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Abstract: This study presents morphological data and estimates of the settling velocity and drag
coefficient of sea stars (Asterias rubens) caught in the Limfjord, Denmark. A geometric model describ-
ing the sea star is presented and the thickness and arm width are determined as linear functions of
arm length. The volume and mass of the sea stars is well predicted by the geometric model and is
in agreement with the experimental measurements. The mean sea star density is determined to be
1095 kg/m?, the mean drag coefficient is estimated to be 2.3 and the settling velocity is shown to vary
with the square root of the its size.
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1. Introduction

Globally, sea stars are major predators of molluscs and other benthic invertebrates
and can have considerable impact on cultivated beds and natural populations of shellfish
species, such as mussels, oysters, scallops and clams. Consequently, several methods have
been developed to protect shellfish beds from sea stars, including mopping, dredging,
trapping, fencing and hand-picking [1].

The most common sea star in the northeastern Atlantic Ocean is the common sea
star (Asterias rubens), whose range extends from Norway to Senegal [2]. It can occur in
very large numbers and can pose a particular threat to blue mussel (Mytilus edulis) and
scallop (Pecten maximus) fisheries [3-5]. Trawling is one of the methods used by fishers
in northwestern Europe to catch the common sea star. While the original intention of
trawling for sea stars was to remove them from shellfish beds, in recent years a sea star
fishery has developed in its own right. They are high in protein, and can be exploited as a
marine-based protein supplement for animal feed.

When trawl gears are used on top of bottom culture beds, large amounts of mussels
can be fished as a bycatch. Hence, efforts have been made to develop trawl fishing gear
which minimize these impacts. One such method is to use the hydrodynamics around
the gear components that are towed close to the seabed to lift sea stars into the water
column rather than lifting them mechanically with seabed-contacting gear components.
Computational fluid dynamics (CFD) can predict how the trawling hydrodynamics affects
sea stars, provided there is knowledge about their morphological dimensions (e.g., their
projected surface area, volume and density) and settling velocity. This allows us to model
the trajectory of the sea stars. The biology and ecology of Asterias rubens has been inves-
tigated by [6,7], and much is known about their sexual maturity, spawning and growth
rate [8-10]. Detailed studies to describe their response to gravity [11], water current [12]
and extracts of Mytilus edulis [13] have also been conducted, but little is known specifically
about the density and settling velocity of the common sea star. Ref. [14] used a CFD model
to investigate how sea stars, with an idealized shape, generate a downward force to keep
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them attached to surfaces. They likewise estimated their drag coefficient when aligned
with the flow in a study on the kinematics of sea star locomotion. Ref. [15] additionally
measured the density of Asterias forbesi, a less common sea star in the northeastern Atlantic.

The present study measures the morphology, volume and mass of Asterias rubens and
estimates its density. We also carry out experiments to measure its settling velocity and
to determine its drag coefficient while falling through the water column, prerequisites for
detailed hydrodynamic modeling of sea stars.

2. Material and Methods
2.1. Specimen Collection

Sea stars were collected from the Limfjord, Denmark on 10 and 30 March 2022. The
specimens were randomly sampled from the catches of a commercial boat while trawling
for sea stars. The hauls on March 10 were performed on both cockle (Cerastoderma edule)
and blue mussel (Mytilus edulis) beds. A total of 1486 sea stars were collected (group 1) and
their length measured. A further 125 sea stars were collected from the last haul (group 2)
and brought back ashore for the settling velocity experiments. Ashore, these sea stars
were kept in a laboratory tank to keep them alive and in similar conditions as in the fjord.
The sea stars were left overnight in the laboratory tank to reduce their stress after being
trawled, and measurements were performed the day after collection. More specimens
were collected on 30 March 2022 consisting of 136 sea stars (group 3) on which biometric
measurements were conducted. This group was also left overnight in the laboratory tank
before the measurements were performed.

