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SUMMARY

An organism’s physical environment can dramatically affect an organisms’ behavior
and morphological design. The Reynolds number represents the ratio between inertial and
viscous forces in a fluid environment. This study is concerned with the challenges crus-
taceous plankton face resulting from living in a low- and intermediate-Reynolds number
aquatic environment.

In the first part of this study, the freshwater copepod Hesperodiaptomus shoshone is
exposed to a Burgers vortex- a flow feature meant to mimic turbulent eddies found in an
organism’s environment. Male and female copepods were exposed to four vortex intensity
levels plus a negative control in either a horizontal or vertical orientation of the vortex axis.
Trajectory analysis of H. shoshone swimming behavior shows that this copepod changes
its swimming behavior in response to vortex orientation and not vortex level- a notable
difference from marine copepods exposed to the same flow feature. These results may be
linked to ecological and geographic differences between freshwater and marine copepods.

In the second part of this study, the pleopod synchrony in the mysid shrimp Americam-
ysis bahia is quantified. Shrimp and krill beat their pleopods in an adlocomotory sequence,
creating a metachronal wave. Usually, pleopod pairs on the same abdominal segment
beat in tandem with each other, resulting in one 5-paddle stroke. Americamysis bahia’s
pleopods on the same abdominal segment beat independently from each other, resulting
in two 5-paddle metachronal cycles that run ipsilaterally along the body, 180° out of phase
with each other. High-speed recordings of A. bahia stroke kinematics reveal how this mysid
changes its stroke amplitude, beat frequency, and inter-appendage phase lag to achieve high
speeds. Trends with Strouhal number and advance ratio suggest that the stroke kinematics
of metachrony in A. bahia are tuned to achieve large normalized swimming speeds.

In the third part of this study, stroke kinematics in Pacific krill, Euphausia pacifica,

are quantified for the first time. Euphaisia pacifica (1-3cm body length) achieve similar

XVi



swimming modes as the larger E. superba (4-6cm body length) through a different set of
stroke kinematics. To better understand the relationship between stroke kinematics, result-
ing swimming mode, and length scale, these data are used in tandem with previously pub-
lished stroke kinematics of other 5-paddle metachronal swimmers, including mysid shrimp
and stomatopods, to identify broad trends across species and length scale in metachrony.
Principle component analysis (PCA) reveals trends in stroke kinematics, Reynolds number,
and swimming mode as well as variation among taxonomic order. Additionally, uniform
phase lag, i.e. when the timing between power strokes of all adjacent pleopods is equal, in
S-paddles systems is achieved at different Reynolds numbers for each swimming mode,
which highlights the importance of taking into consideration stroke kinematics, length

scale, and resulting swimming mode in bio-inspired design applications.
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CHAPTER 1
INTRODUCTION

An organism’s physical environment can affect an organism’s behavior and morphological
design, leaving it an often overlooked factor that can drive an organism’s ecology. Physical
challenges to sensory perception can drive the adaptation of different behaviors to over-
come such obstacles. For example, many organisms rely on their sense of sight to interpret
their environment, which is dependent on the amount of available light. The amount of
light can change foraging patterns of hawkmoths (Stockl et al., 2017), navigational pat-
terns of ants (Narendra et al., 2017), and vertical migration patterns in crustacean larvae
(Epifanio and Cohen, 2016). In addition to changing behaviors, light levels can result in
different morphological adaptations in similar species that experience different light levels.
Species that rely on sight in dim conditions compared to bright conditions have more rods,
which are sensitive to light level, than cones, which detect color, in their eye (Peichl, 2005;
Landsberger et al., 2008).

This study seeks to relate features from an organisms’ physical environment to result-
ing behaviors or morphological design in aquatic organisms by undertaking two unique
projects. The first project investigates a freshwater copepod’s behavioral response to mi-
croscale turbulence, and the second project seeks to understand trends in shrimp-like or-
ganisms’ propulsive design. Each project has its own unique goal or set of goals.

Goal 1: Quantify a freshwater copepod’s response to microscale turbulence

Turbulence exists across many different length scales. Organisms of all size are subject
to fluid motion, including copepods, who are particularly subject to small-scale fluid mo-
tion. Turbulence at this length scale can affect several aspects of a copepod’s life, including
metabolic rates, predator-prey encounter rates, grazing rates, egg production, swimming

behaviors, and population dynamics (Saiz and Alcaraz, 1992a; Saiz and Alcaraz, 1992b;



Saiz and Kigrboe, 1995; Fields and Yen, 1997). Here, the freshwater copepod Hespero-
diaptomus shoshone’s behavioral response to a Burgers vortex — a flow feature meant to
mimic turbulent eddies found in the organism’s environment was investigated. Male and
female H. shoshone were exposed to 4 different vortex intensity levels plus a stagnant neg-
ative control of a Burgers vortex in either a horizontal or vertical orientation of the vortex
axis. Their swimming behavior was quantified using swimming speed, swimming path,
angles in relation to the flow and the vortex, and time spent in the vortex to determine if
a behavioral response was dependent on sex, turbulence intensity, or vortex orientation.
Hesperodiaptomus shoshone behavior changes in response to the vortex orientation and
not with turbulence intensity — a notable difference to the response of marine copepods
exposed to the same flow feature. These results may be due to ecological and geographic
differences between freshwater and marine copepods.

Goal 2: Quantify metachrony in a 10-paddle, shrimp-like system

Autonomous underwater vehicles have previously relied on a single propeller located
at the back of the device as their primary means of propulsion. While this is an effective
strategy, the device immediately runs the risk of becoming irretrievable if something were
to happen to the propeller while out in the field. A multi-appendage design, in contrast,
is more redundant. If something were to happen to one of the paddles, the remaining
could still function, allowing the device to return to the surface. Engineers are looking to
biology for inspiration for multi-appendage designs, specifically shrimp and krill, due to the
diversity of approaches taken to achieve a similar means of propulsion- the adlocomotory
beating of appendages resulting in a metachronal stroke (Byron et al., 2021a).

Previously documented metachrony in euphausiids focused on one, 5-paddle metachronal
stroke where pleopods on the same abdominal segment beat in tandem with each other, pro-
pelling the animal forward. In contrast, the mysid shrimp Americamysis bahia’s pleopods
on the same abdominal segment beat independently of each other, resulting in two, 5-

paddle metachronal cycles running ipsilateral along the length of the body, 180° out of



phase. The morphology, kinematics, and nondimensional measurements of efficiency are
compared primarily to the one-cycle Euphausia superba to determine how a two-cycle ap-
proach alters the design and kinematics of metachrony. Pleopodal swimming in A. bahia
results in only fast forward swimming, with speeds ranging from 2-12BL/s (body lengths
per second), through a combination of increasing stroke amplitude, beat frequency, and al-
tering inter-limb phase lag. Trends with Strouhal number and advance ratio suggest that the
kinematics of metachrony in A. bahia are beneficial to achieve large normalized swimming
speeds.

Goal 3: Discover overarching kinematic trends in metachronal systems across dif-
ferent length scales and swimming modes

Metachronal propulsion is commonly seen in organisms with the caridoid facies body
plan, i.e. shrimp-like organisms, as they beat their pleopods in an adlocomotory sequence.
These organisms exist across length scales ranging several orders of Reynolds number mag-
nitude, from 10 to 10*, during locomotion. Further, by altering their stroke kinematics,
these organisms achieve three distinct swimming modes. To better understand the relation-
ship between Reynolds number, stroke kinematics, and resulting swimming mode, Euphau-
sia pacifica pleopod stroke kinematics were quantified using high-speed digital recordings
and compared to the larger E. superba. Euphausia pacifica can achieve the same swim-
ming modes as E. superba through a distinct set of stroke kinematics. Euphausia pacifica
consistently operates with a greater beat frequency and smaller stroke amplitude than E.
superba. These data are then used in combination with previously-published stroke kine-
matics from mysids and stomatopods to identify broad trends across species and length
scale in metachrony. Principle component analysis (PCA) reveals trends in stroke kine-
matics and Reynolds number as well as the variation among taxonomic order. Overall,
larger beat frequencies, stroke amplitudes, between-cycle phase lags, and Reynolds num-
bers are more representative of the fast forward swimming mode compared to the slower

hovering mode. Additionally, each species has a unique combination of kinematics that



result in metachrony, indicating that there are other factors, perhaps morphological, which
affect the overall metachronal characteristics of an organism. Finally, uniform phase lag, in
which the timing between power strokes of all adjacent pleopods is equal, in 5-paddle sys-
tems is achieved at different Reynolds numbers for each swimming mode, highlighting the
importance of taking into consideration stroke kinematics, length scale, and the resulting
swimming mode.

To orient the reader to the thesis content, Chapter 2 is a literature review, featuring three
sections. The first section is a conceptual understanding of fluid motion, which defines ba-
sic fluid dynamics terms and discusses water motion across length scales. The second
section is a review on turbulence and its role in the daily life of copepods. In addition
to introducing the reader to a copepod, this section discusses how macro- and microscale
turbulence affects different aspects of a copepod’s ecology from population structure to
individual-level interactions. The final section gives an evolutionary overview of pleopods
in malacostracan crustaceans. This section introduces the reader to the class Malacostraca
and discusses the three primary functions pleopods may serve: locomotion, reproduction,
and respiration. Chapters 3-5 present the research methodology, results, and discussion for
one of each of the goals outlined above. Chapter 3 investigates the behavioral response of
H. shoshone to a Burgers vortex, Chapter 4 quantifies the dual ipsilateral metachrony of A.
bahia, and Chapter 5 quantifies metachrony in E. pacifica and discusses trends in stroke
kinematics required to achieve similar swimming modes across different Reynolds num-
bers. Chapter 6 concludes with findings from the previous chapters, discusses limitations

from the current study, and provides insights into future research projects.



CHAPTER 2
LITERATURE REVIEW

This study is interdisciplinary, spanning the fields of fluid dynamics, ecology, and func-
tional morphology. Thus, the following literature review introduces terminology and con-
cepts important for later chapters. Topics covered include a conceptualization of fluid mo-
tion, a review of the effects of turbulence on copepod ecology, and an introduction to pleo-

pod morphology and function in Malacostraca.

2.1 Conceptualizing Fluid Motion

2.1.1 Basic Terminology

To understand the relationship between an organism and its physical environment, there are
several basic physical terms to define before proceeding. Density (p) is the fluid mass (m)
per unit volume (V). A fluid’s viscosity represents its “stickiness”. There are two versions
of viscosity. Dynamic viscosity (u) represents the amount of “friction” between two layers
of fluid and how hard it would be to move those two layers of fluid relative to each other.

Kinematic viscosity (v) is calculated as
v=~E @.1)
P

and represents the diffusion rate of momentum in the flow.

For a basic conceptualization of fluid terms, it is useful to visualize two-dimensional
Couette flow (Figure 2.1). Couette flow occurs between two parallel surfaces (plates) sep-
arated by a gap (h), filled with fluid. One of the surfaces is stationary (lower) while the
other (upper) moves tangentially with respect to the stationary surface. In steady-state, a

velocity gradient (Ou/dy) occurs within the fluid, resulting in a greater velocity near the



moving plate and decreasing until the velocity reaches zero at the depth of the stationary
plate. This phenomenon is known as shear: the deformation of a material in which parallel
surfaces move at different rates relative to each other. Shear stress (7) is the tangential force

(F) per cross-sectional area (A) applied to create movement in the fluid,
F
= _ 2.2
T=7 (2.2)

and shear strain (¢) is the ratio of the horizontal fluid displacement (6x) over the depth of

the fluid (h),
ox
0=—. 2.3
N (2.3)
y
a
A F
—_—
o6x Moving Plate ‘
u :
h > d‘:‘:
e =
* > X
Stationary Plate

Figure 2.1: Couette flow. Schematic of Couette flow between a stationary plate and a
moving plate separated by distance h. A tangential force, F, acts upon a plate with surface
area A, causing it to move horizontally a displacement distance dx. This action induces the
fluid movement with velocity, u, between the plates due to the viscosity of the fluid. One
plate is moving and the other is not, resulting in a velocity gradient, Ju/dy. The shear stress,
T, is the tangential force F per area A, and the shear strain, 6, is the horizontal displacement
per gap width, which is defined as the ratio of 6x to h.

The final fluid mechanics quantity to define from a biological perspective, is vorticity.

Conceptually, vorticity (w) is a measurement of the rotating motion of the fluid at a given



point. Mathematically, vorticity is calculated as the curl of the three-dimensional flow flow
velocity (u),

w=V Xu. 2.4)

The magnitude of the vorticity vector indicates the strength of rotation, while the orienta-
tion of the vorticity vector defines the orientation of the axis of rotation. Further, vorticity
is a field variable that has unique magnitude and orientation at every location in the flow

domain, rather than a single global value.

2.1.2  Fluid Motion Varies with Length Scale

There are two main regimes of fluid flow — laminar and turbulent (Figure 2.2). In laminar
flow, the fluid moves smoothly. Viscosity is dominant enough in laminar flows to discour-
age the formation of instability features such as eddies and vortices. In turbulent flow,
the inertia of the moving fluid overcomes the viscous forces, and the fluid is subject to

instability and random motions that take the form of swirling eddies.

Laminar Flow

A J

Turbulent Flow

Figure 2.2: Laminar and turbulent flow. Schematic of simple laminar (upper) and turbulent
(lower) flow in a pipe. Blue arrows represent the mean flow pattern in both laminar and tur-
bulent flow. Orange arrows in turbulent flow highlight the instabilities and chaotic motion
of the fluid.

The Reynolds number (Re) is a nondimensional parameter that represents the ratio of

inertial to viscous forces and differentiates between laminar and turbulent flow. At low



Reynolds numbers the flow is considered laminar, and at greater Re the flow is considered
turbulent, with a transitional regime falling between. The Reynolds number is calculated

as
_pUL UL
=

Re (2.5)

where L is the characteristic length scale for the flow (for example, the diameter of a pipe)
and U represents the characteristic velocity (for example, the mean velocity of the fluid in
a pipe).

Turbulent eddies have kinetic energy associated with their swirling fluid motion. Large
eddies become unstable, due to the balance of inertial and viscous effects, and break into
smaller eddies. This continues until eddies become so small that the kinetic energy is dissi-
pated into heat by the fluid viscosity. The conceptualization of decreasing eddy size until it
is lost to viscous dissipation is known as the turbulent energy cascade. The dissipation rate
(e) can be calculated for turbulent flows and represents the rate at which the kinetic energy
is lost to viscous dissipation.

The smallest eddies that exist in a turbulent flow can be quantified using the Kol-
mogorov microscale. There are three main features of the Kolmogorov microscale. The
Kolmogorov length scale (7) is the characteristic scale at which viscous dissipation occurs,
the Kolmogorov time scale (7)) represents how long the smallest eddy can exist before
being lost to viscous dissipation, and the Kolmogorov velocity scale (u,,) represents the

velocity of the Kolmogorov-scale eddies.

2.2 Turbulence Affects Copepods

2.2.1 What are Copepods?

Copepods are small, crustaceous zooplankton found in nearly all bodies of water and make
up a key link in aquatic food chains. They often exist at the same length scale as dissipative-

scale eddies, 1.e. at the Kolmogorov microscale. Copepods can detect chemical and hydro-



dynamic features in their environment by using setae, which are fine, hair-like structures
located on their antennae. These setae may have chemoreceptors on them, allowing them
to detect chemical cues in the water (Boxshall and Huys, 1998) or they may be more hydro-
dynamically receptive. Flow past setae causes them to bend, and the strength and direction
of setal bending allows copepods to interpret different hydrodynamic cues (Yen and Nicoll,

1990; Yen and Strickler, 1996; Kigrboe et al., 1999; Doall et al., 2002).

2.2.2  Types of Turbulence

Turbulence is a random distribution of eddies constantly evolving in space and time, mak-
ing fluid motion difficult to predict and analyze in a laboratory setting. To account for the
different length scales of turbulence, it is easiest to envision turbulence as a means of dissi-
pating energy. Energy in bodies of water is introduced into the water column as large-scale
eddies, which as they become unstable, break down into smaller eddies until they are small
enough to be dissipated into heat by viscosity (Kolmogorov, 1941). In the ocean eddies
can reach diameters up to 100km, requiring differentiation of eddies by size. There are
three different categories of turbulence based on eddy size — mesoscale, submesoscale, and
microscale turbulence.

The largest eddies form mesoscale turbulence. Eddies at this scale have a diameter up
to 100km and cores which extend up to Skm in depth (Rhines, 2015; Luteharms and Baker,
1980). These eddies allow for large-scale mixing and equalize energy built up as a result of
heat gradients due to the uneven heating of bodies of water. Mesoscale eddies form when
an instability in a larger current breaks off from the main current, deep-sea waves interact
and propagate along the seafloor, or smaller eddies converge to form a larger eddy (Rhines,
2015).

Submesoscale turbulence is smaller than mesoscale turbulence, ranging from 0.1-10km
in diameter and reaching depths up to 1km (McWilliams, 2016). Submesoscale eddies

are usually fragments of mesoscale eddies. They are prominent in the surface layer and



mixed layer of the oceans, and further distribute heat gradients that form along the surface
of the ocean. Eddies produced by wind stress are subject to Ekman pumping, where wind
stress and the Coriolis effect work in tandem to create eddies that upwell deep, nutrient-
rich waters to the surface (Eckman, 1905). Approximately 20-30% of all nitrogen flux is
from submesoscale eddies, making them hot spots for primary production and biodiversity
(Klein and Lapeyre, 2009).

Microscale turbulence is the smallest scale of turbulence. In the field of oceanography,
microscale turbulence refers to eddies that have a diameter less than 0.1km. However,
most of these eddies continue to serve similar functions as submesoscale turbulence. They
are the continued dissipation of larger eddies that mix the ocean. Going forward, when
referring to microscale turbulence, we will refer to special case of Kolmogorov microscale
turbulence — the smallest eddies that are in equilibrium with their environment before being
lost to viscous dissipation (Kolmogorov, 1941; Jimanez, 1997). Microscale turbulence can
be visualized as a random distribution of vortex tubes that are constantly stretched and
pulled in various directions (Jumars et al., 2009). Mesoscale, submesoscale, and microscale

turbulence all affect copepod ecology.

2.2.3  Meso- and Submesoscale Turbulence Affects Community Structure

Copepods at first glance appear to be passive drifters in the ocean, subject to isolation
from other communities and populations outside of their specific water mass. The inabil-
ity to overcome the large-scale turbulent mixing of km-scale water masses can serve as a
geographic barrier, blocking two different copepod populations from mixing, resulting in
allopatric speciation (Hoskin et al., 2005). Allopatric speciation occurs when two popula-
tions of the same species can no longer interact, isolating gene pools and resulting in two
distinct species over evolutionary time. This has been observed when comparing copepod
populations between neighboring lakes that once were connected. The lakes each house a

different species of copepod that once shared a common ancestor (Barrera-Moreno et al.,
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2015). This phenomenon also has been observed when comparing copepod populations on
different sides of an archipelago (Melo et al., 2014).

While these examples of allopatric speciation occur over large length scales with ter-
restrial barriers, these are extreme cases of population separation. On the length scale of
different water masses, copepod patches that form within water masses are dominated by
only one species, indicating that it is difficult for water masses to mix, which may serve as
enough of a geographic barrier to allow speciation to occur (Tsuda et al., 2000). Population
structure also varies between water masses which results in unpredictable and imbalanced
sampling (Seridjii and Hafferssas, 2000; Labat et al., 2002). However, these separate pop-
ulations can eventually be mixed, creating a new population if turbulent mixing is strong
enough (Maar et al., 2003).

