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ZUSAMMENFASSUNG

Crinoiden existieren fast unverandert seit mehr als zweihundert Millionen Jahren. Sie
sind in allen Ozeanen, von den Tropen bis zu den Polarregionen, zu finden und kom-
men sowohl in flachen Kistengewassern als auch in der Tiefsee vor. Es werden zwei
Haupttypen unterschieden: Gestielte Crinoiden (Seelilien) und ihre jangeren Famili-
enmitglieder, die stiellosen Comatuliden (Haarsterne). Mit dem Verlust ihres Stiels
erlangten sie eine freie Lebensweise, die mit einer eingeschrankten Schwimmféhigkeit
einhergeht, was wahrscheinlich zu einer deutlichen Dominanz von Comatuliden gefiihrt
hat. Unter ihnen ist Promachocrinus kerguelensis die am haufigsten vorkommende Art
im Stdpolarmeer, dem Kontinentalschelf der Antarktis und den subantarktischen In-
seln. Obwohl die 6kologische Bedeutung von P. kerguelensis nicht vollstandig verstan-
den ist, sind sie haufig Teil der benthischen Gemeinschaften, welche perfekt an die
vorherrschenden extremen Umweltbedingungen angepasst sind.

Im Rahmen dieser Arbeit habe ich einen numerischen Ansatz aufgestellt, um die
Schwimmfahigkeit von P. kerguelensis in Hinblick auf ihr zirkumantarktisches Vorkom-
men, ihre Migration sowie die Mechanismen, die zu ihrer weiten Ausbreitung gefuhrt
haben, zu bewerten, beides mit Blick auf den Vorteil ihrer Fahigkeit zur aktiven Fort-
bewegung und der Drift als Plankton wéhrend ihres ontogenetischen Larvenstadiums.

Der erste Teil dieser Studie befasst sich mit einer umfanglichen Lokomotionsanalyse
von P. kerguelensis. Ein idealisiertes Berechnungsmodell eines schwimmenden Comatu-
liden wurde aus Messungen an Crinoidenproben und von Videoaufnahmen abgeleitet.
Mithilfe einer analytischen Stromungs- und inversen Dynamik wurden die Schwimm-
geschwindigkeit und der entsprechende Energiebedarf zur Fortbewegung bestimmt.
Aus deren gegenseitiger Abhangigkeit konnte anschlielend die energiee [ziehteste Ge-
schwindigkeit, die Maximum Range Velocity (MRV), abgeleitet werden.

Im zweiten Teil dieser Arbeit wird ein Migrations- und Ausbreitungsmodell zur
Analyse von P. kerguelensis zirkum-antarktischem Erfolg berechnet. Das Modell ba-
siert auf ihren Schwimmleistung, ihrer pelagischen Lebensphase als Plankton, ihrem
energetischen Grundbedarf, verfliigbare Nahrung als Energiequelle und den Meeres-
sowie Gezeitenstromungen. Die Schwimmleistung von P. kerguelensis ergab dabei ei-
ne energiee [ziehte Reisegeschwindigkeit von [3@¢ms~! bei einem Energiebedarf von
[T2Acalh™?, was, in Relation zum Koérpergewicht gesetzt, &hnlich dem von schwim-
menden Saugetieren ist. Ihr taglicher Grundbedarf betragt zusatzlich 3,5 cal day*.
Aus der Nettoprimarproduktion wurden Regionen mit ausreichendem Nahrungsvor-
kommen abgeleitet, die mindestens ihren Tagesbedarf decken. Die Vorhersagen stim-
men sehr gut mit den Gebieten Uberein, an denen P. kerguelensis bisher gefunden
wurde. Produktivitatsanalysen tber einen Zeitraum von sechzehn Jahren zeigen, dass
eine zirkum-antarktische Ausbreitung nur in sehr produktiven Jahren maglich ist. Ba-
sierend auf dieser Einschrankung fiihrte das Modell zu einer zirkumantarktischen Aus-
breitung in etwa 5.000 Jahren. Simulationen, die zu einer vollstdndigen Ausbreitung
fuhrten, erforderten jedoch aktives Schwimmen, eine jahrliche Larvendrift von 75 Ta-
gen und einen Ursprung in der Westantarktis. Die kistennahen Strémungen férdern
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eine westliche Ausbreitung, die im Weddellmeer endet. Zeitliche Variationen von rei-
chen und mageren Jahren deuten auf einen fortlaufenden dynamischen Prozess hin, der
empfindlich auf wechselnde Umgebungsbedingungen reagiert, wobei die zirkumantark-
tische Ausbreitung von P. kerguelensis seit der letzten Kaltephase vor 15.000 Jahren
dreimal stattgefunden haben konnte.



1. ABSTRACT

Crinoids have existed almost unchanged for more then two hundred million years. They
are found in all oceans, from the tropics to polar regions, and occur both in shallow
coastal waters and in the deep sea. Crinoids are divided into two main types: stalked
crinoids (sea lilies) and their more recent family members the stalkless comatulids
(feather stars). With the loss of their stalk, they acquired a free-living life accompanied
by a limited ability to swim, which probably led to the marked dominance of the
comatulids. Among them, Promachocrinus kerguelensis is the most abundant species
in the Southern Ocean, on the Antarctic continental shelf and around the sub-Antarctic
islands.

In this work, | set up a computational approach to assess the locomotory capabil-
ity of P. kerguelensis’ in terms of their circum-Antarctic occurrence, their migration
pattern, and the mechanisms that led to their wide dispersal. Both with regard to
the advantage of their locomotory capacity and in relation to their pelagic larval drift
during their ontogenetic development.

