Pallid skate (Bathyraja pallida) at 162cm and 3,280m, respectively. The
Meso-Bathypelagic (MB) ring width represents 10% of all Chondrichthyans. The 123 species
that can swim through the bottom zones do not exhibit large body sizes; Maximum length is the
Pacific white skate (Bathyraja spinosissima) at 203cm. The Epi-Meso-Bathypelagic (EMB) ring
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width represents 8% of all Chondrichthyans. The 101 species that can swim throughout all zones
exhibit all body sizes; Maximum length is the Whale shark (Rhincodon typus) at 1,700cm, the
deepest swimming species being the Cookiecutter shark (Isistius brasiliensis) to 3,700m.

When comparing body size across the 6 depth zones via ANOVA we found a significant
difference (p = 1.47e-15), indicating that body sizes do vary between species across the depths,
but not that body sizes increase as depths increase. Upon further inspection, the Tukey test
indicated that the only depth combinations that did show significant differences between each
other were Meso:Epi p = 0.0000004, EMB:Epi p = 0.0000047, Epi-Meso:Meso p = 0.0000000,
EMB:Meso p = 0.0000000, MesoBathy:Meso p = 0.0010229, EMB:Epi-Meso p = 0.0007405,
and MesoBathy:EMB p = 0.0003163. Overall, chondrichthyans do not follow Bergmann’s Rule,
where increasing depth is an indicator for decreasing temperature.

Species Richness & Community Structuring Throughout the Depths

The distribution of extant species with respect to specific depth zonation’s they inhabit are
visualized in fig. 3 using a stacked barplot. This shows the community structuring throughout the
depths, as it has zones in order of increasing depth range along the Stenobathic-Eurybathic
continuum: E, M, EM, B, MB, EMB. Where N= species richness for each zone. The highest
species richness is found in the upper 0-200 meters of the photic zone with 434 species, and is
heavily dominated by the myliobatiform rays. The next most speciose zone is the EM zone from
0-1000m with 285 species, followed by the Mesopelagic or 200-1000m zone with 187 species.
The first 1000 meters of aquatic environments contain 79% of all chondrichthyans for which we
have depth data. Aside from species richness trends, we can see clear trends in Order coverage
throughout the various zones. The predominant ones being: there are no Chimaeriformes that
solely inhabit the top 200 meters, but they’re found in increasing abundance with depth.
Similarly, while skates are present in the Epipelagic, they increase in abundance with depth and
make up the majority of species found from 1000-3000 meters. Lastly, the Carcharhiniformes
have been highly successful in conquering all depth zones, as they’re found relatively ubiquitous

in number in each zone.

Phylogenetic Distribution of Locomotor and Reproductive Modes
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When considering the ancestral states of locomotor mode across modern chondrichthyans,
we found that across the 1000 stochastic character maps, we find an average of 15.825

transitions between locomotor modes. The percentage of time spent in each state, from longest to

shortest period: Anguilliform (22.44%) =» Carangiform (19.58%) =» Undulatory + Punting
(15.27%) -» Anguilliform + Undulatory (14.92%) =» Undulatory (13.05) = Undulatory +
Oscillatory (7.12%) =» Oscillatory (3.554%) =» Thunniform (2.904%) —» Walking +

Anguilliform (1.158%). Of these transitions the highest occurring were from Anguilliform
(Ang) to Carangiform (Car) 4.279 times, from Anguilliform + Undulatory (Aun) to Undulatory
(Und) 1.962 times, and from Undulatory (Und) to Undulatory + Oscillatory (Osu) 1.887 times
(see Table S1). The most basal node of modern chondrichthyans was reconstructed as Ang being
41%, Osu = 36.9%, Car =18.5%, Upu = 11% the stochastic character reconstructions, reflecting
the older Orders and their locomotor mode, Chimaeras (Osu), Selachi (Ang), and the batoids:
Skates (Upu) and Rays (Aun); see Figure S1.

While we did not include extinct taxa as outgroups, many who were viviparous, our
simulations of the reproductive traits support viviparity via yolk to being ~25% of the total
reproductive modes possible on the most basal chondrichthyans node. This is the major
difference between the original Dulvy and Reynolds (1997) paper that found oviparity
ancestrally, going all the way back to agnathans.

Across the 1000 stochastic character maps, we find an average of 23.36 transitions between

reproductive modes. The percentage of time spent in each state, from longest to shortest period:

Oviparity (37.72%) =» Yolk-only (27.36%) =» Uterine Milk (23.56%) =» Placental (7.920%) —»>

Oophagy (2.697) = Oophagy + Uterine Milk (0.5519%) = Oophagy + Adelphophagy
(0.191%). Of these transitions, 7.4 are from Oviparous to Yolk-only Viviparity and 0.998 rate of

transitions vice versa (see Figure S2), indicating that the majority of transitions have occurred
between these two reproductive modes throughout modern chondrichthyan history. The most
basal node of modern chondrichthyans was reconstructed as Oviparity being 75% and Yolk-only
being 25% of the stochastic character reconstructions, indicating that while oviparity is still the
predominantly predicted reproductive mode near the base of the chondrichthyan tree, viviparity

should not be counted out.
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Phylogenetic signal of reproductive mode via K method equates to 2.76545, which
corresponds to Blomberg’s K, a Brownian motion model where there is more “phylogenetic
signal” than expected under BM. Similarly, Lambda = 0.999934/1.012448 corresponds to a
Brownian motion model; and all analyses exhibit significant p-values indicating that

reproductive modes of close relatives are more similar than random pairs of species.
Species Reproductive Mode by Depth

Previous studies broadly define “deepwater” species as those at depths > 200 meters (Righy
2015; Treberg and Speers-Roesch 2016); they miss the major trends we were able to distinguish
by parsing out the life-history traits of chondrichthyans by each specific depth zone. Each band
represents the reproductive mode(s) found within a depth category, and the length of each band
is the percentage of species that exhibit that specific mode; the total bar length indicates how
many meters are contained within each depth range. In the top photic zones or the zone to the
right where species are known to travel throughout all zones, we see multiple modes, or almost
all modes of reproduction present, while the only one we see utilized in those restricted to the
deepest zone is egg-laying. All species inhabiting the Bathypelagic or 1000-4000 meters are
solely egg-layers. These data reflect physiological restraints of reproductive modes in the deep

for cartilaginous species living today.
Ecospace of All Chondrichthyans + Ecological Disparity

We visualized the entire meta-dataset using a 3D projection of ecospace of 189 eco-cells. Of
the 189 theoretical eco-cells, 39 of them are filled which amounts to 23% of all possible life-
history trait combinations or niches across the globe and throughout the depths of all available
aquatic systems. This is the ecospace occupation of Chondrichthyes across all depth zones, with
body size, reproductive mode, and swimming mode serving as the main axes on the left, we have
the different levels which follow various modes of locomotion, and a representative taxon to
visualize body shape.

We can see that sharks come in all body sizes and exhibit most of the reproductive modes, as
they cover the bottom region of this ecospace. Sharks evolved all reproductive modes but only
swim using few variations of axial locomotion, this may be due to their fast paced life, compared

to that of batoids and chimaeras, or may be purely phylogenetically driven. Either way the
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Galeomorphii sharks sustain all seven different reproductive modes while only swimming via
anguilliform, carangiform, thunniform, and walking. In contrast, Batoids are more diverse in the
appendages used to propel themselves, having various pectoral fin morphologies and amplitudes
and some using their pelvic fins to punt along the bottom; but batoids more constrained when it
comes to reproductive modes. The chimaeras are even more constrained to only a few options on
all three axes, being two body sizes, one swimming category, and one reproductive mode. The
ecospace for all depth zonation’s and latitude groups are featured in the supplemental figures S3
and S4, respectively.

Ecological disparity (EDisp) within each depth zone, for both treatments, are listed here
in decreasing order, where the first zones have the highest magnitude of ecological differences or
the greatest morpho-physio-functional variation between the species in each zone. The Epi-
Mesopelagic zone has 285 species and is the host to the highest ecological disparity with 2.39
(RM) and 2.02 (TL). The EDisp of the Mesopelagic is a close second with 187 species and 2.07
(RM) and 2.23 (TL). While the Epipelagic has the highest species richness with 434 species, it is
not the highest region with respect to morphological variation for both ecological disparity
schemes, coming out to 1.92 (RM) and 1.54 (TL). Next, is the Epi-Meso-Bathypelagic zone
which hosts 101 species capable of spanning all 3 zones, with EDisp values of 1.83 (RM) and
1.57 (TL). The Meso-Bathypelagic has 123 species and EDisp values of 1.52 (RM) and 1.58
(TL). The Bathypelagic has the lowest species richness with 21 species, in addition to the least
ecological disparity when considering both the comparisons of the more physiological basis (BS,
LM, RM) being 0.78 and the more ecological combination (BS, LM, TL) at 1.01.

Bathypelagic Ecospace

In the deepest zone there are three groups, the chimaeras, catsharks, and skates, each of
which utilizes a different mode of swimming. Although differing in phylogeny and morphology,
all deep sea species share similar body sizes, in that all species that inhabit the deepest zone are
under 3 meters and all lay eggs. The eggs themselves have distinct morphologies but share a
similar function of having to persist in the depths long enough to be able hatch and be self-

sufficient.
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Discussion

All of the 21 species of cartilaginous fishes that live exclusively in the deep-sea, lay eggs - it
seems a requirement for living in this hostile environment. Egg-laying arose independently three
times in deep-sea chondrichthyans; spanning each major superorder: the chimaeras, sharks, and
skates. Life-history strategies are generally shaped by the allocation of available energy for
survival and reproduction (Roff 1994). An advantage of egg-laying over live-bearing in the deep
is that the mother need only provide a pair of ova, with no additional maternal investment. The
ova can be provisioned as resources are located, and a temporary lean time simply slows yolk
production (Gilmore et al. 2005). When food is plentiful again the yolking up process can
continue until there is enough to provision and encapsulate the fertilized eggs. In contrast, live-
bearing requires continuously supporting the developing embryo, and a food shortage must be
made up for with maternal stores or diapause; and too long a diapause can result in embryo death
(Lessa 1982; Simpfendorfer 1992; Morris 1999; Waltrick et al. 2012). Chondrichthyans
opportunistically store sperm for months to years (Castro et al. 1988; Storrie et al. 2008). This is
an advantage, especially in the deep-sea where mates are rarely encountered (Moura et al. 2011,
Finucci et al. 2017). Sperm storage decouples the timing between mating and ovulation (Storrie
et al. 2008; Holt and Lloyd 2010; Awruch 2013; Dutilloy and Dunn 2020). We propose that egg-
laying works well when food resources are patchy, mating is unpredictable, and the potential for
higher reproductive output can stave off extinction (Garcia et al. 2008; Simpfendorfer and Kyne
2009).

At deeper depths and higher latitudes, the water is colder; so our dataset represents two
opportunities, albeit somewhat confounded, for testing whether cartilaginous fishes follow
Bergmann’s rule: that bigger organisms are found in colder climates. The deep-sea is rife with
gigantism in the invertebrate world, from giant squid, to giant, and even supergiant isopods. As
for poleward body size increase, there are the iconic examples from tetrapods (Bergmann 1847),
and in a diversity of marine organisms, including squid (Rosa et al. 2012), fiddler crabs (Johnson
et al. 2019), echinoderms (Dahm 1996), many gastropods and some bivalves. However, for
cartilaginous fishes, Bergmann’s rule does not apply - there is no increase in size with latitude,

and there is a decrease in size with depth. Those species confined to deeper water are smaller
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than average, with a maximum length of 1.6m. Though several of the largest species, the
planktivorous Whale Shark, Basking Shark, and Manta Ray, are found in temperate and tropical
waters they are not biasing against an underlying relationship - when these large outliers are
removed there is still no latitudinal increase in length. Furthermore, while these ocean giants are
capable of covering all depth zones, they only dive deep for short periods to feed. These large

species are incapable of rolling in the deep.