As eddies move across the ocean, they pick up different copepod populations, creating
a unique community. As the geographic distance that an eddy travels increases, copepod
abundance, biomass, and biodiversity within an eddy increases (Mackas et al., 2005; Hunt-
ley et al., 1995). The amount of biodiversity and species evenness between eddies also
varies. In mesoscale and submesoscale turbulence, fluid volumes with greater turbulence
have less biodiversity and species evenness than less turbulent volumes, resulting in a neg-

ative effect on biodiversity and ecosystem stability (Seridjii and Hafferssas, 2000).

2.2.4 Microscale Turbulence Affects Individual Interactions

Copepods face the challenge of living in a lower Reynolds number environment daily.
At the Kolmogorov microscale, copepods interact with flow features that originate from
other organisms, such as potential predators, prey, and mates, as well as with dissipative
eddies that cascade down from mesoscale and submesoscale turbulent eddies. In contrast
to mesoscale and submesoscale turbulence that affect copepod community and population
structure, microscale turbulence affects copepods on a more individual level.

As turbulence increased to create a stressful environment, copepod metabolic, excre-
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tion, and developmental rates also increase (Alcaraz 1997). Heart rate increases up to 93%
(Alcaraz et al., 1994), nitrogen and phosphorus excretion rates increase up to 60% (Saiz
and Alcaraz, 1992a), and growth rate decreases in more turbulent environments (Peters and
Marrase, 2000).

Microscale turbulence also affects a copepod’s ability to feed. Microscale turbulence
increases encounter rates for organisms at this length scale (Kigrboe and Saiz, 1995b;
MacKenzie and Kigrboe, 1995; Shimeta et al., 1995; Martinez et al., 2018; Michalec et
al., 2020), resulting in feeding rates up to four times greater than in calm conditions (Saiz
and Kigrboe, 1995; Caparroy et al., 1998). For ambush predators who actively forage for
food, such as Acartia tonsa, there is a trade-off to the ideal turbulence level that increases
foraging. Although increasing turbulence increases encounter rate, it also decreases the
distance that A. fonsa can accurately detect prey. When turbulence levels are still relatively
low, feeding in A. tonsa increases with turbulence, but a threshold arises where turbulence
becomes too strong and the copepod can no longer detect prey (Saiz and Kigrboe, 1995).

These observations imply that there is an ideal turbulence level for a copepod which
balances the advantages of an increased encounter rate with the disadvantages of a lower
detection distance. Indeed, turbulence has the greatest effect on the number of prey en-
counters when the predator falls within the mm-cm body length scale, has limited or low
motility, and has a long reaction distance — all traits characteristic of ambush-predator cope-
pods, including A. tonsa (Kigrboe and Saiz, 1995a), Centropages typicus (Caparroy et al.,
1998), and Oithona davisae (Saiz et al., 2003).

There are other competing factors as turbulence intensity increases. Increasing turbu-
lence intensity increases the encounter rates with prey, which benefits the copepod when
the copepod is a predator. However, copepods are common prey for organisms higher in
the food chain, hence predation upon copepods may also increase with turbulence inten-
sity. Copepod energy expenditure and mortality both increase with increased turbulence

(Visser et al., 2009; Bickel et al., 2011). When the net energy gain from increased feed-
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ing is weighed against increased energy expenditure and increased mortality rates, it may
be more beneficial for an organism to function in an environment with lower turbulence
(Visser et al., 2009).

Turbulence strength is quantified by different physical components. Several experi-
ments have tried to correlate different behavioral responses to the physical components of
turbulence, including shear (Kigrboe et al., 1999; True et al., 2015), vorticity (Kigrboe et
al., 1999; Elmi et al., 2021), and acceleration (Kigrboe et al., 1999). These experiments
show that species respond to hydrodynamic cues differently, and even within species, be-
havioral responses vary. Reliable experiments regarding copepods’ response to turbulence
requires simulated turbulence in a laboratory setting match similar dissipation rates to what
occurs in an oceanic environment, which may not be as strong as previous experiments

propose (Franks et al., 2022).

2.3 Malacostracan Pleopods

2.3.1 What is Malacostraca?

Malacostracan crustaceans comprise the largest class of crustaceans, including inverte-
brates such as lobsters, crabs, shrimp, amphipods, and isopods. These organisms range
in size from isopods on the millimeter scale, to coconut crabs reaching just under Im in
length. While they all share similar morphologies, each is tailored to the physical environ-
ment it occupies.

Malacostraca have a chitinous exoskeleton comprised of three main body parts: the
head, the thorax, and the abdomen. In some cases, the head and thorax have fused together
over evolutionary time, forming the cephalothorax. If an organism has a cephalothorax,
then the abdominal segment is referred to as the pleon. Malacostraca have two types of
legs — thoracopods, located on the thoracic segment, and pleopods, located on the abdom-
inal segment (Figure 2.3). In general, malacostracan abdominal segments features two

pleopods that may be connected to each other via a retinaculum, or allowed to move inde-
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pendently from each other. Pleopods consist of an upper segment, the protopodite, and a
lower segment, the exopodite. The lower segment of the pleopod may be biramous, branch-
ing into two components- an exopodite and an endopodite. Through different adaptations,
pleopods can be specialized to one of three main functions throughout the diversification

of Malacostraca — reproduction, respiration, and most commonly, locomotion.
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Figure 2.3: Malacostracan pleopods. (A) Pleopods (blue) and thoracopods (red) high-
lighted on a mysid shrimp. Image modified from Meland et al. (2015). (B) Image of the
abdominal segment and pleopod pair of Euphausia pacifica with protopodite, exopodite,
and endopodite identified.

2.3.2 Reproduction

In some Malacostraca, pleopods have assumed a reproductive purpose, becoming function-
ally gonopods. This is commonly observed in the Brachyura, or true crabs. True crabs
have undergone an evolutionary process known as carcinization (reviewed by Keiler et al.,
2017). Carcinization is the process where a lobster-shaped decapod evolves into a “crab-
like habitus”. The head and thorax fuse into the cephalothorax, and the pleon will thin and
ultimately fold under the cephalothorax, creating a pocket where the pleopods lay. While

many organisms have this crab form, not all are considered true crabs. Instead of relying
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on energy expenditure to hold the pleon in place, a true crab has a locking mechanism de-
signed to hold the pleon in place, consisting of a “key” located on the fifth thoracic segment
and a corresponding “lock” on the sixth abdominal segment (Kohnk et al., 2017).

Because the pleopods in true crabs are kept sequestered between the cephalothorax and
the pleon, they are not used for locomotion. Instead, males have lost all but the first two
pleopods, which have been modified into gonopods. Females have retained all of their
pleopods, but instead, pleopods are used to attach and carry eggs during fertilization (Bliss,
1968; Kohnk et al., 2017). This increased carrying capacity within the space between the
cephalothorax and the pleon creates some spatial limitations for female crabs, and often-
times females are unable to fully institute a pleon-holding mechanism like the males in
their species (Kohnk et al., 2018).

For males, pleopods are necessary for sex and have become reproductive organs for the
crustacean. The first set of pleopods is fused together, forming a hollow tube which acts
as a penis. The second pleopod pair, also fused together, becomes stiff and rigid. During
copulation, both gonopods are inserted into the base of the female’s first pleopod. While
the first gonopod releases sperm, the second acts as a piston, forcing sperm into the female.
The female will then carry the sperm until she is ovigerous (Hartnoll, 1969).

It is important to note that gonopods are not restricted to the true crabs. Shrimp and
lobsters also have modified pleopods that have a reproductive function. The loss of function
in the first two pleopods of peppermint shrimp, Lysmata wurdemanni, prevents it from
being able to successfully transfer sperm, indicating that this shrimp relies on pleopods
for reproduction (Zhang and Lin, 2004). In Homarus americanus, the first set of pleopods
is modified into gonopods in males and reduced in females so that egg attachment does
not restrict the motion of the other four locomotory pleopods (Herrick, 1911; Comeau and

Benhalima, 2018).
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2.3.3 Respiration

In many isopods and amphipods, pleopods are specialized to assist in respiration. In aquatic
species, amphipods and isopods have gills on their pleopods, serving as the site for gas and
ion exchange. To amplify gas exchange, many species create a respiratory current to bring
in water, increasing the amount of water the organism can filter and thus increasing the
organism’s oxygen levels (Friend and Richardson, 1986; Boudrias, 2002).

Functionality among an organisms pleopods can vary. The isopods Idotea wosnessen-
skii and I. resecata both have five pairs of pleopods. The two anterior-most pairs are used
for locomotion, and the two posterior-most pairs are used for respiration, enhanced by the
swimming current produced by the anterior pleopods. These pleopods have different phys-
ical properties that lend themselves to their functions. Pleopods used for locomotion are
thicker and more rigid than pleopods used for respiration. The third pleopod pair, because
it lies between the locomotory and respiratory pleopods, similarly has intermediate prop-
erties, allowing it to function as both a swimming leg and a respiratory leg, depending on
where the need is greatest (Alexander et al., 1995).

Some amphipod and isopod species have transitioned recently over evolutionary time
into terrestrial organisms, making them a unique case study for the challenges a terres-
trial environment may impose upon an aquatic organism. Some of the most important
challenges for an organism to face moving to a terrestrial environment include surviving
desiccation and adapting a new respiratory system (Schmidt and Wagele, 2001). Amphipod
pleopod length decreases as species transition from fully aquatic to littoral and terrestrial
environments, highlighting the lessening pressure for pleopods that serve a respiratory pur-
pose, as gills are no longer required. Coupling this, completely terrestrial amphipods no
longer use their pleopods for locomotion and rely on their thoracopods instead, rendering
pleopods rudimentary or completely vestigial in terrestrial species (Anagnostopoulou and

Thomopoulos, 2013).
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2.3.4 Locomotion

Many free-swimming crustaceans rely on a drag-based means of propulsion. Drag-based
propulsion features an appendage, or set of appendages, undergoing a power stroke and
a recovery stroke. During the power stroke, the appendage is fully extended, and during
the recovery stroke, the appendage folds back on itself, either via a joint, or because the
limb itself is flexible. This may be enhanced by the fanning and collapsing of setae to
further increase the difference of drag between the power and recovery strokes (Cheer and
Koehl, 1987). This asymmetry of the drag force throughout the entire stroke, in addition to
suction thrust that arises from consecutive limbs, results in a net forward thrust that propels
the organism (Kim and Gharib, 2011a; Colin et al., 2020).

Malacostracan pleopods beat in an asynchronous stroke to achieve drag-based propul-
sion. Pleopod pairs on the same abdominal segment will beat in tandem with each other
and in a time-delayed manner relative to ipsilateral pairs, resulting in a metachronal stroke.
Pleopod metachrony has been documented in anaspidacea (Grams and Richter, 2021), eu-
phausiids (Kils, 1981; Murphy et al., 2011; Murphy et al., 2013), isopods (Alexander,
1988), mysid shrimp (Hessler, 1985; Quetin and Childress, 1980; Cowles et al., 1986;
Wittmann, 2013), stomatopods (Campos et al., 2012; Garayev and Murphy, 2021; Ford et
al., 2021), and lobsters, although pleopod metachrony in lobsters assists in walking, rather
than free-swimming (Lim and DeMont, 2009).

It is important to note that while pleopods are often used for swimming, they may not
be the primary propulsive appendage in some species of Malacostraca. Notably, several
species of mysid shrimp rely on their thoracopods for swimming (Laverack et al., 1977;
Schabes and Hamner, 1992; Sudo et al., 2009; Sudo et al., 2010). Because of the different
appendages used for locomotion and the variations of pleopod metachrony in Malacostraca,
pleopod functionality has been used to create phylogenetic trees and suggest evolutionary

relationships within this order (Grams and Richter, 2021).
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CHAPTER 3
A FRESHWATER COPEPOD’S RESPONSE TO MICROSCALE TURBULENCE

3.1 Introduction

Copepods are a diverse group of organisms found in nearly every body of water and are
ecologically important, operating at the base of nearly every aquatic food chain. These or-
ganisms interact with their environment by interpreting chemical and hydrodynamic cues,
which they detect using setae, thin, hair-like structures, on their antennae. Setal deforma-
tion as little as 10nm can elicit a behavioral response in a copepod (Lenz and Yen, 1993).
Setae along the length of the antennae are subject to different flow patterns, with the sec-
tion closest to the body experiencing faster flows than the more distal antennae tip (Fields
and Yen, 1993; Lenz and Yen, 1993). To compensate for this velocity gradient, setae are
specialized to respond to different hydrodynamic features (Lenz and Yen, 1993). One way
setae may be specialized is by their length. Longer setae are more sensitive to lower fre-
quency cues and shorter setae are more sensitive to higher frequency cues (Shen et al.,
2020). The length and placement of setae allows for different patterns of bending, which
a copepod can respond to and elicit a behavioral response appropriate to the source of the
hydrodynamic feature (Yen et al., 1992).

Hydrodynamic features originate from predators, prey, and mates, and indeed, several
studies directly investigate copepods’ response to these ecological stimuli or flow fields
meant to simulate these stimuli. Males in several species track females for mating through
a combination of chemical and hydrodynamic features (A. fonsa: Baggien and Kigrboe,
2005, Eurytemora affinis: Seuront, 2013, T. longicornis: Yen et al., 1998). Most commonly
employed simulated flows are siphon flows, which produce a flow field that mimics a fish

sucking in prey. The flow shear from siphon flow elicits escape responses in many species
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(Gilbert and Buskey, 2005; Kigrboe et al., 1999; Fields and Yen, 1997; Fields, 2010; Yen et
al., 2015). Additionally, the strength of the hydrodynamic feature can change the copepod’s
response. At low thresholds, copepods may interpret flow shear as a feeding cue and attack
the source, whereas at larger thresholds, flow shear is interpreted as a predator and the
copepod performs an escape response (Hwang and Strickler, 2001; Fields and Yen, 2002).
Further, the threshold needed to elicit an escape response corresponds to the environment
the copepod is from — copepods from a more energetic environment require a larger shear
threshold before eliciting an escape response (Fields and Yen, 1997).

In addition to hydrodynamic features originating from other organisms, copepods con-
tend with environmental flows, including turbulence. Large-scale eddies that form from
biological sources, such as macroinvertebrates, or physical sources, such as wind-driven
mixing, enter the water column and contribute to hydrodynamic features copepods interact
with and interpret daily. Environmental turbulence has often been thought of as “back-
ground noise” to copepods; i.e., turbulence that does not have any direct meaning to the
creature. Environmental turbulence can benefit copepods up to a certain level, before hin-
dering them. For example, low levels of turbulence can increase copepod encounter rates
with prey and conspecifics (Mariani et al., 2005; Michalec et al., 2015; Michalec et al.,
2020). The optimal turbulence level for feeding in Acartia sp. does not occur in calm water,
rather, it occurs at a level of turbulence that matches the organism’s original environment
(Saiz et al., 1992). In contrast, high turbulence levels decrease a copepod’s perception dis-
tance (Gilbert and Buskey, 2005), feeding rate (Saiz et al., 1992), and swimming speed
(Lee et al., 2011).

Studies investigating the influence of environmental turbulence usually expose cope-
pods to tank-full disturbances and record the change in behavior of the copepods, without
isolating a specific flow feature to determine what physical aspect of turbulence the cope-
pod may be responding to. In other words, studies focus on broad trends in response to

turbulence rather than the underlying mechanisms that evoke behavioral responses. Cope-
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pods exist at the same scale as the Kolmogorov length scale, the physical scale at which
viscosity is highly effective at dissipating kinetic energy into heat. Here, eddies stretch and
intertwine, creating vortex tubes that organisms interact with (Jumars et al., 2009). To bet-
ter understand how copepods respond to environmental turbulence, the challenge becomes
isolating one of these vortex tubes in the laboratory. Flow features, including fluid velocity,
vorticity, and strain then need to be quantified to determine what copepods are responding
to.

It has been proposed that a steady-state Burgers vortex can serve as one of these vortex
tubes at dissipative scales (Jumars et al., 2009). In a Burgers vortex, fluid rotates around
the vortex axis while axial strain stretches the vortex along its axis. Vorticity is advected
inward due to the radial flow, which balances the outward diffusion of vorticity, forming a
steady vortex structure (Figure 3.1).

A steady-state Burgers vortex can be created in the lab by mounting two co-rotating
paddles on hollow drive shafts to allow for flow between the two paddles (Webster and
Young, 2015). By altering the spacing between the paddles, the flow rate between the
paddles, and the rate at which the paddles rotate, Burgers vortices with different intensi-
ties corresponding to typical oceanic coastal turbulence levels can be created (Webster and
Young, 2015). To date, two species have been exposed to a Burgers vortex; Temora longi-
cornis, who in preliminary studies was exposed to two vortex intensity levels, and Acartia
tonsa, who has been exposed to four vortex intensity levels (Webster et al., 2015; Elmi
et al., 2021). Acartia tonsa changes its trajectories in response to the Burgers vortex to
remain within the flow feature, indicating that a Burgers vortex may be an aggregation cue
for this species (Elmi et al., 2021).

Hesperodiaptomus shoshone is a freshwater copepod found in seasonal, alpine lakes in
Colorado, Utah, Wyoming, and southern Canada (Loria et al., 2020). Male H. shoshone
exhibit mate tracking using chemical cues to find their mates (Yen et al., 2011). How-

ever, these experiments were conducted using dextran, a high molecular-weight sugar, to
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Figure 3.1: Burgers vortex cartoon. A cartoon diagram of a vertically-aligned Burgers
vortex. The vortex axis is parallel to the z-axis and fluid rotation occurs about the axis. In
addition to the swirling flow about the axis, there is a radially-inward flow and stretching
flow in the axial direction. The radially-inward flow advects vorticity toward the axis, and
inward advection is exactly balanced by outward diffusion of vorticity to create a steady
vortex structure.

introduce a density gradient making trails visible to Schleiren optics. Further investigation
into whether H. shoshone is responding to chemical exudates from conspecifics, dextran,
or hydrodynamic features yields mixed results, making it unclear as to how this copepod
senses its environment (Pender-Healy, 2014; Skipper, 2016). Although it is unclear if these
organisms respond to hydrodynamic cues, H. shoshone are known aggregators (Marszalek,
2002; Salas, 2002), which primes them to respond to a Burgers vortex if a Burgers vortex
is an aggregation cue.

To investigate the universality of a Burgers vortex as an aggregation cue, male and
female H. shoshone, a freshwater copepod known to aggregate, were exposed to a Burgers
vortex in two different orientations at four different vortex intensities as well as a negative

control. Overall, H. shoshone will have a response similar to A. tonsa, as H. shoshone is a
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known aggregator. Hesperodiaptomus shoshone will change its trajectories with increasing
turbulence level to maintain its position in the Burgers vortex, and the strength of this
change will increase with increasing vortex strength. Males will have a different response
to the Burgers vortex than females because males are sensitive to hydrodynamic features
required for mating. Finally, the overall response to a horizontally-aligned vortex will be

different than that of a vertically-aligned vortex.

3.2 Methodology

3.2.1 Animal Collection and Maintenance

Hesperodiaptomus shoshone were collected from lakes along Beartooth Highway (MT,
USA). Copepods were hand-collected using a 0.5m-33m-mesh net. They were sorted by
sex and stored in 1L Nalgene bottles at a density of approximately 50ind/L. Bottles were
shipped overnight in a cooler filled with ice packs, to maintain a temperature of 14°C, to
Georgia Institute of Technology (Atlanta, GA).

Upon arrival, bottles were transferred to a 12°C cold room, opened and allowed to
aerate as bottle temperatures acclimated to the room’s temperature. Once bottles reached
12°C, copepods were transferred to 36L. housing buckets. Copepods were housed in EPA
water at a density of 20-40ind/L, kept on a bubbler for aeration, and experienced a 12:12
light:dark photoperiod. Copepods were fed daily with Artemia sp. nauplii that were
hatched in 20°C, 33ppt water. For feeding, Artemia sp. were collected by aggregating
them to a light source and transferred via 1mm plastic pipette to a 35m-mesh filter, where

they were rinsed with EPA water before being given to H. shoshone.