The first part of this study is devoted to a comprehensive locomotion analysis
of P. kerguelensis. An idealised computational model of a swimming comatulid was
derived from morphological measurements on crinoid specimens and their kinematics
tracked on video footage. Swimming speed and corresponding energy demand were
determined with the help of analytical fluid and inverse dynamics. The most energy-
e [cieht locomotion speed, the maximum range velocity, could be derived from their
mutual dependence. The information on P. kerguelensis’ swimming performance, its
pelagic life phase, their cost of living, the available food as a source of energy, and
the ocean and tidal currents form the basis for a migration and dispersal model in the
second part of this thesis.

The swimming performance of P. kerguelensis resulted in an energy-e Lcieht cruis-
ing speed of [C3@m s~* with an energy requirement of [_T2Acal h™2, which, when related
to body weight, is similar to that of swimming mammals. Their daily subsistence
costs are an additional [3bcalday™. Locations of potential occurrences, that at
least cover their daily requirements, were derived from the net primary production.
The predictions correspond very well with the locations where P. kerguelensis has
been found so far. Productivity analyses over a period from 2003 to 2018 show that
circum-Antarctic dispersal is only possible in very productive years. Based on this
constraint, the model led to circum-Antarctic settling in about 5,000 years. However,
simulations leading to full dispersal required active swimming, an annual larval drift
of at least 75 days and were restricted to an origin in the West Antarctic. Coastal
currents promote a westerly dispersal ending in the Weddell Sea. Temporal variations
of rich and lean years indicate an ongoing dynamic process sensitive to changing en-
vironmental conditions, where the circum-Antarctic dispersal of P. kerguelensis may
have occurred three times since the last cold phase 15,000 years ago.






2. INTRODUCTION

Crinoids, along with starfish, sea cucumbers, sea urchins and brittle stars, represent
a distinct group of echinoderms characterised by a pentametric symmetry. They are
divided into two main types: stalked crinoids sea lilies and stalkless comatulids feather
stars (Fig. 2.1). For a complete taxonomic listing, see table 2.1. Crinoids are the older
representatives, with fossil records dating back to the Cambrian (250 million years ago)
(Paul and Smith, 1984). Comatulid crinoids, on the other hand, lost their stalk in the
course of evolutionary development and thus acquired a free way of life. Their ability
to swim gave them an existential advantage and led to their enormous success and
dispersal (Meyer, 1985; Meyer and Macurda, 1977; Janevski and Baumiller, 2009).
More than 600 recent crinoid species have been described so far, with comatulids
representing the vast majority with [C530 species. Crinoids, with less than a hundred
representatives, occur far less frequently than their conspecific swimmer (Ameziane
and Roux, 1997). This was not always the case, crinoids were the clearly dominant
group of crinoids at the beginning (Bottjer and Jablonski, 1988). They are native
to all oceans from shallow water to deep sea (Clark, 1967; Hess et al., 2003), one
crinoid species was even discovered in a 9000 m deep ocean trench (QOji et al., 2009).
While comatulids occur in shallower regions, crinoids have retreated to deeper areas
(Oji, 1996). Crinoids occur both in tropical regions (Ameziane and Roux, 1997) and
in the coldest waters of the Southern Ocean around Antarctica (Broyer et al., 2014).
Three of the five circum-Antarctic species are feather stars: Anthometrina adriani,
Florometra mawsoni, and Promachocrinus kerguelensis, exceptions among the sea lilies
are Feracrinus heinzelleri (Eléaume et al., 2014) and Bathycrinus australis, which
is native to the South Atlantic and sub-Antarctic islands (Gutt et al., 2011). P.
kerguelensis is by far the most common species with the greatest diversity in shape,
colour and morphology accounting for about 60% among the Antarctic comatulids
(Clark, 1967). They have been found to date at depths of 10 to 2200 m (Speel and
Dearborn, 1983) and were first described by their discoverer Carpenter (1879).

Tab. 2.1 Taxonomy of Promachocrinus kerguelensis. According to WoRMS:
http://www.marinespecies.org

Kingdom Animalia

Phylum  Echinodermata

Class Crinoidea

Order Comatulida

Family Antedonidea

Genus Promachocrinus

Species Promachocrinus kerguelensis Carpenter, 1879

All circum-Antarctic comatulid crinoids belong to the family Antedonidae, which

5



2. Introduction

are considered to be free-living and able to swim (Clark, 1915, 1921). Technically,
crinoids are not sessile organisms, with most of them being able to crawl. Swimming
crinoids have been the subject of several studies dating back to the second half of the
nineteenth century. Carpenter (1866) was the first who describe the swimming ability
of Antedon bifida, this was further elaborated in the following decades by Marshall
(1884), Moore (1923) and Langeloh (1937). However, the work of Chadwick (1907) is
still considered the standard of swimming 10-armed comatulid crinoids. First qualita-
tive studies on Florometra serratissima to investigate endurance and swimming speed
were carried out by Shaw and Fontaine (1990). A fluid dynamics approach to deter-
mine the forces exerted and the resulting maximum payload of Florometra serratissima
is the latest research in crinoid locomotion (Janevski and Baumiller, 2009). The sig-
nificance and importance of crinoid mobility was discussed by Meyer and Macurda
(1977). The decline of stalked crinoids and their retreat to deeper waters in contrast
to the emerging dominance of comatulid crinoids on continental shelves provide hints
for predation pressure (Oji, 1996; Messing, 1997). Nevertheless, locomotion generally
provides not only the ability to escape, but also the opportunity to find new food
sources and potential mating partners (Gray, 1968). Although the swimming abilities
of comatulids are limited, it obviously gives them a great advantage in competition
with their family members. P. kerguelensis in particular is perfectly adapted to the
harsh conditions in the Southern Ocean (Broyer et al., 2014).

@ (b)

Fig. 2.1 Mature forms of crinoids. a Stalked crinoid also known as sea lilies. b A
stalkless comatulid crinoid commonly named a feather star.