We have no comprehensive explanation for the differences between other ectotherms that
show a size increase with decreasing temperature and cartilaginous fishes that do not. In both
groups there are deep species that mature later than shallow water species (Wourms 1977; Garcia
et al. 2008; Rosa and Seibel 2010). This leads to a longer period where all food resources are
converted into becoming a larger animal rather than split between growth and reproduction. In
neither case is large size being driven by a thermal surface area to volume ratio effect, as they are
ectothermic. With large size comes a lower mass specific metabolic rate, which should favor
larger size in nutrient poor depths, and while that may be driving gigantism in some
invertebrates, it is not governing the cartilaginous fishes. Our only explanation harkens back to
our observation that for cartilaginous fishes, egg-laying is required for continuous habitation.
Each of the three lineages found at depth first evolved in shallow water as egg-laying clades
(Haedrich 1996; Siverson and Cappetta 2001; McEachran and Aschliman 2004; Priede et al.
2020). The chimeras, skates, and catsharks share another quality -- they are all small bodied (less
than 1.6m in size). We know of no causal link between these facts, but it is clear that all three
lineages carried their small size into the deep-sea - it is possible that this is a phylogenetic

artefact rather than a physiological or ecological one.

Our analysis of chondrichthyan presence by depth did not include the abyssal zone (>4000m)
because sharks, rays and chimeras are all but absent from this habitat. We propose the abyss is a
forbidden zone for life-history reasons. Abyssal invertebrates and bony fishes are R-selected
strategists that produce hundreds to thousands of buoyant eggs. In contrast, although egg-laying
chondrichthyans out reproduce their live-bearing and ovoviviparous kin (Ebert and Davis 2007;
Simpfendorfer and Kyne 2009), they still have a low intrinsic rate of increase. Chondrichthyans
lay two eggs at a time, and they take some care to deposit these in places that will maximize the

likelihood of hatching. Contrary to deep-sea bony fishes that produce buoyant eggs, egg-laying
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chondrichthyan species deposit their embryo into a capsule, which remains stationary throughout
development, a period of months to years (Wourms 1977; Ebert and Winton 2010; Hoff 2008).
The deeper the species lives, or deposits eggs, the less oxygen the embryos secure and the more
inhospitable the environmental temperatures become. These two factors greatly exacerbate the
developmental timing of embryos. One stratagem employed by the Pacific white skate
(Bathyraja spinosissima) is to deposit their eggs near hydrothermal vents in order to incubate the
embryos and speed up the developmental process, which still takes years (Salinas-de-Ledn et al.
2018). The abyssal ocean is unstable with variable and high speed currents, sediment falls,
seismically driven rearrangement of the bottom, and fluctuation in suspended particles (Thistle et
al. 1985; Aller 1989; Aller and Stupakoff 1996; Deflandre et al. 2002). None of these are
conducive to hatching success in species with years-long development times in egg capsules
fixed to the substrate.

Alternatively, or in addition, physiological constraints could keep cartilaginous fishes from
the deepest sea. They maintain neutral buoyancy with oils in the liver, and these are dietarily
expensive to maintain, perhaps too expensive for the food limited abyss. Also, cartilaginous
fishes require a good deal of dietary nitrogen because they osmoregulate with a combination of
urea and Trimethylamine N-oxide (TMAO, Priede et al. 2006; Treberg and Speers-Roesch
2016). All marine fishes lose nitrogen through the gills, so it must be replenished, but for
cartilaginous fishes the problem is more extreme because they lose nitrogen dense molecules that
may not be replaceable in the abyss. Lastly, it has been argued that TMAO itself is toxic at very
high pressures, but since bony fishes survive with concentrations higher than those of sharks,
rays and chimeras (Priede 2006; Treberg and Speers-Roesch 2016; Priede et al. 2021), this is not

a likely explanation for the lack of cartilaginous fishes in the abyssal deeps.

Characterizing the ecospaces of modern chondrichthyans has allowed us to parse out what
traits have evolved, and more importantly what traits haven’t evolved (or were lost). For
instance, thunniform and oscillatory locomotor modes are found in the upper pelagic zone (0-
1000m), although they are sometimes used to invade deeper waters for brief feeding bouts
(Gleiss et al. 2011; Coffey et al. 2020; Vedor et al. 2021). So either there is a
biomechanical/physiological explanation for their absence in the deep sea, or as in small, deep

cartilaginous fishes, the explanation lies in phylogeny. Or, consider the wide range of locomotor

27



modes employed by cartilaginous fishes that migrate through all three depth zones - every mode
save undulation and walking. Our data suggest that undulation is not conducive, either
energetically or hydrodynamically, to sustained vertical dives from the surface into the deep. In
this case the biomechanical explanation appears likely, as undulatory rays have a circular body
shape, a whip-like tail, and propel themselves exclusively with the margin of the disk. Adding in
the tail as a propulsor allows the similarly shaped electric rays, which use anguilliform +
undulatory swimming, to occupy the entire water column. Electric rays have been observed to
pitch their rostrum down, or nosedive, in a steep, fast descent as their large caudal fin acts as a

motor.

We address whether the ecospace trends we see in extant cartilaginous fishes apply to what
we know of the fossil record. Do fossils reveal a different set of constraints and opportunities, or
do they fall within the scope of Recent fishes? It is difficult to assess the ecospace parameters we
selected without good skeletal material, which is rare in the fossil record. But there are some
entire or partially articulated skeletons that allow us to dive through deep time to better
understand what the world was like when the majority of life was aquatic. In some cases the
fossil record reveals clades of chondrichthyans that occupied different ecospaces than they do
now. For example, the Jurassic chimaeroid Squaloraja (Dean 1895), has guitarfish-like pectoral
fins, rather than the flexible flapping fins of modern species. The flattened body plan and
exaggerated cranial/rostral morphology, alter the fluid dynamics of this specimen compared to
their modern streamlined counterparts. An elongate triangular body plan tends to be more
energetically efficient with pectoral fin based steering and anguilliform caudal fin propulsion,
similar to today’s guitarfishes. A Mississippian chimaerid, Chondrenchelys (Lund 1982), was
very eel-like in morphology, with a long tapered body to caudal fin implying anguilliform
swimming -- another locomotor niche not seen in chimaeras today. Similar patterns of ecospace
expansion relative to Recent clades is seen in reproduction, feeding, and locomotor morphology

(see supplemental figure S5).

There are examples of entirely new ecospaces occupied by extinct forms; for example the
Xenacanthine and Hybodontid sharks, both Carboniferous lineages, were found exclusively in
freshwater. There are no extant, obligate freshwater species of shark, so this would be a new

ecospace niche. In addition to the environmental niche these taxa filled, they included
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morphological roles not found today; some possessed a diphycercal caudal fin or leaf-shaped tail,
similar to the modern Chimaeridae, a character non-existent in modern sharks. Another extinct
example, the hybodont Onychoselache’s tail was straight and tapered, unlike the heterocercal
tails in all modern sharks. This taxon is thought to represent an early elasmobranch body plan in
which the paired fins and girdles were adapted for station holding and, perhaps, submerged
walking (Coates et al. 2007). These theories of morphology have been supported by Soler-Gijon
et al. (2001) where a morpho-functional analysis of the fossil traces point to the anguilliform
locomotor mode of Xenacanthine sharks.

The fossil record provides us with many examples of extinct stem-chondrichthyan
reproductive modes that are no longer found today, many of which were viviparous. For
instance, although all modern Holocephalans are oviparous, fossil evidence supports multiple
other reproductive modes, in addition to egg-laying seen in Crookallia (Helodontidae, Patterson
1965; Fischer et al. 2014). For instance, some Holocephalan species gave live-birth, as in
Delphyodontos dacriformes which were oophagic and potentially adelphophagic (Lund 1980),
while others like Harpagofututor volsellorhinus were histotrophic (Grogan and Lund 2011).
Despite excluding extinct outgroups, with distinct reproductive modes, from our ancestral states
reconstruction, the story of viviparity at the basal nodes of chondrichthyan reproductive
evolution is evident. It is important to note that although we didn't include these taxa in our
analyses, our results are more reflective of what the fossil record supports: there were many
extinct viviparous taxa that would now belong to egg-laying only clades, and also vice versa with
many extinct egg-laying sharks whose only living relatives are viviparous (see Figure S6. Kriwet
et al. 2009; Fischer et al. 2014). While it is still not conclusive as to whether the ancestral state
was oviparity or viviparity, this modern phylogeny has gotten us closer to the answer. We
currently find the reproductive likelihood of modern chondrichthyans to have stemmed from
egg-laying ancestors; but we note that with the addition of extinct taxa to this phylogeny the
percentage of viviparity being supported as the ancestral state in chondrichthyans would likely

dramatically increase.

Although we have a general understanding of vertebrate reproduction throughout time, the
key for making grand scale interpretations, with respect to chondrichthyans, lie in understanding

the acanthodians. Acanthodians are supported as sister to chondrichthyans (Woodward 1891,
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Brazeau 2009; Davis et al. 2012; Zhu et al. 2013; Burrow et al. 2016; Qiao et al. 2016; Zhu et al.
2016); therefore, they were internal fertilizers would shed new light on trends of vertebrate
evolution as a whole. It is assumed that internal fertilization was not a likely mode of
reproduction in acanthodians due to their large pelvic fin spines (Watson 1937; Maisey 1984;
Maisey et al. 2017; Johanson et al. 2019), coupled by the lack of fossilized embryos within any
adult female described thus far. Although this missing link delays a conclusion if this
paraphyletic stem group of chondrichthyans was oviparous, viviparous, or was an external
spawner similar to bony fishes (Zhu et al. 2013; Giles et al. 2015; Long et al. 2015; Coates et al.,
2017; Johanson et al. 2019).

We can refer to fossilized stem-gnathostomes, the placoderms, and their reproductive modes
to infer large scale trends across vertebrate evolution. Placoderms are the ancestral jawed and
paired finned vertebrates, and similar to chondrichthyans, some possessed clasper-like pelvic
structures used to facilitate internal fertilization (Long et al., 2015). Fossil placoderms and
prehistoric nursery site structures support placoderms as being both oviparous and viviparous
(Long et al. 2008; Long et al. 2009; Johanson et al. 2014; Olive 2016). The presence of both
yolk-sac viviparity and egg-case oviparity in placoderms and basal chondrichthyans suggests that
the derived and variable reproductive biology is actually a basal condition among gnathostomes
with both approaches representing early and successful strategies (Carr and Jackson 2018;
Bernard Mottequin et al. 2021). Overall, we find that the reproductive evolution of vertebrates is
less black and white than once proposed, and that further renditions and refinements of the
vertebrate tree of life will allow us to tease a part this notion of what came first, the chicken

(viviparity) or the egg (oviparity).
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Figure 1: Biogeographical diversity of Chondrichthyans. 30 distinct geographical locations,

932 species or 78% of all extant Chondrichthyans. The species richness is indicated by circle

size, where pink indicates species that are endemic to one aquatic area, and turquoise indicates

species that move between two regions or cosmopolitan (See online version for color). Bolded

locations are ones where species are endemic to an exclusive region, all other locations are

identified by the +, in which species move between specified locations. The + between two areas
indicates that species move between the two; when this symbol is horizontal between two labels

this means that species travel either East or West between them, and when it is vertical between

two labels it indicates that species travel either North or South between these areas.
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Stenobathic Eurybathic

Figure 2: Body size by depth zone. Abundance of each body size category per depth zone is
conveyed by ring proportion and the width of each plot represents the total % of chondrichthyans
found in that zone 1) Small, size is <.3m, 2) Medium, size is between .3m - 3m, 3) Large, size is
from 3m - 30m. Species that belong to Stenobathic are those that fall within: E: Epipelagic [0 -
200m], M: Mesopelagic [200 - 1,000m], and B: Bathypelagic [1,000 — 4,000m]. Those that are
Eurybathic fall within EM: Epi-Meso [0 — 1,000m], MB: Meso-Bathy [200 — 4,000m], and