3.2.2 Burgers Vortex Apparatus

Schematics from Webster and Young (2015), Webster et al. (2015), and Elmi et al. (2021)
were followed to generate a Burgers vortex in the lab. In short, two hollow shafts, located

180° from each other, were mounted with paddles which rotated in the same direction
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(Figure 3.2). This created a swirling flow between them. Each shaft also pulled water
through it. This created a suction flow and stretched fluid to the poles of the vortex. The
shafts were oriented either horizontally (along the x-axis) or vertically (along the z-axis) to
create a Burgers vortex with a horizontal or vertical axis, respectively. Vortices of different
intensities were generated by altering the flow rate of the paddles, the rotation rate of the

paddles, and the spacing between the paddles.
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Figure 3.2: Experimental apparatuses. Schematic of Burgers vortex apparatuses. (A) Hor-
izontal Burgers vortex. Two paddles mounted on hollow shafts rotate about the x-axis,
creating a horizontally-aligned Burgers vortex. (B) Vertical Burgers vortex. Two paddles
mounted on hollow shafts rotate about the z-axis, creating a vertically-aligned Burgers vor-
tex.

The horizontal tank measured 20.6cm x 20.6cm x 27.3cm and the vertical tank mea-
sured 25.4cm x 25.4cm x 27.9cm. The disks (1.5cm radius) were located in the middle
of each tank in either a horizontal or vertical orientation depending on the tank and were
mounted on hollow stainless-steel shafts (inner diameter = 0.62cm). Rotation rates of the
disks were controlled with a DC motor and flow rate through the shafts was controlled
using a flowmeter valve connected via tubing to each shaft.

Spacing between paddles, flow rate, and paddle rotation rate were established by Elmi
et al. (2021) to achieve four vortex intensity levels representative of typical turbulence in

an oceanic environment (Webster et al., 2004). Target parameters for each vortex intensity
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level are summarized in Table 3.1. Using these parameters allowed for the usage of flow
data that has already been quantified for the corresponding vortices (Elmi et al., 2021).

Table 3.1: Burgers vortex parameters. Target parameters defined from Webster et al. (2004)
and measured parameters obtained from Elmi et al. (2021).

Vortex Level: 1 2 3 4
Turbulent Dissipation Rate (cm?s™)  0.002 0.009 0.960 0.250
Kolmogorov Length Scale (cm) 0.150 0.100 0.057 0.045

Target Parameters Characteristic Radius (cm) 1.21 0.81 046 0.36

Axial Strain Rate (s!) 0.014 0.030 0.093 0.150

Circulation (cm?s™) 084 141 215 213

Horizontal Ax.ial Strgin Rate (s!) 0.014 0.025 0.100 0.140

Measured Parameters Circulation (cm?s™!) 092 171 252 245
Vertical Axial Strain Rate (s!) 0.015 0.028 0.092 0.143

Circulation (cm?s™) 089 143 258 239

3.2.3 Experimentation

Hesperodiaptomus shoshone’s swimming behavior was quantified in response to three sets
of independent variables; vortex intensity, vortex orientation, and sex. Vortex intensity had
4 levels, as defined in Table 3.1, plus a stagnant flow control and was quantified via the
vortex axial strain rate; vortex orientation had 2 levels, horizontal or vertical; and sex had
two levels, male or female. For an experiment, a group of 50 male or female copepods was
transferred to either the horizontal or vertical experimental tank resulting in a density of
6.25ind/L. Males were visually differentiated from females via the asymmetric thickness of
their antennae. One male antennae is thicker than the other, indicative of more musculature
enabling the male to grasp and position the female during copulation. This experimental
group was then exposed to all four vortex intensity levels plus the stagnant flow control in a
random order. This comprised a single replicate for a given combination of vortex intensity
level, vortex orientation, and sex. Three replicates for each experimental combination were
run for male-horizontal, male-vertical, and female-horizontal. Only one replicate was run
for female-vertical due to the limited number of individuals maintained in the lab culture
over the 2mo experimentation period. Not enough females survived to run more than one

vertical replicate.
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Experiments took place in a dark, 12°C cold room to limit any phototactic response
in the copepods. Recording took place via two orthogonally-mounted Flea3 MP Mono
USB3 Vision (VITA 1300) cameras, each with a 50mm lens that recorded at 15fps. The
tank was backlit with infrared lighting to further prevent a phototactic response. Cam-
eras were connected to a computer where the experimenter watched live feeds of copepods
swimming between the two paddles. Digital recordings were saved to an external drive for
further analysis. Immediately after copepods were transferred to the experimental tank, a
Imm calibration plate was recorded in the field of view of both cameras to allow for image
calibration. Copepods were then allowed a 60min acclimation period. If the first vortex in-
tensity level copepods were exposed to contained a vortex, after 30min, the Burgers vortex
with the appropriate intensity was generated, and the remaining time was allocated for the
vortex to reach steady-state.

Recording for a vortex intensity level stopped when the experimenter noted 20-30
visually-identifiable passes between the two paddles on the live stream. Once this occurred,
the vortex was changed to the next randomly-determined intensity, and copepods were al-
lowed another 30min acclimation period as the vortex adjusted. An entire male replicate
consisting of all five vortex intensity levels could be captured in approximately 8hrs, and

an entire female replicate took approximately 16-24hrs.

3.2.4 Image Analysis

Copepod passes, whenever a copepod swam between the two paddles, were digitized us-
ing Hedrick’s DLTdv5 software for MATLAB (Hedrick, 2008). The base of the copepod’s
antennae and base of the prosome were tracked in DLTdvS5 five times for each pass, then
averaged together for the mean coordinates to standardize tracking between several re-
searchers who assisted in digitization. The mean, two-dimensional coordinates for each
pass for each camera perspective were combined in an original MATLAB code to perform

three-dimensional kinematic analysis. Hesperodiaptomus shoshone three-dimensional tra-
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jectories were then overlaid upon the known fluid velocity field of each vortex intensity
level (courtesy of Elmi et al., 2021) to calculate kinematic variables.

Hesperosdaptomus shoshone behavior was quantified using 6 kinematic variables: rel-
ative velocity, net-to-gross displacement ratio (NGDR), change in proportional residence
time (0PRT), the angle of the copepod’s body relative to the local flow (i.e., body-flow
alignment), the angle of the copepod’s trajectory relative to the local fluid velocity (i.e,
trajectory-flow alignment), and the angle of the copepod’s body relative to the vortex axis
(i.e, body-vortex alignment). Relative velocity was calculated by subtracting the local fluid
velocity vector from the absolute velocity vector of the copepod and was averaged over the
duration of the pass.

NGDR was calculated as the net distance travelled divided by the gross distance trav-
elled to represent the curviness of the copepod’s path. A high NGDR closer to 1 indicates
a linear path, with the pathing becoming curvier as NGDR decreases. Since NGDR is a
scale-dependent variable (Tiselius, 1992), it was calculated over 0.67s intervals for each
pass before being averaged together within each pass.

Proportional residence time (PRT) is a standardized time measurement used to compare
the time duration that the copepods spend in the Burgers vortex across vortex intensity
levels (Elmi et al., 2021). PRT is calculated as the time spent in the vortex core (defined by
the characteristic vortex radius, rg) normalized by the time spent in a cylindrical volume
centered on the core that encompasses three times the volume of the core (Figure 3.3). To
account for different volumes across the vortex intensity levels, )PRT was calculated as the
difference between PRT for a given vortex intensity level and PRT in the control for that
replicate in a volume with the same vortex parameters as the given level. If the copepods
are spending more time in the vortex compared to the same physical region in the control,
then OPRT will be a positive value. If the copepods are spending less time in the vortex
compared to the same physical region in the control, then dPRT will be negative. If the

vortex has no effect on H. shoshone’s spatial distribution, then JPRT will be equal to zero.
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The PRT in the control, therefore, equals zero.

Finally, three angles were calculated to quantify the copepod’s alignment with vari-
ous features of the Burgers vortex (Figure 3.3). Body-flow alignment is the angle that the
copepod’s body, represented as a vector that begins at the base of the prosome and extends
through the base of the antennae, makes with the angle of the local flow at the copepod’s
midpoint (Figure 3.3A). The trajectory-flow alignment is the angle that the copepod’s tra-
jectory, calculated as the change in position of the copepod’s midpoint between consecutive
frames, makes with the angle of the local fluid velocity vector at the copepod’s midpoint
between consecutive frames estimated using the copepod’s absolute velocity (Figure 3.3A).
Body-vortex alignment is the acute angle that the copepod’s body makes with the vortex
axis (Figure 3.3B). Alignment angles less than 90° represent high alignment — that is the
copepod’s body aligns with the flow, the trajectory aligns with the flow, or body aligns
parallel to the vortex axis. Alignment angles greater than 90° represent the copepod’s body
moving against the flow and the trajectory direction oriented against the flow. Alignment
angles equal to 90° indicate that the copepod is swimming perpendicular to the local flow.

We hypothesize that if H. shoshone is using the Burgers vortex as an aggregation cue,
then H. shoshone will (1) increase its relative velocity with turbulence level to remain
within the vortex, (2) decrease NGDR in response to turbulence level indicative of curvier
paths needed to remain within the vortex, (3) have a greater 6PRT in the presence of a
vortex compared to a control, (4) change its body-flow alignment in the presence of a
vortex compared to a control, (5) decrease its trajectory-flow alignment in the presence
of the vortex indicating that it is using the flow to remain in the vortex, and (6) alter its
body-vortex alignment in the presence of a vortex compared to a control. Males will have
stronger responses for all 6 variables than females, and responses will vary with vortex

orientation.
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Figure 3.3: Angles quantifying copepod motion in relation to a Burgers vortex. (A) Align-
ment with flow. A cross-section of a level 1 velocity flow field and a copepod swimming in
the Burgers vortex. The small circle encompasses the vortex core defined by the character-
istic radius, rg, and the larger circle encompasses a volume equal to three times that of the
vortex core used to calculate PRT. Body-flow alignment (red) is calculated as the angle of
the copepod’s body axis, a vector from the base of the prosome to the base of the antennae,
with the angle of the local flow at the midpoint of the copepod. Trajectory-flow alignment
(green) is calculated as the angle of the copepod’s trajectory, or physical displacement cal-
culated at the midpoint between consecutive frames, with the angle of the local flow at the
midpoint between those times, estimated using the copepod’s absolute velocity. (B) Align-
ment with vortex. A three-dimensional representation of a copepod swimming in a Burgers
vortex. The inner cylinder represents the vortex core, and the outer cylinder represents a
cylinder with a volume three times that of the vortex core. Body-vortex alignment (yellow)
is calculated as the acute angle that the copepod’s body makes with the vortex axis.

3.2.5 Statistical Analysis

Fourteen to 64 passes were tracked for each level within a replicate (Table 3.2). Variables
calculated for passes within a level in a replicate were averaged together, creating one
representative data point for each level within a replicate. This resulted in three points for
each experimental combination of vortex orientation, sex, and vortex intensity. There was
only one data point for females in a vertically aligned Burgers vortex per level (Table 3.2).

Linear variables, including relative velocity, NGDR, and /PRT, were analyzed using a
3-way factorial MANOVA to determine how H. shoshone altered its swimming behavior

in response to vortex orientation, sex, and vortex intensity. Post-hoc analysis aggregated
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Table 3.2: Number of passes for each level within a replicate.

Sex | Orientation | Replicate Number | Control Level 1 Level2 Level3 Level 4
1 24 34 49 31 37
Horizontal 2 31 34 38 32 31
Male 3 26 38 36 37 39
1 29 32 38 43 21
Vertical 2 37 64 30 18 26
3 31 45 44 46 30
1 29 39 26 28 34
Female Horizontal 2 44 27 28 27 21
3 15 32 28 20 14
Vertical 1 27 33 32 35 32

statistically similar data points and used t-tests to characterize significant responses to vor-
tex orientation or sex. Variables significant in response to vortex intensity were regressed
against axial strain rate.

Angular measurements, including body-vortex alignment, body-flow alignment, and
trajectory-flow alignment, are subject to periodicity and require analysis via circular statis-
tics, rather than linear statistics (Fisher, 1993). Data were first subject to a Watson goodness
of fit test to verify that data followed a von Mises distribution. Concentration parameters
(k) were calculated and compared between groups to verify that ks were greater than 1 and
approximately equal between groups. These assumptions allowed for analysis via Watson-
Williams test for homogeneity of means between groups. Sex and vortex orientation only
had two factors, requiring no further posthoc analysis if a variable were significant in re-
sponse to either of these independent variables. Angles that were significant in response to
vortex intensity were regressed using circular-linear regression against axial strain rate.

Linear statistical analysis was performed in JMP Pro 16.0.0 (SAS Institute Inc., Cary,
NC). Circular statistical analysis performed in R 4.1.1 and RStudio 1.4.1717 (RStudio
Team, Boston, MA) using the package “circular” (Agostinelli and Lund, 2022). All data

are presented as mean + standard error.
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3.3 Results

Hesperodiaptomus shoshone’s response to a Burgers vortex changes in response to sex
and vortex orientation, with multiple instances of confounding effects between sex and
vortex orientation, and one instance of confounding effects between sex and axial strain

rate, representing vortex intensity (Table 3.3, Table 3.4).

Table 3.3: MANOVA results. The factor “sex” has two levels, male or female. The factor
“orientation” has two levels, horizontal or vertical alignment of the Burgers vortex axis.
The factor “axial strain rate” has 5 levels corresponding to the four vortex treatments shown

Table 3.1 and a negative control (i.e., stagnant flow). Significant values are bolded for p <
0.05.

Whole Model | Relative Velocity | NGDR | 6PRT

DF(x,y) (3,28) (1,30) (1,30) | (1,30)

Sex F 3.80 0.59 9.69 0.01

p 0.02 0.45 <0.01 0.92

DF(x,y) (3,28) (1,30) (1,30) | (1,30)

Orientation F 6.80 16.21 4.85 0.32

p < 0.01 < 0.001 0.04 0.57

DF(x,y) (12,90) (4,30) 4,30) | (4,30)

Axial Strain Rate F 1.74 2.55 2.93 0.32

p 0.07 0.06 0.04 0.86

DF(x,y) (3,28) (1,30) (1,30) | (1,30)

Sex x Orientation F 4.90 0.49 13.53 0.00

p < 0.01 0.49 <0.001 | 0.97

DF(x,y) (12,90) (4,30) 4,30) | (4,30)

Sex x Axial Strain Rate F 1.27 1.26 3.16 0.27
p 0.25 0.31 0.03 0.90

DF(x,y) (12,90) (4,30) 4,30) | (4,30)

Orientation x Axial Strain Rate F 0.63 1.07 0.33 0.30
p 0.81 0.39 0.85 0.87

DF(x,y) (12,90) (4,30) 4,30) | (4,30)

Sex x Orientation x Axial Strain Rate F 0.42 0.24 0.71 0.15
p 0.95 0.91 0.59 0.96

Several variables were dependent on only one factor. Hesperodiaptomus shoshone
swim faster in a horizontally-aligned Burgers vortex than a vertically-aligned Burgers vor-
tex [t(48) = -3.56, p < 0.001] (Figure 3.4A). Trajectory-flow alignment is greater in a
horizontally-aligned Burgers vortex than a horizontally-aligned Burgers vortex (Figure 3.4B).

Body-vortex alignment is lower in a horizontally-aligned Burgers vortex than a vertically-
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Table 3.4: Circular analysis results. The factor “sex” has two levels, male or female. The
factor “orientation” has two levels, horizontal or vertical alignment of the Burgers vortex
axis. The factor “axial strain rate” has 5 levels corresponding to the four vortex treatments
shown Table 3.1 and a negative control (i.e., stagnant flow). Significant values are bolded

for p < 0.05.

Body-Flow Alignment | Trajectory-Flow Alignment | Body-Vortex Alignment
DF(x.y) (1,48) (1,48) (1,48)
Sex F 4.24 1.15 1.90
p 0.04 0.29 0.17
DF(x.y) (1,48) (1,48) (1,48)
Orientation F 3.20 8.23 69.70
p 0.08 <0.01 < 0.0001
DF(x.y) (4,45) (4.45) (4.45)
Axial Strain Rate F 0.55 1.19 0.20
p 0.70 0.33 0.94

aligned Burgers vortex (Figure 3.4C). Males have a greater body-flow alignment than fe-
males (Figure 3.4D).

NGDR varies with sex, vortex orientation, and axial strain rate (Table 3.3, Figure 3.5).
When pooling data to look at trends in one set of independent variables, females have a
greater NGDR than males [t(48) = -3.84, p < 0.001], and NGDR varies with axial strain
rate [R? = 0.16, F(1,48) = 9.04, p < 0.01]. No immediate difference in NGDR in response
to vortex orientation is apparent [t(48) = -1.55, p = 0.13]. However, the effect of vortex
orientation matters differently to each sex (as noted by the significant interactive effect in
Table 3.3). In a horizontally-aligned vortex, females have a significantly greater NGDR
than males [t(28) = -4.66, p < 0.001]. There is no difference in NGDR between the sexes
in a vertically-aligned vortex [t(18) = 0.31, p = 0.76]. NGDR for females is greater in
a horizontally-aligned vortex than a vertically-aligned vortex [t(18) = -3.85, p < 0.001],
while males do not change NGDR in response to vortex orientation [t(28) = 0.94, p =
0.36]. Additionally, each sex responds differently to vortex intensity as quantified by axial
strain rate. As axial strain rate increases, males decrease NGDR [R? = 0.53, F(1,28) =
31.86, p < 0.001], while females do not change NGDR in response to axial strain rate [R?

=0.00, F(1,18) = 0.00, p = 0.99].
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Figure 3.4: Hesperodiaptiomus shoshone variables dependent on one factor (Mean =+ SE).
(A) Relative velocity is greater in a horizontally-aligned than a vertically-aligned Burgers
vortex. (B) Trajectory-flow alignment is greater in a horizontally-aligned than a vertically-
aligned Burgers vortex. (C) Body-vortex alignment is lower in a horizontally-aligned than
a vertically-aligned Burgers vortex. (D) Body-flow alignment is greater in males than in

females.

3.4 Discussion

This experiment exposed the freshwater copepod, H. shoshone to different intensities of
a Burgers vortex meant to mimic microscale turbulent eddies found in their environment.
Unlike A. tonsa, H. shoshone show minimal response to vortex intensity, and instead alter

their behavior in response to orientation. Males and females have subtle differences in their
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response to a Burgers vortex.
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Figure 3.5: Hesperodiaptomus shoshone variables dependent on multiple factors. NGDR
decreases with increasing vortex strength (i.e., axial strain rate) for males in both the
horizontally-aligned and vertically-aligned Burgers vortex treatment. Although NDGR
does not change with axial strain rate for females in either a horizontally-aligned or
vertically-aligned Burgers vortex, it is significantly greater in a horizontally-aligned Burg-
ers vortex than a vertically-aligned vortex.

3.4.1 The Burgers Vortex does not Promote Aggregation in H. shoshone

The Burgers vortex was used to represent microscale turbulent eddies at the dissipative
length scale at the same scale as copepods (Jumars et al., 2009). Rather than studies that
investigate an overarching species response to general isotropic turbulence (e.g., Yen et
al., 2008; Michalec et al., 2015; Michalec et al., 2022), this study has the advantage of
determining a copepod’s response to a single isolated, steady vortex tube with quantified
characteristics (Webster and Young, 2015). The Burgers vortex treatment has been used to
determine how the marine species 7. longicornis (Webster et al., 2015) and A. tonsa (Web-
ster et al., 2015; Elmi et al., 2021) respond to a Burgers vortex. Behaviors between these
two species differ, which is to be expected as copepod species often respond to turbulent
features differently. In preliminary experiments, where both A. tonsa and T. longicornis
were exposed only to Burgers vortex conditions equal to level 2 and level 3 in the present
study, T. longicornis showed no change in response to the Burgers vortex, whereas A. tonsa

increased its swim speed, trajectory with the vortex axis, and NGDR in level 3 compared
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to level 2 (Webster et al., 2015). The non-responsiveness of 7. longicornis was attributed
to the limited range of vortex intensity tested, and the authors noted that this was expected
to change if the parameter space was expanded to include greater vortex intensities.