Although Promachocrinus kerguelensis is the most abundant feather star in the
Southern Ocean, little is known about its dispersal journey, migration pattern and
the secret of its circumpolar success. The key question of this paper is: what role
does their swimming ability and physiological adaptations play in their circumpolar
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dispersal, and how did this lead to such marked dominance and large abundance among
Antarctic crinoids? To assess their swimming performance, it is important to know
how long and how fast they can swim? Endurance depends, firstly, on their energy
requirements, their cost of locomotion, in relation to the food available as an energy
source. The first question is: How much food is needed to swim for a certain period of
time and, on the other side, how much food is available for this? Secondly, how fast
are they moving? The idea is to apply analytical fluid dynamics to calculate all the
forces involved in the swimming of P. kerguelensis. Thrust, the force that propels the
organism forward, and the resistance drag it faces in doing so. The swimming speed
and the corresponding energy demand can be derived from the generated force field.
In order to be able to carry out such an analytical fluid-dynamic approach, a detailed
model of the body shape (morphology), the body weight and its density (physiology)
as well as the swimming movements (kinematics) is required first.

The concept of this locomotion analysis is shown in the flow chart figure 2.2. The
idea is to measure crinoid specimens to create a constructive plan of their morphology,
derive their swimming motions from video recordings and determine their weight and
density using given information from the literature. The challenges posed to the model
are: How can such a complex and fragile structure be expressed mathematically? The
concept is to develop a set of equations to create an idealised but simplified plan of
P. kerguelensis’ morphology (Fig. 2.2 x.1). The movement patterns derived from the
video material are transferred to the model to give it a realistic kinematic component
(Fig. 2.2 x.2). A kinematic model in combination with density and weight form the
virtual model as the basis for the fluid-dynamic analysis used to calculate swimming
speed and payload (Fig. 2.2 x.3).

Furthermore, the question arises: How can we obtain information about their
swimming e [ordt and thus their energy requirement? This has not yet been determined
for crinoids, probably for two reasons. Their swimming strokes are very short (less
than one minute) and they need a relatively large space which, due to its volume,
contains a lot of water (swimming distance up to 5m) (Shaw and Fontaine, 1990).
It is precisely this combination that makes it di Cculit to determine experimentally
reliable oxygen consumptions. Here | propose an indirect calculation method based
on the conservation of energy approach, inverse dynamics. Winter (2009) provides a
comprehensive description of how to derive costs for locomotion from externally applied
forces and physiological data of the organism. Inverse dynamics is used to derive the
internal load on muscles and skeleton from the external applied forces. These forces
are determined using the preceding fluid dynamics (Fig. 2.2 x.4), which in turn allows
to derive the energy demand (Fig. 2.2 x.5) and the most e [cieht swimming speed
as well as the maximum range velocity (MRV) (Fig. 2.2 x.6), using the movement
patterns obtained in the kinematic part.

The second question is dedicated to the circum-Antarctic success of P.kerguelensis:
What are the driving factors that have led to such marked dominance among Antarctic
crinoids and what role does its ability to swim play and how much does it contribute
in circumnavigating the continent?



2. Introduction

For this, I have developed a computational model based on food availability, ocean
and tidal currents (Fig. 2.3 x.7 "Currents”) as well as energy demand, swimming
speed and reproductive life cycles (Fig. 2.3 x.8) to model and analyse the circum-
Antarctic migration of P. kerguelensis. The simulation area is restricted to 60° S, with
the water depth given by the International Bathymetric Chart of Southern Ocean
(IBCSO) (Arndt et al., 2013). The concept is divided into two main questions: How
much energy - as a measure of food - is available on the seabed? And secondly, what is
the influence of ocean and tidal currents on their circum-Antarctic dispersal? The idea
to answer the first question is to derive the available food from the beginning of the food
chain, when algae (phytoplankton) produce organic carbon through photosynthesis in
the process of Net Primary Production NPP (Fig. 2.3 X.7 "net primary production”).
Consumption in the food chain reduces the amount that reaches the seabed. This
can finally be expressed as an energetic content (Fig. 2.3 x.7 "Available energy").
Since organisms need a certain amount of energy to live, not all food con be used for
swimming. Both metabolism and the cost of reproduction reduce the daily amount
of energy available for swimming. Since it is very di [cult to estimate the individual
willingness to swim and to include their group dynamics, | assume an absolutely
optimal situation in which all surplus energy is used for locomotion. Although this
leads to an underestimated time requirement for migration, albeit, it should have no
influence on the degree of spatial dispersal. Currents, on the other hand, are a passive
drive that transports larvae and swimming adults without additional e [ort (Fig. 2.3
X.7 "Currents").
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Fig. 2.3 Flow diagram of the migration model. Schematic representation of the workflow from environmental input
and locomotion analysis results to the circum-Antarctic migration simulation and dispersal model. The organic carbon,
synthesised in the process of Net Primary Production NPP, that reaches the seabed is expressed in available energy. It
provides life support costs and determines swimming duration (cost of locomotion). Swimming and pelagic drift of larvae
is driven by ocean and tidal currents. Their respective drift duration depends on the pelagic lifetime in the reproductive
cycle or their swimming duration. Subsections (x.n) of methodology (4.n) and results (5.n) are highlighted by the coloured

borders.
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3. ADDITIONAL BACKGROUND INFOR-
MATION