EMB: Epi-Meso-Bathy [0 — 4,000m].
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Figure 4: Reproductive phylogeny of modern chondrichthyans. Ancestral state reconstructions
of reproductive modes across 1,181 species. 1) Oviparous, 2) Lecithotrophy, 3) Histotrophy, 4)
Oophagy, 5) Adelphophagy & Oophagy, 6) Oophagy & Histotrophy, 7) Placental. See online

version for color breakdown.
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extreme locomotor mode of the “walking” Epaulette sharks. See online version for color

breakdown.
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Figure S1: Locomotor phylogeny of modern chondrichthyans. Ancestral state reconstructions of
locomotor modes across 1,181 species. 1) Anguilliform, 2) Carangiform, 3) Thunniform, 4)
Anguilliform + Undulatory, 5) Undulatory, 6) Oscillatory + Undulatory, 7) Oscillatory, 8)
Undulatory + Punting, 9) Walking + Anguilliform.
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Across the 1,000 Trees, there have been 23.363 changes between states on average.
v

Mean total time spent in each state is:
1 (Ovi) 2 (Yol) 3 (His) 4 (Oop) 5 (Aop) 6 (Ohi) 7 (Pla)
Oviparity Yolk-only Histotroph  Qophagy Adelpho Oop + His  Placental

raw 13,796.1 10,093.5 8,537.1 990.1 69.24 204 2,911.5

proportion  0.3772 0.2736 0.2356 0.0270 0.0019 0.0055 0.0792

percent %  37.72 27.36 23.56 2.697 0.191 0.5519 7.920

Pla

Figure S2: Ancestral state reconstruction of reproductive modes across 1,000 simulations of
chondrichthyan evolution. Oviparity has the highest percentage of time spent in that reproductive
mode throughout time and has the most changes between states to yolk-only reproduction, the
second biggest state change from egg-laying is then to oophagy (a modified version of yolk-
only). The reproductive mode of Yolk-only has the second-highest percentage of time spent
throughout chondrichthyan evolution, with only a 10% difference from Oviparity, but as seen in
Figure 4 Yolk-only occurred more than expected (~25%) as a reproductive mode at the root node
of Chondrichthyes.
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Synopsis  Skates are a diverse group of dorso-ventrally compressed cartilaginous fish found primarily in high-latitude seas.
These slow-growing oviparous fish deposit their fertilized eggs into cases, which then rest on the seafloor. Developing skates
remain in their cases for 1-4 years after they are deposited, meaning the abiotic characteristics of the deposition sites, such
as current and substrate type, must interact with the capsule in a way to promote long residency. Egg cases are morpholog-
ically variable and can be identified to species. Both the gross morphology and the microstructures of the egg case interact
with substrate to determine how well a case stays in place on a current-swept seafloor. Our study investigated the egg case
hydrodynamics of eight North Pacific skate species to understand how their morphology affects their ability to stay in place.
We used a flume to measure maximum current velocity, or “break-away velocity,” each egg case could withstand before being
swept off the substrate and a tilt table to measure the coeflicient of static friction between each case and the substrate. We also
used the programing software R to calculate theoretical drag on the egg cases of each species. For all flume trials, we found the
morphology of egg cases and their orientation to flow to be significantly correlated with break-away velocity. In certain species,
the morphology of the egg case was correlated with flow rate required to dislodge a case from the substrate in addition to the
drag experienced in both the theoretical and flume experiments. These results effectively measure how well the egg cases of
different species remain stationary in a similar habitat. Parsing out attachment biases and discrepancies in flow regimes of egg
cases allows us to identify where we are likely to find other elusive species nursery sites. These results will aid predictive models
for locating new nursery habitats and protective policies for avoiding the destruction of these nursery sites.

Introduction they remain throughout embryonic development for a

Skates (Rajiformes) are the most speciose superorder of
all cartilaginous fish, comprised of roughly 280 species
(Ebert and Winton 2010; Chiquillo et al. 2014), yet a
great deal of their ecological preferences remain un-
known. All skates are slow-growing oviparous fish that
deposit their eggs in capsules onto the seafloor where

Advance Access publication July 4, 2022

period of 1-4 years, depending on species (Wourms
1977; Hoft 2008, 2009; Ebert and Winton 2010). Some
species in the North Pacific use nursery sites—locations
where adults gather to deposit eggs at densities any-
where from 500 to 800,500 eggs/km2 (Hoff 2008, 2010).
There are currently 26 known nursery sites for six
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species of skates in the eastern Bering Sea (Rooper et al.
2019). Maximum entropy models have shown that there
is a limited area of the upper continental slope where
conditions would likely support nursery areas (Rooper
et al. 2019), but most of these regions remain unex-
plored and unprotected. There are 16 species of skates
known to inhabit various geographical zones through-
out the eastern North Pacific, ranging from the Salish
Sea in northern Washington to the Gulf of Alaska, Aleu-
tian Islands, and Bering Sea (Stevenson et al. 2007).
Though egg cases are morphologically variable and can
be identified to species (Stevenson et al. 2007; Ishihara
etal. 2012), they all have a similar general anatomy with
a large main body and hollow “horn” structures which
allow seawater to flow through the body of the case (Fig.
2; Koob and Summers 1996; Long and Koob 1997). Both
the gross morphology and the microstructure of the egg
case interact with substrate to determine how well a case
stays in place on a current-swept seafloor (Vogel 1994).
Our goal is to use computational and physical hydro-
dynamic tests of flow and friction, coupled with geo-
graphic information system (GIS) data, to predict the
locations of undocumented nursery sites in the North
Pacific. Break-away velocity, or the flow velocity which
causes an egg case to lift off of the seafloor, can be in-
corporated into fine-scale maps of potential habitats to
rule out areas as prospective nursery sites. This will
inform management strategies that protect these areas
and the species that use them. The ecological prefer-
ences of these skates, in part determined by specific life-
history stages, make them highly susceptible to trawl-
ing and long-line fishing, as these generally take place
at continental shelf depths.

Our current understanding of the hydrodynamics of
egg cases is limited to one quantitative account by Koob
and Summers (1996). The authors measured the relative
drag vs orientation for little skate (Leucoraja erinacea)
egg cases. Their results showed that the lowest relative
drag occurred when the long axis of the case was par-
allel to flow (anterior—posterior orientation) due to the
streamlined shape. The egg cases experienced higher
relative drag when oriented perpendicular to flow in
a lateral orientation. In addition to flow around the
case, they found that water flows through the capsule
via the horn slits, which open about % into develop-
ment. These hydrodynamic properties are thought to
enhance survival by providing consistent oxygen to sat-
isfy the increasing respiratory demands as development
progresses (Koob and Summers 1996).

Egg cases have been found in habitats where flow is
as slow as 1 cm/s (Sigler et al. 2015; Reichert 2020). Em-
bryos are able to oxygenate their egg cases in such a low
current environment by actively creating flow through
the horn slits with an embryonic-stage specific transi-
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tory tail appendage (Long and Koob 1997). Long and
Koob (1997) found that little skates beat their tails, pro-
ducing waves of regular amplitude and axial curvature.
The tail pumping generates a positive pressure in the
horn occupied by the tail, which then causes a nega-
tive pressure in the unoccupied horns (Long and Koob
1997). This system causes water to exit the occupied
horn and fill the three empty horns (Long and Koob
1997). The tail pump system appears to be co-adapted
for ventilating the capsule, as the horns alone do not cir-
culate enough new oxygenated water within the case. It
is proposed that tail pump ventilation increases as pas-
sive flow within the capsule decreases, due to the em-
bryos growing and taking up more volume (Long and
Koob 1997).

To properly implement management strategies for a
skate population we need to understand how they live
and move through their environment. If we are to build
upon predictive models, (i.e., Rooper et al. 2019), we
need a better sense of what skates do across all life
stages. For example, juvenile and adult Alaska skates
(Bathyraja parmifera) occupy different portions of the
habitat (Hoff 2008). Further, adults are known to fre-
quent shallow depths of 30 m but are also found at
depths from 145 to 380 m, which is where their nursery
sites are located (Fig. 1; Hoff 2008, 2010, and Hoff pers
comm). Nursery sites in canyon slope areas are heavily
fished via trawls and longlines (Stevenson et al. 2019),
increasing risk to crucial life stages: females laying eggs
and developing embryos. Meanwhile, neonates and ju-
venile skates exhibit dramatic emigrations from nurs-
ery sites to avoid predators (Hoff 2010, 2016). Evalu-
ating habitat and substrate effects are essential for pin-
pointing and protecting hotspots where skates are most
likely to deposit eggs. For example, only a single nurs-
ery site has been found for Beringraja binoculata, one of
two species that houses multiple embryos per capsule
(Hitz 1964). The B. binoculata nursery site was found at
a relatively shallow depth of 65 m off the Oregon coast
(Fig. 1, Fig. 6, Supplementary Table 1; Hitz 1964). Thus,
any new or altered environmental stress, either natural
or anthropogenic, could endanger this and additional
unknown nursery sites for this migrating population.
In 2014, the North Pacific Fishery Management Coun-
cil designated six habitat areas of particular concern
(HAPC) for skate nurseries in the eastern Bering Sea,
recognizing their uniqueness and importance as essen-
tial nursery sites and fish habitats, yet many remain un-
protected (Melton et al. 2014; Rooper et al. 2019). A re-
cent analysis of bycatch data indicated that fishing gear
is being deployed in and near skate nursery sites, includ-
ing designated HAPC locations (Stevenson et al. 2019).
Therefore, it is necessary to map skate habitats more
distinctly to better inform fisheries management and
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Fig. | Distribution of elasmobranch egg case nursery sites. Pink dots indicate the 20 sites found from literature sources (see
Supplementary Table I). The blue dot, off the coast of Washington, is the region we propose as a nursery site for B. binoculata and R. rhina.
The inset indicates the nursery sites of the eight species used in this study.

implement strategies for bycatch reduction at specific
life stages.

The aims of this study are three-fold: (a) to describe
and compare the gross morphology of the egg cases as
well as microstructures covering the surface; (b) to test
the hydrodynamic and frictional forces skate egg cases
are capable of withstanding, before breaking away from
the substrate; (c) to use these data in conjunction with
ecological and oceanographic surveys to inform predic-
tions about potential nursery sites.

Methods

We compiled the global distribution and characteris-
tics of elasmobranch egg case nursery sites from peer-
reviewed literature sources (see Supplementary Table
1). We plotted these data on a map (Fig. 1; adapted
from Atwood et al. 2020) with the addition of zones
of coastal upwelling, following National Oceanic and
Atmospheric Administration (NOAA) upwelling maps,
and the locations of nursery sites (see Supplementary
Table 1).

Morphology and morphometrics

We gathered physical data on preserved egg cases from
eight North Pacific species: Bathyraja aleutica, B. in-
terrupta, B. minispinosa, B. parmifera, B. trachura, and
B. taranetzi are from the Aleutian Islands and eastern
Bering Sea; Beringraja binoculata and Raja rhina are

found throughout the northeast Pacific Ocean. All egg
cases were preserved in 70% ethanol. We selected un-
damaged egg cases, with yolk and/or embryo, for the
trials.

Prior to testing, we gathered morphometrics of each
individual egg case, including the total length (TL),
case length (CL), width (W), and height (H), fol-
lowed by macrophotography (Fig. 2). In each image
the egg case was isolated from the background in Mi-
crosoft Photos (Microsoft Corporation, Redmond, WA,
USA). We transformed the image to black/white via
the threshold function in Fiji (Schindelin et al. 2012)
and used the Magic Wand tool to collect the projected
area of dorsal, anterior/posterior, and lateral views
(Fig. 2).

Friction trials

Friction between two materials can be described by the
static friction coefficient (p; Bowden and Tabor 1950).
We measured the coefficient of static friction on the
preserved specimens using a motorized metal tilt table,
controlled by a programable circuit board Arduino (Ar-
duino, Torino, Italy). Egg cases were placed on the tilt
table in the air on wet sandpaper (60 grit), which was
attached with magnets to the tilt table, to simulate sedi-
ment (Fig. 3A). The table was tilted at a rate of 0.273°/s
until the egg case slid off, and the angle was recorded
by a Johnson’s magnetic angle locator. The coeflicient
of static friction (i), can be calculated from the angle
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Fig. 2 Gross morphology and morphometrics of skate egg cases used in this study. The scale bar is 5 cm and color-coded specific to
species, symbol is also species specific: Magenta star—I. Bathyraja aleutica, Gold hexagon—II. Bathyrgja interrupta, Orange diamond—III.
Bathyraja minispinosa, Lime triangle—IV. Bathyraja parmifera, Aqua pentagon—V. Bathyraja trachura, Blue X—V1. Bathyraja taranetzi, Purple
square—VII. Beringraja binoculata, and Pink circle—VIIl. Raja rhina. The morphometrics of each individual egg case were gathered to
include the total length (TL), case length (CL), width (W), and height (H). The dorsal area (AD), anterior—posterior area (AAP), and lateral
area (AL) were collected for each individual as well.