The parameter space was later expanded, and Elmi et al. (2021) documented the behav-
ioral response of A. fonsa to four vortex intensity levels in a Burgers vortex and a stagnant
negative control in two orientations of the Burgers vortex. Acartia tonsa showed little
behavioral change in response to the orientation of the vortex, and a strong change in be-
havior in response to the intensity of the vortex. At stronger vortex intensities, beginning at
level 2 and continuing through levels 3 and 4, A. fonsa changed their pathing. Rather than
swimming across the vortex in a random pattern, A. tonsa swam in spiral trajectories that
followed the flow of the vortex. These trajectories were not a result of A. tonsa failing to
be strong enough swimmers to escape the flow. Acartia tonsa performed hops across flow
streamlines, allowing it to remain in the vortex and resulting in spiral trajectories about the
vortex axis. These trajectories allowed A. fonsa to maintain its proximity to the vortex for
a longer duration, potentially serving as an aggregation mechanism for A. fonsa to increase
encounter rates between conspecifics (Elmi et al., 2021).

Hesperodiaptomus shoshone does not appear to use the Burgers vortex as an aggre-
gation cue, as it maintains relatively linear trajectories in all vortex intensity levels (Fig-
ure 3.6). Males adapt curvier paths than females in response to vortex intensity levels, but
not to the extent that they follow spiral trajectory shapes like A. fonsa. Additionally, H.
shoshone’s trajectory-flow alignment (horizontal: 96.54+1.3°, n = 30. vertical: 90.2+1.8°,
n = 20) indicate that they are swimming roughly perpendicular to, if not slightly against,
the flow. Hesperodiaptomus shoshone may not evoke these spiral trajectories because it
might not be under as much ecological pressure as A. tonsa to form aggregations.

Swimming in turbulence increases encounter rates for copepods, whether they are look-
ing to encounter prey or conspecifics (Mariani et al., 2005; Michalec et al., 2015; Michalec

et al., 2020). One key difference between A. tonsa and H. shoshone is that A. tonsa are
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prey for many organisms including jellyfish (Suchman and Sullivan, 1998), ctenophores
(Fininko et al., 2006), and fish (Hjelmeland et al., 1988), while H. shoshone live in rela-
tively fishless lakes with few natural predators (Sprules, 1972; Williams, 2012). Because
of this, H. shoshone do not feel pressure from predation to ensure mating as strongly as A.

tonsa and may not aggregate as consistently.

3.4.2 Orientation versus Directionality

Several parameters included in this analysis, including relative swimming velocity, body-
vortex alignment, and trajectory-flow alignment showed variation in response to orienta-
tion, but not to vortex strength. Rather than analyze H. shoshone’s response to vortex
orientation, as the presence of a vortex had no effect on these variables, H. shoshone’s
swimming behavior may be linked to the directional the copepod was swimming, which
was influenced by the experimental apparatus.

The design of the Burgers vortex apparatuses consists of two rotating paddles spaced
2.5-3cm apart depending on the vortex intensity level. These paddles are aligned in ei-
ther a horizontal or a vertical orientation depending on the orientation of the vortex. The
placement of these paddles naturally restricts the motion of the copepods, making it so
that they cannot swim in a fully unconfined space. When the paddles are placed for a
horizontally-aligned vortex, the copepods are encouraged to have trajectories with a greater
vertical component to swim through the region of interest. When the paddles are placed in a
vertically-aligned vortex, the copepods are encouraged to have a more horizontal trajectory
to swim through the region of interest.

This effect can be seen in the body-vortex alignment between these two treatments. In
a horizontally-aligned vortex, because body-vortex alignment was calculated as the body
angle with respect to a horizontal axis, the average angle was 57.440.9°, indicating that
copepods swam diagonally through the vortex region. In the vertically-aligned vortex,

body-vortex alignment was calculated with respect to the vertical axis, resulting in an av-
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erage angle of 67.8+0.8°. This translates to a mean angle with the horizontal of approxi-
mately 22°. When H. shoshone was exposed to the horizontally-aligned vortex treatment,
trajectories with horizontal orientation were restricted, resulting in a greater body angle
with respect to the horizontal. When H. shoshone was exposed to the vertically-aligned
vortex treatment and vertically-oriented trajectories were restricted, resulting trajectories
naturally aligned with the horizontal.

Although H. shoshone do not have a strong response to a vortex per se in these ex-
perimental configurations, because the Burgers vortex apparatus confined their movement,
effectively functioning as a tube for copepods to swim through, it is possible to investigate
how vertical motion (observed in the horizontal Burgers vortex configuration) differs from
horizontal motion (observed in the vertical Burgers vortex configuration). Hesperodiapto-
mus shoshone swim faster and more linear in the horizontal apparatus, when performing
more vertical trajectories, than in the vertical apparatus, when performing more horizon-
tal trajectories. With no apparent ecological trigger that would typically promote vertical
movement, such as escaping from a predator or a phototactic cue for vertical migration,
H. shoshone may be swimming faster and more linearly when swimming vertically in re-
sponse to gravity. Hesperodiaptomus shoshone are negatively buoyant, and will sink in the
water column. It is plausible for them to reach greater velocities while sinking than when
they actively swim, particularly if they are not swimming at their top speeds. Additionally,
sinking in a tank with no flow stimulus would lead to a linear trajectory. The positioning of
the paddles to generate a horizontal Burgers vortex allows H. shoshone to passively sink in
the water column through both paddles, capturing this as a behavior.

It is important to comment on why the changes in response to vortex orientation were
prominent in H. shoshone and absent in A. fonsa. As mentioned, A. tonsa will align with
the flow of a Burgers vortex and actively remain within it. This change in behavior is strong
enough to overshadow any effects of the apparatus itself limiting motion in the copepod, as

the copepod actively remains between the paddles (Elmi et al., 2021). Hesperodiaptomus
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shoshone does not increase the time spent between the paddles across vortex intensity lev-
els, resulting in many trajectories where the copepod swims directly across the vortex flow,
effectively, excepting male NGDR, resulting in a negative response to the Burgers vortex

across all kinematic parameters.
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Figure 3.6: Cross-sectional trajectories for female and male H. shoshone across horizontal
Burgers vortex intensity levels. Two-dimensional cross-sectional trajectories for female
(left) and male (right) H. shoshone in a negative control and four levels of vortex intensity
for a horizontally-aligned Burgers vortex. In each panel, the smaller black circle represents
the core of the vortex (defined by the characteristic radius, rg), and the larger black circle
represents a cylinder with a volume three times that of the vortex core. Both sexes follow
fairly linear cross-sectional trajectories across all five vortex intensity levels, with male
trajectories becoming curvier, indicating a greater NGDR, at higher vortex intensity levels.
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CHAPTER 4
DUAL PHASE-SHIFTED IPSILATERAL METACHRONY IN AMERICAMYSIS
BAHIA

4.1 Introduction

One aspect of an organism’s physical environment that plays a role in their propulsive de-
sign is the relative importance of viscous effects compared to inertial effects. The Reynolds

number (Re), calculated as
_pUL UL
==

Re 4.1)

where p is the fluid density, U is the characteristic velocity, L is the characteristic length
scale, u is the dynamic viscosity of the fluid, and v is the kinematic viscosity, is a nondi-
mensional parameter that characterizes the balance between viscous and inertial forces.
At high Reynolds numbers (Re > 1000), inertial forces dominate, and at lower Reynolds
numbers (Re < 1), viscous forces dominate. Contending with different force balances re-
sults in different approaches to propulsion in organisms (Yen, 2000), which is perhaps best
observed in aquatic environments.

At high Reynolds numbers (Re >> 1000), aquatic propulsion occurs as the result of flap-
ping via appendages, such as flippers or fins, or undulating motions, like rays, in a plane
perpendicular to the direction of movement, generating thrust through vortex shedding (Vo-
gel, 2013). Fish, rays, and aquatic mammals such as whales, dolphins, and porpoises utilize
lift-based propulsion to swim (Drucker and Jensen, 1996; Fish and Lauder, 2006; Fulton
et al., 2013; Ayancik et al., 2020).

At lower Reynolds numbers (Re < 1000), there are two distinct approaches to propul-
sion. In jetting, organisms, such as jellyfish (DeMont and Gosline, 1998), siphonophores

(Costello et al., 2015), and squids (Anderson and Grosenbaugh, 2005) contract and expel a
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jet of fluid in the direction opposite of motion. In drag-based propulsion, appendage motion
occurs in a plane parallel to the direction of motion, like a paddle. It consists of a power
stroke in which the appendage is fully extended, and a recovery stroke in which the ap-
pendage contracts. Bristles or hairs may fan out during the power stroke and retract on the
recovery stroke, causing the limb to function as a “leaky rake” in parts of the stroke (Cheer
and Koehl, 1987). This causes the surface area to vary throughout the stroke, resulting in
greater drag during the power stroke than the recovery stroke and ultimately, a net forward
thrust force (Kim and Gharib, 2011a). The pressure distribution around the appendage also
plays a key role in determining the thrust generated (Colin et al., 2020).

Crustaceans have different approaches to drag-based propulsion, making them an ideal
group to investigate overarching design elements for these propulsive systems. The first
design element to consider in drag-based propulsion is the number of paddles used in the
stroke. This number is highly variable within crustaceans, ranging from 2 in the daph-
niid Daphnia magna (Skipper et al., 2019), to 38 in the remipede Speleonextes lucayensis
(Kohlhage and Yager, 2011). A second design element is paddle orientation. Paddles may
be positioned in a monoplanar arrangement (euphausiid pleopods: Murphy et al., 2011)
or in two parallel planes that vary during the power and recovery strokes to minimize ap-
pendage congestion (remipede legs: Kohlhage and Yager, 2011; mysid thoracopods: Lav-
erack et al., 1977). A third design element to consider is paddle synchrony. Adjacent
appendages may beat independently of each other or at the same time. In euphausiids,
contralateral — left and right — pleopods beat at the same time. Although they have 10
total appendages, this results in a 5-paddle stroke. Additionally, paddles may undergo
their power and recovery strokes at the same time resulting in a synchronous stroke, or
beat with a phase difference among paddles. When the paddles stroke in an adlocomo-
tory, time-delayed manner, the stroke is metachronal. A complete stroke, consisting of
both the power and recovery stroke, may be completely synchronous (daphniids: Skip-

per et al., 2019), completely metachronal (euphausiids: Alben et al., 2010; Murphy et al.,
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2011), or a combination of synchronous and metachronal (Odontodactylus havenensis es-
cape response: Campos et al., 2012). There is also variability between each paddle. By
changing parameters such as stroke amplitude, beat frequency, and time delay between
adjacent power strokes, E. superba achieves a variety of different swimming styles (Mur-
phy et al., 2011; Murphy et al., 2013). Further, morphological parameters, including the
distance between paddles and the paddle shape, add more variables to the design space.

Data from these observational studies have been applied in models and experimental
systems to determine the optimal parameters of a metachronal stroke and how parameters
vary with Reynolds number. By altering the time delay between power strokes of adjacent
paddles, studies have shown that perfect metachrony — having the same phase delay be-
tween all adjacent paddles — results in the greatest body speeds (Alben et al., 2010; Ford
and Santhanakrishnan, 2021b) and greatest efficiency measured by fluid flux per stroke
(Zhang et al., 2014; Granzier-Nakajima et al., 2020). Models also predict that the num-
ber of paddles needed to maximize distance travelled per unit energy varies with Reynolds
number (Granzier-Nakajima et al., 2020). However, these models only account for the or-
ganism having one metachronal cycle occurring at a time. How would these parameters
change if an organism were to have multiple concurrent metachronal cycles?

Mysid shrimp (superorder Paracarida) are malacostracan crustaceans with a similar,
shrimp-like body plan to euphausiids, known as the caridoid facies. Mysids are distin-
guishable from other malocostracans by the presence in females of a brood pouch, or mar-
supium, on the base of their thoracic appendages, thoracopods, where they keep fertilized
eggs until they hatch (Figure 4.1A). In contrast, many euphausiids, including E. superba
and E. pacifica are broadcast spawners and release gametes into the water, thus lacking
a marsupium (Ross and Quetin, 2000). Additionally, euphausiids and decapods, which
use their pleopods to swim, have a structure called a retinaculum on their pleopods that
functions as a set of hooks, linking the pleopods on the same abdominal segment together

and ensuring that they beat in tandem. Mysid shrimp do not have a retinaculum, allowing
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pleopods on the same abdominal segment to move independently of each other, doubling

the number of paddles the mysid uses in its metachronal stroke (Grams and Richter, 2021).

Figure 4.1: Americamysis bahia morphology. Scale bars are Imm. (A) Adult female with
marsupium. (B) Adult male with thoracopods and pleopods identified. (C) Transverse
plane of the adult, male first abdominal segment with attached pleopods. The left pleopod
is intact and the right pleopod has been damaged. (D) Adult, male pleopod from the third
abdominal segment with protopodite, exopodite, and endopodite identified. Specimens
were preserved in 37% by weight aqueous formaldehyde and photographed under a Wild
MS5A stereomicroscope.

Pleopod morphology and the resulting propulsive approach differs among the three or-
ders of mysid shrimp. Stygiomysida pleopods are reduced, and these mysids rely solely
on their thoracopods for swimming (Meland et al., 2015). In contrast, Lophogastrida, such

as Gnathophausia ingens, have 5 fully-developed pleopod pairs that beat with 8 thoraco-
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pod pairs in a metachronal stroke comprised of 2 antiphase cycles (Hessler, 1985; Quetin
and Childress, 1980). Mysida propulsion is less well-defined. Early sources claim that
Mysida pleopods are small, rudimentary, and not used for swimming (Tattersall and Tatter-
sall, 1951), though more recent sources claim that, depending on the species, male Mysida
have fully-developed, biramous pleopods that are used for swimming (Meland et al., 2015).
However, kinematic analyses of Mysida species reveal that these species rely on their tho-
racopods for swimming, which beat in a rostro-caudal ellipse on their cephalothorax (Lav-
erack et al., 1977; Schabes and Hamner, 1992). Even though Mysida may have pleopods,
they rely on their thoracic appendages for swimming.

Americamysis bahia is an unusual Mysida because it uses its pleopods to swim, albeit
occasionally. It is a hyperbenthic, subtropical species, primarily found in the Gulf of Mex-
ico (Molenock, 1969; Lussier et al., 1988). It is easy to culture in the laboratory and highly
sensitive to toxins in the water column, making it a model organism for toxicity experi-
ments (Lussier et al., 1988; Lussier et al., 1999). Americamysis bahia have five pairs of
pleopods on their abdomen that beat independently of each other, resulting in two ipsilateral
metachronal cycles — one running along the left side, another running along the right side
of the body. Further, A. bahia show pleopod sexual dimorphism within the species. Male
pleopods are fully developed and female pleopods are reduced (Figure 4.1). Males and
females rely primarily on their thoracopods for propulsion, but males occasionally swim
using their pleopods in addition to their thoracopods.

While previous studies have focused on system design and optimization for organisms
using only one metachronal cycle, this study will address how having two metachronal
cycles comprising a metachronal stroke will alter swimming performance. In this study
when referring to metachrony in A. bahia, a metachronal cycle refers to the 5-paddle beat
pattern on one side of the body and a metachronal stroke refers to the complete 10-paddle
beat pattern of left and right cycles together. The metachronal gait and resulting swimming

behavior in A. bahia is quantified to test the hypothesis that pleopod utilization results in
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different swimming behavior than thoracopod utilization. Two-cycle metachronal swim-
ming in A. bahia is compared to 1-cycle metachronal swimming in E. superba to test the
hypotheses that multiple cycles (1) require different pleopod morphology, (2) maintain
steadier swimming speeds, and (3) achieve similar nondimensional measurements of effi-

ciency compared to a single-cycle design.

4.2 Methodology

4.2.1 Animal Collection and Maintenance

Experiments took place during the summers of 2018 and 2020. Americamysis bahia were
ordered from Sachs System Aquaculture (St. Augustine, FL), and mailed via 2-day ship-
ping to Georgia Institute of Technology (Atlanta, GA). Upon arrival, mysids were allowed
to acclimate to room temperature before being transferred to a 361, 28ppt, aerated, saltwa-
ter aquarium. Mysids were fed 36hr Artemia spp. nauplii twice daily, with bi-weekly 30%
water changes. The tank was cleaned once per week. Under these conditions, healthy A.

bahia cultures were maintained for up to three months.

4.2.2 Recording

For all experiments, 10 mysids were haphazardly selected from their housing tank and
transferred to a 1L, cubic, experimental tank. For thoracopod swimming experiments
(2018), organisms were transferred directly from their housing tank to the experimental
tank. For pleopod swimming experiments (2020), mysids were first transferred to a 3 x
3 pyrex spot plate and pleopod presence was verified underneath a Wild M5A stereomi-
croscope (Wild Heerbrugg, Switzerland) before being transferred to the experimental tank.
The tank contained 28ppt saltwater filtered through a Pall A/E glass fiber filter (1u-pore
size). Animals were allowed a 30min acclimation period in the experimental tank before
recording began.

Unprovoked, free swimming mysid behavior was recorded by two
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orthogonally-positioned high-speed cameras (AOS PRI-X and AOS PRI-S; AOS Technolo-
gies AG, Braden-Daettwil, Switzerland), each with an AF Micro-Nikkor 60mm {/2.8D lens
at 500fps, focused on the center of the tank, away from the walls to prevent boundary in-
teractions. Cameras captured an active volume of 9.5mL (2.3cm x 2.3cm x 1.8cm). Each
camera was backlit with an 850nm dual voltage IR light (Super Circuits, Austin, TX) to
prevent any phototactic response. The cameras were connected to a computer, where the
experimenter watched live feeds. The cameras were manually triggered when an animal
swam in the field of view, capturing the previous 1000 frames and recording the next 1000
frames. Recordings were saved for further analysis. Organisms were observed for 2hr
periods before being switched for fresh animals, to ensure independent sampling. Digi-
tal calibration was accomplished by filming a Imm calibration wand in the active volume
before each 30min acclimation period began.

In 2018, experiments took place over 8 days, with a total of fourteen 2hr blocks. All
mysid passes in front of both cameras were recorded regardless of the appendages used
for swimming. One random pass from each block was selected for thoracopod swimming
analysis, resulting in n = 14 instances of thoracopod swimming. In 2020, experiments took
place over 4 days, with a total of seven 2hr blocks. These experiments differed from those
in 2018 because mysids were pre-sorted to have pleopods and the recordings captured only
pleopod swimming. One instance of pleopod swimming was randomly selected from each
block. In tandem with 6 pleopod swimming instances recorded in 2018, there were n = 13
instances of pleopod swimming in A. bahia. The analyzed pleopod recordings featured at
least one complete metachronal stroke that was in focus on one of the two cameras, with
the organism being present in the view of the second camera, to allow for 3D reconstruction

of appendage location.
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4.2.3 Image Analysis

Recordings were digitized using the DLTdv5 software (Hedrick, 2008) for MATLAB. For
thoracopod swimming analysis, the mysid’s head and base of the telson were tracked on
both cameras to extrapolate 3-dimensional kinematics. For pleopod swimming analysis,
in addition to the head and the base of the telson, the 6th abdominal segment was tracked
on both cameras, to determine if the telson angle () affected swimming performance in
A. bahia. Body length (BL) was measured as the distance from the organism’s head to the
base of the telson (Figure 4.2).