3.1 Crinoid’s Morphology

The morphology of Promachocrinus kerguelensis formed the basis for an abstracted
virtual model (Fig. 3.1) (Clark, 1915, p.60). The part of the body that can be
considered the trunk is called the calyx. This is relatively small in relation to the size
of the whole organism. The calyx is surrounded by 30 to 60 cirri (subdivided into 20
to 30 cirrals), small appendages with which it can anchor itself to the substrate. The
arms are evenly distributed around the calyx. Promachocrinus kerguelensis belongs to
a rare genus that can have from 12 to 22 arms within their species (Clark, 1967). They
always form a pair of arms called a ray and thus occur predominantly even-numbered.
A twelve-armed representative with six rays was chosen as the subject of this study.
The arm segments are called brachials, of which the first two, the primibrachials,
occur only singly in the ray, which then splits into two arms. The second segment, the
primibrachial axillary, connects the two arms. They can reach a length of up to 250 mm
and consist of over a hundred brachials. Pinnules are the small branches attached at
regular intervals on either side of each arm, they consist of 20 to 26 pinnulars with a
length of 10 to 20 mm (Clark, 1967).
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3. Additional Background Information
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Fig. 3.1 Schematic drawing of a crinoid from the Antedon family. Modified
after Clark (Clark, 1915, p.60). The side view shows the main body parts of the

crinoid’s morphology. The arms on the opposite side are omitted.
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3.2 Crinoid’s Locomotion

3.2 Crinoid’s Locomotion

Locomotion is generally understood to be the movement to cover distances by walking
or running on land, flying in the air and swimming in water (Gray, 1968). A similar
form of terrestrial locomotion on land is used by benthic organisms on the sea floor.
Crinoids belong to the benthic community of the oceans, spending most of their time
motionless on the seabed or sitting on other organisms while filtering the water and
feeding on plankton. Promachocrinus kerguelensis belongs to a subgroup of crinoids,
the comatulids, which have evolved the ability to temporarily leave their location and
swim for a limited time. To do this, they perform paddle-like arm movements, similar
to those of cilia, in order to be able to lift o[the ground. A stroke cycle describes
a recurring movement pattern for this purpose. This is divided into two phases: the
power stroke and the recovery stroke. Thrust is only generated during the power
stroke. The arm is first stretched out to the side while the pinnules are unfolded
to increase the eledtive area, finally the arm is pulled back against the swimming
direction to propel the organism forward. A power stroke is followed by a recovery
stroke in which the arm is brought forward again. The pinnules are aligned inwards,
towards the axis of the arm, and the arm is then pushed forward close to the centre of
the body (Fig. 3.2). All arms perform the same stroke pattern in succession in pairs
of three or four to ensure a stable and continuous thrust (Shaw and Fontaine, 1990).
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3. Additional Background Information
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Fig. 3.2 Schematic drawing of a stroke cycle. Lateral view of the right arm of
a crinoid. The power stroke is highlighted by thick lines while the recovery stroke is
represented by thin lines. The plotted stroke pattern represents an idealised average
of 53 stroke cycles. The y-axis represents the oral-aboral midline of the organism. The
time interval between two adjacent steps is 1—15 S.
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3.3 Biological Fluid Dynamics

3.3 Biological Fluid Dynamics

Fluid dynamics is a branch of physics that deals with the quantitative description
of processes and their e [edts on objects in moving fluids. Characteristic parameters
are usually forces that are generated by or exerted on an object. In biological fluid
mechanics, these can be the drag or lift of a wing, fin or fluke, but also the generated
propulsion of a moving animal. Fluid dynamics is divided into two interlocking areas:
experimental and theoretical fluid dynamics. Experimentally, fluid dynamic proper-
ties are determined on models in wind or water channels. Flow field patterns can be
visualised by PIV (Particle Image Velocimetry) analyses (Stamhuis et al., 2002). Kato
and Kamimura (2008) gives a good overview of biological fluid dynamics. The Tri-
antafyllou brothers are considered the modern fathers of biomechanics who conducted
experiments on fish-like swimming robots (Triantafyllou et al., 1993; Triantafyllou and
Triantafyllou, 1995). More recent studies on undulating aerofoils were carried out by
Sonntag and Kesel (2011); Sonntag et al. (2018).

On the other side exists the theoretical fluid mechanics, which provides an analyti-
cal and a numerical approach. Analytical fluid mechanics describes the expresses fluid
dynamic characteristic properties and conditions in mathematical equations, e.g. the
drag of a geometric shape (cylinders, plates or spheres). Fundamental work was done
by Stokes (1850), Burgess (1916), and Lamb (1932). Their work was continued and
summarised by Hoerner (1965, 1975), Oertel et al. (2009), Durst (2006), Schlichting
et al. (2006), and Sigloch (2008), to name but a few pioneers.

A modern and nowadays more frequently used method is a numerical model, the
numerical fluid dynamics. It is extremely flexible and can therefore describe complex
flow fields and intricate geometries. However, due to its high demand for comput-
ing capacity, it quickly reaches its limits, especially when unsteady flow conditions
encounter moving objects with large deflections. The required spatial and temporal
resolution leads to extremely long computation times. A comprehensive collection
of simulation-based biological fluid dynamics was compiled by Liu (2005). Numeri-
cal investigations of swimming and undulating two-dimensional fish locomotion were
presented by Owsianowski and Kesel (2008).

Extensive works of biologically applied fluid dynamics have been compiled from
a more scientific point of view by Vogel (1996) and from a technical point of view
by Oertel (2008). Lighthill (1969) is one of the great pioneers in the field of aquatic
animal locomotion. His work "Hydrodynamics of Aquatic Animal Locomotion™ is
nowadays one of the basic standards. While swimming fish is the most studied aquatic
locomotion, comparatively little is known about swimming crustaceans and even less
about echinoderms. The only significant work on swimming comatulids (stalkless
crinoids) was done by Shaw and Fontaine (1990) and Janevski and Baumiller (2009).
The role of cirri (anchoring appendages), which may be involved in crinoid locomotion,
was the subject of Baumiller and Janevski (2011).