2.2. Biometric Measurements

The length of the sea stars (L) was measured from the middle of the central disc to the
tip of an arm to the nearest half centimeter, see Figure 1. The measured size of the central
disc (C’) is characterized by the distance from one armpit to an armpit two arms away
while the thickness (T) was measured at the central disc. The central disc and the thickness
were measured with a caliper to the nearest millimeter. The arm width (W’), defined as the
widest place on the arm (see Figure 1), was also measured, for a subgroup of 117 sea stars
from group 3.

(a) (b)

Figure 1. Common sea star (Asterias rubens) picture and geometric model. (a) Sea star with definition
of the measured arm width W’, size of central disc C" and length L. (b) The geometric sea star
model with definition of arm width W, diameter of central disc C and length L. The apothem of the
pentagon inscribed by the central disc / is used in (2.3) to derive an expression for the area of the
geometric model.
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Sea stars move using a hydraulic system, which drains if they are taken out of the
water. Hence, to find the mass of sea stars in their natural habitat, it is important to ensure
that the drained water is included in the measurement. This was accomplished by placing
a container underneath the sea stars immediately after they were taken out of the water,
which were then weighed, using an electronic balance to the nearest gram. The volume of
the sea stars was measured using a container with an overflow. Water was filled up to the
overflow, after which the sea stars were lowered into the container. Water corresponding
to the volume of the sea star then ran into another container through the overflow tube.
The mass M, of the excess water was measured, and the volume was determined by
V = My /pw, where the seawater density is p,, = 1022 kg/ m3.

2.3. Geometric Sea Star Model

In this study the sea stars are modeled as a regular pentagon and five isosceles triangles
as sketched in Figure 1b. The diameter of the central disc C, the arm width W and arm
length L are indicated on the figure, as well as the apothem of the pentagon /. Due to
practical reasons, the size of the central disc C’ is measured instead of the diameter of the
disc C. The relation between the measured size of the central disc C’' and the diameter of
the central disc C is given by the geometry of the modeled sea star as

C/
€= 2sin (%) cos(%)

)

Similarly, the relationship between the width of the isosceles triangles W and the diameter
of the central disc is given as

W = Csin(%) @)

The area of the modeled sea star is given by

A= 5th) +5(;(L - h)W) = ng ®)

which is also an estimate of the largest projected area (the frontal projection) of the common
sea star. Provided the average thickness (from center to the tip of the arms) is proportional
to the measured thickness, then it follows that the volume of the common sea star can be
estimated by

V o« AT = gLWT 4)

Here the proportionality factor is presently unknown but will be determined in Section 3.

2.4. Settling Velocity Experiment

The settling velocity experiment was conducted using the group 2 sea stars. Figure 2
shows a sketch and a snapshot from the settling velocity experiment. A tank, with a
diameter of 56 cm at the window section, a height of 96 cm and a 25 x 50 ¢cm acrylic
window, was filled with filtered (60 um) seawater from the Limfjord. The water level in
the tank was at least 20 cm above the window. A video camera was placed approximately
1 m from the tank and in front of the window. Two rulers were inserted in the centerline of
the tank approximately 15 cm apart. They were positioned such that the numbers could
be read in the video and used for calibrating position. The camera had a frame rate of
30 frames per second. The sea stars were dropped in a horizontal position just underneath
the water surface. After the sea stars were released, they would accelerate before obtaining
a constant (terminal) velocity, the settling velocity. The sea stars were filmed while falling
through the water column with a video camera. Their motion was tracked using a post-
processing tool, where the position of the sea star was determined at every fifth frame.
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A point in one of the armpits was chosen for each sea star to represent its position, and
the corresponding horizontal and vertical coordinates (x, y) were determined as functions
of time by translating pixels to position using the rulers. The settling velocity vs of each
specimen was determined as the rate of change in position after reaching terminal velocity.

¥
} >0.2m
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/ '
vV
\
\
\
/|
/|

Figure 2. Sketch and snapshot of the settling velocity experiment.