(A)
[
F friction
=——-=tana
F normal
(B)
Orientation to flow & friction:
_— e e
—_— . e
> - > » >
AP LAT PA
A = e -~

Fig. 3 Methodology to quantify friction and flow. (A) We measured the coefficient of friction on the specimens using a motorized metal
tilt table. The coefficient of static friction (i), can be calculated from the angle (o). Egg cases were placed on the tilt table on wet
sandpaper to simulate sediment. (B) We used a flume to determine the water velocity (cm/s) at which an egg case breaks free of the
substrate, blue arrows indicate direction of flow with reference to egg case. The egg cases were tested in three orientations in both the
friction and flow trials: Anterior/Posterior (AP), Lateral (LAT), and Posterior/Anterior (PA).
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(a5 Ditsche and Summers 2019):

FFriction

FN ormal

We measured the coeflicient of static friction for the
eight species, with six different egg cases for five of
the species, and three capsules for B. taranetzi, B. min-
ispinosa, and R. rhina. The friction trials were repeated
three times for each individual, in all three orienta-
tions (anterior/posterior, lateral, and posterior/anterior;
Fig. 3B).

n = = tan(a).

Break-away trials

We used a flume with a 152.4 x 38.1 x 50.8 cm working
area (Rolling Hills Research Corporation, Model 1520
Water Tunnel) to determine the water velocity at which
an egg capsule breaks free of the substrate (break-away
velocity, cm/s). Egg cases were placed into a water depth
of 35.56 cm, onto the substrate in the orientation of in-
terest without any attachment hardware so that the only
thing keeping them in place was the friction between
the substrate and the contact surface of the egg case.
Each egg case was tested three times, in all three orien-
tations, and the velocity at which the egg broke contact
with the substrate was recorded (Fig. 3B). We used the
same 60 grit sandpaper substrate in the flume as in the
friction measurements, current velocity started at 12.7
cm/s and increased by 2.54 cm/s every 10 s, until the
case broke contact with the substrate.

We used R (version 4.1.3, R Core Team 2021), a free
coding language for statistics and modeling, via RStudio
(RStudio Team 2020), a free integrated development en-
vironment (IDE) for R, to estimate drag force for each
egg case based on morphometrics. For our drag esti-
mate, we used the equation

1 2
FDZE A pv Cp,

where Fp is drag force (N), A is the projected area per-
pendicular to flow (m?), p is the density of seawater
(1020 kg/m?), v is free stream flow velocity (cm/s; Vogel
1994), and Cp is drag coeflicient (unitless). We esti-
mated Cp using the equation for drag based on thick-
ness ratio:

3
2

h\:? h
Cp = 1+1.5(—) +7(=)3,
w w

where h is the maximum height of the egg case (m)
and w is the length of the egg case parallel to flow
(m). This equation is derived from measurements of the
drag of streamlined shapes based on wetted area from
Hoerner (1965): Chapter 6 Drag of Streamline Shapes,
equation (28).

Table | Linear model results.

Independent variables

AP PA LAT
Predictor variables Species Species Species
Friction coefficient <0.001 0.337 0.154
Estimated drag <0.001 <0.001 <0.001
Break-away velocity 0.006 <0.001 0.027

Values shown are P-values. Abbreviations are as follows: A-P-
Anterior/Posterior, P—-A-Posterior/Anterior, LAT-Lateral.

Table 2 Linear mixed effect model results.

Independent variables

Predictor Friction Break-away  Estimated
variables Coefficient Velocity Drag
Orientation 0.022 n/a <0.001
Species <0.001 0.089 <0.001
Orientation:species 0.011 n/a 0.074
Area n/a 0.251 n/a
Areasxspecies n/a 0.007 n/a
Friction coefficient n/a n/a n/a

Values shown are P-values.

Scanning electron microscopy

To visualize microstructure, we collected 1 x 1 cm sam-
ples from the midline of the ventral surface and the right
anterior horn of an egg case from each species (Fig.
4). We stored samples in 70% ETOH, then preserved
them in 2% Glutaraldehyde with 0.1M phosphate buffer
for 1 h at 22°C. The samples were then rinsed twice
in 0.1M phosphate buffered saline for 10 min, we then
used an acetone dehydration series before final drying
in hexamethyldisilazane (Laforsch and Tollrian 2000;
Heiden et al. 2005). We coated samples in gold pal-
ladium and imaged them with a NeoScope JCM-5000
scanning electron microscope.

Calculations and statistics

We performed one-way ANOVAs to determine if the
coefficient of static friction, break-away velocity, and es-
timated drag (20 cm/s) (independent variables) were
different between species (predictor variable). For these
models, data were subset by orientation resulting in
nine total models (Table 1). To determine the overall
relationship between break-away velocity, coeflicient of
static friction, and estimated drag (20 cm/s), we cre-
ated linear mixed effect models using the “Ime4” pack-
age and ANOVAs using the “car” package in R (Table 2;
Bates et al. 2015; Fox and Weisberg 2019). The “lme4”
package is designed to fit linear and mixed effect models
using Eigen and S4. Please see Bates et al. 2015for more
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Fig. 4 SEM showing the variation within and among species of egg case microstructure. The samples of | x | cm from (A) the right
anterior horn, (B) the transitional region between the body capsule to horn,and (C) the midline of the ventral surface. The black SEM
scale bar is 500 zm. The colorcoded scale bars for gross morphology are 5 cm. Magenta star—I. Bathyraja aleutica, Gold hexagon—I|I.
Bathyraja interrupta, Orange diamond—IIl. Bathyraja minispinosa, Lime triangle—IV. Bathyraja parmifera, Aqua pentagon—V. Bathyraja
trachura, Blue X—V1. Bathyraja taranetzi, Purple square—VII. Beringraja binoculata, and Pink circle—VIIl. Raja rhina.

information about the implementation of the mixed ef-
fect models. For the break-away velocity and the coef-
ficient of static friction models, we used the averages
of each independent variable per individual over 2-

3 trials. We created three models. In the first, the co-
efficient of static friction was the dependent variable,
and orientation and species were predictor variables.
In the second, break-away velocity was the dependent

£20¢ ludy €0 uo Jesn sse0oy Jequisy §0IS Ad 26/8299/S08/E/29/2101HE/GOl/W0d dNO"dlWspeoe)/:SdlY Wolj pOPEOjUMOQ



Interspecific differences in the flow regimes and drag of North Pacific skate egg cases 811

(A)

(B) (C)

~ D
> & i
8 ® B 2
) 2 ) &
AN E £ R 5
@ - I I ‘s .
= . © ¥ ] I I * o z .
: g qr 40 Cir ]
= ' il £ 1 13 ALy vl 2
a B E = N M=
L I~ x-o 'H *Mo I oé ] 8 0 g ° ﬁo u ° f * ::lo * ":o <
* o [ ! * *o°
AP LAT PA AP LAT PA AP LAT PA
100 Orientation to flow & friction Species
8
8 Y == B.aleutica
(D) (E) B.interrupta (F)
@ == B.minispinosa
3 6! B.parmifera
6 I B.taranetzi

5.0

2.5

Break Away Velocity (CL/s)
Break Away Velocity (CL/s)

® - B.trachura
o- B.binoculata
R.rhina

Break Away Velocity (CL/s)

N

0.10 0.15 0.20
Drag Force (N) AP

3
o
3

0.05 0 0 0.25

10 0.15 0.2
Drag Force (N) PA

— Fos o8
[
3 G) 2 H 3| < )
o o o | -
75 S
= 2 =, ~
8 S 3 ~
=2 = = N
(0] (] (]
> > < o > \o\
g~ 7 = 3 .
= S = g N
< < < \ ~
— N —
3 3 R ¥ | S
O 25 o, S - . o : N
oM m - om g

o~

&
. —"
<

12 16 20 24 10
Coefficient of Static Friction AP

15 20 25
Coefficient of Static Friction LAT

2 3 7
Coefficient of Static Friction P A

Fig. 5 Friction and flow experimental and computational results. The top panel compares the orientation of egg cases to: (A) Break-Away
Velocity (cm/s), (B) Computational Drag at 20 cm/s, and (C) Coefficient of Static Friction. The middle panel compares the relationship
between Drag Force (N) and Break-Away Velocity in case length per second (CL/s), in order to standardize for size variation across
species in each orientation: (D) AP, (E) LAT, and (F) PA. And the bottom panel compares the relationship between the Coefficient of
Static Friction and Break-Away Velocity in case length per second (CL/s), in order to standardize for size variation across species in each
orientation: (G) AP, (H) LAT, and (I) PA. The orientation abbreviations are as follows: Anterior/Posterior (AP), Lateral (LAT), and
Posterior/Anterior (PA). The black line on (D-I) shows the overall trend, which is significant (see Table 2); the dashed lines represent the
specific trend of each species. Genus species are color-coded as follows: Magenta star—I. Bathyraja aleutica, Gold hexagon—II. Bathyraja
interrupta, Orange diamond—IIl. Bathyraja minispinosa, Lime triangle—IV. Bathyraja parmifera, Aqua pentagon—V. Bathyraja trachura, Blue
X—VI. Bathyraja taranetzi, Purple square—VILI. Beringraja binoculata, and Pink circle—VIII. Raja rhina.

variable, and area to flow and species were predictor
variables. In the third, estimated drag (20 cm/s) was
the dependent variable and orientation and species were
predictor variables. In all three models, individual ID
was included as a random factor. Figures 5 (experi-
mental data) and 6 (environmental data) plots were
generated using ggplot2 (Wickham 2016). A subset of
data from Supplementary Table 1 was visualized via

ggplot2 (Wickham 2016), to show the relationship be-
tween depth and current velocity from elasmobranchs
found in situ in various nursery sites across the globe
(Fig. 6).

Results

We found 20 documented egg case nursery sites across
10 bodies of water in the literature, all of which
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Fig. 6 Range in depth and current velocity that egg cases of each species can withstand. On the graph, from left to right, are the egg cases
found at various depths (m), from species of catsharks (Scyliorhinidae) shown as squares, softnose skates (Arhynchobatidae) shown as
circles, and egg cases from the hardnose skate (Rajidae) shown as triangles. The data points range in color from pink to black, indicating the
minimum current (cm/s) they have been found in. Egg case schematics are scaled to each other, not to true size. Circled data points are the
color-symbol-coded skate species from this study. These data and literature sources can be found in Supplementary Table |.

are in regions where coastal upwelling occurs near
continental slopes (Fig. 1). Water temperatures at lay-
ing sites ranged from 0.25 to 13°C, and depths ranged
from 25 to over 1000 m (see Supplementary Table 1).
In some places where water was particularly cold, such
as the Lofoten—Vesteralen continental margin in Nor-
way, egg cases are laid in cold seeps where the water is
warmer than the surroundings (Sen et al. 2019). Sed-
iment type was not consistent across nursery location,
rather there is a strong association of nursery sites at the
heads of undersea canyons near continental slopes (see
Supplementary Table 1).

All nursery sites are deeper than 25 m, with the ma-
jority of those being below 50 m (see Supplementary
Table 1, Fig. 6). The deepest documented nursery sites
are occupied by B. trachura (652-1069 m). In most
instances, as depth increases, the current velocity de-
creases. Egg cases are not necessarily limited by current
velocity alone; Amblyraja hyperborea egg cases are rela-
tively small with non-rigid tapered horns and are found
at depths of 750 m, where the current velocity reaches
over 100 cm/s.