On the camera that had the best lateral view of the organism, points where the pleopod
met the body, midjoints between the protopodite and exopodite, and pleopod tips were
located in the digital image. Pleopod marker points were rotated into a 3-dimensional
position based on the 3-dimensional position of the head, 6th abdominal segment, and
telson points, resulting in a 28-point digitization of the mysid. The angle the pleopod makes
with its body («) and angle between the protopod and the exopodite (5) were calculated
from this data set (Figure 4.2).

Instantaneous swimming speed was calculated by following the 3-dimensional position
of the head throughout the entire recording. Mean swimming speed was calculated from
these points for the duration of the entire recording.

Recordings varied in the number of sequential metachronal strokes performed by the
mysid, ranging from 1-6. For instances where there were multiple metachronal strokes
within one recording, separate strokes were identified by the initiation of the first P5 power
stroke captured on camera. This pleopod, whether on the left or the right side of the body,
became the pleopod that differentiated between consecutive strokes, with one complete
stroke lasting the duration between consecutive power strokes of this specific appendage.
Stroke amplitude curves were calculated following the method of Murphy et al. (2011).
Stroke amplitude data for each pleopod cycle were centered to begin at t = Os and stan-

dardized to the mean cycle period. Cubic spline functions were fit to each pleopod stroke,
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Figure 4.2: Americamysis bahia digitization. (A) Image of a free swimming mysid with
pleopods. (B) Digitization of a similarly positioned mysid, showing the points tracked,
body length (BL), angle between the protopodite and the body (), angle between the
protopodite and the exopodite (), and telson angle (7). Pleopods are numbered such that
P1 is the anterior-most and P5 is the posterior-most. Shading indicates ipsilateral members
of the same metachronal cycle. P1-P5 in light grey, are in various stages of their power
stroke, and P1-P5 in dark grey, are in various stages of their recovery stroke. Angles o and
[ are depicted on the P1 pleopod in its power stroke.

and 100 equally spaced points were calculated based on the fitted function. The individual
curves were ensemble averaged to create the mean pleopod a and [ curves. Phase lag,

stroke period, and cycle period were calculated from these curves.

4.2.4 Statistical Analysis

Statistical analysis was performed in JMP Pro 15.0.0 (SAS Institute Inc., Cary, NC). Para-
metric comparisons were made when variables were each normally distributed (tested via
Anderson-Darling test) and had equal variance (tested via Levene’s test) otherwise, non-
parametric analysis between variables was performed. Data are reported as mean =+ stan-
dard error. Further, a first-order multivariate regression was performed to determine how
A. bahia swimming speed depends on pleopod stroke amplitude, beat frequency, and phase

lag.
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4.3 Results

4.3.1 Thoracopod versus Pleopod Swimming

Americamysis bahia constantly beats its thoracopods to swim. Occasionally, the thora-
copods are assisted by a brief series of metachronal strokes from its pleopods — the pleopods
are never the sole propulsive appendage. Pleopod usage appeared random, and could not
be associated with any stimulus. In 2018, when all instances of the mysid swimming in
front of the cameras were recorded regardless of whether A. bahia used its pleopods or not,
there were only 6 instances of A. bahia using its pleopods to swim out of 61 total passes.
Based on these data, A. bahia use their pleopods approximately 10% of the time.

When using its pleopods, A. bahia achieves significantly greater swimming speeds
(7.56+0.74 BL/s, n = 13) compared to solely using its thoracopods (3.72+0.61 BL/s, n =
14) (thoracopod swimming speeds not normally distributed, p = 0.05; 2-Sample Wilcoxon
Rank, p=0.001) (Figure 4.3). When using its thoracopods, the organism maintains a more
stationary position in the water column by hovering in place, though it may also propel
itself forward. In contrast, pleopods are utilized occasionally and only result in forward
propulsion.

The angle the mysid made with the horizontal plane was quantified as body angle. A
positive angle occurred when the organism’s head was higher in the water column than its
telson, and the organism was ascending, and a negative angle occurred when the organism
was swimming deeper into the water column. There is no significant difference between
the mean body angle the mysid has while swimming using its thoracopods (21.44-6.0°, n =
14) compared to while swimming with its pleopods (9.54+7.8°, n = 13) (thoracopod body
angle not normally distributed, p < 0.01; 2-Sample Wilcoxon Rank, p = 0.17). Though the
mean body angle is positive for both propulsive approaches, the pleopod body angle data

are skewed such that the mysid favors its pleopods over its thoracopods when diving.

48



oo

)] ~l

(93]

N w

Normalized Swimming Speed (BL/s)
- i 8

o

Pleopod Thoracopod

Figure 4.3: Normalized swimming speeds for A. bahia. Mean normalized swimming speed
and SE achieved when the mysid uses its pleopods (n = 13) or thoracopods (n = 14) to swim.

4.3.2 Pleopod Metachrony in A. bahia

Figure 4.4 depicts « and 3 for one complete ideal stroke of the left and right cycles for
A. bahia, beginning with the PS5 power stroke in the left cycle. Left and right cycles are
180° out of phase with each other (175.1+£8.4°, n = 13; one-sample t-test, p = 0.58). The
pleopods beat at 13.8+0.6Hz (n = 26 cycles) in an adlocomotory fashion moving posteri-
orly to anteriorly within ipsilateral cycles. During the interval between consecutive P1-P5
power strokes in the same cycle, the opposite cycle initiates all five of its power strokes.
The telson angle throughout the stroke is 162.7£5.2° (n = 13).

Phase lag was used to determine whether metachrony in A. bahia should be analyzed as
one continuous 10-paddle stroke, or two concurrent ipsilateral 5-paddle cycles. The time
between initiations of power strokes between ipsilateral pleopods can be normalized by the
duration of the entire stroke, resulting in a dimensionless parameter — phase lag (simplified

for one ipsilateral cycle in Figure 4.5A). Perfect metachrony occurs when phase lag is equal
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Figure 4.4: Time standardized pleopod angles for ipsilateral cycles during one complete
metachronal stroke. Angles for n = 13 cases were combined for each pleopod (following
method in Murphy et al. (2011)), represented in a different color, and time standardized to
represent one ideal metachronal stroke.

for each ipsilateral pair combination. For a 10-paddle cycle, each phase lag is expected to
take up one-tenth of the entire cycle’s duration, resulting in an expected phase lag of 0.1.
For a 5-paddle cycle, each phase lag would last one-fifth of the cycle, for an expected phase
lag of 0.2. To analyze the stroke as a continuous 10-paddle cycle, the stroke duration was
calculated as the duration between two consecutive power strokes from the same P5 and the
P1-P5 lag was calculated using power strokes from contralateral cycles. The mean phase
lag was then calculated, pooling each ipsilateral pair combination for all 13 replicates,
resulting in n = 130. The mean phase lag for A. bahia when analyzed as a 10-paddle stroke
(0.16£0.01, n = 130) is greater than the expected lag of 0.1 (n = 130, one-sample t-test,
p < 0.0001). To analyze the stroke as two concurrent ipsilateral 5-paddle cycles, left and
right cycles were analyzed separately with P1-P5 phase lag calculated from the same cycle.

Again, each ipsilateral pair combination was pooled for the mean calculation, resulting in n
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= 130. The mean phase lag for each ipsilateral pair spacing when the stroke is analyzed as
two concurrent 5-paddle cycles (0.21+£0.01, n = 130) closely agrees to the ideal 0.2 phase
lag expected from a 5-paddle metachronal stroke (n = 130, one-sample t-test, p = 0.71).
Therefore, metachrony in A. bahia was analyzed as though the organism’s complete stroke
is comprised of two concurrent ipsilateral 5-paddle cycles.

To determine how to best pool data, pleopod-specific variables, including pleopod tip
speed, stroke amplitude, beat frequency, and phase lag were compared between correspond-
ing contralateral appendages using a random complete block ANOVA, with the individual
serving as a block. Pleopod length was assumed to be the same for left and right pleopods
on the same abdominal segment. Pleopod tip speed (p = 0.11), stroke amplitude (p = 0.06),
and 8 amplitude (p = 0.24) could be pooled per abdominal segment, resulting in n = 26
observations for these variables. Phase lag between ipsilateral pleopods varied between
cycles (p < 0.0001), but was assumed to be a consequence of turning and pooled for mean
calculations. Cycle beat period was calculated based on the time between consecutive P5
power strokes in the same ipsilateral cycle, resulting in two frequencies, one per cycle. For
each pass, there was no significant difference between cycle frequencies for the left and
right sides (p = 0.34), and cycle frequencies were combined for each pass, resulting in n =
26 beat frequencies.

Although the mean phase lag of all ipsilateral pairs is 0.21, there is variation between
phase lags from different ipsilateral pairs. The P2-P1 (0.234+0.02, n = 26) and P1-P5
(0.42+0.02, n = 26) lags are greater than 0.2 (ppy.p; = 0.05, n =26; pp;.ps < 0.0001, n =26),
while P3-P2 (0.12+0.01, n = 26) and P5-P4 (0.1040.01, n = 26) are less than 0.2 (pp3.p» <
0.0001, n = 26; pps.ps < 0.0001, n = 26). Only the P4-P3 lag is not significantly different
from 0.2 (0.17£0.02, p = 0.2, n = 26). The greatest inter-limb phase lag occurs between P1
and the initiation of the next cycle in the following P5 power stroke, corresponding to the
time when the opposite cycle is in its set of power strokes. (Figure 4.5B).

Stroke amplitude, calculated from «, varied between pleopods (F = 3.8, p < 0.01)
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(Figure 4.5C). The only significant difference between stroke amplitudes occurred between
P5 (122.943.2°, n =26) and P1 (105.2+4.4°, n = 26) (Tukey-Kramer HSD, p < 0.01). The
amplitudes for P2 (109.4+4.1°, n = 26), P3 (117.0£3.3°, n = 26), and P4 (118.9£3.5°, n =

26) were not different compared to those for any other pleopod.
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Figure 4.5: Phase lag and amplitude in A. bahia. (A) Angle « for one ipsilateral cycle of
A. bahia with individual brackets indicating the duration between adjacent pleopod power
strokes. The entire bracket encloses the duration of the complete stroke. (B) The mean
phase lag between adjacent pleopods, defined as the fraction of a full cycle between ini-
tiation of power strokes of adjacent pleopods. Phase lag data for pleopods on the same
abdominal segment were combined to calculate mean4-SE (n = 26). (C) Stroke amplitude
for pleopods on the same abdominal segment were combined to calculate mean+SE stroke
amplitude for each pleopod (n = 26).

Americamysis bahia pleopods have significantly different lengths in relation to their
position on their body (F = 3.58, p < 0.01). P1 is 0.664-0.02mm, P2 is 0.694-0.02mm, P3
is 0.7040.02mm, P4 is 0.68-+£0.02mm, and P5 is 0.614+-0.02mm in length (np; = np; = np3 =
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npy = nps = 26). P35 is significantly shorter than both P2 and P3 (Tukey-Kramer HSD, pps_p>
=0.02, pps.p3 = 0.01). The rest of the pleopods are similar in length. The spacing between
appendages can be calculated as the distance between adjacent appendages (G) normalized

by the appendage length (L). The mean G/L ratio between pleopods is 0.46+0.01.

4.3.3 Increasing Swimming Speed

A multivariate regression was used to determine how stroke amplitude, beat frequency, and
phase lag affect swimming speed. Stroke amplitude data were combined into one variable,
mean stroke amplitude, for analysis due to high correlation of amplitude among appendages
(Table A.1) to prevent collinearity in the final model. Phase lag data were not as highly cor-
related as stroke amplitude data and were analyzed independently in the model (Table A.2).
Multiple correlations were analyzed to verify significant relationships between model in-
puts and normalized swimming speed, and only parameters with significant relationships
were included in the final model.

Two models were analyzed to determine how stroke amplitude, beat frequency, and
various phase lags contribute to swimming speed in A. bahia. The first model includes
all variables that had a significant linear relationship with normalized swimming speed.
Though this model shows a significant relationship between the input terms and swimming
speed (R? = 0.75, Ry = 0.58, F = 4.30, p = 0.04), the variance inflation factor (VIF) is
greater than 5 for P5-P4 lag in this calculation, suggesting collinearity is present in the
model. The second model removes P5-P4 lag and the collinearity decreases. This model
accounts for 62% of the overall variance (R? = 0.75, Rygi? = 0.62, F = 5.98, p = 0.02).
Stroke amplitude is the only parameter to significantly contribute to this model (p = 0.05).
The results of both models, as well as their zero-order relations with swimming speed are

summarized in Table 4.1.
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Table 4.1: Zero-order correlation and regression results for two models employed to predict

swimming speed

Zero-order Model 1 Model 2
Term r p | Standardized Coefficient p  VIF | Standardized Coefficient p  VIF
Intercept - - 0.00 0.31 - 0.00 024 -
Amplitude 0.63 0.02 0.57 021 4.72 0.43 0.05 1.17
Frequency 0.64 0.02 0.20 044 1.74 0.23 032 1.53
P5-P4 Lag -0.68 0.01 0.18 0.74 6.58 - - -
P4-P3 Lag -0.45 0.12 - - - - - -
P3-P2 Lag -0.61 0.03 -0.35 0.34 3.46 -0.26 030 1.75
P2-P1 Lag 0.64 0.01 0.28 031 1.83 0.26 0.30 1.80
P1-P5 Lag 0.48 0.10 - - - - - -

Significant relationships with swimming speed are bolded

4.4 Discussion

4.4.1 Consequences of Multiple Cycles

Morphology

The most defining feature of metachrony in A. bahia is the number of paddles used in
one stroke. Euphausiids’ and decapods’ contralateral pleopods are connected with a reti-
naculum ensuring they beat at the same time in a metachronal stroke with 3-5 paddles.
Mysid shrimp lack a retinaculum, allowing their pleopods to beat independently (Grams
and Richter, 2021). Americamysis bahia employs two simultaneous, 5-paddle metachronal
cycles- one running along the left side, the other along the right side of the body- effec-
tively using 10 total paddles in its metachronal stroke instead of 5. Having more paddles
in a metachronal stroke at this Reynolds number is beneficial to A. bahia (mean Re =
1704+20). At Reynolds numbers of 100, efficiency, measured as time-averaged fluid flux
to time-averaged power supplied to the fluid, increases with the number of paddles, only
operating at 90% efficiency with 4 paddles, and reaching maximum efficiency at 8 paddles
and beyond (Granzier-Nakajima et al., 2020).

Pleopod structure differs between A. bahia and E. superba. In A. bahia, the protopodite
is 484+2% the length of the entire pleopod, whereas in E. superba, the protopodite is

41+£2% the length of the entire pleopod. In A. bahia, the protopodite, as the upper section
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of the pleopod that connects the appendage to the body, houses more appendage muscula-
ture than the more distal exopodite and endopodite, which may be where A. bahia derive
the power for their stroke (Hessler, 1985). Euphausia superba fan their exopodite and en-
dopodite on their pleopods at an angle of 80° to increase the surface area of their paddles
and increase drag (Murphy et al., 2011). In this study, though the distal segment of the

pleopods has an exopodite and endopodite, they were not observed to fan out.

Gait Kinematics

Alhough pleopod usage is infrequent, due to our inability to associate pleopod usage with
any specific stimuli, pleopod swimming in A. bahia appears to be a general swimming
behavior. It is assumed to be a sustained swimming behavior rather than an escape response
even though it is only observed for short periods of time, and as such, warrants comparisons
to other organisms with a similar body plan that use their pleopods to swim - primarily E.
superba and Gnathophausia ingens.

An important question for A. bahia is whether swimming speed is related to stroke am-
plitude and frequency, especially as these parameters are strong predictors for E. superba
swimming speed (Murphy et al., 2011). A first-order multivariate regression was employed
for A. bahia swimming kinematics to determine which stroke parameter is most responsi-
ble for dictating swimming speed. Most parameters expected to predict swimming speed
showed similar, low levels of correlation with swimming speed in A. bahia. Stroke am-
plitude, beat frequency, P5-P4 phase lag, P3-P2 phase lag, and P2-P1 phase lag were all
significant zero-order predictors. Of these, P5-P4 phase lag was highly correlated with the
other predictors and could be encapsulated in those variables. Of the final parameters used
in the first-order multivariate regression, stroke amplitude was the only significant predictor
in the model, suggesting that stroke amplitude has the strongest effect on swimming speed
in A. bahia (Table 4.1). In the final model, increasing frequency, decreasing P3-P2 lag,

and increasing P2-P1 lag all have similar weights on swimming speed, reflected in similar
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standardized coefficients.

When using their pleopods, A. bahia swim in a horizontal orientation (mean body angle
=9.5+7.8°, n = 13) at speeds greater than 2BL/s, which matches the qualifications for fast
forward swimming defined in Murphy et al. (2011). Euphausia superba, in contrast, have
much more variability in their metachrony, evident in the different swimming behaviors
they can achieve. They can hover, swim fast forward, or swim upside down, differentiable
by the organism’s swimming speed and orientation (Murphy et al., 2011).

Americamysis bahia have less variability in stroke amplitude compared to E. superba
and can achieve greater normalized swimming speeds (Figure 4.6). The primary reason for
the difference is the swimming styles of these organisms. Euphausia superba swims only
using its pleopods and achieves speeds less than 2BL/s by decreasing its stroke amplitude.
In contrast, A. bahia never swims less than 2BL/s when using its pleopods — it achieves

these slower swimming speeds when using its thoracopods.
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Figure 4.6: P5 stroke amplitude and normalized swimming speed for A. bahia and E. su-
perba (Murphy et al., 2011).

Above the 2BL/s threshold, E. superba transitions to increasing its speed by increasing
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beat frequency, rather than stroke amplitude (Murphy et al., 2011). Americamysis bahia
also increase beat frequency to swim faster, though this relationship is not as strong as
it is in E. superba (Figure 4.7A). The hyperbenthic mysid Gnathophausia ingens, which
also uses two ipsilateral metachronal cycles, never swims faster than 2BL/s (Cowles et al.,
1986). While this variability in attainable speeds may be attributed to differences in exper-
imental conditions between the three studies, if a logistic growth curve is fit to these data, a
maximum beat frequency for attainable speeds using metachrony occurs at approximately
15Hz (R? = 0.88), indicating an upper limit to stroke frequency in metachrony. Even though
these three species swim with their pleopods at vastly different normalized speeds, come
from different environments, and exist at different Reynolds numbers, they all achieve simi-
lar absolute speeds, between 0 and 5 cm/s, indicating a practical range of absolute speeds in

which sustained metachrony is an effective approach to aquatic locomotion (Figure 4.7B).

20 . , , , . 20

A B ]

R =0.32, p=0.05
RZA batiar Dm8P0.02 5 » ZA bahia - P
R superpa =09, P <0.001 e ® > RQE supersa = 0-36, P <001
R E = o R =0.18,p=0.15

15 G. ingens ~ 0.08,p= %34 ® 15 % e ® G. ingens

R%=0.88 . ®

: [ ]

Beat Frequency (Hz)
=

Beat Frequency (Hz)
S

(&)

()]

®  Americamysis bahia ®  Americamysis bahia
L Euphausia superba * Euphausia superba
Gnathophausia ingens Gnathophausia ingens

0 2 4 6 8 10 12 0 5 10 15 20 25
Normalized Swimming Speed (BL/s) Swimming Speed (cm/s)

Figure 4.7: Beat frequency and swimming speed for A. bahia, E. superba (Murphy et al.,
2011), and G. ingens (Cowles et al., 1986). (A) Frequency plotted against normalized
swimming speed. (B) Frequency plotted against swimming speed.