2.5. Drag Coefficient

The drag coefficient Cp quantifies the resistance of an object in a flowing fluid envi-
ronment. It is a dimensionless quantity and it is related to the drag force Fp by

1
Fp = 5put?ACD ©)

following Equation (2.8) in [16]. The drag force is equal to the combined action of gravity
and buoyancy, i.e., the submerged weight of the body g(p — pw)V when the sea star has
reached terminal velocity. Equating these and rearranging, the drag coefficient can be
expressed as

28(0 — pw)V
cp=" /o 6
D o2 A (6)

where ¢ = 9.81 m/s? is the gravitational acceleration and the largest frontal projection A is
taken as (3).

Formally, the drag coefficient should be a function of the shape of the body and the
flow regime defined by the Reynolds number

REL = (7)

vsL
v

where v = 107% m? /s is the kinematic viscosity of the seawater.

3. Results
3.1. Distribution of Lengths

The lengths of 1486 sea stars (group 1) were measured, of which 609 were sampled
from cockle beds and 877 from blue mussel beds. They ranged in length from 2.5 to 15 cm.
Their length probability density functions are similar with mean values of 10.3 and 9.7 cm
for cockle and mussel bed, respectively, see Figure 3. Both distributions have a small group
of individuals with lengths around 2.5-6 cm and a larger group from 6-16 cm. The life
span of Asterias rubens is 7-8 years (Schéfer 1972), where the growth rate is most rapid in
the first couple of years [10]. The growth rate of Asterias rubens is highly dependent on
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food supply, and starvation can even cause shrinkage [9]. The plasticity of the growth rate
causes difficulties in age determination, which cannot be inspected by growth rings [17].
However, the small local peak for smaller L suggests a year class with a length of about
L = 4.5 cm, while the global peak has a length of about L = 11 cm.

0.12 T T —
Cockle bed '\
— — —Mussel bed [

0.02 -

L (cm)

Figure 3. Probability density functions based on 609 individuals sampled on cockle beds and 877 on
mussel beds (group 1).

3.2. Width and Thickness

The arm width of the sea star W was not directly measured. However, it can be
estimated from the measured W’ and C’ as follows. First, the relation between the measured
arm width W and Csin(7t/5), where C is defined by (1), is established. Figure 4 shows this
ratio (i.e., the relationship between W' and Csin (%)) as a function of length. It suggests
that there is a fixed ratio between the thickest point on the arm W’ and Csin(7r/5). The
relation based on the mean value can be established as

W/
Csin(%)
It should be emphasized that the ratio is based on the measurements of the central disc and
the arm thickness at the thickest point. By knowing this ratio, the arm width in the model
W can be determined only from the measured arm width W’ as
WI

W=119 ©)

given the relation between C and W in (2).

Figure 5 shows the non-dimensionalized arm width W/L as a function of length,
where the data points are calculated using (9) from W’. The data support that W/L is
approximately constant, with the mean being

W
— =023 (10)

which is depicted as the solid line.
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Figure 4. Ratio of measured arm width of Asterias rubens and the size of the central disc scaled with

sin(% ). The solid line corresponds to (8).
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Figure 5. Arm width of Asterias rubens as function of length calculated from the direct measurement

of W’ using (9). The solid line corresponds to (10).

The measured dimensionless thickness T/ L of the sea stars is shown in Figure 6 as
a function of the length L. To a first approximation, a dimensionally consistent relation
between the thickness and length can again be found from the mean value
T
— =020 11
. a1
The relation is represented in the figure as a solid line. Note that a linear relation is chosen
for the thickness as a function of length to maintain dimensional consistency, which is
needed for the forthcoming determination of volume and density.
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Figure 6. Measured thickness of Asterias rubens as a function of length.

to (11).