The egg capsules of many of the eastern Bering Sea
and Aleutian species share similar macromorphology,
having a short and stout streamlined mid-capsule, and
a prominent U-shaped curvature between the anterior
horns (Fig. 2). All species have a lateral keel along the
edge of the case; this was particularly broad in B. in-

terrupta and B. trachura. The egg cases of B. aleutica
are longer and wider than the other Alaskan species,
but B. binoculata is the largest in length, width, and
height of all species in this study. The anterior horns are
consistently shorter than posterior horns. Aside from
case size and shape, the other primary variation be-
tween these egg cases is in the posterior horns; some
are long and flexible (B. parmifera), others are rigid and
highly curved inward (B. aleutica, B. minispinosa, B. tra-
chura). The two posterior horn oddities of this dataset
are B. binoculata, which lacks a posterior gap because
the apron continues to the bottom of each horn, and R.
rhina, in which the horns hook ventrally, versus medi-
ally as in other species (Fig. 2).

There is variation in the surface microstructure both
within a single capsule and among species (Fig. 4). For
example, B. aleutica has thorn-like projections which
transition to paddle-like structures near the anterior
horn, and the horn itself is smooth with a few ridges
(Figs. 41. A, B, and C). Also, B. minispinosa has lob-
ular notches that make up the longitudinal ridges on
the main body of the capsule, but the transitional zone
(body to horn) exhibits thin and jagged longitudinal
ridges, and the horns have short sharp ridges (Figs. 4I1II.
A, B,and C). There is also variation between species, for
example the two species that co-occur in the Salish Sea,
B. binoculata and R. rhina, both lack longitudinal ridges,
and while B. binoculata cases are smooth, R. rhina cases
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have thin, string-like fibers (Figs. 4VIL. A and C; 4VIIL.
A and Q).

There is also wvariation in the performance
measures—coeflicient of static friction and break-away
velocity—within a single capsule and among capsules
from different species. But these relationships are not
simple. For example, break-away velocity is predicted
by the interaction of area and species, but not area or
species alone. The coefficient of static friction is pre-
dicted by species, but not orientation. Our finding that
break-away velocity is predicted by the interaction of
area, species, and the coeflicient of static friction (Tables
1and 2, Figs. 5G, H, and I) indicates that microstructure
does influence the ability to stay stuck, since friction
is largely determined by microstructure. But friction
alone does not account for how those species stay stuck
on a similar substrate, as the coeflicient of static friction
was not significant for the posterior and lateral orien-
tations (Table 1). Further, the computational estimated
drag (20 cm/s) also determines whether the shape of a
species will be significantly different from other species
in variable nursery sites and experimental habitats
(Table 1).

Discussion

Here we investigated the hydrodynamic properties of
egg cases deposited by skates of the eastern North Pa-
cific. Our results suggest that orientation and surface
microstructure influence the ability of an egg case to ad-
here to the substrate, thus maintaining its position in fa-
vorable current velocity and conditions that favor circu-
lation of oxygen flow through the egg case during their
long developmental period.

The constant temperature and high nutrient load of
submarine canyons, driven by coastal upwelling, pro-
vides an excellent environment for the long, slow de-
velopment process of skates (Luchin et al. 1999; Hoft
2008). Skate egg cases need several things for suc-
cessful development. These include exposure to a nar-
row range of temperatures over a multiple-year time
frame, well-oxygenated water, and, for post-hatching
nutrition, an abundance of small invertebrate prey. Up-
welling sites provide all these resources. Egg cases can
take 1-4 years to develop and for much of this time
the embryo gets oxygen from water that flows through
the capsule, driven by surrounding currents (Koob and
Summers 1996; Long and Koob 1997; Hoft 2008). The
complex topography at the heads of canyons ensures
a current flow with well-oxygenated water from the
mixing of the ocean thermocline (Sigler et al. 2015;
Ropper et al. 2019). Eggs must be found in regions
with moderate currents to create sufficient water flow
across the egg surface to sustain metabolic processes

(Leonard et al. 1999; Hoff 2007, 2008) and ensure
eggs are not covered with sediments. When the em-
bryo finally hatches it has a small amount of yolk, but
it must start eating soon. Prey, usually small inver-
tebrates like copepods and amphipods, are common
on the nutrient-rich seafloor around an upwelling area
(Springer et al. 1996; Stabeno et al. 1999; Whitledge
and Luchin 1999). Similarly, mothers are more likely
to deposit eggs in habitats where food is guaranteed,
so that they can eat and replenish their own en-
ergy stores before the next reproductive cycle (Hoff
2008).

Although we regularly find egg cases for B. binocu-
lata and R. rhina in the Puget Sound and Salish Sea, the
abiotic factors relevant for a highly populated nursery
site do not exist consistently enough in this location.
Based on seafloor topography, slower current velocity,
and depth range we propose that a nursery site for R.
rhina is likely to occur oft the coast of Victoria, Canada
in the Juan de Fuca Canyon (Fig. 1, blue dot). Two alter-
native locations for nursery sites would be the Quinault
Canyon and Austoria Canyon off the coast of northern
Washington. The findings of Hitz (1964) and our study
support the notion that B. binoculata should lay their
eggs in regions with slower currents because their cases
perform worse in high current systems than R. rhina. It
is interesting to note a contradiction in morphology and
performance (Figs. 5 and 6) for B. binoculata. The asym-
metrical capsule, with dorsal keels (see Supplementary
Fig. 1), suggests that this species would perform better
in higher currents; instead, we found that B. binoculata
has one of the lowest abilities to withstand high flow in
both experimental and mathematical testing. These re-
sults support the one in situ encounter of a B. binocu-
lata nursery site, where eggs were found relatively shal-
low at 65 m, in currents under 13 cm/s (see Supplemen-
tary Table 1, Fig. 6). The current velocity within and
around the San Juan Archipelago are notoriously fast at
1-3 m/s (Yang et al. 2021), illustrating why we find soli-
tary egg cases, not dozens to hundreds of cases in one
location.

One thing to note is the apparent dichotomy between
species that live in a shallower environment vs a deeper
one (Fig. 6; Hoft 2009). Shallower species (B. parmifera,
B. interrupta, B. taranetzi) all have a relatively similar
morphology with distinct lateral keels, smooth surfaces,
and shallow nursery sites (Figs. 2, 4, and 6). The other
Bathyraja species (B. aleutica, B. minispinosa) found in
deeper nursery sites tend to have narrow lateral keels
and a complex surface microstructure. The one excep-
tion to this trend, between deep and shallow species,
is B. trachura which is a deep-water species with egg
cases that are morphologically similar to the shallow
species. This dichotomy could be the basis for further
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investigation into the relationship between case mor-
phology and habitat preference.

We found that friction is not the only thing that de-
termines case mobility or lack thereof (Figs. 5G, H, and
I). Once deposited from the mother, the cases, are cov-
ered in a sticky thread-like material which functions
to pick up particulates (shells, substrate, etc.) from the
surrounding environment (Koob 1999). This allows the
egg case to settle securely into the substrate and resist
fast and fluctuating currents (Koob 1999; Compagno
2001; Rocha et al. 2010). The collection of particles
may contribute to the case’s ability to stay in place.
The sticky attachment fibrils of B. binoculata are a mat-
like pad atop the posterior apron (see Supplementary
Fig. 1), we found that this fibrous-mat seemed to func-
tion as a weighted anchor to keep the case in con-
tact with the substrate, as this case morphology lacks
“true horns” that might otherwise attach to structures.
In addition to the gross morphology and microstruc-
tures, these horns and fibrous tendrils, are additional
systems used to anchor or attach the case to the sub-
strate and allow the eggs to remain in unlikely high-
current habitats (Love et al. 2008; Graiff et al. 2016).
Unlike skates, mother catsharks (Scyliorhinidae) are
known to intentionally wrap the tendrils of the candle-
shaped egg cases around kelp stalks to keep them in
place (Pretorius 2012; Hiscock et al. 2019). For species
that lack tendrils, such as A. hyperborea, females may
prioritize other secure substrates, such as tubeworm
fields and other sessile invertebrates, that the cases can
grip onto (see Supplementary Table 1; Sen et al. 2019).
The egg cases of A. hyperborea are relatively small with
non-rigid tapered horns and are found at depths of 750
m, where current velocity reaches over 100 cm/s (Fig.
6; Astrom et al. 2020; Sen et al. 2019). These species
are capable of remaining attached in such a high cur-
rent system because the mothers prioritize sites with
copious amounts of tubeworms and other structure-
forming marine invertebrates to keep them anchored to
the nursery area (see Supplementary Table 1; Graiff et al.
2016).

Further research incorporating the life-history of
the taxa in question, their biology, and biomechanics
would aid in fine-tuning the predictive models for fu-
ture habitat protection plans. Cross-referencing, species
ranges, canyons, and upwelling zones will optimize
where to survey via submersible camera systems (ROV,
Fernandez-Arcaya et al. 2017; Bernhardt and Schwang-
hart 2021). Pinpointing habitat hotspots, or essential
fish habitats will supply the data needed to validate pol-
icy regulations as to where longline limitations should
be imposed. These regions should be made the top pri-
ority in protective fisheries management proposals in
the future.
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Abstract

Chimaeras are an ancient lineage of cartilaginous fishes distinguished by their large wing-
like pectoral fins which they use to swim throughout the deep seas. Chimaeras are capable of
oscillatory swimming: flapping flight through pelagic environments, and undulatory swimming:
or fluttering of the fins when hovering or station holding in slow currents. Like their large
pectoral fins, the pelvic fins of chimaeras are equally prominent, but have yet to be analyzed in a
kinematic context. We characterized and quantified the relationship between these two sets of
fins, and the reliance on the rest of the body to aid in swimming. To determine full-body
swimming kinematics of the spotted ratfish (Hydrolagus colliei), we swam H. colliei (N =3) in a
flume with speeds ranging from 0-0.5 body lengths per second (BL/s). We point-tracked videos
to determine pectoral fin, pelvic fin, tail beat frequencies and amplitudes. At low speeds, H.
colliei uses both sets of fins to hover, where the pelvic fins flutter up and down, perhaps in
response to vortices shed by the pectoral fins, while the dorsal fin and spine mimic a sailboat
mast being upright. At high speeds, H. colliei transitions to pectoral flapping flight with no
movement of the pelvic fins, quick bursts of body undulation, and the dorsal spine tucks down

towards the body, becoming streamlined.

Introduction
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Holocephalans (chimaeras) are thought to have originated some 420 million years ago,
making them one of the oldest lineages of vertebrates or fish to still swim throughout the depths
of the ocean today. Chimaeras are deep-water cartilaginous fishes and are the sister group to
Elasmobranchs (sharks, skates, rays), although these two are sister lineages, chimaeras look
dramatically different, almost archaic, compared to the more familiar cartilaginous fishes.
Chimaeras get their name from the mythological Greek term, a hybrid monster, probably because
of their large glowing eyes that allow them to see in the deep, and their fused rabbit-like teeth
which allow them to crush hard prey. But chimaeras go by many common-names, one aptly
attributed to them is “ratfish”, due to their long gracile tail that follows behind them as they
swim. Unlike sharks that primarily swim using full-body undulations to propel themselves
forward, chimaeras or “ghost sharks” are not known to swim by using their tails, except as an
escape/startle response (Kryvi and Totland 1978). Rather than using their tails, chimaeras are
thought to move via pectoral fin-based swimming, generally seen gliding through the water
column or flapping and fluttering their large fins in order to propel themselves through their deep
dark world. While there have been many observations on how chimaeras move throughout their
world (Kryvi and Totland 1978; Maia et al. 2012 and sources within), only a few studies have
quantified the swimming kinematics of chimaeras (Combes and Daniel 2001; Higham et al.

2018), but we aim to characterize and quantify the full-body movements of these creatures.