Smoothness of Swimming

Swimming speeds in A. bahia, while they may fluctuate over the duration of an entire
stroke, show no periodic increases that have been associated with specific power strokes in

other organisms (Figure 4.8). When E. superba hover, their speed shows periodic increases
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corresponding to their P3 power stroke, which is their longest paddle (Murphy et al., 2013).
Remipedes also show periodic speeds, with increased speeds corresponding to their longest
paddles (Kohlhage and Yager, 2011). Americamysis bahia have no significantly long ap-
pendage. Even though P3 is the longest pleopod, there is no spike in speed correlated to a

P3 power stroke in A. bahia.
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Figure 4.8: Sample swimming speed and power stroke synchrony. Data were collected
from one pass containing four complete metachronal cycles in A. bahia. Swimming speed
data consist of the measured speed in light grey, and a sliding mean value, taken over
0.02s, in black. The bottom portion of the figure depicts the timing and duration of the
power strokes for each pleopod, and the bars are color-coded by cycle. Marker points are
depicted on the sliding mean swimming speed curve that correspond to the initiation of
respective pleopod power strokes. The color of these points correspond to the cycle, and
the shape of the points correspond to the pleopod.

The more constant speed may be a result of A. bahia having more paddles in its metachronal
stroke than E. superba. Though metachrony in A. bahia is comprised of two, 5-paddle cy-
cles, the entire stroke consists of 10 paddles operating independently of each other, twice
as many paddles compared to E. superba. Each power stroke contributes some amount of
thrust to the resulting motion. As the number of paddles in a stroke increases, the time
between each power stroke decreases, allowing for a more constant input of thrust and less
impulse from any specific paddle. Organisms with only one set of paddles, like daphni-

ids (Skipper et al., 2019) and juvenile Artemia sp. (Williams, 1994), have sharp periodic
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speed graphs, corresponding to their power stroke. As the number of paddles in a stroke
increases, these impulses occur more frequently, and should result in smoother swimming.
Americamysis bahia’s more constant speed may be a result of not having a significantly
long appendage, or having a greater number of paddles used in its metachronal stroke than

euphausiids.

4.4.2 Nondimensional Characterization

The challenge of comparing variables across different metachronal designs highlights the
need for nondimensional comparisons, which allow for generalizations about relationships
to be made across different length scales. Table 4.2 summarizes important nondimensional
parameters in crustaceans with different numbers of cycles per stroke, numbers of paddles
per cycle, and Reynolds numbers.

There are two variants of the Reynolds number to consider when looking at metachronal
motion. The first is the whole-body Reynolds number (Reg ), calculated using the body
length and the resulting swimming speed of the organism. The second variant is the
Reynolds number of the pleopod (Rey,), calculated using the length of the pleopod (Lypieo)
and the maximum speed of the pleopod tip during the power stroke (Upe,), which can be

estimated as

Upleo = 7Tf eradeleo (42)

where f is the stroke frequency, and 6,4 is the stroke amplitude in radians. The whole-
body Reynolds number for A. bahia is 170120 (n = 13), and the Reynolds number of
the pleopods is 40£3 (n = 13). There is a factor of roughly four difference between the
pleopods and the body, firmly putting the pleopods in a drag-based regime. This nearly
order-of-magnitude difference between pleopod and whole-body Reynolds number is con-

sistent across other species.
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The Strouhal number, defined as

_ f Apleo

St
VL

4.3)

where f is frequency, A, is arc length of the flapping appendage estimated as
2L pieosin(amplitude/2), and Vg is the whole-body velocity, is a fluid dynamics parame-
ter used to describe flow with an oscillating component. It represents the ratio of unsteady
effects to inertial effects. At higher St, oscillations dominate in the flow, and at low St, the
oscillations are swept by the moving fluid. Strouhal numbers between 0.2 and 0.4 result in
the highest propulsive efficiency of a flapping airfoil (Triantafyllou et al., 1993), and this
efficient Strouhal number range is observed in many organisms that flap or paddle (Taylor
et al., 2003). The mean St for A. bahia is 0.5+£0.04 (n = 13, Table 4.2), which falls just
outside of this efficient range.

In swimming fish, St varies with speed. At low speeds (<1BL/s), Strouhal numbers
are highly variable, and have been recorded as low as 0.1 and as high as 0.9. As speed
increases, these values converge to the more efficient value of St = 0.3 (Saadat et al., 2017).
This trend also exists in A. bahia (Figure 4.9). Although A. bahia’s mean St is greater than
the optimal range 0.2-0.4, as its speed increases, its St decreases and falls into the efficient
range at speeds above approximately 9BL/s. Americamysis bahia pleopod motion appears
tuned to achieve fast speeds.

The advance ratio, defined as

VBL

J=_—"2u
2eradf Lpleo

4.4)

where 6,4 is the stroke amplitude in radians, is another nondimensional measure of effi-
ciency (Walker, 2002; Murphy et al., 2011). It is the ratio of the resulting body speed to
appendage speed. For large advance ratios (J > 1), the organism moves at the same speed,

or faster than its appendages. For small advance ratios, the appendages move quicker than
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Figure 4.9: Strouhal number (St) decreases with normalized swimming speed for A. bahia.
The shaded grey region highlights the efficient Strouhal number range of 0.2-0.4 as docu-
mented by Taylor et al. (2003)

the body.

Many organisms with one set of appendages have an advance ratio between 0.1 and 0.6
(Walker, 2002), indicating that the resulting speed of the body is less than that of the ap-
pendages. However, with multi-appendage swimmers, J is often greater than 1, indicating
that the legs are moving at the same speed or slower than the body. If it is assumed that each
paddle in a stroke equally contributes to the total thrust, advance ratios for multi-appendage

swimmers can be normalized by the number of paddles in a metachronal stroke,

VBL

Jo= s B
29prleonpad

4.5)

where np,q = number of paddles, then J, values for multi-appendage species are similar to
the 0.1-0.6 range observed in organisms with one appendage (Walker, 2002; Murphy et al.,
2011).
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For A. bahia, J, (0.09£0.01, n = 13) falls just outside the expected range of 0.1-0.6
(Table 4.2). The appendage tip is moving faster than the resulting body speed. However,
J, increases with swimming speed, and it reaches J, of 0.1 at approximately 9BL/s (Fig-
ure 4.10). The other two-cycle mysid, G. ingens, also has an extremely low J,, of 0.02, and
it swims at speeds less than 2BL/s (Table 4.2). Small J, ratios at low speeds in mysids
indicate that employing multiple metachronal cycles is relatively ineffective at low speeds.
Together, trends with St, J,,, and swimming speed suggest that dual ipsilateral metachrony

is effective at speeds greater than 9BL/s in A. bahia.

0.15
R%=0.65, p <0.001

0.05 ' ' ' '
2 - 6 8 10 12

Normalized Swimming Speed (BL/s)

Figure 4.10: Normalized advance ratio (J,,) increases with normalized swimming speed for
A. bahia. The shaded grey region highlights the expected range of J, values for one-paddle
swimmers of 0.1-0.6 as documented in Walker (2002).

4.4.3 When to Use Pleopods

Pleopod stroking results in fast forward swimming and in speeds greater than when the
organism uses its thoracopods alone to swim. However, it remains unclear what acts as a

cue for A. bahia to swim using its pleopods. All experiments were performed such that
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Table 4.2: Metachronal characterization of four crustaceans. Regy, and Rey, are variants
of Equation 4.1, St is calculated from Equation 4.3, J is calculated from Equation 4.4, J,
from Equation 4.5. Euphausia superba data only includes fast forward swimming

Contralateral Paddles Swimming Stroke
Appendage per Speed Frequency
Species Symmetry Cycle BL (cm) (BL/s) (Hz) Repp Repico St J In Reference
Americamysis bahia - 5 0.47£0.02  7.60+0.74 13.98+0.48 170+£20 40+3 0.50+0.04 0.90+0.05 0.09+0.01 This paper
Gnathophausia ingens - 13 6-12 0.7 312 2000 900 0.82 0.50 0.02 Co:‘l’::l::il"ggsgg 6
Euphausia superba + 5 3.5+1.3 4.0 6.242.0 2000 800 0.50 L.1-1.5 0.2-0.3  Murphy et al. (2011)
Odontodactylus havanensis + 5 3.5-6.4 20-40 17.00 50000 5000 0.2 2.1 0.4 Campos et al. (2012)

there was no stimulus exerted on the tank from the experimenter. It is possible that heating
in the laboratory or ventilation may have provoked pleopod swimming, but this was not
noticed. This study also cannot say how infrequent this behavior is. The estimate of 10%
does not take into account the sex of the individuals recorded. In 2020, the experimental
design was set up such that only recordings of pleopod utilization were captured. Addi-
tionally, A. bahia does not necessarily streamline itself to go faster, as has been observed
in E. superba (Murphy et al., 2011), the body angles for thoracopod swimming and pleo-
pod swimming do not differ. Pleopod swimming allows the organism to travel in the same
direction that thoracopod swimming does, though it shows an insignificant bias to using its

pleopods while diving.
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CHAPTER §
TRENDS IN STROKE KINEMATICS, REYNOLDS NUMBER, AND SWIMMING
MODE IN SHRIMP-LIKE ORGANISMS

5.1 Introduction

Motion within multi-appendage systems requires coordination between appendages to en-
sure they operate in optimal combinations to prevent collisions between limbs and min-
imize energy expenditure. Organization of the coordinated motion comes from different
patterns of appendage sequencing. Metachrony is one such sequencing, where appendages
beat in a time-delayed manner, resulting in a wave-like motion. Metachronal motion oc-
curs at various length scales and can serve diverse functions in biological systems. For
example, in lungs, cilia beat in a metachronal stroke, creating fluid transport along a mem-
brane (Sanderson and Sleight, 1981; Chateau et al., 2018). Metachrony can also be used
for propulsion in both terrestrial (millipedes: Garcia et al., 2021) and aquatic (ctenophores:
Goebel et al., 2020, euphausiids: Kils, 1981, remipedes: Kohlhage and Yager, 2011, to-
mopteris: Daniels et al., 2021) organisms.

Metachronal propulsion is well-documented in shrimp-like organisms, owing to their
abundance and relatively large size. These organisms share a similar body plan known
as the caridoid facies (Hessler, 1983). Prominent features of the caridoid facies include
a carapace around the thorax with thoracopods used for generating feeding currents and
propulsion, and an elongated flexible abdomen with biramous pleopods (Hessler, 1983).
Thoracopods and pleopods, depending on the species, can both be used for metachronal
propulsion. Thoracic metachrony occurs in several mysid species (Hessler, 1983; Laverack
et al., 1977; Schabes and Hamner, 1992), and pleopod metachrony has been documented

in stomatopods (Campos et al., 2012; Ford et al., 2021; Garayev and Murphy, 2021), eu-
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phausiids (Murphy et al., 2011; Murphy et al., 2013), and some mysids (Ruszczyk et al.,
2021).

An organism’s physical environment typically imposes design constraints on propul-
sion. Metachronal stroke kinematics are no exception and are subject to varying force
balances in their environment. To represent the physical environment of an organism, the
Reynolds number (Re) quantifies the relative strength of inertial to viscous forcing. The

Reynolds number is defined as,

Re = — (5.1)

v

where U is the characteristic velocity, L is the characteristic length scale, and v is the
kinematic viscosity of the fluid. There is some evidence that Re affects the functioning of
metachrony. Metachronal propulsion creates counter-rotating vortices resulting in a down-
ward jet, and when similar stroke kinematics are performed at a smaller Re, the resulting
jet is weaker with reduced vertical momentum compared to larger Re environments (Ford
et al., 2019; Zhang et al., 2014; Granzier-Nakajima et al., 2020). Reynolds number can
also affect morphological aspects of the metachronal stroke. For a given Re, there exists an
optimal number of appendages and spacing between appendages that results in the great-
est time-averaged fluid flux (Granzier-Nakajima et al., 2020; Ford and Santhanakrishnan,
2021a).

Euphausia superba kinematic analysis reveals how stroke kinematics, including stroke
amplitude, pleopod beat frequency, and phase lag can vary to achieve different swimming
modes including fast forward swimming (FF), hovering (HOV), and upside down swim-
ming (USD) (Murphy et al., 2011). Phase lag in metachrony is defined as the time be-
tween sequential pleopod power strokes, normalized by the duration of the entire set of
appendages to undergo one complete metachronal stroke. Swimming modes are visually
differentiated first by krill orientation. USD occurs when the organism’s body angle with
the horizontal is greater than 90°, whereas HOV and FF both occur when the organism is

in an upright orientation. HOV and FF are differentiable by the magnitude of their nor-
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malized swim speed. HOV occurs at speeds less than 1 body length per second (BL/s) and
FF occurs at speeds greater than 2 BL/s, with a transitional mode occurring between 1-2
BL/s. At speeds less than 2 BL/s, E. superba’s primary means of acceleration occurs by
increasing stroke amplitude and at speeds greater than 2BL/s, after pleopods reach their
maximum stroke amplitude, speed increases as a result of increasing beat frequency. For
E. superba, FF requires a greater beat frequency and stroke amplitude than HOV, and while
FF and USD utilize equal phase lags between sets of adjacent pleopods, HOV has unequal
phase lag between pleopods (Murphy et al., 2011).

Analysis of swimming in shrimp-like organisms is multifaceted, requiring three differ-
ent components to be evaluated when considering system design: stroke kinematics, Re,
and the resulting swimming mode. To begin to describe this relationship, the current study
undertakes two tasks. First, E. pacifica stroke kinematics are quantified. Using these data,
a novel way to differentiate between HOV and FF is implemented, where the fitted inflec-
tion points of a Gompertz function to amplitude and beat frequency against normalized
swimming speed are considered when determining the speed where the krill changes its
means of increasing speed from increasing stroke amplitude to increasing beat frequency.
Trends originally observed in E. superba will be applicable to E. pacifica when differenti-
ating swimming modes. FF will have a greater beat frequency and stroke amplitude than
HOV, and phase lag will vary between swimming modes. Second, E. pacifica stroke kine-
matics are used in tandem with several other 5-paddle, shrimp-like, metachronal swimmers
to identify any large-scale trends between stroke kinematics, swimming mode, and Re.
Regardless of species, similar swimming modes will have similar trends in stroke kinemat-
ics. FF will require greater beat frequency and stroke amplitudes than HOV, and phase lag
will vary between swimming modes. Additionally, regardless of species, increasing stroke
kinematics should increase Re, as beat frequency, stroke amplitude, and phase lag all affect

the swimming speed of the organism.
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5.2 Methodology

5.2.1 Animal Collection and Maintenance

Euphausia pacifica were collected off the coast of Newport, OR in July and September of
2019. Organisms were collected, stored in 2L Nalgene bottles at a density of approximately
5ind/L, and shipped overnight in a cooler filled with ice packs to maintain a cooler temper-
ature to Georgia Institute of Technology (Atlanta, GA). Upon arrival, bottles were opened
and allowed to aerate. Bottles were 15°C upon arrival. Recording began immediately upon

arrival.

5.2.2 Recording

Ten randomly selected E. pacifica were transferred to a 12cm x 12cm x 13cm tank filled
with 1L of water. Water obtained from the krill shipment containers was passed through
a Pall A/E glass fiber filter (1 p-pore size) before being used in the experiments, which
allowed experimental water to match the organism’s habitat.

Two high speed digital cameras (AOS PRI-X and AOS PRI-S; AOS Technologies AG,
Baden-Daettwil, Switzerland) were orthogonally-positioned to view free-swimming krill
in the experimental tank. Cameras were each equipped with an AF Micro-Nikkor 60mm
/2.8D lens, and recorded at 500fps. Each camera was illuminated with an 850nm dual
voltage IR light (Super Circuits, Austin TX) positioned directly in front of each camera
on the opposite side of the tank, backlighting the organisms. Illumination in the near-IR
wavelengths is critical to minimize the phototactic response of the krill while providing
enough light for image capture. Prior to the organisms’ recording, a Imm calibration wand
was placed in the center of the tank and imaged to allow for pixel to mm conversion in
the digital images. Both cameras were focused on the location of the calibration wand
to ensure they recorded the same region, which resulted in an active volume of 3.5cm X

3.5cm x 2.5cm. The calibration wand was removed and organisms were allowed a 30min
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acclimation period in an undisturbed tank before recording began.

During recording, events were captured by manually triggering the cameras to record
when an organism swam within the field of view of both cameras. The triggering action
resulted in capturing the previous 1000 buffered frames and recording the next 1000 frames.
Recording sessions lasted 2hrs or until E. pacifica specimens became lethargic and passes
between the cameras were more than 30min apart. Lethargy was attributed to temperature
increase in the experimental tank, as the cameras recorded in a 20°C environment, rather
than the 15°C water krill were previously housed in. Each block yielded approximately
15 passes to choose one recording of each swimming mode for further analysis, ensuring
independent sampling within swimming mode. Image sequences were chosen such that
there were roughly 10 qualitative examples of each of the three types of swimming mode
specified in Murphy et al. (2011) observed in E. superba (i.e., FF, HOV, and USD), resulting

in 30 total passes analyzed (Table 5.1).

5.2.3 Image Analysis

Kfrill body positions in the recordings were quantified using the DLTdv5 software for MAT-
LAB (Hedrick, 2008). The organism’s head, 6th abdominal segment, and telson were
tracked on both cameras. The organism’s body length (BL) was measured from the eye to
the base of the telson. Pleopods were labelled such that P1 was the anterior-most and P5
was the posterior-most. For each set of pleopods, three key locations were tracked: where
the pleopod attached to the body, the joint between the protopodite and the exo- and en-
dopodites, and the tip of the pleopod. From this data set, body angle (BA) is defined as
the angle of the organism relative to horizontal, « is the angle of the pleopod orientation
relative to the body (which varied throughout the stroke period), and (5 is the bending an-
gle of the pleopod joint (which varied throughout the stroke period). The complete digital
quantification of the krill, including 18 points, BL, a, and [ is shown in Figure 5.1.

Stroke angles o and /3 were calculated for each pleopod for each recording following the
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Figure 5.1: Digitization and angle definitions for E. pacifica. Pleopods are numbered from
anterior (P1) to posterior (P5). Body length (BL) is measured from the head to the base
of the telson. Solid black points represent the 18 points identified during digitization of
krill position. The angle between the pleopod and the body («), the angle between the pro-
topodite and the exopodite ((3), and the body angle of the organism relative to the horizontal
(BA), are depicted on the schematic. Angles a and f3, calculated for all five pleopods, are
depicted only on P1 for simplicity.

method outlined in Murphy et al. (2011). A stroke began with the initiation of a downward
P5 power stroke, and ended when PS5 began its next stroke. The time series of stroke angles
were transformed such that the initiation of the P5 power stroke occurred at t = 0s. A cubic
spline function was fit to each pleopod stroke angle and 100 equally spaced points were
calculated based on the fitted function. Occasionally, there were multiple metachronal
strokes within a recording. In these instances, strokes were analyzed separately before
being combined. The mean stroke period was calculated for that recording, and « and 3
curves for each stroke were transformed to match the duration of that mean stroke period.
Stroke angles within a recording were then averaged at each time point resulting in one
representative « and [ curve for each pleopod.

Swimming modes of E. pacifica were identified based on BA and normalized swimming
speed. An observation was categorized as USD if BA was greater than 90°, regardless of
swimming speed. HOV and FF were differentiated for upright organism observations based

on normalized swimming speed. To determine the swimming speed where E. pacifica
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transitions between HOV and FF, a 4-point Gompertz function,

y=a+ (b—a)* —exp[—c(z — d)] (5.2)

where a = lower asymptote, b = upper asymptote, ¢ = growth rate, and d = inflection point
(Gompertz, 1825), was fit to amplitude as a function of normalized swim speed and beat
frequency as a function of normalized swim speed. The Gompertz fit has been used in
ecology to model population growth (Yu et al., 2007) and survivorship (Sas et al., 2012),
and recently in chemical engineering to model breakthrough curves (Chu, 2020), highlight-
ing the versatility of the function. In the current study, the inflection point for each fitted
function were considered when determining the speed to differentiate between HOV and

FF.