3.3. Volume and Density of Sea Stars

Using the proposed geometric sea star model, the volume should be proportional to
the product of the area and thickness AT as expressed in (4). Figure 7 shows the ratio of
the measured volume of the sea stars to AT, as defined in (4), and the measured thickness
as a function of length. The proportionality factor is, from this, determined as

1%

The solid line corresponds

— =1.19 12
AT (12)
2,5 T T T T T T T T T
2t i
o
o @ o
Q
o) O
sk 00Co 40 © ]
= 65809 ©20°°
o
= 00800§8QOQ P
= o 3 Egagoo0¢%
-~ o) Oo§@§0@© g
1 o ©_ 98860 o
oo 3 &
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o
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Figure 7. Measured volume of Asterias rubens normalized according to (4) as a function of length.
The solid line corresponds to (13).
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The thickness of the sea star was measured at the central disc, however, the thickness
changes along the length of the arm. The proportionality factor in excess of unity accounts
for geometric aspects such as this, and the fact that the area A is only an estimate.

Invoking (3), (10) and (11) into (12) now yields the following dimensionally consistent
expression for the sea star volume

14 S5WT

3= 1.19- STL= 0.14 (13)
Figure 8 checks the validity of (13) by plotting the measured volume of the sea stars as
function as length. Equation (13) is depicted as the solid line and confirms good agreement
between the geometric model and the measurements.

500

450

400

350

300

200

150

100

50

6 7 8 9 10 11 12 13 14 15 16 17
L (cm)
Figure 8. Measured volume of Asterias rubens as a function of length. The solid line corresponds
to (13).

The uncertainty of the volume measurement is estimated to be +5 cm? due to surface
tension at the overflow and drops on the container used for the overflow water. The volume
measurements were performed on group 3, and sea stars having a length smaller than 7 cm
were removed to ensure an accuracy of at least 10%.

The mass and volume measurements were performed on the same group of sea stars
and can be combined to determine the density of the sea stars. Figure 9 shows the density of
the sea stars as a function of length. To a first approximation, the density of the common sea
stars (once outliers of more than two standard deviations have been removed) is determined
to be

p= % = 1095 kg/m?> (14)

which, as expected, is larger than the water density in the experimental conditions, namely
1022 kg/m>. The density of the common sea star is less than that obtained by [15] for
Asterias forbesi, which they estimated to be in the range 1110-1154 kg/m?3. This difference,
however, is not surprising, given that it is for a different species, in a different location, and
potentially at a different time of year.

It should be noted that these experiments were conducted in March, when the common
sea stars are pre-spawning and contain significant amounts of eggs and sperm. Hence,
there may be a seasonal variation in density, which is not accounted for in the present study.
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Figure 9. Density of Asterias rubens calculated for each individual. The solid line corresponds to the
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3.4. Mass—Length Relationship

The mass can be determined from the volume and density as
M =pV (15)

The volume and density of the sea stars have been determined in (13) and (14), respectively,
hence the mass can be modeled as
% = %‘; =0.15g/cm® (16)
The measured mass M of the sea stars is shown in Figure 10 as a function of length
L together with the modeled mass (16) shown as the solid line. As with the volume, the
measured mass is well-predicted by the model. The mass of Asterias rubens was likewise
investigated by [6]. In their study, the sea stars were caught in two different ways: by
divers and trawl. Both of their data sets are also shown in Figure 10 (green squares and red
diamonds). A reanalysis of the data from [6] has been conducted to obtain dimensionally
correct predictive models for their two data sets with the same accuracy as in the present
study. These two predictive models are shown as dashed and dotted lines in the figure
with expressions given in the legend. The present data set lies between those used in [6].
Here we point out that the large sea stars are closer to the trawl-caught data, whereas the
small sea stars are closer to the dive-caught data. This is discussed further in Section 4.

600 T T T T
Holmegaard et al. (2008), dive caught
M/L?=0.13 g/cm?®

{  Holmegaard et al. (2008), trawl caught

500 11 M/L3=0.21 g/cm® ]

O  Present

M/L3=0.15 g/cm?®

300

M (g)

200

100 |

Figure 10. Measured mass of Asterias rubens. The solid black line corresponds to (16). Other data are
from [6].
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3.5. Drag Coefficient and Settling Velocity