Foundational swimming kinematic papers have categorized fish into groups based on
which appendage (fin) they use to swim, and the functional kinematics of how they use that fin
to swim (Breder 1926; Lighthill 1969; Lindsey 1978; Webb 1994). Some fishes use pectoral fin
locomotion, while others, like sharks, exhibit full-body undulations. Some fish use a combination
of fins or rely on a different form of locomotion with changes in current speed. Changes in
locomotion or alterations to how something moves regarding its speed or pace are known as
gaits. Gaits often change as a response to increasing or decreasing speed, generally activated
when the energy required to maintain a motion surpasses the energy required to transition to the
next natural pace (Andriacchi et al. 2000; Hoyt and Taylor 1981; Stolze et al. 1997). Gait
changes have been described quite extensively for sharks and bony fish, especially reef fishes
and freshwater fishes (Drucker et al. 2005). Gait shifts and swimming kinematics of chimaeras
are currently limited to analyses based on how they swim via their pectoral fins. Pectoral fin

swimming is quite prominent among cartilaginous fishes, primarily among chimaeras and rays,
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and there is a swimming continuum that exists within these groups with the extremes being
undulatory and oscillatory modes of swimming (Combes and Daniel 2001; Rosenberger 2001).
Undulatory swimming is when multiple waves are simultaneously propagated along the pectoral
fin margin at any one time and is a maneuverable gait that is mechanically efficient for hovering
and swimming above the benthos at low speeds (Di Santo et al. 2017; Rosenberger 2001; Walker
and Westneat 2000; Webb 1994). Oscillatory swimming resembles flight in birds, characterized
by having less than half a wavelength along the pectoral fin margin which translates to the
pectoral fins oscillating up and down (Heine 1992; Rosenberger 2001; Webb 1994). Relative to
undulatory swimming, oscillatory swimming minimizes drag while increasing both lift and
thrust, making it efficient for cruising in a pelagic environment (Fish et al. 2016; Lighthill 1969;
Rosenberger 2001; Webb 1975).

Aside from comparing the swimming modes of chimaeras to other cartilaginous fishes, a
parallel has been made between chimaeras and labriformes reef fishes (Drucker et al. 2005;
Foster and Higham 2010). Fishes categorized within the Labriform swimming mode are those
that implement dorsoventral oscillation or flapping of the pectoral fins (Drucker et al. 2005),
examples being Hydrolagus (Combes and Daniel 2001), Gomphosus a genus of wrasse
(Labridae, Labriformes. Walker and Westneat 1997, 2002), and Scarus a genus of parrotfish
(Scaridae, Labriformes. Breder 1926). The distinct difference though is that chimaeras are
capable of swimming via dorsoventral flapping and anteroposterior undulations of the fin in a
horizontal plane. In contrast, labriform pectoral fins are oriented in the vertical plane and
therefore their undulatory swimming mode is known as rowing (Walker and Westneat 1997,
2002). Further, labriforms do not have an intermediate swimming mode, they are tied to one of
the swimming mode extremes and their pectoral fin morphology reflects the function. The
“rowers” have broad paddle-like fins that move anteroposteriorly and this is thought to be the
swimming mode in fishes in slower flow environments (Walker and Westneat 1997, 2002). The
“flappers” fins flap up and down, generally recognized as oscillatory flight, and which is the
faster swimming mode and on found in many labriforms in reef habitats. It is unclear if
chimaeras should be categorized as labriform swimmers as this is based off of one swimming
mode (flapping), not including undulatory swimming, and chimaeras do not row their fins in a
fore-aft motion like labrids, chimaeras flutter them up and down sending small waves to the back
of the fin.
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Another major difference, based on observations, between chimaeras and other labriform
swimmers is the reliance and usage of the large flexible pelvic fins that chimaeras have and use
during swimming. Until recently, pelvic fins were thought to be held fairly still, acting as static
trimming foils rather than dynamic moving structures (Standen 2008). But, similar to the
pectoral fins, muscles of the pelvic fins control both movement and surface conformation
(Lauder and Drucker 2004), so we should expect to see pelvic fins involved in underwater
locomotion. In rainbow trout, pelvic fins help control speed and stabilize the body position
during slow-speed locomotion (Standen 2010). Similarly, previous authors have hinted that the
pelvic fins may play a role in steering, braking or gliding during chimaera locomotion (Higham
et al. 2018). These authors found positive allometric growth of the adductor superficialis and
abductor proximalis muscles in the pelvic fins, indicating that they do likely play a role in the
active movement of fins, but the kinematic role of pelvic fins has yet to be tested. Here we
investigate how locomotion and fin beats change with increasing speeds and determine whether
the pelvic fins and tail are used to give the spotted ratfish an additional boost. The aims of this
study are fourfold: (a) Characterize the spotted ratfish (Hydrolagus colliei) full-body swimming
kinematics; (b) Describe the different gaits of the spotted ratfish; (c) Compare spotted ratfish
gaits with other pectoral fin swimmers; (d) Document the spotted ratfish’s pelvic fin use over

many speeds.

Methods

Chimaeras are extremely elusive deep-sea dwellers, leading to minimal literature
regarding their life-history or how they move through their world. It is especially tricky to find
them in the wild because they live so deep in the water column, let alone to then collect and
bring them to the surface; even more difficult is getting them to acclimate in an experimental
environment, that’s dark and has a consistent temperature, long enough for them to become

stable and then be able to run them through kinematic trials.

The spotted ratfish (Hydrolagus colliei) collected for this study were caught via otter
trawl off of Point Caution San Juan Island, WA; with a maximum trawl depth of 365 meters.
After letting the fish acclimate in the holding tanks for a week, we used a flume with a 152.4 x
38.1 x 50.8 cm working area (Rolling Hills Research Corporation, Model 1520 Water Tunnel) to
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gather lateral-view swimming kinematics of 3 individuals; their total lengths were 19 inches,
17.5in. and 13 in (or 48.26 cm, 44.45 cm, and 33.02 cm).

Kinematic Swimming Trials

A GoPro Hero4 camera (Gopro.com 2017) was placed at mid-height of the flume
viewing tank to record the lateral view of the kinematics at 60 frames per second. Each
individual fish was moved from the holding tank to the saltwater flume and allotted a 30 minute
adjustment period in the flume to decrease stress and encourage natural swimming (Figure 1).
During that time, their body length was measured and recorded to calculate flow rates in inches
per second (ips). To encourage fixed swimming, fish were blocked in the flume tank using fitted
wire mesh gates to produce a swimming area of roughly four times the body length.

The first bout was 0.0 times each body length to simulate low flow zones that chimaeras
regularly encounter in the deep sea, the second bout or flow rate was equivalent to 0.1 of the
body length of the fish, the third bout was 0.2 BL/s. We did this same setup for each fish, where
the flow rate was increased sequentially by 0.1 BL/s, up to 0.5 times the body length, for each
fish. Each flow rate was maintained for 2-4 minutes, until consistent swimming was recorded (at
least five pectoral fin flaps at max amplitude). The flume flow rate was reduced to 0.1 BL/s
when the fish was no longer able to maintain the given swim speed, this generally occurred at 0.6

BL/s, those data was not included in this study.

Calculations and Statistics

The videos from the six bouts (0-0.5 BL/s) of each individual were first segmented into
bouts of 5-10 trackable pectoral beats for each flow regime (Bout 1-6). Each individual video
was then digitized using MATLAB (MathWorks, Natick, MA, USA). Digitization software was
used to quantify swimming movements and to aid in the identification of gait changes. Using
DLTdv8 digitizing tool (Hedrick 2008) we tracked a total of seven landmarks on each chimaera:
1. nose, 2. tail, 3. pectoral fin, 4. pelvic fin, 5. cloaca, 6. base of dorsal fin, 7. tip of dorsal spine
(Figure 2). All points were tracked via semi-automation with manual edits at each frame of the
individual GoPro clips. Fin and tail beat frequencies were also calculated using the coordinates
and MATLAB code. We then used R (version 4.2.1 R Core Team 2021), a free coding language
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for statistics and modeling, and RStudio (R Team 2021) to analyze the data, perform multiple
one-way ANOVAs, and to create figures (3-7 and S1-8).

Results

We found clear transitions in pectoral and pelvic fin use across each bout 1-6 (equivalent
to 0-0.5 BL/s). Throughout bout 1 (0 BL/s) we see the distinct undulations of the pectoral fins
and interestingly the pelvic fins as well (Figure 4). Individuals exhibit distinct shifts in
swimming modes, at low speeds they use undulations while at higher swimming speeds, at 0.4
BL/s we see a clear transition to the distinct flapping behavior, up and down strokes of the entire
fin acting as a singular plane. At increased BL/s we see that the pelvic fins are now uncoupled in
their mimicry of the pectoral fin swimming behavior, where they seem to remain relatively stable
in the y-axis (i.e. not “bouncing/flouncing” up and down with each stroke). At 0.5 BL/s we see
the same distinct flapping behavior, up and down strokes, but even more extreme than the 0.4
BL/s kinematics, and again, the pelvic fins are even more constrained in their flouncing behavior
of movement in the y-axis (Figure 3 & 4, S1-6). In figure 4, comparing 0.0 BL/s to 0.5 BL/s, we
can see the distinct decoupling of the pelvic fins from the pectoral fins when swimming at faster
speeds. At faster swimming speeds the amplitude of the pelvic fins is vastly decreased, and the
frequency of fin movement is also limited. At low speeds, H. colliei uses both sets of fins to
hover, where the pelvic fins flutter up and down, while the dorsal fin and spine are upright,
mimicking a sailing mast on a windy day, (Figure S1-S8). At high speeds, H. colliei transitions
to pectoral flapping flight with no movement of the pelvic fins, quick bursts of body undulation,
and the dorsal spine tucks down, streamlined. Generally, when the tail does fluctuate it is in
quick burst movements, similar to an escape response (Figure S1, S3, S5).

The pectoral fin kinematics exhibit similar trends across all individuals (TL: 48.26, 44.45
and 33.02 centimeters), where at slow speeds the pectoral fins undulate and at fast speeds the
pectoral fins oscillate up and down to propel the fish forward. The scale of the trends are similar
for all individuals when swimming slow, but at faster speeds we can see individual variation
between the amplitudes of the pectoral fins flaps (Figure 5, S2, S4, S6); smaller individuals must
flap more to their maximum amplitude, while the larger individual is capable of swimming at

these faster speeds with smaller amplitude oscillations (likely with less effort and energy
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expenditure). Similarly, when looking at pelvic fin kinematics we see that there is a consistent
trend across individuals in the use of pelvic fins and the undulations produced at slow speeds.
When comparing the individual’s pelvic fin use at high speeds we see that they are much more
constrained in their amplitude and therefore overall movement (Figure 5, S2, S4, S6). There is
also less variation between the individuals and their use of the pelvic fins at high speeds (Figure
S7, S8). The last major takeaway from comparing the swimming speed extremes is that at 0.0
BL/s the pectoral and pelvic fins are out of phase with one another. When comparing the fin
movements at fast speeds we see that the pectoral and pelvic fins movements are now decoupled,
i.e. the pectoral fins are flapping and the pelvic fins do not flounce up and down. At these faster
speeds, we see the pelvic fins held relatively stable and close to the body wall. These trends were
found to be consistent across individuals (Figure 5, S7, S8). In slower flow, chimaeras flutter
both sets of fins, and in faster flow, they flap their pectoral fins with streamlined bursts.

By point tracking the full-body swimming kinematics of H. colliei we were able to
determine gait changes across the varying speeds. Specifically, by comparing the fin beat
frequency and amplitude of pectoral fins versus the pelvic fins we were able to identify
transitions between undulatory to oscillatory fin movements and when they occur (Figure 6 and
7). The gait change from undulation to oscillations was roughly at 0.3 BL/s across the
individuals analyzed, as there is a distinct jump in pectoral fin frequency at this phase. The
pectoral and pelvic fin beat frequencies increase in synch until about 0.4 BL/s where pelvic fin
usage drops. By 0.5 BL/s this can be characterized as consistent oscillatory swimming, as there is
minimal movement in both frequency of use and the amplitude of the pelvic fins; again an
indication that the pelvic fins are being held close to the body wall when swimming at faster
speeds. Overall, the frequency of appendage use (including the tail) increases with increasing
speeds, until it hits a threshold, and the amplitudes of all appendages decrease with increasing

speeds.