The fragile morphology of crinoids in combination with complex locomotion kine-
matics requires a very detailed model with high spatial and temporal resolution, which
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3. Additional Background Information

has discouraged numerical approaches so far. Since analytical calculations can only
compute simple and ideal geometric shapes, advanced methods are needed to evaluate
the properties of crinoid locomotion. Blade element theory (also called blade element
analysis or blade element method in the literature) is an approach to solve a known
function for a given parameter over a given dimension either by integrating or by sum-
ming a finite number of cross-sectional elements. Drzewiecki is considered the father
of the blade element theory. He published the first method for calculating the thrust
of aerial screws as early as 1892 and applied it to propellers (Drzewiecki, 1892, 1900,
1901). Since analytical fluid dynamics is mostly limited to steady laminar flow condi-
tions at low Reynolds numbers Re <2,000, it is applicable to either small dimensions,
very slow velocities or a high kinematic viscosity (Eq. 3.1). Flow conditions at higher
Reynolds numbers are increasingly dominated by turbulent e [edts, which are di [Ccult
or impossible to solve analytically. Swimming animals cover a wide Reynolds range,
e.g. marine isopods are in the range of Re 4,000, swimming fish in the order of Re
100,000, and marine mammals even reach a Re value of up to two million. Conse-
quently, only very small and slow swimmers come to Reynold’s numbers below 2,000
(Vogel, 1996). It has been demonstrated that the blade element theory is a well-suited
method for studying the locomotion of aquatic animals. Analyses of swimming fish
were carried out by Colgate and Lynch (2004). Hui (1988) was also able to adequately
determine the hydrodynamic properties of penguins flying under water. Recent studies
on pectoral fins and their validation by robotic models were performed on an oscillat-
ing system by Bi et al. (2014) and including passive feathering by Behbahani and Tan
(2016). Recent approaches extend blade element theory to include transient e [edts.
The unsteady blade element theory was applied to flapping wings by Au et al. (2017)
and compared with computational fluid dynamics. Swimming crinoids are at Re less
than 2,000 and thus fall within the range of analytical fluid dynamic solutions. Here |
use a morphological approach to divide the crinoid’s body into small simple geometric
shapes and determine their fluid dynamic drag for each time step of the swimming
motion. The net generated thrust of a stroke cycle is then calculated by summing up
all temporal instances.

Reynolds Number

Dimensionless ratios, such as the Reynolds number Re, o [er the possibility to compare
the properties of dilerent systems. The Reynolds number expresses the relationship
of size and velocity to the viscosity of the surrounding medium, which has a direct
influence on the forces of lift and drag involved in locomotion.
uXx uXx
Rex = = L (31)
v M
The velocity u, in [ms™1] and the size x, in [m], are related to the kinematic
viscosity v, in [m?s™%], of the surrounding medium, this can be transformed into a
function of the dynamic viscosity W, in [Pas] with the relation v = % where v is a

function of (1) and the density of the fluid p, in [kg m3] (Schlichting et al., 2006, p.
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3.3 Biological Fluid Dynamics

160, Eqg. 6.56) The analytical solution for the axial and radial flow around a cylinder
must be di Lerkntiated, since a radial inflow is pressure-dominant, while an axial flow
around is friction-dominant. The equation for the Reynolds number remains the same,
but the characteristic length x must be adjusted. The reference value for radial flow
is the diameter of the cylinder, while for axial flow the length of the cylinder is taken
as the characteristic value.
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3.4 Inverse Dynamics

Inverse dynamics in the field of biomechanics is a method that couples anatomy and ki-
netics with mechanical dynamics. The beginnings of biomechanics go back to Leonardo
da Vinci, Galileo, Lagrange, Bernoulli, Euler and Young. It describes, analyses and
evaluates the dynamics of biological movement and locomotion. The forces and mo-
ments that occur in this process characterise the system statics and dynamics. They
are derived from kinematic analysis and anthropometric measurements and provide
conclusions about loads and energy requirements. Winter describes the method of
inverse dynamics when applied to human locomotion. He uses measured ground reac-
tion forces and the kinematic motion data from video analyses to derive the internal
forces and moments of musculoskeletal interaction (Winter, 2009). Nowadays, the
mechanical analysis of biological systems is of great interest for robotics, orthopaedics
and medical technology. Various studies on locomotion of land animals have been con-
ducted to design biologically inspired machines (Buchli et al., 2009; Saunders et al.,
2010; Kalakrishnan et al., 2010; Hopkins et al., 2015), even fast movements of jumping
frogs have been studied in this way (Porro et al., 2017). Only a few approaches were
successful in the field of aquatic locomotion, as the measurement of externally acting
forces in the interaction with the fluid is di Ccullt (Richards, 2008; Lauer et al., 2016).

In inverse dynamics, relationships between externally applied loads on a body and
its resulting linear and angular accelerations are determined (Eqg. 4.69). The compo-
nents necessary to solve the equations are derived from kinematics, anthropometric
data and fluid dynamic forces. The energy required for the movement can accord-
ingly be derived from the moments acting on the joints and the resulting movement
speeds. Necessary steps are briefly presented in the following sections. A schematic
flow diagram in figure 2.2 clarifies the successive steps and the dynamic dependencies.