Figure 11 shows a sample recording from the measurements of a sea star falling
through the water column at several time steps. The sea stars were released close to this
preferential settling orientation. After being let go, the sea star tilted slightly from the
horizontal position and slid to one side while moving downwards. The tilt of the sea star
decreased until it returned to a horizontal position and a maximal displacement in the
x-direction is obtained. Hereafter, the sea star tilts in the opposite direction and the sliding
in the x-direction starts to reverse, eventually reaching another maximum displacement in
the x-direction, at which point the process repeats. This zig-zag path through the water
column is like that of a leaf or a card falling through air [18,19]. There is also rotation
around the y-axis, however, the main motion is in the y-direction, which is the only one
needed to obtain the settling velocity, v; = Ay/At. The y-position of the sea star, shown in
Figure 11, is given as function of time ¢ in Figure 12. The settling velocity is determined as
the slope of the linear fit to the measurement points.

(a)t=0s (b)t=0.5s (c)t=1.0s

(d)t=15s (e)t=2.0s (Ht=2.5s

Figure 11. Snapshots of a sea star falling through water column in the settling velocity experiment.
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Figure 12. Measured position of sea star shown in Figure 11 as a function of time. The solid line is a
linear fit. The coordinate system used is defined in Figure 2.

The drag coefficient is determined from (6), where the modeled area, density, volume
and measured settling velocity are used. Figure 13 shows the drag coefficient as a function
of the Reynolds number. The density and volume were only given to a first approximation,
which means that the drag coefficient, within reason, can only be estimated as a constant,
such that

Cp =23 (17)

108 F ]

O/J
o

o e
&
Q9 4
000
o &
@ %
Q

o

o

10 1 1 1
10* 3 x 10*

Rey,

Figure 13. Drag coefficient as a function of Reynolds number Rey, for Asterias rubens. The solid line
corresponds to (17).

Isolating for the settling velocity in (6) gives the following model

2g(p—pw) V
g= )L 18
Y PwCD A (18)

where V is given by (4), A is given by (3) and Cp is given by (17), i.e., it predicts a settling
velocity that varies with the square root of the thickness. The thickness is shown to be
proportional to the length L in (11), hence the settling velocity varies with the square root
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of L. Figure 14 shows that there is good correspondence between the measured settling
velocities and the predictions of (18).

0.3

0 | | | | |
10 11 12 13 14 15 16 17

L (cm)

N
-2
o]
o

Figure 14. Measured settling velocity of Asterias rubens as a function of length. The solid line
corresponds to (18).

4. Discussion

The geometric sea star model proposed in the present study is simple yet elegant.
While it assumes that arm width and thickness are linearly related to length, the resulting
models of mass and volume fit the experimental data well, while maintaining dimensional
homogeneity. However, it should be noted, that the area given by the model is slightly
less than for a real sea star since the arms are modeled as isosceles triangles being thickest
where they are attached to the pentagon. For the real sea star, the arm was seen to be
wider further from the central disc. This leads to an underestimation of the area and hence
an overestimation of the drag coefficient. The settling velocity of sea stars will, however,
be unaffected.

It should be noted, that mass was seen to be dependent on the catchment method,
where sea stars caught by divers are less stressed and closer to in-situ conditions. This
is apparent from Figure 10, where the measurements in the present study are seen to be
in-between the measurements performed by [6]. The sea stars caught by divers will have
experienced minimal stress, while the trawl-caught sea stars would have experienced a lot
of stress. This is seen by a reduction of mass for the trawl-caught sea stars. In the present
study the sea stars were caught by trawl but had time to recover from the stress in the
laboratory and re-hydrate before the measurements were performed. This may explain
why the present data set lies between those of [6]. The data points for the large sea stars are
closer to the trawl-caught data, whereas the small sea stars are closer to the dive-caught
data. This suggest that the large sea stars do not recover as well as the small sea stars.
The predictive model, presented in the present study, applies to the study by [6] once
the effect of the catchment method is accounted for. From the reanalysis of the two data
sets in [6], the expected mass range was 0.13 g/cm?® < M/L? <0.21 g/cm?. While (15) is
dimensionally homogeneous, this is not. The unknown density in [6] does not allow their
result to be presented in a dimensionally homogeneous fashion. However, the presumption
is that the common sea star loses mass due to fluid being drained when stressed (e.g., when
caught using trawls). If the fluid drained is sea water (or has a density close to sea water),
then this would suggest that the density of the sea star changes with the change in mass.
With this assumption, it is possible to estimate the change in density from the present data
set. This approach suggests that the density of in-situ sea stars (dive-caught) may be as
small as 1073 kg/m3, while the density of sea stars caught with a trawl may be as high as