Discussion
Chimaeras are capable of full-body swimming, using all appendages to move through the
water column and propel themselves through their deep, dark world. When swimming slowly
chimaeras rely on both sets of appendages to maneuver and stabilize themselves. When hovering
above the substrate or station-holding chimaeras can be seen flapping their pelvic fins beyond 45
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degrees from the midline. When moving through faster-flow environments chimaeras switch to
oscillatory flapping of their pectoral fins and rely less on their pelvic fins for maneuvering, but
more for stabilizing (Figure S7). Chimaeras stabilize themselves by holding their pelvic fins
close to the body wall when swimming through fast currents, in order to become more
streamlined and minimize drag (Figure S8). The usage of the dorsal spine, during swimming
kinematics, needs to be untangled further but, this study determined that with increasing speeds
the amplitude and frequency of the spine movement decreases (Figure S1, S3, S5); suggesting
that the spine is being tucked in towards the body to streamline its effect during fast swimming
chimaeras are primarily using pectoral fin propulsion, and in slower-moving environments, all of
their fins, dorsal fin and spine included, tend to flap with the flow.

We find it best not to categorize chimaeras as labriform swimmers because chimaeras are
capable of swimming within the continuum of pectoral undulatory (rowing) and oscillatory
(flapping). Unlike labriformes which are constrained to rowing or flapping by their anatomy,
chimaeras can switch between these swimming modes, at their convenience, and in response to
changing environments. Although chimaeras have previously been grouped into the kinematic
category of labriform swimming (dorsoventral oscillation), we find that if you consider both sets
of appendages (pectoral and pelvic), chimaeras fins move more similarly to those of coelacanths
than they do to labriformes. Interestingly, coelacanths also swim via dorsoventral oscillation of
the fins (Drucker et al. 2005), and they exhibit a lateral insertion of the pectorals on the trunk,
like what we see in Chondrichthyes (Fricke et al. 1987; Fricke and Hissmann 1992). Because of
this lateral insertion, the rotational axis with which chimaeras move their pectoral fins more
closely resembles the mechanics of those seen in coelacanths, where the pectoral fin can be
moved in the dorso-ventral and anteroposterior directions up to 120° (Fricke and Hissmann,
1992); compared to other labriform swimmers, Gomphosus varius with ~115° figure-of-eight
dorso-ventral rotation (Walker and Westneat 1997). If we consider the use and reliance on pelvic
fins, chimaeras swimming more closely resembles that of coelacanths as well. Fricke et al.
(1987) found that when coelacanths got close to the substrate they either tucked the fins against
the body and swim up, or they stabilize the body by sculling of the pelvic fins; this is exactly
what we see in chimaeras, especially when braking or turning (Figure 1, S7, S8. Fricke and
Hissmann, 1992; McKenzie 2007; Uyeno 1991). Pelvic fins are critical for locomotion in fishes
(Harris 1936; Harris 1938; Standen 2008; Standen 2010), further work needs to be done to
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validate if the pelvic fin muscles of chimaeras are playing an active role in holding these fins
stable. We can say that these fins are not just moving via passive actions because if that were the
case then we would expect that pelvic fins would move around freely, as a result of the vortices
produced from the pectoral fins (Wilga and Lauder 1999; Wilga and Lauder 2001). If the pelvic
fins move passively we should see much greater movement and oscillations at faster speeds as
the pectoral fins are producing more thrust and therefore larger vortices at faster swimming

speeds, but we do not see this (Figure S7, S8).

Last, we consider the effects that species-specific morphology may have on the study and
the variation in kinematics that could be produced across all holocephalans in future comparative
studies. The pectoral and pelvic fins of chimaeras are composed of basal and radial
pterygiophores which support the base of the fin, the remainder of the fin is composed of
ceratotrichia which are unsegmented collagen fibrils that are flexible enough to allow the fin to
fold in all axes (Figure S9). We see this flexibility to move the pectoral fin in 3D space not only
at the fin base, similar to the rotation seen in coelacanths, but also of the ceratotrichia themselves
(Figure 1, 2, S7, S8, S9). It would be interesting to do a study using histological or uCT data,
with all families within the Holocephali, to quantify the ceratotrichia in a comparative context
(diameter, total count, distribution, and area). There are many ways to vary the physical
properties of collagen, just by changing the morphology, whether it be on the micro or macro
level (Tomita et al. 2014), thereby directly determining the kinematic limitations of these types
of fins. For example, on the macro-level, the fin morphology of Callorhinchus callorhynchus vs
Hydrolagus colliei are quite dramatically different (Figure S9), and just based on observations
their swimming kinematics are as well. Callorhinchus callorhynchus has a pronounced leading
edge and round-broad tip to its pectoral fin, which would provide it with an exceptional
advantage in oscillatory flight, with less energy expenditure, compared to the small-pointed fin
tip found in Hydrolagus. We might find then that Callorhinchus relies less on their pelvic fins,
because of these efficient pectoral fins. Even more interesting would be to compare the full-body
swimming kinematics between these two species, especially because Callorhinchus have more of
a heterocercal caudal fin (resembling sharks); the reliance on this fin as an additional source for
propulsion has not been studied, but the gait changes and relationships/reliance on the pectoral

and pelvic fins are likely very different than that of Hydrolagus colliei studied here. Future

81



kinematic studies using morphologically relevant models to distinguish the variation in
swimming parameters across holocephalans are in the works with a past student of mine, and |

look forward to what we publish when the time comes.
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Figure 1. Kinematic repertoire of Hydrolagus colliei pectoral fins: steady swimming, the
swimming continuum: undulatory to oscillatory, other behaviors such as braking to slow down or

stabilize.

Steady swimming
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Figure 2. Point tracking of Hydrolagus colliei for swimming full-body swimming kinematics. 1-

Nose, 2- Tail, 3- Pectoral, 4- Pelvic, 5- Cloaca, 6- Dorsal (base), 7- Spine (tip).

Figure 3. Pectoral vs. pelvic fin kinematics of individual Hcol, across each bout 1-5 (0-0.5

BL/s). Bout 1 is orange, Bout 2 is aqua, Bout 3 is purple, Bout 4 is magenta, Bout 5 is lime, Bout

6 is blue.
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Pectoral Y-pesition
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Figure 4. Pectoral vs. pelvic fin kinematics of individual Hcol, comparing bout 1 vs bout 5.
Bout 1 is in orange and bout 5 in blue. The pectoral and pelvic fin in bout 1 undulate at about the
same frequency, where in bout 5 we can see the movement and frequency of use between the

pectoral and pelvic fin is decoupled.
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Figure 5. The progression from Undulatory to Oscillatory swimming in Hydrolagus colliei.
Pectoral and pelvic fin kinematics across individuals, across each bout 1-5 (0-0.5 BL/s).
Raspberry circles indicate the largest specimen Hcol, TL = 48.26 centimeters. The Lavender
triangles indicate the medium specimen Hco2, TL = 44.45 cm. Lastly the peach squares indicate
the data for the smallest specimen Hco3, TL = 33.02 cm. The first and third row show the data of

each individuals pectoral fins strokes during that bout. Similarly, the second and fourth row show
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Figure 6. Frequency of appendage usage with increasing swimming speeds. Average frequency
of pectoral fin, pelvic fin, and tail across each bout 1-5 (0-0.5 BL/s). Pectoral data shown with
red triangles, pelvic fins with turquoise squares, and the tail with oranges circles. The trendlines
of each appendage have been imposed upon the stacked boxplots to show average change in

usage across each bout/increase in swimming speed.
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Figure 7. Amplitude of appendage usage with increasing swimming speeds. Average amplitude
of pectoral fin, pelvic fin, and tail across each bout 1-5 (0-0.5 BL/s). Pectoral data shown with
red triangles, pelvic fins with turquoise squares, and the tail with oranges circles. The trendlines
of each appendage have been imposed upon the stacked boxplots to show average change in

usage across each bout/increase in swimming speed.
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Figure S1. All tracking-point movements from the largest individual Hcol. Data from each
anatomical point, throughout the 5-10 flaps, per bout visualized. Graphs follow order from
Figure 3: 1- Nose, 2- Tail, 3- Pectoral, 4- Pelvic, 5- Cloaca, 6- Dorsal (base), 7- Spine (tip). Line
color is indicative of bout number but also is the swimming speed scale (BL/s = 0-0.5), Bout 1 is

orange, Bout 2 is aqua, Bout 3 is purple, Bout 4 is magenta, Bout 5 is lime, Bout 6 is blue.
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Figure S2. Pectoral and Pelvic fin kinematics of Hcol with increasing swimming speeds.
The first and third row show the data of the pectoral fin strokes during that bout. Similarly, the
second and fourth row show the individuals pelvic fin data during the same bout A) pectoral and
pelvic fin strokes during bout 1 = 0 BL/s, B) pectoral and pelvic fin strokes during bout 2 = 0.1
BL/s, C) pectoral and pelvic fin strokes during bout 3 = 0.2 BL/s, D) pectoral and pelvic fin
strokes during bout 4 = 0.3 BL/s, E) pectoral and pelvic fin strokes during bout 5 = 0.4 BL/s, F)

pectoral and pelvic fin strokes during bout 6 = 0.5 BL/s. Line color is indicative of bout number
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but also is the swimming speed scale (BL/s = 0-0.5), Bout 1 is orange, Bout 2 is aqua, Bout 3 is

purple, Bout 4 is magenta, Bout 5 is lime, Bout 6 is blue.
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Figure S3. All tracking-point movements from the medium individual Hco2.



Data from each anatomical point, throughout the 5-10 flaps, per bout visualized. Graphs follow
order from Figure 3: 1- Nose, 2- Tail, 3- Pectoral, 4- Pelvic, 5- Cloaca, 6- Dorsal (base), 7- Spine
(tip). Line color is indicative of bout number but also is the swimming speed scale (BL/s = 0-

0.5), Bout 1 is orange, Bout 2 is aqua, Bout 3 is purple, Bout 4 is magenta, Bout 5 is lime, Bout 6
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Figure S4. Pectoral and Pelvic fin kinematics of Hco2 with increasing swimming speeds.
The first and third row show the data of the pectoral fin strokes during that bout. Similarly, the
second and fourth row show the individuals pelvic fin data during the same bout A) pectoral and
pelvic fin strokes during bout 1 = 0 BL/s, B) pectoral and pelvic fin strokes during bout 2 = 0.1
BL/s, C) pectoral and pelvic fin strokes during bout 3 = 0.2 BL/s, D) pectoral and pelvic fin
strokes during bout 4 = 0.3 BL/s, E) pectoral and pelvic fin strokes during bout 5 = 0.4 BL/s, F)

pectoral and pelvic fin strokes during bout 6 = 0.5 BL/s. Line color is indicative of bout number

91



but also is the swimming speed scale (BL/s = 0-0.5), Bout 1 is orange, Bout 2 is aqua, Bout 3 is

purple, Bout 4 is magenta, Bout 5 is lime, Bout 6 is blue.

A Hco2 Pectoral Bout1 B Hco2 Pectoral Bout2 c Hco2 Pectoral Bout3
1100

1000

1000 1000

900

800

Pectoral_Y
8
S
Pectoral Y
@
8
Pectoral Y
2 8

)

100 200 300 0 100 200 300 100 200 300 400 500
Pectoral_X_frame Pectoral_X_frame Pectoral_X_frame

A Hco2 Pelvic Bout1 B Hco2 Pelvic Bout2 € Hco2 Pelvic Bout3

=

930

> 240
! 60 !