3.4.1 Kinematics

Kinematics is the theory of the movement of a body with the parameters displacement,
velocity and acceleration, in the polar coordinate system these are correspondingly an-
gle, angular velocity and angular acceleration. Displacement and angle are determined
by subtracting two points or segment angles recorded in time. These points can be
joints and are, for example, ankle, knee and hip. Each segment connecting two joints is
considered a rigid bar performing an individual cyclic repetitive motion. This simpli-
fied representation proves more complex when considering the invertebrate or limbless
locomotion of snakes, fish or the paddling arm movement of crinoids. Both the spinal
column of fish and snakes, but also the arms of crinoids, consist of many small seg-
ments that are di [Ccullt to grasp individually. However, the large number and their
short length make their movement appear fluid like a wavy line. However, this move-
ment pattern can be described either as a wave function or by an extensive polynomial,
a cubic spline. The cubic spline has been shown to be able to map natural motion and
perfectly reproduce di[erent amplitudes, wavelengths and frequencies.
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3.4 Inverse Dynamics

Kinematics is generally the basis of all motion analyses, Hertel (1963) gives a
good overview of the flying and swimming of insects, birds, fish and water snakes,
his focus here is on fluid dynamics. Gray (1968) gives a more comprehensive insight
into the locomotion of vertebrates and invertebrates in terms of their kinetics and
musculoskeletal anatomy. A more general introduction to animal swimming, flying
and running, including an energetic consideration, is summarised by Alexander (2006).
Winter (2009) describes a detailed methodology for analysing human walking from
kinematics to energy requirements.

3.4.2 Anthropometry

Physiology as the study of the properties of biological bodies, their dimensions and
masses is called anthropometry. In order to solve the equations of inverse dynam-
ics, the physiological properties of the individual segments are required. There are
methods for determining these properties, but their potential applicability is limited.
Large segment weights of thighs or whole legs can still be determined quite well, but
properties of small body parts can often only be estimated if a non-destructive ex-
amination is required. The weight can be approximated by volumetric measurements
and determination of the average density of the segments. The moment of inertia can
subsequently be derived from the segment shape and weight (Winter, 2009).

3.4.3 Moment of Inertia

The moment of inertia I is the resistance of a body to a change in its current rotation
(angular velocity), it is dependent on both the shape and its specific mass distribution.
The force necessary to change its rotational speed is the moment of inertia, it is the
equivalent of the body mass and the associated mass inertia in linear motion.

3.4.4 Added Mass

Euler’s formulation of Newton’s second law F—& ma 3tates that a resulting force F
exerted on an object is proportional to its momentum P = mv assuming constant mass
m. However, the force required to accelerate an object of a given mass surrounded
by a fluid is much higher. This dilerknce is called the acceleration reaction. If the
acceleration applied is of the same magnitude, the additional energy required comes
from the extra mass, the so-called added mass.

An immersed body displaces the same amount of fluid as its own volume. The
movement of the body with constant velocity displaces fluid portions and results in
a fluid dynamic force acting on the object (Lamb, 1932; Batchelor, 1967). If the
velocity of the object is now changed either accelerated or decelerated, a part of the
surrounding fluid must also change its velocity. This part of the fluid depends on
the shape and orientation of the body and is expressed as the added mass coe [Cieht
Ca Which represents the fraction of the body’s volume (Vogel, 1996). The total mass
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Fig. 3.3 Added mass coe [Lcieht. The additional mass of the fluid surrounded by
an elliptical cylinder, which must also be accelerated by an acceleration of the cylinder,
is expressed as a function of its axial ratio with respect to its direction of motion. The
mass coe [cieht c, is a volume factor of the cylinder.

Mo IS then the mass of the body my.qy plus the mass of the surrounding medium it
influences.

Mot = Mpody + Ca P Vbody (3.2)

The mass coe Lcieht c, for a cylinder with a circular cross-section is 1.0 (Batchelor,
1967). However, if a cylinder is cut other than perpendicular to its major axis, i.e.
exposed to a current at an angle, the result is an elliptical cross-section. The coe [cieht
of added mass c, for an ellipse is proportional to the ratio of its axes ¢, = b/a, where
a is perpendicular to the acceleration (Fig. 3.3) (Daniel, 1984).

3.4.5 Work, Power, and Energy

Work, in [J], is the energy transferred from one object to another over a period of time,
that is, one body A does work on another body B. If body A is a muscle and body B
is a segment, the energy required to move the segment is the work done by the muscle.
According to Newton’s law of conservation, energy cannot be consumed or destroyed,
only a transformation into another form of energy is possible. Since not all work done
by a muscle is converted into kinetic or potential energy, some is lost in heat or elastic
deformation. It is expressed as a percentage between input and output, where 1 refers
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3.4 Inverse Dynamics

to a theoretical 100% energy transfer with no loss and O refers to no expected output.
Hill (1950) assumes a muscle power e [ciehcy of 25%, i.e. the muscles must provide
four times the required energy for the movement. Muscle power is the product of
net muscle moment M and joint angular velocity w. The latter is determined in the
kinematic analysis of locomotion and the moment M can be determined using inverse
dynamics.
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3.5 Dispersal

Migration simulations are based on environmental factors under which the dispersal
of organisms serves as a study for ecological predictions. They have great significance
for ecological management, e.g. for the definition of protected areas, which play an
important role in biological networks. Impacts of industrial interventions by tidal
power plants, wind farms and resource extraction can thus be minimised. Impacts
on aquatic communities - partly caused by climate fluctuations, but also by humans
- can be predicted and help prevent irreversible damage to the biosphere. Especially
habitats under extreme conditions in the polar regions or in the deep sea are sensitive
to changes in the environment.

In order to make reliable predictions about ecological scenarios, various approaches
from di Lerent perspectives have become established. Willis (2011) provides a compre-
hensive treatise on di[erknt simulation methods and their implementation concepts.