5.2.4 Across-Species Data Formatting

Stroke kinematics for shrimp-like organisms were analyzed to determine any large-scale
trends in swimming mode and whole-body Re (Reg; ). Data included in the analysis were
required to be for free-swimming organisms featuring the caridoid facies body plan using
5 pleopods in their metachronal stroke. Publications featuring stroke kinematics of meta-
chony in shrimp-like organisms were reviewed for beat frequency, stroke amplitude, phase
lag, and basic morphology. If raw data were available in supplementary information, in-
dependent samples were analyzed separately. If raw data were unavailable, then kinematic
data were extracted from figures displaying stroke amplitude curves for each pleopod by
employing the graphreader.com (2021) application, resulting in one representative data
point for that publication. Data for frequency, BL, and swimming speed were taken as
mean values reported in the literature. Whole-body Re was calculated using the organism’s
BL and average swimming speed. Swimming mode was determined to be FF, HOV, or

USD based on the published kinematics for each species. The final data set consisted of 73
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observations across 6 species (Table 5.1).

Table 5.1: Sample count and source data included in the across-species comparison

n
Species FF HOV USD Reference

Americamysis bahia 13 0 0 Ruszczyk et al. (2021)

Euphausia pacifica 12 8 10 Current paper

Euphausia superba 8 6 5 Murphy et al. (2011)
Neogonodactylus bredini 4 0 0 Ford et al. (2021)

Odontodactylus havanensis 4 1 0  Campos et al. (2012), Campos unpublished

Odontodactylus scyllarus 1 1 0 Garayev and Murphy (2021)

5.2.5 Statistical Analysis

Beat frequency and phase lag were compared between E. pacifica swimming modes us-
ing parametric ANOVAs and Tukey’s honestly significant different tests and nonparametric
Kruskall-Wallis (KW) and Steel-Dwass all-pairs (SDAP) tests when applicable. Normality
was assessed using Anderson-Darling tests and equal variance using Levene’s tests. Com-
parisons of pleopod length and phase lag were blocked by individual for ANOVAs and
KWs. Stroke amplitude, measured in degrees, is subject to periodicity, favoring analysis
via circular statistics, rather than traditional linear statistics (Fisher, 1993). Data were sub-
ject to a Watson goodness of fit test to verify they followed a von Mises distribution, and
concentration parameters (x) were compared between groups to verify xs were greater than
1 and approximately equal between groups. With these assumptions met, Watson-Williams
test of homogeneity of means was used to compare pleopod stroke angles within and be-
tween each swimming mode. Two-sample Watson-Williams tests were used during posthoc
analysis of stroke amplitude to identify significant differences.

Principle component analysis (PCA) was performed on the across-species dataset to
investigate how stroke kinematics and Regy, vary across species resulting in similar swim-
ming modes. PCA is an exploratory data reduction technique for multivariate data sets,
used to visualize relationships between variables that might otherwise go unnoticed. Stroke

kinematics quantifying metachrony, including frequency, amplitude, and phase lag, and re-
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sulting Rep;, were used to determine how these factors vary with swimming mode. PCA
requires all variables have linear relationships. For this reason, log(Reg; ) was used rather
than the untransformed Reg;, which varied over several orders of magnitude. Frequency,
amplitude, phase lag, and log(Reg ) were all mean-centered and standardized prior to PCA
analysis. A Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy was used to verify
that the size of the data set was large enough for reduction, Bartlett’s test of sphericity was
performed to verify the data set was suitable for data reduction, and robust PCA outliers
analysis was performed to identify any outliers in the dataset. KMO represents the amount
of variance within a data set that may be attributed to other variables. KMO ranges from
0 to 1 with a greater KMO value representing fewer partial correlations in the data set,
and a minimum value of 0.5 being deemed usable (Kaiser, 1974). To assess how stroke
kinematics vary with Reg;, kinematic variables for each behavior were regressed against
log(Regy).

Statistical analysis for E. pacifica, multivariate correlations, outlier analysis, PCA, and
linear regressions were performed in JMP Pro 16.0.0 (SAS Institute, Inc., Cary, NC). KMO,
Bartlett’s test, and E. pacifica stroke amplitude analysis were performed in R 4.1.1 and
RStudio 1.4.1717 (RStudio Team, Boston, MA). Circular statistics were performed using
the package “circular” for R (Agostinelli and Lund, 2022). All data are presented as mean

=+ standard error.

5.3 Results

5.3.1 Euphausia pacifica Kinematics

Euphausia pacifca morphological design, including pleopod length, protopodite, and exo-
and endopodite length is reported in Table 5.2. Pleopod length varies with pleopod position,
with P2 being greater than P4, and P5 being significantly shorter than all other appendages
[ANOVA, n = 150, F(4,145) = 5.16, p < 0.001, Table A.3]. The mean gap length between
pleopods normalized by pleopod length (G/L) 1s 0.59£0.01.
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Table 5.2: Euphausia pacifica pleopod segment lengths (mean+SE); n = 30

P1 P2 P3 P4 P5
Protopodite (mm) 0.954+0.03 0.95+0.03 0.90+0.03 0.86+0.03 0.70+0.03
Exopodite (mm) 0.83+0.04 0.86+0.04 0.88+0.04 0.86£0.04 0.75£0.03
Total (mm) 1.78+0.07 1.80+0.07 1.784+0.07 1.724+0.07 1.4440.06

A 4-point Gompertz function (Equation 5.2) was fit to frequency and amplitude against
normalized swimming speed (Figure 5.2) for the inflection point to be considered as a
metric of differentiating between HOV and FF. The inflection point for the fitted function
for frequency occurs at 3.04BL/s (p < 0.0001, R? = 0.67), and the inflection point for the
fitted function for pleopod amplitude occurs at 1.48BL/s (p < 0.01, R? = 0.69). Based
on these data, the value of 2BL/s was used to differentiate between FF and HOV as a
representative value between the identified inflection points, and to match the value used in
Murphy et al. (2011) for E. superba, resulting in a final distribution of nyoy = 8, ngr = 12,

and nygp = 10.
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Figure 5.2: Four-point logistic fit of E. pacifica kinematics to normalized swimming speed.
Logistic fit of (A) frequency and (B) combined amplitude, «, to normalized swim speed.
The dashed vertical line in each panel is located at the inflection point for the fitted curve.
The inflection point occurs at 3.04BL/s for the frequency curve and at 1.48BL/s for the
amplitude curve.

The stroke angle time series for each pleopod is delayed in time relative to its neigh-
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bor, forming a metachronal stroke for each swimming mode (Figure 5.3). Each complete
stroke begins with the initiation of a P5 power stroke, followed by P4, and continues
anteriorly along the organism’s body. Power strokes for any pleopod occur when « in-
creases. Beat frequency varies with swimming mode [F(2,27) = 13.20, p < 0.001], with
HOV (7.9+0.3Hz) having a significantly smaller beat frequency than FF (11.9+0.6Hz) and
USD (10.6+0.6Hz) (prrnov < 0.0001, pusp-nov = 0.01, prrusp = 0.20).
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Figure 5.3: Stroke angles for three swimming modes. Stroke angles o and S for fast
forward swimming (n = 12), hovering (n = 8), and upside down swimming (n = 10) for one
time-standardized stroke. Individual samples were combined for each pleopod (following
the method in Murphy et al. (2011)). The angle time records are colored by pleopod.

Pleopod stroke amplitude varies within swimming mode (Figure 5.4). Within FF, P5
has the greatest amplitude out of all appendages [F(4,55) = 5.24, p < 0.01, Table A.4].
All pleopod amplitudes are statistically similar within HOV and USD [Fyov(4,35) = 2.44,
paov = 0.06, Fysp(4,45) = 1.23, pusp = 0.31]. Pleopod stroke amplitude also varies be-
tween swimming modes. FF and USD stroke amplitudes are consistently greater than HOV
[Fp1(2,27) = 12.81, pp; < 0.001, Fp(2,27) = 18.96, ppy < 0.001, Fp3(2,27) = 34.70, pp3 <
0.001, Fp4(2,27) = 21.02, pps < 0.001, Fps(2,27) = 17.92, pps < 0.001, Table A.5].

Phase lag varies among pleopod pairs and differs between swimming modes (Fig-

ure 5.5). For FF, P1-P5 phase lag is greater than P5-P4 lag, P4-P3 lag, and P2-P1 lag (F =
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Figure 5.4: Stroke amplitude for three swimming modes (Mean4-SE). Significantly similar
stroke amplitudes are denoted with letters. The only swimming mode with significantly
different stroke amplitudes between pleopods is FF. USD has similar stroke amplitudes to
FF across all five pleopods. HOV stroke amplitudes are significantly lower than both FF
and USD.

6.23, p < 0.001, Table A.6). For HOV and USD, there are no differences between phase
lags within each mode (Fyov = 0.29, pyov = 0.89, Fysp = 1.85, pusp = 0.14). Additionally,
for HOV and USD, the mean phase lag for each interlimb combination is not significantly

different than the ideal 0.2 phase lag for perfect metachrony in a 5-paddle system [tgoy(39)

= —0.47, Puaov = 064, tUSD(49) = -0.69, Pusp = 049]

5.3.2 Metachrony in Caridoid Facies

Analysis of metachrony in caridoid facies organisms spanned 6 species, 4 orders of Regp
magnitude, and 3 swimming modes. Of the 73 points, ngg = 42, ngoy = 16, and nysp = 15
(Table 5.1). To reduce dimensionality for the PCA, phase lag data in these organisms were
further consolidated. Phase lag variables were divided into two classifications. Within-
cycle phase lag comprises all appendages that are immediately adjacent to each other

(i.e., P5-P4, P4-P3, P3-P2, and P2-P1), and between-cycle phase lag represents the lag
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Figure 5.5: Phase lag for three swimming modes (Mean+SE). The only swimming mode
with significantly different inter-limb phase lags is fast forward swimming. Significant
groupings are denoted with letters. All inter-limb phase lags for hovering and upside down
swimming are not different from each other. For all three modes, inter-limb phase lags that
are significantly different than the expected 0.20 are denoted with an asterisk.

between consecutive cycles (i.e., P1-P5). The KMO on frequency, amplitude, log(Reg; ),
and between-cycle lag (KMO = 0.56) was greater than the KMO on frequency, amplitude,
log(Regy ) and within-cycle lag (KMO = 0.49), directing the use of between-cycle lag in the
PCA. Bartlett’s test confirmed this data set was suitable for data reduction [y%(6) = 93.73,
p < 0.0001], and there were no outliers.

PCA performed on frequency, amplitude, between-cycle phase lag, and log(Reg ) ex-
plained 82.4% of the variance in the data set (Figure 5.6). The PCA found minor separation
between the three swimming modes. Separation occurred primarily along principle com-
ponent 1 (PC1), with similar positive loadings for all four variables. FF and HOV are clus-
tered on opposite sides of PC1, while USD overlaps both regions. There is no discernable
clustering by mode along PC2.

To further explain PCA results, the kinematics variables demonstrated differences across
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Figure 5.6: PCA of stroke kinematics in free-swimming shrimp-like crustaceans. Eigen-
vectors of the PCA are superimposed on the figure. Symbol color indicates the recorded
swimming mode and symbol shape indicates the species. The first two PCs capture 82.4%
of the overall variance in the data set. All variables were mean-centered and standardized
by SD prior to analysis.

swimming mode. Frequency is the greatest in FF, is less in USD, and is lowest in HOV
(SDAP; prr.usp = 0.05, prrrov < 0.0001, paov.usp = 0.03). Amplitude is greater in FF in
USD and HOV (SDAP; prr.nov < 0.0001, prrusp = 0.01, paov.usp = 0.05). Between-cycle
phase lag is greater in FF than in USD and HOV (SDAP; prr.yov < 0.001, prrusp < 0.01,
praov.usp = 0.47). Log(Repy) is greater in FF and USD than in HOV (SDAP; prrhov <
0.01, prr-usp = 1.00, prov-usp < 0.01) (Figure 5.7).

The resulting PCA was also grouped according to species, which resulted in more clear
clustering than swimming mode (Figure 5.6). Euphausiids, E. pacifica and E. superba,
had negative loadings on PC1 compared to stomatopods, N. bredini, O. havanensis, and O.
scyllarus, indicating smaller frequencies, amplitudes, log(Reg; ), and between-cycle phase

lags in euphausiids than stomatopods (Figure 5.8). Euphausia pacifica and E. superba
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Figure 5.7: Metachronal stroke kinematics and Regp in swimming modes (Mean+SE).
(A) Frequency, (B) amplitude, (C) between-cycle phase lag, and (D) the logarithm of the
whole-body Reynolds number (Reg; ) for FF, HOV, and USD. Significantly similar groups
within each figure are noted with letters. Between-cycle phase lag is defined as the time
period lag between consecutive cycles (P1-P5) divided by the total cycle period.

also separate out over PC2, where variability is mainly driven by log(Reg; ) and frequency,
indicating that E. pacifica operates with a greater beat frequency and a smaller Reg than

E. superba (Figure 5.8).

5.4 Discussion

5.4.1 Metachrony in E. pacifica

Organisms adapt different gaits, or patterns of limb movement, to minimize energy ex-
penditure (Hoyt and Taylor, 1981) and limb stress (Biewener, 1990; Fusuoka et al., 2015)

while increasing speed (Alexander, 1989). The term “gait” is often used for terrestrial
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Figure 5.8: Metachronal stroke kinematics and Regy in shrimp-like organisms (Mean+SE).
(A) Frequency, (B) amplitude, (C) between-cycle phase lag, and (D) the logarithm of the
whole-body Reynolds number (Regy ) for A. bahia, E. pacfica, E. superba, N. bredini, O.
havanensis, and O. scyllarus. Bars are colored based on lowest taxonomic order. Between-
cycle phase lag is defined as the time period lag between consecutive cycles (P1-P5) divided
by the total cycle period.

organisms but sees inconsistent usage when discussing aquatic propulsion. This may be
because aquatic propulsion studies are dominated by fish, which primarily swim by un-
dulating their bodies rather than altering limb synchrony. “Gait” and “swimming mode”
are used interchangeably when describing aquatic propulsion, although “gait” more often
refers to differentiation based on a change in the relative usage of pectoral and caudal fins,
while swimming mode refers to differentiation based on resulting swimming speed (Blake,
2004). Because swimming speed is used to differentiate between HOV and FF instead of

phase lag patterns, “swimming mode” is more applicable to describe the different swim-
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ming patterns in euphausiids.

To quantitatively determine the transition speed where E. pacifica sees greater influ-
ence on speed from increasing amplitude to increasing frequency, the inflection point from
a 4-point Gompertz function fitted to amplitude versus normalized swimming speed and
frequency versus normalized swimming speed was considered. The inflection point occurs
where the respective kinematic increases most rapidly, visible as the steepest portion of
the curve. Following the hypothesis that speed increases by increasing stroke amplitude
for HOV and by increasing beat frequency for FF, then the function should be steepest for
amplitude when the organism is performing HOV and steepest for frequency when the or-
ganism is performing FF. Indeed, the inflection point when fitting amplitude to normalized
swimming speed occurs at 1.48BL/s, which matches the range of speed quantifying HOV
in E. superba, and the inflection point when fitting frequency to normalized swim speed
occurs at 3.04BL/s, which matches FF in E. superba (Murphy et al., 2011). Therefore,
2BL/s was chosen in E. pacifica to differentiate between HOV and FF, consistent with E.
superba.

The three swimming modes in euphausiids serve different ecological functions. HOV
allows negatively buoyant organisms to maintain their position in the water column. FF en-
ables an organism to chase prey, find mates, and escape predation. Faster swimming results
in a more energetic wake disturbance with greater fluid velocity (Ford and Santhanakrish-
nan, 2021b), which can be costly for the krill, making them more visible to predators that
sense hydrodynamic features. USD can be a means of feeding, repositioning the organism
so it can obtain phytoplankton located above it. This can be seen in E. superba feeding
on sea ice macroalgae (Stretch et al., 1988). Additionally, some krill species mat, where
dense aggregations of krill will lay upside down as a phototactic response to a greater light
intensity reflected off substrate particles compared to direct sunlight (O’Brien et al., 1986).

Euphausia pacifica and E. superba achieve similar normalized swimming speeds. Eu-

phausia pacifica reach speeds up to 7.2BL/s, and E. superba reach speeds up to 6.9BL/s
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(Murphy et al., 2011). However, these top speeds are reached through a different combina-
tion of kinematic parameters. For FF, E. pacifica has a greater beat frequency (11.94+0.6Hz
vs. 5.7£0.5Hz, respectively) and a smaller stroke amplitude (65.5+£2.9° vs. 99.0+£2.5°,
respectively) than E. superba. In fact, E. pacifica consistently have a greater frequency and
smaller stroke amplitude than E. superba for all three swimming modes (HOV: 7.9+0.3Hz
vs. 3.0+0.1Hz, and 28.7+3.0° vs. 67.3£2.1°. USD: 10.6+0.6Hz vs. 3.7£0.4Hz, and
66.1£5.2° vs. 89.6+£2.5°).

Differences in kinematic parameters may be attributed to different morphological de-
signs between these two species. E. pacifica has a greater G/L than E. superba (0.6£0.01
vs. 0.3£0.04, respectively), indicating that E. pacifica’s pleopods are spaced farther apart
than E. superba’s. Traditionally, an organism with more closely-spaced appendages and a
smaller G/L should have a smaller stroke amplitude due to the potential for appendages to
collide in a metachronal stroke (Ford and Santhanakrishnan, 2021a). Euphausia superba
has a smaller G/L than E. pacifica yet uses greater stroke amplitudes. Euphausia superba
may achieve this by beating their pleopods in slightly different stroke planes allowing for
spatial separation between appendages. This technique is observed in mysid shrimp, where

8 thoracic appendages comprise a metachronal stroke (Schabes and Hamner, 1992).

5.4.2  Metachrony in Caridoid Facies

Kinematics and Swimming Mode

Swimming modes separated out primarily along PC1 in the PCA, with no visible separation
along PC2. Frequency, amplitude, between-cycle lag, and log(Reg; ) had similar weights
in the calculation of PC1. Therefore, all four variables can be used to predict the resulting
swimming mode of the organism. This is because swimming modes are differentiated
using the resulting swimming speed of the organism. Whole-body Re is calculated using
the swimming speed, and swimming speed is dependent on beat frequency (Murphy et al.,

2011), stroke amplitude (Murphy et al., 2011; Ford et al., 2021), and phase lag (Ford and
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Santhanakrishnan, 2021a; Ford and Santhanakrishnan, 2021b). Increasing or optimizing
these factors results in increased swimming speed, and while not directly included in the

PCA, the importance of swim speed in characterizing swimming mode is evident.

Kinematics and Order

In addition to clustering by swimming mode, the PCA shows strong clustering based on
taxonomic order. There is separation along PC1, primarily between euphausiids and stom-
atopods. The stomatopods form the main clustering on the positive PC1 axis and have
greater swimming speeds than euphausiids. Americamysis bahia also lies on the positive
PC1 axis with stomatopods. This results from the between-cycle lag in A. bahia being more
similar to stomatopods than euphausiids.