Bout

—

930 920

Pelvic,
g g
E 3
Pelvic_Y
g
3
Pelvic_Y
8 B
~N

900 e — 3
0 100 200 300 0 100 200 200 0 100 200 300 400 500
Pelvic_X_frame Pelvic_X_frame Pelvic_X_frame
— Y
D Hco2 Pectoral Boutd E Hco2 Pectoral Bouts F Hco2 Pectoral Boute
100 5
1000
=5
1000
1000
900
}I }I >\
® 900 = =
H 5 w0 5
3 3 S 800
o o o
800 800
700
700 700
0 50 100 150 200 0 100 200 300 0 50 100 150 200
Pectoral_X_frame Pectoral_X_frame Pectoral_X_frame
D Hco2 Pelvic Bout4 E  Hco2 Pelvic Bouts F Hco2 Pelvic Bouté

960 950

940
>920
o

880

Pelvic_Y
8 8
Pelvi
©
H
Pelvic_Y
g g

840

<
8

100 150 200 0 100 200 200 100 150 200
Pelvic_X_frame Pelvic_X_frame Pelvic_X_frame

-
&

Figure S5. All tracking-point movements from the smallest individual Hco3.
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Data from each anatomical point, throughout the 5-10 flaps, per bout visualized. Graphs follow
order from Figure 3: 1- Nose, 2- Tail, 3- Pectoral, 4- Pelvic, 5- Cloaca, 6- Dorsal (base), 7- Spine
(tip). Line color is indicative of bout number but also is the swimming speed scale (BL/s = 0-

0.5), Bout 1 is orange, Bout 2 is aqua, Bout 3 is purple, Bout 4 is magenta, Bout 5 is lime, Bout 6

is blue.
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Figure S6. Pectoral and Pelvic fin kinematics of Hco3 with increasing swimming speeds.
The first and third row show the data of the pectoral fin strokes during that bout. Similarly, the
second and fourth row show the individuals pelvic fin data during the same bout A) pectoral and
pelvic fin strokes during bout 1 = 0 BL/s, B) pectoral and pelvic fin strokes during bout 2 = 0.1
BL/s, C) pectoral and pelvic fin strokes during bout 3 = 0.2 BL/s, D) pectoral and pelvic fin
strokes during bout 4 = 0.3 BL/s, E) pectoral and pelvic fin strokes during bout 5 = 0.4 BL/s, F)

pectoral and pelvic fin strokes during bout 6 = 0.5 BL/s. Line color is indicative of bout number

93



A

900

Pecteral Y

A

875

850

200

©
il
£l

Pectoral Y
2
]

700

D

875

Pelvic_Y
@ @
5 g

800

but also is the swimming speed scale (BL/s = 0-0.5), Bout 1 is orange, Bout 2 is aqua,

purple, Bout 4 is magenta, Bout 5 is lime, Bout 6 is blue.

Hco3 Pectoral Bout1

Bout 3 is

B Hco3 Pecteral Bout2 C  Hco3 Pectoral Bout3
8501
700
650
>.Iﬂanf >
= =
s s
8 S 500
o o
7504
550
7004 500
0 100 200 300 0 100 200 0 100 200 300
Pectoral_X_frame Pectoral_X_frame Pectoral X_frame
Hco3 Pelvic Bout1 B  Hco3 Pelvic Bout2 C  Hco3 Pelvic Bout3
860
675
840
>I }\ﬁ.‘m
2 L2
2 =
5 o
a g20 o
625
800
600
o 100 200 300 0 100 200 0 100 200 300
Pelvic_X_frame Pelvic_X_frame Pelvic_X_frame
Hco3 Pectoral Boutd E Hco3 Pectoral Bout5 F Hco3 Pectoral Boute
9200
800 800
> o
o fud
8 8 700
3 3
o o
700
600
500
0 50 100 150 200 o 50 100 150 200 0 50 100 150
Pectoral_X_frame Pectoral_X_frame Pectoral_X_frame
Hco3 Pelvic Bout4 E Hco3 Pelvic BoutS F Hco3 Pelvic Bouté
800 800
e im0
= =
T i
a o

740

650

N

g

100 150 200
Pelvic_X_frame

0 50 100
Pelvic_X_frame

©

50 100 150
Pelvic_X_frame

Bout

(=TS R ST B+ B



Figure S7. Pectoral fin kinematics across individuals of varying sizes. Pectoral fin displacement
during bout 1 vs bout 5, undulatory or slower swimming shown with an orange outline, and

faster oscillatory movement of the fin shown with a blue line.
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Figure S8. Pelvic fin kinematics across individuals of varying sizes. Pelvic fin displacement
during bout 1 vs bout 5, undulatory or slower swimming shown with an orange outline, and

faster oscillatory movement of the fin shown with a blue line.
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Figure S9. The anatomy and morphology of holocephalan pectoral and pelvic fins. Basal and
radial pterygiophores, with the black space being filled by ceratotrichia which fan out towards
fin tip. The dashed line reflects the gross morphology of each fin respectively across all families
of chimaeriformes: Callorhinchus callorhynchus (Challorhinchidae), Rhinochimaera pacifica
(Rhinochimaeridae), Chimaera monstrosa (Chimaeridae). Redrawn them from the original
dissection illustrations from Garman (1904), and for Chimaera monstrosa, i've supported a
portion of the pelvic fin illustration from a uCT scan | took while at FHL; the original illustration
wasnt very conclusive about all of the radial pterygiophores, so I scaled and aligned both images
and then drew the illustration. | then scaled the illustrations to a lateral full-body image of C.
monstrosa so that the pectoral and pelvic fin would be in the correct proportion to each other. |
then made all other illustrations the same size to compare the morphology of the fins to each

other across families.
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A dive into deep time: Literature review of chondrichthyan fossil assemblages

and diversity throughout the Phanerozoic.

SILURIAN- Chondrichthyes represent an ancient group of fishes originating approximately 420
million years ago in the Silurian (Coates et al. 2017; Inoue et al., 2010, Johanson 2019). The
basic chondrichthyan body plan has undergone two major modifications: one at the end of the
Devonian Period, when modern holocephalans (chimaeras) first appeared, and another in the
Jurassic Period, when the flattened batoid bauplan evolved. The first peak of chondrichthyan
diversity came in the Middle Paleozoic, replacing the placoderms, they then had a second peak

diversification event in the Mesozoic (Johanson 2019).

DEVONIAN- The extreme modification of bauplans to benthic life is not unique to batoids. This
morphology is also seen in the squatinomorphs (angel sharks), as well as several Paleozoic
sharks such as the petalodonts and squatinactids (Carroll, 1988). This suggests that the benthic
body plan has evolved at least four times within Chondrichthyes (Maxwell et al. 2008)

Olive et al. (2016) looked at the palaeoecology of the Strud nursery and suggests that
placoderms had a life history similar to other fossil and modern fishes, laying eggs or giving live
birth in nearshore or in shallow continental environments. In those Devonian environments,
shallow waters offered minimized flow velocity and protection against large predators. The
structuring of Strud nursery implies partitioning of habitat usage between adults and young.
Adult placoderms may have used the nursery of Strud only to lay eggs and/or give live birth and
would have generally lived far from the nursery, in deeper waters. This is similar to the
structuring we know of in extinct and extant chimaeras that lay eggs. While most chimaeras
inhabit deep waters, some species are known to venture into shallow areas to feed or to breed
(Bigelow and Schroeder 1953). There have also been fossils remains found in shallow water
contexts (Kriwet and Gazdzicki 2003; Takeuchi and Huddleston 2006; Kriwet and Klug 2011).
Strud also represents the first occurrence of a placoderm nursery used at the same time by several
placoderm taxa (Olive et al. 2016), while today in the north Alaskan seas we find most skate

nursery sites are used by a single species.
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PENNSYLVANIAN- A new group of holocephalans, Iniopterygia, bridged the morphological
gap of holocephalans to the early elasmobranchs that diverged in pre-Pennsylvanian time.

The iniopterygians are morphological intermediates between chimaeras and the elasmobranchs,
though they are not phylogenetically intermediate. Iniopterygians and chimaeroids exhibit
different structural and morphological solutions to similar problems, which suggests sister-group

relation, not an ancestor-descendant relationship (Zangel 1973).

PERMIAN- The Permian and Triassic saw the extinction of most major chondrichthyan taxa.
The modern fauna, which increased slowly during the Paleozoic Era, quickly rose in diversity

and dominance after the Late Permian extinctions of other marine organisms (Compagno 1990).

TRIASSIC — The timeline of divergence and radiation for modern sharks and batoids
(Neoselachii), based on taxonomic and phylogenetic interpretations, generally links to
diversification during the Late Triassic and subsequent radiation event during the Jurassic
(Kriwet et al. 2009).

Batoids are here estimated to have originated between about 200 and 230 MYA, followed
by the derivation of their major lineages by about 140 MA. During this time, most of the planet’s
shallow continental seas were associated with the Tethys Ocean, a major tropical waterway
extending from the opening Central Atlantic to what is today the Western Pacific. Most groups
of extant batoids occur in similar habitats or are thought to have originated in shallow
environments before being competitively displaced to the deep sea, as stingrays might have
displaced skates (McEachran and Aschliman, 2004; Siverson and Cappetta, 2001).

JURASSIC- The origin of modern sharks and batoids occurred in the Early Jurassic (Maisey et
al. 2004; Kriwet & Klug 2008). Modern groups that originated: Hexanchiformes,
Heterodontiformes, Squatiniformes, Orectolobiformes, Carcharhiniformes, Batoidea (Kriwet et
al. 2009, 2008; Musick et al. 2004).
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Early Jurassic expansion of neoselachians was opportunistic in the aftermath of the end-
Triassic mass extinction; this rapid diversification and radiation has been attributed to their small
body size, short lifespans and oviparity, enabling faster ecological reorganizations and
innovations in body plans for adapting to changing environmental conditions (Kriwet et al.
2009).

A nectobenthic lifestyle, one in which organisms swim freely on or near the bottom of the
sea, has been also suggested for Jurassic batomorphs (Thies and Reif 1985, Underwood 2004,
Klug and Kriwet 2013), in particular for taxa known from complete skeletons such as
Belemnobatis and Spathobatis, which are generally characterized by sharing a bauplan similar to
extant rhinobatids, with an elongated rostrum, dorso-ventrally flattened body with enlarged
pectoral fins and a muscular tail (Stumpf and Kriwet 2019).

Batoids are indicated to have diverged from neoselachian sharks in the Late Triassic,
between 203.3 and 228.8 MY A (Aschliman et al. 2012). The major groups of batoids are
estimated to have diverged throughout the Jurassic and possibly into the Cretaceous, with
subsequent crown radiations of each group arising from the Late Cretaceous to the Cenozoic
(Aschliman et al. 2012).

Fossil evidence of both Orectolobiformes and Batoidea from late Pliensbachian marginal
marine, near-shore facies provide some support for the hypothesis by Underwood (2004, 2006)
that most neoselachian crown-group representatives were initially linked to marginal marine,
near-shore environments, before moving into open marine, offshore habitats by the Toarcian,
thus providing promising clues for better understanding Early Jurassic chondrichthyan diversity
and distributional patterns (Stumpf and Kriwet 2019).

During the latest Jurassic and beginning of the Cretaceous, neoselachians rapidly
diversified and in the late Early Cretaceous. The colonization of pelagic environments during the

Cretaceous presumably represented one of the major steps in the evolution of modern sharks.

CRETACEOUS- Despite their initial success, the hybodonts declined during the Cretaceous in
marine habitats but were still abundant in freshwater and brackish settings.

The most speciouse group of rays, the Myliobatiformes, first appeared in the Late
Cretaceous and rapidly diversified during the early Cenozoic (Johanson 2019).

End-Cretaceous niche-filling by benthic Mesozoic survivors resulted in a prominent
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increase of durophagous families, these being rays capable of crushing hard invertebrate prey.
This resulted in the appearance of the earliest representatives of several extant lineages,
including the pelagic myliobatids, characterized by a derived swimming mode and feeding habits
(Marrama 2019).

PALEOCENE- Divergence time estimates place the origin and radiation of the pelagic
durophagous stingrays around or slightly before the K-Pg boundary, coincident with the
immediate niches filling scenario of the benthic K-Pg survivors and their exploitation by
durophagous stingrays (Aschliman et al. 2012). After the appearance and initial radiation of
planktivorous taxa during late Paleocene-early Eocene (Underwood et al. 2017), a second wave
of radiation occurred at the Oligocene-Miocene boundary within pelagic stingrays when the
filter-feeding devil rays Mobulidae possibly separated from the Rhinopteridae (Aschliman et al.
2012, Marrama et al. 2019).

EOCENE- End of the Eocene went from warm waters to colder-nutrient rich waters, allowing
skates and rays to radiate and colonize new habitats allowing for modern body plans and forms
(Marrama 2019). Fossil remains of Myliobatiformes are known from many localities in marine
and freshwater deposits (de Carvalho et al. 2004). By examining the global Eocene fossil record,
Engelbrecht et al. (2017) showed that batoids were more abundant in the Northern than in the

Southern Hemisphere.
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