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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 coefficient 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
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

they remain throughout embryonic development for a
period of 1–4 years, depending on species (Wourms
1977; Hoff 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
et al. 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 1

3 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-

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. 1 Distribution of elasmobranch egg case nursery sites. Pink dots indicate the 20 sites found from literature sources (see
Supplementary Table 1). 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 (μ; 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 coefficient
of static friction (μ), 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. Bathyraja interrupta, Orange diamond—III.
Bathyraja minispinosa, Lime triangle—IV. Bathyraja parmifera, Aqua pentagon—V. Bathyraja trachura, Blue X—VI. Bathyraja taranetzi, Purple
square—VII. Beringraja binoculata, and Pink circle—VIII. 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.

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 (μ), can be calculated from the angle (α). 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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(α; Ditsche and Summers 2019):

μ = FFriction

FNormal
= tan (α) .

We measured the coefficient 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).

Break-away trials

We used a flume with a 152.4 × 38.1 × 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

FD = 1
2

A ρ v2 CD,

where FD is drag force (N), A is the projected area per-
pendicular to flow (m2), ρ is the density of seawater
(1020 kg/m3), v is free stream flow velocity (cm/s; Vogel
1994), and CD is drag coefficient (unitless). We esti-
mated CD using the equation for drag based on thick-
ness ratio:

CD = 1 + 1.5
(

h
w

) 3
2

+ 7(
h
w

)3,

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 1 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

Area∗species 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 × 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, coefficient of
static friction, and estimated drag (20 cm/s), we cre-
ated linear mixed effect models using the “lme4” 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 1 × 1 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 μm. The colorcoded scale bars for gross morphology are 5 cm. Magenta star—I. Bathyraja aleutica, Gold hexagon—II.
Bathyraja interrupta, Orange diamond—III. Bathyraja minispinosa, Lime triangle—IV. Bathyraja parmifera, Aqua pentagon—V. Bathyraja
trachura, Blue X—VI. Bathyraja taranetzi, Purple square—VII. Beringraja binoculata, and Pink circle—VIII. 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
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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—III. Bathyraja minispinosa, Lime triangle—IV. Bathyraja parmifera, Aqua pentagon—V. Bathyraja trachura, Blue
X—VI. Bathyraja taranetzi, Purple square—VII. 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 1.

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–Vesterålen 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. 4I. 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. 4III.
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. 4VII. A and C; 4VIII.
A and C).

There is also variation in the performance
measures—coefficient 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 coefficient of static friction (Tables
1 and 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 coefficient 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; Hoff
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; Hoff 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 off 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; Hoff 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; Åström 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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