Increased between-cycle phase lag can take two forms, which can have opposite ef-
fects on the smoothness of swimming. It can represent a 5-paddle metachronal stroke be-
coming more synchronous, as observed in stomatopods, or a time delay between multiple
concurrent metachronal cycles, as observed in A. bahia. Stomatopods employ a fast start
swimming motion, reaching speeds up to 40BL/s (Campos et al., 2012). This technique
favors hybrid metachrony, allowing for greater stroke amplitudes that generate more thrust
(Ford et al., 2021). Fast start swimming mimics a synchronous stroke, in that it allows for
a large increase in speed, However, much of the speed gained during the power strokes is
lost during the recovery strokes, resulting in an unsteady speed profile (Alben et al., 2010).
In contrast, A. bahia’s pleopods on the same abdominal segment operate independently of
each other, resulting in two concurrent metachronal cycles (Ruszczyk et al., 2021). Al-
though A. bahia has 10 paddles in its metachronal stroke, its stroke is comprised of two,
5-paddle metachronal cycles, one on the left side and one on the right side of the body. The
extended P1-P5 phase lag in A. bahia occurs in each cycle at the time when the opposite
cycle is initiating its set of power strokes. Because there is always one pleopod undergoing

a power stroke, rather than a large delay where the pleopods are all undergoing recovery
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strokes, A. bahia has a smoother speed profile than a hybrid metachronal stroke (Ruszczyk
et al., 2021).

The species distribution shows clear separation along PC2 in the PCA, which contrasts
with swimming mode discussed above. Separation along PC2 comes from two main fac-
tors. A negative value indicates greater beat frequency and a positive value indicates a
greater log(Regy ). The difference between A. bahia and the stomatopods is evident along
PC2. Although they have similar trends with phase lag, A. bahia has a much smaller Reg
than stomatopods. The primary separation between the two euphausiid species also occurs
along PC2, and indeed, E. superba has both greater Reg; and smaller beat frequency than

E. pacifica.

Stroke Kinematics and Repg;,

By neglecting the fact that species plays a role in the stroke kinematics required to achieve
different swimming modes, it is possible to compare how Reg; changes with stroke kine-
matics to achieve similar swimming modes. For all three swimming modes, Reg; does not
change with increasing beat frequency (Figure 5.9A). This result at first appears surpris-
ing, as increasing beat frequency increases swimming speed (Murphy et al., 2011; Goebel
et al., 2020; Ruszczyk et al., 2021), which should result in a greater Reg; . However, Reg
remains constant across species because beat frequency is inversely related to size (Fig-
ure 5.10), which indicates scalability constraints to metachronal stroke kinematics.
Whole-body Re increases with stroke amplitude for HOV, but does not for FF or USD
(Figure 5.9B). In FF, organisms are already operating near their maximum stroke ampli-
tude, which is naturally restricted to 180°. HOV features a wide range of obtainable am-
plitudes, and as stroke amplitude increases, Regy increases. Increasing stroke amplitude
results in a more powerful fluid jet to support an organism in the water column. A larger
organism requires a stronger fluid jet flow to produce thrust to counterbalance their weight.

Stomatopods require a stronger jet to maintain their position, and therefore a greater HOV
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Figure 5.9: Reg response to stroke kinematics. Linear regressions of Reg; against (A)
frequency, (B) amplitude, and (C) between-cycle phase lag with 95% CI indicated by the
shaded region. Symbol color indicates swimming mode and symbol shape indicates the
species. There are no significant relationships between Reg;. and frequency for any mode,
Repp increases with stroke amplitude for HOV, and Regy increases with between-cycle
phase lag for FF and HOV.

stroke amplitude than smaller organisms, resulting in a greater Reg .
Whole-body Re increases with between-cycle phase lag for FF and HOV, but not for

USD (Figure 5.9C). Increasing between-cycle phase lag increases speed by shifting a
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metachronal stroke to become more hybrid, with a metachronal power stroke and a more
synchronous recovery stroke. This allows organisms to reach greater speeds, which in-
creases their Reg;. For HOV, increasing the between-cycle phase lag allows for greater
stroke amplitudes to contribute to the fluid jet and thrust generation that counterbalances

the weight of larger organisms.

Efficient versus Uniform Phase Lag

In physical and numerical simulations, 0.15-0.25 has been documented to be the range
of phase lag that results in the best propulsion, either defined by greatest average body
speed (Alben et al., 2010) or greatest volumetric fluid flux (Zhang et al., 2014; Granzier-
Nakajima et al., 2020). However, these simulations are focused on the within-cycle phase
lag between immediately adjacent appendages, and not the between-cycle phase lag be-
tween the last appendage and the first appendage. Most organisms included in this study
have a within-cycle phase lag in the optimal range, indicating that they are swimming effi-

ciently (Figure 5.11A).

85



=Y
o
-
o

[=2]

3 A FastForward B

= Hovering %

" Upside Down | |

1] 0.8 ® A bahia i 0.8

E +*  E pacifica 7

3 z E.superba g

— N. bredini

g 0.6 O 0. havanensis % 06

(&) ® O. scyllarus 3 °

= > e Y

S04 Qo4 o

= c o :

= 2 8 — SN

202 1 Q 202} .

© 4

b 1] + )

g Do -

<00 ‘ : : 0.0 o “ :
10’ 102 10° 10* 10° 10’ 102 10° 10* 10°

Re Re

BL BL

Figure 5.11: Phase lag across Reg; . Spline-fitted smoothing curves (smoothing parameter
= 0.99) for fast forward swimming (blue), hovering (red), and upside down swimming
(green) for (A) within-cycle phase lag and (B) between-cycle phase lag. Symbol shapes
represent species. Cls were stratified by taxonomic order to include at least one mysid,
euphausiid, and stomatopod in the bootstrapped calculation. Metachrony range of 0.15-
0.25 is bracketed via the horizontal lines showing the efficient range in (A) and the uniform
range in (B).

However, uniform metachrony occurs when all phase lags are equal, not just the within-
cycle phase lags. In these 5-paddle metachronal swimmers, a within-cycle phase lag of 0.15
between each pair of adjacent appendages results in a P1-P5 lag of 0.40, and a within-cycle
phase lag of 0.25 results in a P1-P5 phase lag of zero. To achieve uniform metachrony in
5-paddle swimmers, P1-P5 phase lag should be restricted to a range of 0.15-0.25, which
constrains the within-cycle phase lag to be between 0.19 and 0.21. Among the swimming
modes, the appearance of a between-cycle lag of 0.15-0.25 occurs at different Reg; (Fig-
ure 5.11B). For Reg;, < 10°, uniform metachrony results in HOV, whereas for 10° < Reg.
< 10%, uniform metachrony results in FF. For Reg; > 10%, a hybrid metachronal stroke
becomes favored as indicated by the increasing P1-P5 phase lag.

Because uniform metachrony in shrimp-like organisms results in different swimming
modes at different Regy, it is important to take length scale into consideration when using
biology as inspiration for robotic design. FF, which is often related to the more commonly

described “‘cruising” swimming mode, does not need to be uniformly metachronal to be

considered efficient in terms of fluid displacement. These results indicate that variations
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in metachrony provide efficient propulsion within these systems, and the special case of

uniform metachrony will result in different swimming modes at different length scales.
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CHAPTER 6
CONCLUSIONS AND CLOSING REMARKS

This study undertook two unique projects to better understand crustacean behavior and
morphology in low and intermediate Reynolds number environments. The first section in
this chapter discusses the conclusions and presents study limitations and future directions
for the first project, which set out to quantify a freshwater copepod’s behavioral response to
microscale turbulence. The second section in this chapter is dedicated to the second project
undertaken in this study- to discover trends in shrimp-like organisms’ propulsive designs.
This project achieved two specific goals. First, it quantified metachrony in a 10-paddle,
shrimp-like system, and second, it discovered overarching kinematic trends in metachronal

systems across different length scales and swimming modes.

6.1 A Freshwater Copepod’s Behavioral Response to Microscale Turbulence

Turbulence affects all aspects of copepod lives, ranging from large-scale population struc-
ture to individual-level interactions. Species respond to these environmental perturbations
differently based on ecological factors. The marine copepod, A. fonsa uses a Burgers vor-
tex, a microscale flow feature meant to model dissipative-scale turbulent eddies, as an ag-
gregation cue. Hesperodiaptomus shoshone is a freshwater copepod also known to aggre-
gate. Male and female H. shoshone were exposed to four different intensities of a Burgers
vortex as well as a stagnant negative control in two different orientations to determine the

universality of a Burgers vortex as an aggregation cue in copepods.

6.1.1 Conclusions

Hesperodiaptomus shoshone showed minimal response to a Burgers vortex. Only male

H. shoshone show any change in a kinematic parameter relative to vortex intensity level,
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decreasing their NGDR in response to vortex intensity, quantified by axial strain rate. Dif-
ferences in body-vortex alignment could also be attributed to sex. This is in stark contrast
to A. tonsa, who notably elicit spiral trajectories that follow the flow of the Burgers vortex
at vortex intensity levels of 2 and greater (Elmi et al., 2021). This phenomenon is absent
in H. shoshone, as they swim relatively perpendicular through the vortex, seemingly non-
responsive to the fluid flow. If a Burgers vortex were an aggregation cue in copepods, H.
shoshone may not be under as much ecological pressure to aggregate with conspecifics for
mating.

Rather than H. shoshone changing its behavior in response to the intensity of the Burg-
ers vortex, swimming behavior varied primarily with vortex orientation (i.e., horizontally-
aligned vortex axis vs. vertically-aligned vortex axis)- or more appropriately, the physi-
cal restrictions of the configuration of the Burgers vortex apparatus. The observed differ-
ences may be attributed to physical restrictions on the natural trajectories of the copepods,
with paddles in a horizontally-aligned vortex favoring vertical trajectories, and paddles in a
vertically-aligned vortex favoring horizontal trajectories. This also was distinctly different
than the observations for A. tonsa, which demonstrated spiral-like trajectories around the

vortex core that were less influenced by the presence of the apparatus’s paddles.

6.1.2 Limitations and Future Directions

In this study, H. shoshone showed minimal response to vortex intensity, and instead, greater
response to the orientation of the Burgers vortex. The orientation of the horizontal and ver-
tical Burgers vortex apparatuses served to confine H. shoshone’s motion, resulting instead
in changes in swimming based on body orientation and trajectory. Kinematic variables that
initially appeared significant in response to vortex orientation (i.e., relative velocity and
NGDR) should be analyzed in terms of H. shoshone’s body orientation angle or trajectory
with respect to gravity, rather than vortex orientation.

It would also be beneficial to determine how often H. shoshone was actively swimming
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in the Burgers vortex apparatus, instead of passively sinking through the space between the
two paddles. The experimental design assumed that H. shoshone would actively swim in
the vortex. Knowing that H. shoshone show minimal response to the presence of a vortex,
it is possible that several tracked instances of H. shoshone between the paddles were of the
copepod sinking, rather than actively swimming through the observation region. Tracks
from the horizontal apparatus would be particularly susceptible to this artefact, as paddle
location did not vertically restrict passive sinking through the observation region, whereas
in the vertical apparatus, paddle placement made sinking through the observation region —
unless the copepod began sinking while within the region — next to impossible.

Finally, expanding this study to include more comparisons between the physical envi-
ronment of H. shoshone and A. fonsa may provide more insight as to the different responses
to a Burgers vortex between these two species. Turbulence levels of H. shoshone’s home
lake would verify that this copepod experiences the range of vortex intensity levels in-
cluded in this study. Second, a more thorough analysis of physical drivers of aggregation
in alpine lakes may be related to H. shoshone aggregation. Alpine lakes are highly sea-
sonal, and rather than aggregation being initiated by hydrodynamic features, cues originat-
ing from seasonal changes, such as decreasing lake temperature, shorter daylight periods,
or seasonal changes in turbulence may be linked to H. shoshone aggregation rather than
microscale turbulent features.

Outside of H. shoshone, quantifications of other plankton, including phytoplankton or
fish and crustacean larvae, will provide a more thorough understanding of the relationship

between plankton and dissipative eddies.

6.2 Trends in Shrimp-like Organisms’ Propulsive Design

Metachronal propulsion in shrimp-like organisms is useful in multi-appendage bio-inspired
design. Metachrony occurs in these organisms across many length scales, making shrimp-

like organisms an ideal group to look at for alternative approaches to multi-appendage de-

90



signs. In this study, the stroke kinematics for two different shrimp-like species were quanti-
fied, to be used in tandem with previously published data on other shrimp-like metachronal
swimmers to describe the relationship between stroke kinematics, swimming mode, and

whole-body Reynolds number.

6.2.1 Conclusions

Americamysis bahia beat their 10 pleopods independently, resulting in two concurrent ip-
silateral metachronal cycles. Pleopod usage in A. bahia results in faster swimming than
thoracopodal swimming and greater normalized swimming speeds than the one-cycle eu-
phausiid, E. superba. There is no apparent relationship between cyclic increases in swim-
ming speed with the power stroke of any particular limb, suggesting that employing more
appendages results in smoother swimming. Additionally, A. bahia does not use its pleopods
to swim at speeds less than 2BL/s, and analysis of nondimensional parameters suggests that
multiple cycles are less efficient at speeds slower than 9BL/s.

Euphausia pacifica beat their pleopods in a metachronal stroke to achieve three dis-
tinct swimming modes — hovering (HOV), fast forward swimming (FF), and upside down
swimming (USD). The inflection point and shape of a fitted Gompertz function to ampli-
tude and frequency against normalized swimming speed help identify a speed threshold
between HOV and FF. Additionally, E. pacifica achieves different swimming modes by us-
ing similar trends in stroke kinematics as the larger E. superba. Beat frequency and stroke
amplitude are larger in FF than in HOV, and phase lag varies between the three swimming
modes. Despite similarities between the two euphausiids, E. pacifica consistently operates
with a greater beat frequency and smaller stroke amplitude than E. superba, indicating that
body length scale affects the stroke kinematics.

Across several shrimp-like organisms, similar trends in stroke kinematics achieve simi-
lar swimming modes. FF generally has a greater beat frequency, stroke amplitude, between-

cycle phase lag, and whole-body Reynolds number (Reg; ) than HOV, with USD acting as
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an intermediate mode between HOV and FF. Increasing stroke kinematics can have differ-
ent effects on the Reg; . Increasing beat frequency across all three swimming modes does
not increase Reg;, indicating scalability constraints to metachrony. Increasing amplitude
only increases Regy in HOV because larger organisms like stomatopods require the greater
thrust that occurs from increased stroke amplitude to maintain their position in the water
column. Between-cycle phase lag increases Reg;. for FF and HOV due to a corresponding
increase in swimming speed. Finally, uniform metachrony in a 5-paddle system, revealed
by the between-cycle phase lag being in the range 0.15-0.25, results in different swimming

modes reaching optimal uniformity at different Reg .

6.2.2 Limitations and Future Directions

In this study, A. bahia beat their pleopods for short amounts of time, only completing
2.46+0.42 (n = 13) strokes per recording. Because of the limited number of strokes, pleo-
pod beating in A. bahia results in quick bursts of speed. However, if more strokes were to
occur, the mysid may show greater maneuverability. For example, if the cycle frequencies
on opposite sides of the body were different within a stroke, pleopod usage could result
in an imbalance of force that turns the animal in the direction of the slower cycle. Differ-
ences in cycle beat frequencies corresponding to a turn were not observed, although the
duration of most of these recordings was short, only 0.27+0.04s, making it difficult to
accurately quantify the organisms’ trajectory. Additionally, similar ipsilateral phase lags
differed between concurrent cycles, but due to the short time series, these data were pooled
per abdominal segment. Changing the phase lag between ipsilateral paddles affects the
swimming speed of the organism, but no attempts have been made to relate phase lag to
measurements of trajectory.

This study focused on the kinematics of metachrony, and due to the relative complexity
of A. bahia, some measurements were not possible. Images show that A. bahia pleopods

have an exopodite and endopodite on the distal segment of their pleopod, but the fanning
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of these segments was not visible in the recordings. Increasing paddle surface area during
the power stroke increases the amount of thrust resulting in forward propulsion (Cheer
and Koehl, 1987; Kim and Gharib, 2011a). The extent to which A. bahia fan their distal
segment to increase the surface area of the stroke, and how this potential fanning compares
to E. superba that are not space-limited by the presence of a contralateral appendage in a
separate cycle (Murphy et al., 2011) remains unclear.

Additionally, although the fluid mechanics of A. bahia are speculated about, no flow
measurements were taken. Further research into the hydrodynamics of dual ipsilateral
metachrony would provide more insight as to why this is effective at faster speeds, and
why pleopodal swimming in mysid shrimp is uncommon.

Finally, the overarching trends in metachrony identified in Chapter 5 were focused on
stroke kinematics and neglected morphological adaptations for metachrony, which may
have contributed to the strong separation by species in the PCA. Factors such as appendage
rigidity (Kim and Gharib, 2011b), paddle surface area (Cheer and Koehl, 1987; Kim and
Gharib, 2011a), and spacing between appendages (Ford and Santhanakrishnan, 2021a) can
affect the characteristics of a metachronal stroke. Additionally, this analysis only accounted
for the phase lag between power strokes and did not consider the recovery stroke. Temporal
asymmetry (i.e., the difference in duration of the power and recovery strokes) and spatial
asymmetry (i.e., the difference in appendage trajectory between the power and recovery
strokes) can both affect metachrony (Herrera-Amaya et al., 2021). Inclusion of these fac-
tors may allow for future analysis of how parameter values contribute to metachrony and
different swimming modes, rather than how metachrony varies among individual species.

As interest in metachronal propulsion increases due to increased interest in bio-inspired
design, it would be beneficial to expand a meta-analysis from shrimp-like organisms to
include other metachronal swimmers. Metachronal propulsion also occurs in copepods,
ciliates, ctenophores, tomopterids, and remipedes (Byron et al., 2021b). Inclusion of these

diverse body plans and approaches to metachrony could result in more comprehensive ob-
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servations of metachronal propulsion.
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APPENDIX A

SUPPLEMENTARY TABLES

Table A.1: Correlation function of A. bahia pleopod stroke amplitude across pleopod com-

binations
P5 P4 P3 P2
Pearson r p Pearson r p Pearson r p Pearson r p
P1 0.54 0.06 0.60 0.03 0.87 <0.01 0.88 <0.01
P2 0.66 0.01 0.77 <0.01 0.95 <0.01
P3 0.81 <0.01 0.84 <0.01
P4 0.91 <0.01

Table A.2: Correlation function of A. bahia pleopod phase lag across pleopod-pair combi-

nations
P1-P5 Lag P2-P1 Lag P3-P2 Lag P4-P3 Lag
Pearson r P Pearsonr p  Pearsonr p  Pearsonr p
P5-P4 Lag -0.80 <0.01 -0.47 0.10 0.60 0.03 0.19 0.54
P4-P3 Lag -0.66 0.48 -0.58 0.04 -0.02 0.94
P3-P2 Lag -0.35 0.25 -0.63 0.02
P2-P1 Lag 0.28 0.35

Table A.3: Tukey HSD p-values for E. pacifica pleopod length comparisons

P5 P4 P3 P2
P1 <0.0001 0.07 1.00 0.94
P2 <0.0001 <0.01 0.88
P3 <0.0001 0.11
P4 <0.0001

Significant differences are bolded
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Table A.4: Two-sample Watson-Williams p-values E. pacifica FF stroke amplitude com-
parisons

P5 P4 P3 P2
P1 <0.001 021 0.20 0.52
P2  <0.01 0.57 0.65
P3  <0.01 0.83
P4 0.01

Significant differences are bolded

Table A.5: Two-sample Watson-Williams p-values for E. pacifica stroke amplitude com-
parisons between swimming modes

P5 P4 P3 P2 P1

HOvV USD| HOV USD| HOV USD| HOV USD| HOV USD

FF | <0.0001 0.52 | <0.0001 0.64 | <0.0001 0.79 | <0.0001 0.82 | <0.0001 0.96
USD | <0.001 <0.0001 <0.0001 <0.0001 <0.001

Significant differences are bolded

Table A.6: Tukey HSD p-values for E. pacifica FF phase lag comparisons

P5-P4 P4-P3 P3-P2 P2-P1

P2-P1  0.90
P3-P2 040
P4-P3  0.85

PI1-P5 <0.001 <0.01 <0.01 <0.01

1.00
0.94

0.90

Significant differences are bolded
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