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Synopsis  Skates are a diverse group of dorso-ventrally compressed cartilaginous sh found primarily in high-latitude seas.
These slow-growing oviparous sh deposit their fertilized eggs into cases, which then rest on the sea oor. 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 identi ed 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 sea oor. Our study investigated the egg case
hydrodynamics of eight North Paci c skate species to understand how their morphology a ects their ability to stay in place.
We used a ume to measure maximum current velocity, or “break-away velocity,” each egg case could withstand before being
swept o the substrate and a tilt table to measure the coe cient 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 ume trials, we found the
morphology of egg cases and their orientation to ow to be signi cantly correlated with break-away velocity. In certain species,
the morphology of the egg case was correlated with ow rate required to dislodge a case from the substrate in addition to the
drag experienced in both the theoretical and ume experiments. These results e ectively measure how well the egg cases of
di erent species remain stationary in a similar habitat. Parsing out attachment biases and discrepancies in ow regimes of egg
cases allows us to identify where we are likely to nd 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 sh, 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 sh that
deposit their eggs in capsules onto the sea oor where
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period of 1-4 years, depending on species (Wourms
1977; Ho 2008, 2009; Ebert and Winton 2010). Some
species in the North Paci c use nursery sites—locations
where adults gather to deposit eggs at densities any-
where from 500 to 800,500 eggs/km? (Ho 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 Paci c, 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 identi ed 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 ow 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 sea oor (Vogel 1994).
Our goal is to use computational and physical hydro-
dynamic tests of ow and friction, coupled with geo-
graphic information system (GIS) data, to predict the
locations of undocumented nursery sites in the North
Paci c. Break-away velocity, or the ow velocity which
causes an egg case to lift o of the sea oor, can be in-
corporated into ne-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 speci c life-
history stages, make them highly susceptible to trawl-
ing and long-line shing, 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 ow (anterior—posterior orientation) due to the
streamlined shape. The egg cases experienced higher
relative drag when oriented perpendicular to ow in
a lateral orientation. In addition to ow around the
case, they found that water ows 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 ow is
asslow 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 ow through
the horn slits with an embryonic-stage speci c 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 |l 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 ow 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 di erent portions of the
habitat (Ho 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; Ho 2008, 2010, and Ho pers
comm). Nursery sites in canyon slope areas are heavily

shed 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 (Ho 2010, 2016). Evalu-
ating habitat and substrate e ects 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 o 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 Paci ¢ 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 sh habitats, yet many remain un-
protected (Melton et al. 2014; Rooper et al. 2019). A re-
cent analysis of bycatch data indicated that shing 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 sheries 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 speci ¢
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 Paci c¢ 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 Paci ¢ 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 coe cient (l1; Bowden and Tabor 1950).
We measured the coe cient 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 o , and the angle was recorded
by a Johnson’s magnetic angle locator. The coe cient
of static friction (1), 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 speci ¢ to
species, symbol is also species speci c: Magenta star—I. Bathyraja aleutica, Gold hexagon—I1. Bathyraja interrupta, Orange diamond—III.
Bathyraja minispinosa, Lime triangle—IV. Bathyraja parmifera, Aqua pentagon—V. Bathyraja trachura, Blue X—V1. Bathyraja taranetzi, Purple
square—V11. Beringraja binoculata, and Pink circle—\V111. 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 ow. (A) We measured the coef cient of friction on the specimens using a motorized metal
tilt table. The coef cient of static friction (), can be calculated from the angle ( ). Egg cases were placed on the tilt table on wet
sandpaper to simulate sediment. (B) We used a ume to determine the water velocity (cm/s) at which an egg case breaks free of the
substrate, blue arrows indicate direction of ow with reference to egg case. The egg cases were tested in three orientations in both the
friction and ow trials: Anterior/Posterior (AP), Lateral (LAT), and Posterior/Anterior (PA).
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