Most recent studies to analyse dispersal and migration of marine organisms use
a coupled Euler-Lagrangian strategy. Here, numerical fluid are combined with parti-
cle simulations so that ocean currents as well as individual and group dynamics can
be modelled (Hirt et al., 1974). The Navier-Stokes equation of the Eulerian part is
used to determine the general flow field of ocean currents (Batchelor, 1967), while
individual and group behaviour are captured by Lagrangian particle dynamics (Hirt
et al., 1970). While the computing power required for fluid-based flow simulations
did not reach a su Lcieht level until the end of the twentieth century, the first motion
simulations of terrestrial migration patterns date back to the 1960s (Sini [ahd Jessen,
1969). Today, however, modern computers are capable of calculating complex and
high-resolution models, so that large-scale dispersal and migration predictions of ma-
rine organisms can be described su Lciehtly well. Migration of salmon shoals (Byron
and Burke, 2014) and collisions of marine mammals with tidal turbines (Lake, 2017,
Rossington and Benson, 2020) underline the importance for interdisciplinary collabora-
tion between science and industry. A more comprehensive approach from fertilisation
through larval stages to adult migration was presented by Allen et al. (2018). Major
improvements on larval dispersal during their pelagic life stage have been made within
the last decade by Shanks (2009); Staaterman and Paris (2013); Swearer et al. (2019).
A simulation of phytoplankton and their distribution by ocean currents is among the
most recent studies in this field (Soontiens et al., 2019). Further studies extend the
dispersion models by implementing the behaviour of single individuals to achieve bet-
ter predictions of more natural dynamics. The so-called individual-based model, or
more generally agent-based model, is already used in various simulations to improve
predictions of group dynamics. A standard protocol for this method is provided by
Grimm et al. (2006).

The ability to move independently of the environment is considered a fundamental
advantage for the success of a species. However, locomotion is associated with high
transport costs compared to dormant metabolism. The main advantages lie in the
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search for new food sources, escape from predators or the pursuit of prey and the search
for potential mating partners. It has been debated by scientists which of these factors
led to the swimming abilities of comatulids. Observational and behavioural studies
conclude that most likely avoidance of benthic hunters provides the greatest benefit
to stalkless crinoids (comatulids) (Meyer and Macurda, 1977). Foraging behaviour,
swimming activities and ecological influences on crinoids were summarised by Macurda
and Meyer (1983); Meyer et al. (1984). Although generally assumed evolutionary
hunting pressure led to a stalkless physiology of comatulids that enabled swimming,
there is no evidence for the influence on their dispersal rate. Evolutionary success
can have di[erknt reasons, either adaptation follows survival pressure or well-adapted
organisms start to colonise new habitats. Since crinoids have been discovered around
the globe and their physiology has not changed significantly over millions of years,
they seem to be perfectly adapted to their needs and have been able to colonise the
most remote habitats (Clark, 1967). The dispersal of sessile organisms, unable to
leave their habitat, depends essentially on three factors: On the duration of the larval
pelagic life stage of their o [Sdring, on the direction and strength of the ocean currents
that transport them and on the mobility of the larvae themselves (Swearer et al.,
2019). The latter usually plays a subordinate role and is negligible to the transport by
tides and ocean currents. Free-living organisms, in contrast to sessile species, have the
possibility to influence the direction of migration and therefore a much larger radius of
action. Comatulid crinoids are known to be more abundant than their stalked family
members, but the extent of their success is not yet fully understood. Promachocrinus
kerguelensis is, as far as known, the most successful crinoid in the southern oceans.
They occur in a unique morphological diversity, there are representatives with 12 to 22
arms, which occur at depths of up to 2,200 m. Extensive surveys around the Antarctic
continent prove their clear dominance, of the 2,450 samples taken so far on the entire
Antarctic continental shelf, 1,451 belong to the species Promachocrinus kerguelensis
(Speel and Dearborn, 1983; Eléaume et al., 2014).

The approach of this study follows a di [erent concept than the methods presented
above. An analytical method derived from geometric relationships was chosen to
express the migration processes in simple mathematical relationships and thus predict
how quickly and to what extent comatulids are able to colonise new areas or recolonise
devastated regions. Comatulids as mobile benthic species belong to the pioneer species
and thus represent the basis for new communities. Especially the seafloor on the
Antarctic continental shelf, which is repeatedly destroyed by icebergs, seems to play
a major role in the ecology of primary populations. Studies by Gutt (2001) indicate
that the Antarctic seabed is disturbed every 340yr in regions shallower than 500 m.
Very shallow areas are said to be disturbed more often. Very shallow areas are even
said to be aledted by icebergs at a rate of 30% per year (Peck et al., 2010; Barnes,
2016; Barnes et al., 2018).
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Mechanisms of Migration

Migration is achieved by two mechanisms: active swimming of adults and passive
drift of juveniles. Maximum daily swimming performance is given by the ratio of
required and available energy. Pelagic drift on the other hand depends on the period
an organism spend in the water column.

The energy available to organisms is mainly provided in the form of carbon and
nitrogen, initially produced by primary production in the process of photosynthesis
in the upper water layers by phytoplankton. Organic material is then transported
downwards to the seabed. Since the entire food chain benefits from the primarily
produced energy, it is subject to constant consumption on its way down, i.e. only a
fraction of the organic material produced eventually arrives at the bottom as a food
source for benthic communities. Where and how fast this process takes place depends
on currents, tides and the local occurrence of chlorophyll a. Recent studies on food
availability in Antarctic oceans show the mutual influence of net primary production,
sea ice conditions, currents and bathymetry (Jansen et al., 2017). In situ sediment
sampling formed the basis for describing the loss through the food chain as a function
of depth. Flux rates were derived from sediment traps at dilerent depths for this
purpose, but these locally collected results are often based on seasonal data only (Isla
et al., 2006, 2009). Very few studies cover sampling periods over more than a couple
of months (Wefer and Fischer, 1991; Palanques et al., 2002; Smith et al., 2008).

Passive migration through drift is part of the reproductive cycle during crinoid’s
juvenile larval life stage.