J. Mar. Sci. Eng. 2023, 11, 296

13 of 15

1107 kg/m?>. The density is a parameter that affects the settling velocity, as indicated by (17),
hence changes in the density of the sea star will impact the settling velocity. However, this
is inherently handled by the predictive model as formulated in the present study.

The mass-length relationship of 1773 fish species in [20] was found to be proportional
to LP. The coefficient B was found to be in the range 2.5 < B < 3.5 and the coefficient
for the sea star (Pentaceraster regulus) in [21] was found to be = 3.03. The original fit
in [6] suggests B = 2.7. In the present study, the precision in the morphology measurements
and the requirement for a homogeneous model do not allow more than a linear relation
between the arm width-length or thickness-length ratios, hence the volume and mass must
be proportional to L3. An added bonus of volume and mass being proportional to L? is that
it yields a dimensionally homogeneous model.

The tank used for the settling velocity experiment had a diameter of 56 cm, giving
a cross-sectional area of 0.246 cm? while the largest investigated specimen had a cross-
sectional area of 0.0188 cm?. The blockage ratio, i.e. the ratio between the area of the sea
star and the tank, is 7.6%. From [22], a blockage ratio less than 6% will have a negligible
effect on the drag coefficient, while a high blockage can create considerable distortion
of the flow with complex effects. The blockage in the experiment is only slightly higher
than the estimated 6%, and only for the largest sea stars, and hence is assumed to have an
insignificant effect.

Modeling how sea stars are affected by hydrodynamics requires a priori knowledge of
their morphology, density and settling velocity (or drag coefficient). The present model,
Figure 1b and Equations (10)-(12), (15), (17) and (18), provide this information. Using
the hydrodynamics of towed near-bed gear components to lift sea stars from the seabed
requires that the induced lift force is large enough to overcome the submerged weight and
the suction from the tube feet of the sea stars. This can be analyzed with a CFD model
given the present morphology and settling velocity model. Once sea stars are suspended
in the water column, their trajectory is directly affected by the hydrodynamics behind the
fishing gear, and the lateral motion and settlement of the sea stars can be predicted by
combining a CFD model with the present morphology model. Knowing the most likely
path the sea stars will follow allows fishing gear to be configured to increase the efficiency
and potentially reduce bycatch, such as shellsfish. Ref. [23] Siemann et al. (2021) used such
an approach to help design a scallop dredge that caught fewer flounder. Ref. [24] measured
the settling velocity of a number of sea shells and found values in the range 0.16-0.22 m/s.
Combining this type of information with the results of the present study, gear could be
designed that both optimizes the catch of more slowly falling sea stars and avoids retention
of faster falling shells.

5. Conclusions

The morphology and settling velocity of the common sea star has been measured
experimentally. The size distribution of Asterias rubens was determined for samples from
mussel and cockle beds, based on 609 and 877 sea stars, respectively. The mean values
of the distributions for the cockle and muscle bed were 10.3 cm and 9.7 cm, respectively,
and the modes of the distributions for arm length were around 11 cm. The arm width and
thickness of the sea stars were determined as a function of length and a geometric model
describing the sea star as a regular pentagon with 5 isosceles triangles was created. The
volume and mass of the sea stars is well predicted by the geometric model, and the mean
density of the sea stars was determined to be p = 1095 kg/m3. Furthermore, the drag
coefficient was found to be Cp = 2.3 and it was used to convincingly predict the settling
velocity of the common sea star. The settling velocity is shown to vary with the square root
of the length of the sea star.
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