Reproduction

The reproductive cycle and ontogenetic development of crinoids involves a pelagic
stage in the water column. Figure 3.4 illustrates the ontogenetic development of co-
matulids and clarifies their main stages. The individual stages are species-dependent
and may vary slightly. Especially the period of larval pelagic life ranges from a few
days to several months (Mladenov and Chia, 1983). Promachocrinus kerguelensis has
an annual reproductive cycle in which spawning probably occurs from November to De-
cember. Fecundity has been estimated to average 29,000 eggs per female (McClintock
and Pearse, 1987). The family Antedonidea has doliolarian larvae whose bilateral sym-
metry does not completely change to the typical pentametric radial symmetry during
metamorphosis. The larvae are surrounded by cilia bands that allow limited mobility.
They have an adhesive pit that serves to anchor the organism to a substrate. Pro-
machocrinus kerguelensis belongs to a group with an exceptionally long lecthotrophic
(non-feeding) (McEdward and Miner, 2001) pelagic life phase, settlement most likely
occurs after 2 to 3 months. However, this conclusion is based on data from other
Antarctic echinoderms and has not yet been verified. A density slightly lower than
that of seawater gives buoyancy to the o [sgring, suggesting a long larval period (Mc-
Clintock and Pearse, 1987). Tropical species usually settle in less than a week, e.g.
Florometra serratissima in 4 to 5 days (Mladenov and Chia, 1983). Once attached to
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the substrate, the larva forms a stalk and arms with which it is then able to capture
food. Comatulid species eventually lose their stalk and begin a free-living adult life
(McEdward and Miner, 2001).

S '

Fig. 3.4 Ontogenetic life cycle of comatulid crinoids. Schematic representation
according to the description by McEdward and Miner (2001). 1) Release of eggs into
the water. 2) Temporary pelagic life as non-feeding larvae. 3) Settling on the seabed
after a species-dependent period of several days to several months. 4) Formation of
body appendages - stalk and arms. Start of feeding by filtering plankton from the
water. 5) The shedding of the stalk initiates the beginning of a free lifestyle. 6) Adult
life and beginning of the next reproductive cycle.
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4. METHODOLOGY

This chapter gives a comprehensive and detailed insight into the process of how an
extensive analysis of swimming feather stars (comatulid crinoids) of the species Pro-
machocrinus kerguelensis was carried out from video recordings and sample measure-
ment. The results obtained and third-party environmental data were then used to
develop a computer model to simulate their migration patterns and dispersal around
the Antarctic continent. The methodology is a collection of approaches presented by
scientists in the literature, extended and compiled by methods developed for this the-
sis, as highlighted in each section. All steps listed were part of this study and had
to be calculated for this task in order to achieve the required spatial and temporal
resolution. The equations, external data and coe Lciehts used are either referenced or
highlighted as part of this study. The level of detail and listing of third party equations
is intended to allow the process to be reproduced in its entirety without having to go
back to their origins.

4.1 Morphology and the Virtual Design

A virtual morphological model, the spatial framework, formed the basis for the com-
putational analysis. The aim was to reconstruct an idealised but relatively realistic
three-dimensional (3D) model derived from detailed morphological measurements and
describing their anatomical relationships as far as possible mathematically. Arm, pin-
nule, cirri and calyx dimensions were determined on eight individuals of the Antedon
family sampled on the Polarstern cruise ANT XXI/2 in the Weddell Sea (2003). They
were caught with an AGT (Agassiz trawl) at a depth of 350m at station 65/29-2
(54°31.5S 003° 12.8 E) and stored in formalin. Eight arm samples were photographed
and multiple images stitched together to create high resolution pictures. Dimensions
of the arm segments were then digitally measured on the scaled pictures using Fiji
software (based on ImageJ v1.52, University of Wisconsin-Madison) (Fig. 4.1).

4.1.1 Brachials

Length and width of all brachials were digitally measured and their brachial length
as well as the brachial width were related to their position on the arm axis by means
of exponential regression as a rule of measure. The segment numbers start with one
after the primibrachial axillary 1Br,. Distal arm parts of the virtual design had to be
extrapolated due to the fragmented and incomplete nature of the samples.

4.1.2 Pinnule segments

Pinnules (n=63) were removed at regular intervals from 8 arms. The photos were
digitised and the length and width measurements of the pinnules were regressed as
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@ (b)

Fig. 4.1 Arm morphology. a Composite image of crinoid arm specimen #C4
separated between the first brachial IBr; and the primibrachial axillary 1Br, on the
left side on the image (scale in centimetres). The pinnules were taken at the positions
marked by blue dots. b Image of the corresponding pinnule number 30 (scale in
millimetres).

already done for the brachials. Here, the length of the pinnulars was also linked to
their proximal-distal position on the pinnule, only the width of the pinnulars was
expressed in relation to the width of the associated brachial, i.e. the width regression
is given as the ratio of the arm thickness at the base of the pinnule.

The correlation between width and length of a pinnule was also needed to calculate
the volume-preserving brachial diameter during recovery strokes when pinnules are
folded inwards and aligned to the brachial axis. To create a simple geometric shape,
brachial and aligned pinnules are fused to form a volume-preserving cylinder (Fig.
4.2). Here, the base of the pinnules was assumed to be etched in the middle of a
brachial.

Vigsd) = Vora) + T (oinyl ora) (4.1)
1

The volume of the fused segments V¢sqy is the volume of the brachial V,ray plus the
sum of all laterally parallel pinnulars, their radius was taken from the length-width
regression (Fig. 5.2).

0.00041%> — 0.02511 + 0.3675
r(pin) = 5 (42)

The length I is the distance from brachial where the pinnule attaches to the brachial
to be fused according to the brachial length regression in (Fig. 5.1).

(fsd)

liny = 0.179 exp~0-108i+2319 41 57 (4.3)

I(asc)
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